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Abstract 

 
 

Because of the practical importance of galvanic corrosion arises the 

need to study the effect of corrosion inhibitors, area ratio of cathode to 

anode (Ac/Aa), rotational velocities of specimens on galvanic corrosion of 

several industrially important metals and also to follow the behavior of 

corrosion rate. The use of weight loss technique is adopted as indicator 

for performance efficiency of the inhibition process. 

 

Corrosion cell has been designed to measure current and potential 

versus time for the coupled metal.  

The performance of galvanic corrosion process has been tested for 

four major factors that affect the process. 

1- Type of metals, copper, carbon steel, and zinc has been chosen. 

2- Four area ratios of more noble to less noble metal (Cu/Fe, 

Cu/Zn and Fe/Zn) are (0.25, 0.5, 1 and 2). 

3- Four rotational velocities, 0, 500, 1000 and 1500 RPM. 

4- Five phenylthiourea (PHTU) inhibitor concentrations are 

selected to be 0, 0.001, 0.05, 0.1 and 0.15g/L in air-saturated 

0.1N HCl solution at 40 oC. 

 

In this study we found that corrosion rate increased in 

correspondence to the increasing of rotational velocity, while PHTU leads 

to very low corrosion rate. Efficiency of PHTU anticorrosion effect may 

approach to 99%. Galvanic factor (GF), galvanic current, potential 

difference and dissolution current (Id) have been studied in most of the 

cases. 
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Current and potential have been checked out for copper / carbon 

steel couple together. We found that the potential of either one of them 

approach the value of the other, which is in range of their values, when 

they are separated. 

Current value has been calculated, in condition of zero ammeter 

resistance for certain parameters. This value was very small in 

comparison with practical results.     

Generally, results showed that corrosion potential is more negative 

with increasing rotational velocities (U) and area ratio (AR), while it is 

shifted to less negative with increasing PHTU concentration (C). 

The occurrence of the galvanic corrosion was efficiently verified 

during the experiments using the following equation given by West: 
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The experimental results were quantified using the non-linear curve 

fitting technique by Hooke - Jeeves and quasi - Newton method by using 

statistical program package to find equations expressing the galvanic 

current and potential difference at steady state of each investigated couple 

which is affected by rotational velocities (U), area ratio (AR) and PHTU 

concentration (C) as follows: 

For Fe-Zn 
 
E = -862.914+383.6o6(C) -38.737(U)-0.058(AR). 

Ig =10.726-71.41(C) +0.006(U) +2.032(AR)-9.208
76.5740

⎥⎦
⎤

⎢⎣
⎡

++ ARCU
U
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For Cu-Fe 
 
E. = -418.464+276.631 (C) -28.12 (U)-0.087 (AR). 
 

Ig = 4.373 –32.092(C) + 0.005(U) + 0.553(AR)-7.517
289.2026

⎥⎦
⎤

⎢⎣
⎡

++ ARCU
U

 

 

For Cu-Zn 
 
E = -831.346 + 376.643(C) – 30.549(U)- 0.055(AR). 
 

Ig= 9.049 – 65.121(C) + 0.006(U) +0.633(AR)– 13.457
814.3159

⎥⎦
⎤

⎢⎣
⎡

++ ARCU
U  

 

Depending on weight loss and single metal polarization 

experiments, metals were sorted according to their corrosion resistivity in 

the environment of air-saturated 0.1N HCl solution, and follows: 

Cu > C.S. > Zn  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 III



List of Contents 

  Page
 Abstract I 
 List of contents IV 
 Nomenclature VII 
 CHAPTEER ONE 

INTRODUCTION 
 

1.1 Corrosion 1 
1.2 Corrosion Prevention: 2 
1.3 Addition of inhibitors 2 
1.4 The Scope of Present Work 

 
3 

 CHAPTER TWO 
CORROSION 

 

2.1 Introduction 4 
2.2 Definition of corrosion 4 
2.3 Classification of Corrosion 6 
2.4 Polarization 8 
2.4.1 Activation Polarization ηA  9 
2.4.2 Concentration Polarization ηc 11 
2.4.3 Combined Polarization 13 
2.5 Cathodic Reactions in Corrosion 15 
2.6 Factors Influence Corrosion Reaction 16 
2.6.1 Solution pH 16 
2.6.2 Oxidizing agents 17 
2.6.3 Temperature 19 
2.6.4 Fluid velocity 19 
2.6.5 Suspended Solids 21 
2.7 Limiting Current Density 21 
2.8 Nernst Diffusion Layer 22 
 CHAPTER THREE 

GALVANIC CORROSION AND EFFECT OF 
ENVIRONMENT CONDUTIONS  

 

3.1 Introduction 24 
3.2 Fundamental of Galvanic Corrosion 26 
3.3 Theory of galvanic corrosion 26 
3.4 Factors affecting galvanic corrosion 34 
3.4.1 Electrode Potentials 34 
3.4.2 Reaction kinetics 34 
3.4.3 Alloy Composition 34 
3.4.4 Protective film characteristics 35 

 IV



3.4.5 Mass Transport 35 
3.4.6 Bulk Solution Environment 35 
3.4.7 Bulk Solution properties 35 
3.4.8 Total Geometry 35 
3.5 Corrosion inhibitor 36 
3.5.1 Introduction 36 
3.5.2 Classification of Inhibitors 37 
3.6 Application of Inhibitors for Acid Media 42 
3.6.1 Hydrochloric acid 42 
3.6  Phenylthiourea  44 
3.7 Corrosion Inhibition Mechanism 44 
3.8 Types of corrosion inhibitor 45 
3.8.1 Anodic Inhibitor 47 
3.8.2 Cathodic inhibitor         48 
3.8.3 Mixed inhibitor 49 
3.9 Oxygen Reductions and Transport 49 
3.10 Electrochemical Measurements in Flowing Solutions 51 
3.10.1 The Rotating Cylinder Electrode 52 
3.10.2 The Rotating Disk Electrode 54 

 
 CHAPTER FOUR 

EXPERIMENTAL WORK 
 

4.1 Introduction 56 
4.2 System specifications 57 
4.3 The electrolyte 58 
4.4 Solvents Used 59 
4.5 The electrical circuit 59 
4.6 Description of corrosion cell 62 
4.7 Experimental procedure 62 
4.7.1 Specimen preparation 62 
4.7.2 Corrosion rate measurements by weight loss of single  

metals (free corrosion) 
63 

4.7.3 Measuring the current, potential difference and 
corrosion rate of couple metals 

63 

4.7.4 Measuring the voltage and current simultaneously in 
galvanic corrosion. 

64 

4.7.5 Polarization investigation procedure 
 

65 

4.7.6 Cell resistance measurement procedure 69 
  

 
 

 

 V



CHAPTER FIVE 
RESULTS AND INTERPRETATION 

5.1 Introduction 70 
5.2 Weight loss of individual metals 71 
5.3 Galvanic coupling 74 
5.3.1 Copper and carbon steel coupling 74 
5.3.3 Carbon steel and zinc coupling 107 
5.4 Measuring the potential and current to gather for 

copper and carbon steel couple 
124 

5.5 Free Corrosion 140 
5.6 Polarization Curves 147 
5.7 Results of cell resistance measurement 154 
 CHAPTER SIX 

DISCUSSION 
 

6.1 Introduction 154 
6.2 Parameters that affect single metal (Free corrosion) 154 
6.2.1 Rotational velocity 154 
6.2.2 Inhibitor concentration 157 
6.3 Parameters that affect galvanic corrosion 159 
6.3.1 Rotational velocity 159 
6.3.2 Inhibitor concentration 160 
6.3.3 Area ratio 160 
6.4 Parameters that affect galvanic corrosion current 169 
6.5 Measuring the potential and current together for copper 

and carbon steel couple 
183 

6.6 Effect of rotational velocity and PHTU concentration 
on polarization curves behavior 

184 

6.7 Effect of rotational velocities and PHTU concentration 
on potential and current density at regions close to the 
corrosion potential value 

186 

6.8 Galvanic cell resistance measurement 188 
6.9 Statistical Relationships 190 
  

CHAPTER SEVEN 
CONCLUTIONS AND RECOMMENDATIONS     

FOR FUTURE WORK 

 

7.1 Conclusions 192 
7.3 Recommendations for Future Work 194 
 REFERENCES 195 
 APPENDICES - 

 
 
 

 VI



Nomenclature 
 

SYMBOL MEANING UNIT 
A Surface area  m2
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V 

C PHTU concentration g/lit 
CB Bulk concentration of reacting 
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Chapter One 
Introduction  

 
1.1 Corrosion 

         The cost of corrosion has been estimated at $300 billion per year in 

the United States [1]. The corrosion-related cost to the transmission 

pipeline industry is approximately $5.4 to $8.6 billion annually[2,3]. This 

can be divided into the cost of failures, capital, and operations and 

maintenance (O&M) at 10, 38, and 52 percent, respectively[1]. 

Corrosion is a serious problem because it definitely contributes to the 

depletion of natural resources, for example, steel is made from iron ore 

,that has been dwindled. Another important factor concerns the world ' s 

supply of metal resources[4,5]. The rapid industrialization of many 

countries indicates that the competition for and the price of metal 

resources will increase[5,6]. 

 

Many corrosion products are chemically similar to the corresponding 

metallic minerals as shown in the following simple corrosion cycle[5,7]: 

 
            reduction                        oxidation 

  Metallic minerals                  Metal      Corrosion product. 

       (Ore)    (extraction)                         (corrosion) 

 

An excellent example of this cycle is shown by the behavior of iron. 

Many iron ores contain iron in the oxidized form (oxides, carbonates) 

which are reduced by carbon in the smelting process to metallic iron .In 

the presence of moisture, the iron, so obtained will then oxidize to rust as 

a corrosion product. If the rust is analyzed it will be found to be an iron 
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oxide of similar composition to the mineral hematite, though it must be 

emphasized that rust is a far more complex substance than Fe2O3-H2O[5,8]. 

             At ordinary temperatures, in aqueous solution, the essential step 

in the transformation of a metal atom into a mineral molecule is that the 

metal passes into solution, during this process the atom loses one or more 

electrons and becomes an ion[5,9]. This reaction can occur only if an 

electron acceptor is present in the solution, so corrosion must always 

involve two simultaneous processes at the metal surface[10,11]. For 

example in acid solutions:  

 

Fe Fe+2   +   2e                           … (1-1) 
 Oxidation 

2H++2e  H2                               … (1-2)  Reduction 

 

Then after combining(1&2), the following equation obtained. 

 

Fe  +   2H+    H2  +  Fe2+                                                   … (1-3) 

1.2 Corrosion Prevention 

            There are many methods for corrosion prevention illustrated as 

follows[12,13,14].             

1-  Addition of inhibitors 

2- Anodic Protection. 

3- Protective Coatings such as paint. 

4- Corrosion –resistant alloys. 

5- Cathodic Protection 

6- Very pure metals. 

7- Etc. 

1.3 Addition of inhibitors 

Very low concentrations of solutes with particular characteristics 

can intervene with corrosion kinetics and there by protect metals from 
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corrosion and are described by the general term, inhibitors. Some occur 

naturally and others are introduced artificially as a strategy for corrosion 

control[15,16].  

Inhibitors intervene in corrosion kinetics in various ways. Some 

inhibit cathodic reactions, others inhibit anodic reactions and yet others, 

mixed inhibitors, do both[6,16]. 

 

1.3The Scope of Present Work 

 The purpose of present work is to construct Inhibition of Galvanic 

Corrosion under Flowing Condition in Acid Solution System to study the 

effect of multivariable on galvanic corrosion. The structure chosen during 

the present work is copper, carbon steel (CS), and zinc metal specimens. 

The variables investigated experimentally are area ratio (AR), inhibitor 

concentration (C), rotational velocity (U) at a constant temperature (T). 

This is monitored by weight loss and polarization technique. 
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Chapter Two 
 

Corrosion 
 

2.1 Introduction  

Almost all metals except noble metals like gold, silver and, rarely, 

copper are found in nature in chemical combination with non-metals, that 

is, they have transferred to or shared electrons with other elements.  The 

minerals so formed through chemical combination are often different 

from each other, but under the geological conditions in which they are 

found, they are in a stable and preferred state[17,18]. 

  Corrosion is the undesirable combination of processes by which 

metals tend to chemically bind with other materials by losing or sharing 

electrons to or with other elements[17,19].  

The chemical tendency for metals to form compounds by chemical 

reaction is not always undesirable.  For example, as will be discussed 

below, carbon (mild) steel can react with oxygen to form the mineral 

magnetite, which protects the steel from corrosion[17,20]  

 
 

 2.2 Definition of corrosion 

 Corrosion may be defined as a destruction or deterioration of a 

material because of reaction with its environment[21,22]. Deterioration by 

physical causes is not called corrosion, but is described as erosion, 

galling, or wear. In some instances, chemical attack accompanies physical 

deterioration as described by the terms[21,23] : corrosion-erosion, corrosive 

wear, or fretting corrosion. Nonmetals are not included in the present 

definition[24,25]].  

 In nature, most metals are found in a chemically combined state 

known as ores. Ores may be oxides, sulfides, carbonates or other more 
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complex compounds, and because many have been found in earth's crust 

since it was formed, their chemical condition is somehow preferred by 

nature. Ores and other such compounds are in low energy states. In order 

to separate a metal from one of its ores, it is necessary to supply a large 

amount of energy[24,26,27]. Therefore metals in their uncombined condition 

are usually of high-energy states. It is this tendency of metals to 

recombine with components of environment that leads to phenomenon 

known as corrosion. So it is simply a problem caused by nature that 

affects materials and is governed by energy changes. A fundamental 

definition of corrosion is the degradation of a metal by an electrochemical 

reaction with its environment[28,29]. 

 

 Corrosion is related to metals. This means that only a half-reaction 

can be a true corrosion reaction. The second half –reaction, though it 

describes a process essential for corrosion, is not itself a corrosion 

reaction. By using the word degradation in the definition, we assume the 

corrosion is an undesirable process. There are circumstances in which this 

is not true. In which case the process is not referred to as corrosion. The 

degradation involves not just a chemical but an electrochemical reaction, 

electron transfer occurs between the participants. Electrons are negatively 

charged species, and their transport constitutes an electrical current, so 

electrical reactions are influenced by electrical potential. The 

environment is a convenient name to describe all species adjacent to the 

corroding metal at time of the reaction. Environments that cause 

corrosion are called corrosive. A metal that suffers corrosion is called 

corrodible[29,30]]. 

 

 Corrosion is an extractive metallurgy in reverse. Fig.2-1.shows that 

most iron ores contain oxides of iron and rusting of steel by water and 

 5



oxygen results in a hydrated iron oxide. Rusting is a term reserved for 

steel and iron corrosion, although many other metals form their oxides 

when corrosion occurs[21,31]].  

 

 
 
                                                                                                             Rust 
   Iron Ore 
 
  (iron oxide)                                                                                             
 
 
 
 
 

  

Mine 
Steel mill  
Reduction 
Refining Casting 
Rolling Shaping 

 
Sheet 

Auto body  
(atmosphere) 

Under ground 
      Pipeline 
(soil and water) Hydrate iron 

oxide 

pipe 

Figure2-1.Metallurgy in reverse[21]. 
 

 
2.3Classification of Corrosion 

 For the mechanism of the corrosion process ,we may distinguish 

two types of corrosion[32]. 

  a)  Chemical corrosion  

Chemical corrosion can be classified to: 

1. Gaseous corrosion : Is corrosion of metals in the complete absence               

of moisture on the surface . Ordinary ,this term refers to corrosion 

of metals at elevated temperature. 

2. Corrosion in non-electrolytes refers to action on a metal by 

aggressive organic substance that does not possess significant 

electrical conductivity[32]. 

   b) Electrochemical corrosion  

 Electrochemical corrosion can be classified to: 

1. Corrosion in electrolytes is a widespread type corrosion that 

includes the action of natural waters and most aqueous solutions on 

metal structures .Depending on the chemical nature of the medium 

there may be acid, alkli, salt, or marine corrosion[7,31] .  
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2. Atmospheric corrosion is the corrosion of metals in the atmosphere 

by moist gases and it is most prevalent type of corrosion because 

most metal structures are exposed to atmospheric conditions. 

3. Electrocorrosion or corrosion by an external current  refers for 

example to the corrosion of underground pipelines by stray 

currents. 

4. Contact corrosion is type of electrochemical corrosion caused by 

contact of two or more metals of different electrochemical 

potentials. 

5. Stress corrosion is caused by simultaneous action of the corrosive 

medium and mechanical stress. 

6. Corrosion with simultaneous action of impingement or abrasion 

(corrosion due to impingement is also known as cavitation 

corrosion). 

7. Biocorrosion refers to those cases of underground corrosion or 

corrosion in electrolytes that are sharply accelerated by products 

formed by microorganisms. 

8. Stain corrosion is initiated at isolated spots and it spreads 

superficially with the result coverage of relatively large areas. 

9. Pitting corrosion is characterized by deep local pits in limited 

areas. 

10. Pinpoint corrosion is characterized by small pinpoint pits randomly 

distributed over the surface of the metal. 
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2.4 Polarization 

 The rate of an electrochemical reaction is limited by various 

physical and chemical factors. Hence, electrochemical reaction is said to 

be polarized or retired by these environmental factors. Polarization can be 

conveniently divided into two different types, activation polarization and 

concentration polarization[24,33,34]].In analysis of rates of reaction there is 

an important principle, i.e., the rate of reaction is determined by the 

slowest step. When small currents are involved, the transport of cathode 

reactant, e.g. dissolved oxygen, through the solution is relatively easy and 

the activation process is the rate determining step. However, when large 

current flows, the cell demands a greater charge transfer than can be 

accommodated by the electrolyte .The speed of passage of dissolved 

oxygen species becomes the slowest step and is thus rate determining. 

Under these conditions we refer to the process as diffusion 

controlled[29,36,37]. 

 As the degree of the polarization increases, the rate of corrosion 

decreases. The polarization of anode may be less than, or greater than, 

that on the cathode[37,38,39]. The corrosion reaction is said to be 

cathodically controlled if polarization occurs at the cathodes where the 

corrosion potential is close to the open circuit potential of the anode as 

shown in Fig.2-2a[36,40]. The corrosion reaction is said to be anodically 

controlled if polarization occurs at the anode where the corrosion 

potential is then near the open circuit of cathode potential Fig.2-2b. 

Mixed control occurs when polarization occurs in some degree at both 

anodes and cathodes Fig.2-2c. When electrolyte resistance is so high that 

the resultant current is not sufficient to appreciably polarize anodes or 

cathodes, resistance control occurs. The corrosion is then controlled by 

the IR drop through the electrolyte Fig.2-2d. A reaction with a higher 

thermodynamic tendency may result in a smaller corrosion rate than with 
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a lower thermodynamic tendency Fig.2-2e. The corrosion potential Ecorr. 

gives no indication of corrosion rate as shown in Fig.2.2f[39,41].  

 

 
Ec 

Ec Ec 

Ec 

Ea 

Ea 

Ea 

Ea 

Ea 

Ea 

Ec 

Ec 

Icorr.

Ecorr.

Ecorr.

Ecorr.

Ecorr.

Ea
/

Ea
/

 Ec
/

Ec
/

Icorr.  Icor

 Icor Icor

Icorr
/

Icorr
/

Curren

Po
te

nt
ia

l, 
E

 

[f] [e][d] 

[c] [b][a] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure.2-2[41]Evans diagrams illustrating [a] cathodic control, [b] anodic control, [c] 
mixed control, [d] resistance control, [e] how a reaction with a higher thermodynamic 
tendency (Er,cell) may result in a smaller corrosion rate than one with a lower 
thermodynamic tendency and [f] how Ecorr. gives no indication of the corrosion rate.  
 
 
 
2.4.1 Activation Polarization ηA   

 The most important example is that of hydrogen ion reduction at a 

cathode[21]: 

2H+   H2  -  2e-           … (2-5) 

The corresponding polarization term being called hydrogen 
overvoltage[41]. 
  
 2H+         2Hads  -  2e-                … (2-6) 
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where (Hads) represents hydrogen atoms adsorbed on the metal surface. 

This relatively rapid reaction is followed by a combination of adsorbed 

hydrogen atoms to form hydrogen molecules and bubbles of gaseous 

hydrogen[32]. 

 2Hads   H2             … (2-7) 
 
This reaction is relatively slow, and its rate determines the value of 

hydrogen overvoltage on platinum. The controlling slow step of H+ 

discharge is not always the same but varies with metal current density and 

environment[42]. 

 Pronounced activation polarization also occurs with discharge of 

OH- at an anode accompanied by oxygen evolution: 

 
4OH-          O2  +  2H2O  +  4e-                                … (2-8) 
  
This is known as oxygen overvoltage. The activation polarization ηA of 

any kind increases with anodic and cathodic current density in accord 

with the Tafel equation[21]: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

o

a
A i

i
zF

RT log303.2η  For anodic reaction                           … (2-9)  
α 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

o

c
A i

i
zF

RT log303.2η       For cathodic reaction                          … (2-10)   
α 

      
These equation may be simplified to:  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

o

a
AA i

ilogβη                       …  (2-11) 

                                
….                                                                … (2-12) ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

o

c
CC i

i
logβη

 
where βA , βc & io are constants of a given metal and environment and are 

both dependent on temperature. The exchange current density io 

represents the current density equivalent to the equal forward and reverse 

reactions at the electrode at equilibrium. The larger the the value of io and 
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the smaller the value of βA & βc, the smaller is the corresponding 

overvoltage.  

Activation polarization refers to electrochemical reactions which 

are controlled by a slow step in the reaction sequence. The species must 

first be adsorbed or attached to the surface before the reaction can 

proceed according to step1. Following this, electron transfer (step2) must 

occur, resulting in a reduction of the species. As shown in step3, two 

hydrogen molecules then combine to form a bubble of hydrogen gas 

(step4) as shown in Fig.2-3. The speed of reduction of the hydrogen ions 

will be controlled by the slowest of these steps[21,31]. 
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Figure 2-3[21] Hydrogen-reduction reaction under activation control (simplified)  
 

2.4.2Concentration Polarizationηc 

 
 Concentration polarization refers to electrochemical reactions 

which are controlled by the diffusion in the electrolyte. It is the slowing 

down of a reaction due to an insufficiency of the desired species or an 

excess of the unwanted species at the electrode. This type of polarization 

occurs at the cathode when reaction rate or the cathode current is so large 

that the substance being reduced cannot reach the cathode at a sufficiently 

rapid rate. Since the rate of reaction is determined by the slowest step, the 

diffusion rate will be the rate determining step.  
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At very high reduction rates, the region adjacent to the electrode surface 

will become depleted of ions. If the reduction rate is increased further, a 

limiting rate will be reached which is determined by the diffusion rate of 

ions to the electrode surface. This limiting rate is the limiting diffusion 

current density iL. It represents the maximum rate of reduction possible 

for a given system; the expressing of this parameter is[21,24]: 

 

δ
B

l

DnFCi =                                          … (2-13) 

 
where iL is the limiting diffusion current density, D is the diffusion 

coefficient of the reacting ions, CB is the concentration of the reacting 

ions in the bulk solution, and δ is the thickness of the diffusion layer. 

 By combining the laws governing diffusion with Nernest 
equation[21]: 
 

red

oxid
o a

a
nF
RTEE log3.2+=                                                            … (2-14) 

the following expression can be developed[7,8]: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−==−

l
ci i

i
nF

RTEE 1log303.2η                                                 … (2-15) 

 
This equation is shown in Fig.2-4. For the case of hydrogen evolution any 

change in the system which increases the diffusion rate will decrease the 

effects of concentration polarization and hence increases reaction rate. 

Thus, increasing the velocity or agitation of the corrosive medium will 

increase rate only if the cathodic process is controlled by concentration 

polarization, agitation will have no influence on corrosion rate[21,43] 

(Fig.2-5). 
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Figure 2-4[21].Concentration polarization curve (reduction process).   
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Figure 2-5[21].Concentration polarization during hydrogen reduction. 
 
2.4.3Combined Polarization  
 Both activation and concentration polarization usually occur at an 

electrode. At low reaction rates activation polarization usually controls, 

while at higher reaction rates concentration polarization becomes 

controlling[12,44]. The total polarization of an electrode is the sum of the 

contribution of activation polarization and concentration polarization[7,8]: 

 
ηt=ηA  +  ηC                            … (2-16) 
 
 During reduction process such as hydrogen evolution or oxygen 

reduction, concentration polarization is important as the reduction rate 
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approaches the limiting diffusion current density. The overall reaction for 

activation process is given by[21,24]: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+−=

lo
cred i

i
nF

RT
i
i 1log303.2logβη                                               …  (2-17) 

 
this case can be shown in Fig.2-8[21].               
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Figure 2-6[21] Combined Polarization curve. 
 

             In corrosion, the resistance of the metallic path for charge transfer 

is negligible. Resistance overpotential ηR is determined by factors 

associated with the solution or with the metal surface[45]. Resistance 

polarization ηR is only important at higher current densities or in higher 

resistance solution[45,46]. It may be defined as[21,24,41]: 

( )fsoR RRI += lnη              … (2-18) 
 
where Rsoln is the electrical resistance of solution, which is dependent on 

the electrical resistivity (Ω cm) of the solution and the geometry of the 

corroding system, and Rf  is the resistance produced by films or coatings 

formed on the surface of the sites, which block contact between the metal 

and the solution, and increase the resistance overpotential. 
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             The total polarization at a metal electrode then becomes as the 

algebraic sum of the three types described above[21,24,41]. 

 
η = ηA  +  ηC  +  ηR             … (2-19) 

 
2.5 Cathodic Reactions in Corrosion 
 
 The hydrogen evolution reaction (h.e.r) and the oxygen reduction 

reaction are the two most important cathodic processes in the corrosion of 

metals, and this is due to the fact that the hydrogen ions and water 

molecules are invariably present in aqueous solution, and since most 

aqueous solutions are in contact with the atmosphere, dissolved oxygen 

molecules will normally be present[41,47].  

 In the complete absence of oxygen, or any other oxidizing species, 

the h.e.r will be the only cathodic process possible, and if the anodic 

reaction is only slightly polarized the rate will be determined by the 

kinetics of the h.e.r on the particular metal under consideration (cathode 

control). However, when dissolved oxygen is present, both cathodic 

reactions will be possible, and the rate of the corrosion reaction will 

depend upon a variety of factors such as the reversible potential of the 

metal /metal ion system, the pH of the solution, the concentration of 

oxygen reduction reaction on the metal under consideration, and 

temperature,…etc.[14] In general, the contribution made by the h.e.r will 

increase in significance with decrease of pH, but this too will depend 

upon the nature of the metal and the metal oxide. It should be noted that 

in neutral or alkaline solutions the activity of H3O+ is too low for it to 

participate in the h.e.r, and under these circumstances, the water 

molecules will act as the electron acceptor[41,45]. 

H3O+ + e-               
2
1 H2 + H2O      (Acid solution)            …(2-20) 
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H2O + e-                  
2
1 H2 + OH-   (Neutral and alkaline solution) … (2-21) 

and for the oxygen reduction reaction  

 
2
1 O2  + 2H3O+ + 2e-             3H2O   (Acid solution)          … (2-22)    

  

2
1 O2 + H2O + 2e-                  2OH-  (Neutral and alkaline solution)..(2-23)  

 
It should be noticed that both reactions will result in an increase in pH in 

the diffusion layer[41]. 

 

2.6 Factors Influence Corrosion 
 

2.6.1 Solution pH [48]: 
 

The relationship between pH and corrosion rates tends to follow 

one of three general patterns: 

1. Acid-soluble metals such as iron have a relationship as shown in 

Fig.2-7. In the middle pH range (≈ 4 to 10), the corrosion rate is 

controlled by the rate of transport of oxidizer (usually dissolved 

O2) to the metal surface. At very high temperature such as those 

encountered in boilers, the corrosion rate increases with increasing 

basicity as shown by the dashed line. 

 

 

 
 

 
 

 
 
 
 
 
Figure 2-7[48] Effect of pH on Corrosion Rate of Iron 
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Amphoteric metals such as aluminum and zinc have a relationship 

as shown in Fig.2-8. These metals dissolve rapidly in either acidic  

or basic solutions. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-8[48] Effect of pH on the Corrosion Rate of Amphoteric Metals 
 

(Al and Zn) 
 

3.  Noble metals such as gold and platinum are not appreciably 
affected by pH as shown in Fig.2-9. 

 
 
 

Figure 2-9[48] Effect of pH on the Corrosion Rate of Noble Metals  
 
 

2.6.2 Oxidizing agents 

In  some  corrosion  processes[48],  such  as  the  dissolution  of  

zinc  in hydrochloric  acid,  hydrogen  may  evolve  as  a  gas.  In  

others  such  as  the relatively  slow  dissolution  of  copper  in  sodium  

chloride,  the  removal  of hydrogen, which must occur so that corrosion 

may proceed, is effected by a reaction between hydrogen ion and some  
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oxidizing chemical such as oxygen to form water. Because of the high 

rates of corrosion that usually accompany hydrogen evolution, metals 

are rarely used in solution from which they evolve hydrogen at an 

appreciable rate[48,49]. Most of the corrosion observed in practice occurs 

under conditions in which the oxidation of hydrogen to form water is a 

necessary part of the corrosion process. For this reason, oxidizing 

agents are often powerful accelerators of corrosion and in many cases 

the oxidizing power of a solution is most important property in so far as 

corrosion is concerned.            4H+ + O2 + 4e-            2H2O 
 

Oxidizing agents that accelerate the corrosion of some materials 

may also retard corrosion of other through the formation on their 

surface of oxides or layers of adsorbed oxygen which make them more 

resistant to chemical attack[48,50]. It  follows  then,  oxidizing substances, 

such as dissolved air, may accelerate the corrosion of one class of 

materials and retard the corrosion of another class. In the latter case, the 

behavior of the material usually represents a balance between the power 

of oxidizing  compounds  to  preserve  a  protective  film  and  their  

tendency  to accelerate  corrosion  when  the  agencies  responsible  for  

protective-film breakdown are able to destroy the films. 

For diffusion-controlled process, an increase in concentration of 

the diffusing species in the bulk of the environment increases the 

concentration gradient at the metal interface. The concentration gradient 

provides the driving force for the diffusion process. Thus the maximum 

rate at which oxygen can be diffused to the surface (the limiting diffusion 

current) would be essentially directly proportional to the concentration in 

solution. Fig. 2-10 is example of the cathodic polarization diagram which 

is operative for this system [51]. 
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                                        …(2.24)     



where k is a constant, u is the velocity of the environment relative to the 

surface and n is a constant for a particular system. Values of n vary 

from 0.2 to 1[53,54]. Fig.2-11 shows the effect of velocity on the limiting 

current density. 
The  effect  of  velocity  on  corrosion  rate,  like  the  effect  of  

oxidizer addition, complex and depends on the characteristics of the 

metal and the environment to which it is exposed. Fig.2-12 shows the 

typical observations when agitation or solution velocity is increased 
[7].For corrosion processes which are controlled by activation 

polarization, agitation and velocity have no effect on the corrosion rate as 

illustrated in curve B. If the corrosion process is under cathodic control, 

then agitation or velocity increases the corrosion rate as shown in curve 

A, section 1. This effect generally occurs when an oxidizer present in 

very small amounts as in the case of dissolved oxygen in acids or water.  

If  the  process  is  under diffusion  control  and  the  metal  is  readily  

passivated,  then  the  behavior corresponding to curve A, section 1 and 2, 

will be observed. Some metals owe their corrosion resistance in certain 

medium to the formation of massive bulk protective films on their 

surface. When materials such as these are exposed to extremely high 

corrosive velocities, mechanical damage or removal of these films can 

occur, resulting in accelerated attack as shown in curve C. This is called 

erosion corrosion [54]. 

 

                                                             u3 > u2 > u3 

 u1        u2         u3 

 
                                    

                    iL1              iL2          iL3 
 
                                                                                       
 

 

Po
te

nt
ia

l 

Log i 

Ec 

Ea 

Figure 2-11[54] Effect of velocity on IL. 
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                             Figure. 2-12[21] Effect of Velocity on the Corrosion Rate. 

 
2.6.5 Suspended Solids 

 

An increase in suspended solids levels will accelerate corrosion 

rates. These solids include any inorganic or organic contaminants 

present in the fluid. Examples of these contaminants include clay, sand, 

silt or biomass [52]. 

 
2.7 Limiting Current Density 

The limiting current is defined as the maximum current that can be 

generated by a given electrochemical reaction, at a given reactant 

concentration, under well-established hydrodynamic conditions, in the 

steady state. This definition implies that the limiting rate is determined by 

the composition and transport properties of electrolytic solution and by 

the hydrodynamic conditions at the electrode surface. 

In the mass transfer boundary layer (or diffusion layer), whose 

thickness is indicated by (δd), the reactant concentration varies from the 

bulk value to practically zero at the electrode, this is the limiting-current 

condition. Determination of mass transfer coefficient involves the 

measuring of limiting currents in the cathodic reaction process. 
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Measurement of limiting currents is an experimental technique that has 

been quit widely employed in mass transfer experiment. Its relative 

simplicity and flexibility make limiting current method a powerful tool in 

experimental studies of forced and free convection. At the limiting 

current the rate of transport of reactant to the interface is smaller than the 

rate at which it can be potentially be consumed by the charge transfer 

reaction; as a result, at the interface the concentration of this species 

approaches zero [55]. The flux of reacting species is given by:  

          
)t(FZ

iN L
A

+−××
=

1
                … (2.25) 

When concentration of the reacting species relative to the total ionic 

concentration of the electrolyte is small, t+ << 1, Eq.(2.25) becomes; 

                     FZ
i

N L
A ×
=              … (2.26) 

from the measured current, a mass transfer coefficient, k, defined by; 

          )CC(KN SbA −×=               … (2.27) 

may be calculated. Since at the limiting current we set Cs = 0, hence 

           
CFZ

i
K L

∆××
=               … (2.29) 

 
2.8 Nernst Diffusion Layer 

One of the first approaches to mass transfer in electrode processes 

was given by Nernst in 1904[55]. He assumed a stationary thin layer of 

solution in contact with electrode. Within this layer it was postulated that 

diffusion alone controlled the transfer of substances to the electrode. 

Outside the layer, diffusion was negligible and concentration of electro-

active material was maintained at the value of bulk concentration by 

convection. This hypothetical layer has become known as “Nernst 

diffusion layer (δd)”.  
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 Fig. 2-13 gives a schematic diagram of this layer. Nernst assumed that 

the concentration varied linearly with distance through layer. The 

thickness of this layer is given by: 

K
D

d =δ                                    … (2.30) 

 

δd

Cs 
Cb

Aqueous Solution 

Metal 

Figure 2-13 Nernst Diffusion Layer (55).

 

 

 
 
 
 
 
 
 
 

 The diffusion layer thickness is dependent on the velocity of the 

solution past the electrode surface. As the velocity increases, δd decreases 

and the limiting current density increases [56]. The time interval required 

to set up the diffusion layer varies with the current density and limiting 

diffusion rate, but it is usually of the order of 1 second while it is 10-4 

second needed to establish the electrical double layer, which makes it 

possible to distinguish between ηA and ηc experimentally. The diffusion 

layer may reach a thickness of 100-500 µm, depending upon 

concentration, agitation (or velocity), and temperature [45, 57, 58, 59]. 
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  Chapter Three 
 

Galvanic Corrosion and Effect of Environmental  

Conditions 
 
3.1 Introduction 

A huge problem that manufacturers have had to put up with for 

hundreds of years is the problem of corrosion.  When in contact with 

polar compounds such as water, metals will give up electrons, resulting 

in metal oxide formation.  This compromises the integrity of the metal 

and thus is undesirable to use in some conditions.  A general definition 

for corrosion is the process by which a metal forms ions in solution or 

an ionic compound of the metal [60,61].  The corroding metal gives up 

electrons to the other metal, providing the other metal has ions in 

solution. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-1 Automobile door with significant corrosion damage[60] 
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The purpose of this experiment is to explore the electrochemical 

nature of corrosion and corrosion control.  Concepts such as current 

strength and polarity are discussed, as well as the characteristics of the 

metals during the corrosion process.  Galvanic Corrosion is the type of 

corrosion being dealt with.  It involves two metals electrically 

connected in a liquid electrolyte where one metal acts as the anode 

(corrodes) and the other is the cathode[60]. 

 
Galvanic corrosion occurs when two different metals are connected 

in the presence of an electrolyte[62,63]. Because corrosion is an 

electrochemical process involving the flow of electric current, corrosion 

can be generated by a galvanic effect, which arises from the contact of 

dissimilar metals in an electrolyte (an electrolyte is an electrically 

conductive liquid). In fact, three conditions are required for galvanic 

corrosion to proceed, the two metals must be widely separated in the 

galvanic series, and they must be in electrical contact and their surfaces 

bridged by an electrically conducting fluid. Removal of any of these three 

conditions will prevent galvanic corrosion[63].

When two different metals are in a corrosive environment, they 

corrode at  different  rates,  according  to  their  specific  corrosion  

resistances  to  that environment, however, if the two metals are in 

contact, the more corrosion prone (metal 1) corrodes faster and the less 

corrosion prone (metal 2 the more noble one) corrodes slower than 

originally, i.e. when no contact existed. The accelerated damage to the 

less resistant metal is called galvanic corrosion, and is heavily 

dependent on the relative surface areas of the metals. In galvanic 

corrosion, the added anodic currents (on metals 1 and 2) equal the 
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added cathodic currents (on metals 1 and 2) [62] so that 
 

Ia.1+Ia.2 =|Ic.1|+|Ic.2|                                                     …(3.1) 
 
or .in terms of current densities and areas 

i a.1 A1+ia.2 A2=|ic.1 A1|+|ic.2 A2| …(3.2) 

If Ia.1 >> Ia.2 
 
This equation is reduced to 

 
     ia.1 A1 =|ic.1A1|+|ic.2 A2|                                            …(3.3) 
 
 

3.2 Fundamental of Galvanic Corrosion 
 

      The more active metals (base metal), anode, is corroded more 

rapidly than it would if it was uncoupled in the same medium. The less 

active (noble metal), a cathode, generally corrodes less than would be the 

case if it was uncoupled in the same medium or it could be made resistant 

to corrosion. This effect is referred to as galvanic cathodic protection [64]. 

 

3.3 Theory of galvanic corrosion: 

The galvanic couple between dissimilar metals can be treated by 

application of mixed potential theory [21,65]. Consider a galvanic couple 

between a corroding and an inert metal. If a piece of platinum is coupled 

to zinc corroding in an air-free acid solution, vigorous hydrogen 

evolution occurs on the platinum surface and the rate of hydrogen 

evolution on the zinc sample is decreased. Also, the corrosion rate of zinc 

is greater when coupled to platinum. The electrochemical characteristics 

of this system are schematically illustrated in Fig. 3-2 [66,67]. 

 26



 

 

                                                                                                     
 

 
 

 
 

 
 
 

Figure 3-2 Effect of galvnically coupling zinc to platinum[66]. 

The corrosion rate of zinc in an air-free acid is determined by the 

interaction between the polarization curves corresponding to the 

hydrogen evolution and zinc-dissolution reaction, yielding a corrosion 

rate equal to icorr.(Zn). When equal areas of platinum and zinc are coupled, 

the total rate of hydrogen evolution is equal to the sum of the rates of this 

reaction on both the zinc and platinum surfaces. Since the hydrogen-

hydrogen ion exchange current density is very high on platinum and very 

low on zinc, the total rate of hydrogen evolution is effectively equal to the 

rate of hydrogen evolution on the platinum surface, as shown in Fig.3-2. 

Fig.3-2 shows that coupling zinc to platinum shifts the mixed potential 

from Ecorr. to Ecouple, increases corrosion rate from (i)corr(Zn) to icorr(Zn−pt) and 

increases the rate of hydrogen evolution on the zinc from o 

. The rate of hydrogen ion reduction on the platinum is . 

As mentioned above, the increase in corrosion rate of zinc observed when 

this metal is coupled to platinum is the result of the higher exchange 

current density for hydrogen evolution on platinum surface. It is not due 

to the noble reversible potential of the platinum-platinum-ion electrode, 

as frequently stated in the literature. To illustrate this point, consider the 

)Zn(H2
i  t

)(2 ptZnHi − )ptZn(H2
i −
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relative positions of platinum and gold in the emf and galvanic series. 

The reversible potential of the gold electrode is more positive than that of 

platinum in the emf series, where as in most galvanic series tabulations 

the position of the platinum is below gold. The effect of coupling zinc to 

gold and to platinum is compared. As mentioned before, the exchange 

current density for the rate of hydrogen reaction on the zinc metal surface 

is very low, and as a consequence the rate of hydrogen evolved in a 

galvanic couple can be assumed to be almost equal to the rate of 

hydrogen evolution on either gold or platinum. 

If equal areas of gold and zinc are coupled, the corrosion rate 

increase is less than that observed if equal areas of platinum and zinc are 

coupled. The reason why gold produces a less severe galvanic effect is 

not related to its reversible potential but rather to the fact that it has a 

lower hydrogen exchange current density than platinum[68,69]. 

A couple between a corroding and an inert material represents the 

simplest example of galvanic corrosion. A couple between two corroding 

metals may also be examined by application of mixed potential 

principles, as shown in Fig.3-3. 
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Figure 3-3 Galvanic couple between two corroding metals[68]. 

The Figure shows the corrosion rate of two metals before and after 

coupling. Metal M has a relatively noble corrosion potential and a low 

corrosion rate icorr(M), while metal N corrodes at a high rate icorr(N) at an 

active corrosion potential. If equal areas of these two metals are coupled, 

the resultant mixed potential of this system occurs at the point where the 

total oxidation rate equals total reduction rate. The rates of the individual 

partial processes are determined by the mixed potential. As shown in 

Fig.3-3, coupling equal areas of these two metals decreases the corrosion 

rate of metal M to icorr(M−N) and increases the corrosion rate of metal N to 

icorr(M−N)
[68]. 

 

The relative areas of the two electrodes in a galvanic couple also 

influence galvanic behavior. Figure 3.4 illustrates the effect of cathode 

area on the behavior of a galvanic couple of zinc and platinum. Current 

rather than current density is used in this figure. If a piece of zinc 1 cm2 in 

area is exposed to the acid solution, it will corrode with a rate equal to iA. 

Note that since 1 cm2 of zinc is considered, current and current density iA
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Figure 3-4 Effect of cathode - anode ratio on galvanic corrosion of zinc-platinum 

couples[68]. 

are equal. If this zinc specimen is coupled to a platinum electrode of 1 

cm2 area, the zinc corrosion rate is equal to iB. Again, since electrodes 

with 1 cm2 areas are used, current and current density are equal. 

However, if a platinum electrode with an area of 10 cm2 and its behavior 

in terms of current is plotted, it has an exchange current , which is 10 

times greater than 1 cm

*
0i

2 of an electrode. Thus, increasing the area of an 

electrode increases its exchange current density, which is directly 

proportional to specimen area. This is illustrated in Fig.3-4. As shown the 

corrosion rate of the couple is increased as the area of platinum is 

increased. As the size of the cathode in a galvanic couple is increased, the  
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corrosion rate of the anode is increased. If the relative area of the anode 

electrode in a galvanic couple is increased, its overall corrosion rate is 

reduced [68]. 

So the situation often arises where: (a) components of several 

different metals are in electrical contact and/or (b) more than one 

cathodic reactant is present. In these circumstances, several anodic and/or 

cathodic processes may take place simultaneously: the corroding system 

is then called a polyelectrode[68,70]. 

Because the current density i, and hence the current I, at any given 

electrode is a function of the potential it follows that, for a given 

potential, the total anodic current of polyelectrode system is the sum of 

the corresponding anodic currents of the individual electrodes. If the total 

area of the system is S, made up of fractions fA, fB, …etc for the various 

components A, B, …, then the anodic current from the jth component 

is[66,71]: 

 

∑∑ ==
j

j
a

j

j

j
a

system
a ifSJI                                                                 … (3-4)  

                                            
Similarly, the total cathodic current is: 
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j

j
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j
c
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c ifSJI                                                                  … (3-5) 

 
At the corrosion potential adopted by the polyelectrode, the total anodic 

and cathodic currents are equal, so that: 

 

system
c

system
a

system
.corr III ==                    … (3.6) 
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And 

∑∑ =
j

j
c

j

j

j
a

j ifif                                                                          … (3.7) 

where the current densities on the various components are those 

corresponding to E = Ecorr.. It should be noted that the anodic and cathodic 

current densities on any particular component might be very different. 

That is, attack of a component is intensified if it is connected to large 

cathode. The combination of large cathode/small anode is all too 

frequently encountered in corrosion process. This conclusion regarding 

the intensifying effect of large cathode/small anode upon corrosion rate is 

a general one that is elegantly formulated by equation (3.8) [26]: 
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For instance[26] if a metal is placed in an aqueous solution containing 

cations of a more noble metal, i.e. one which is above it in the 

electrochemical series, then it will displace the more noble ions from 

solution and itself dissolves. Such a spontaneous reaction is called 

galvanic displacement and is presented by Fig 3.5. Displacement 

continues until the baser metal is with a “flash” porous coating of the 

more noble one, possibly 1 µm or so in thickness, where upon further 

reaction substantially ceases. Iron dipped into a copper solution rapidly 

develops a flash coating of copper, whilst copper dipped into silver nitrate 

acquires a black deposit of finely divided silver within seconds. The 

structures of these coatings correspond closely to these obtained at high 

i/iL values. They are therefore frequently non-adherent or only loosely so. 

In these instances the reaction is soon over but, when two different solid 

metals are in contact with one another, the consequences can be more 
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disastrous. For a noble[5,69] metal N and a base metal B immersed in a 

corrodent, the corrosion of the resulting polyelectrode can be represented 

by equation (3.8) given previously. If the cathodic process takes place 

readily on the noble metal, i.e. the term in brackets is positive, a small 

area of B connected to a large one of    N(fB<<fN)results in an intense 

attack of B such might occur. For example, if a small area of steel or cast 

iron, in electrical contact with a much larger area of bronze, were 

immersed in seawater, the cathodic reactant being dissolved oxygen. Or 

again, if aluminum rivets were used in a steel structure exposed to 

weather, the rivets would corrode preferentially whenever the structure 

got wet. Both are examples of galvanic attack (bimetallic corrosion). The 

intensification of attack of the baser metal depends on: 

rsed in a 

corrodent, the corrosion of the resulting polyelectrode can be represented 

by equation (3.8) given previously. If the cathodic process takes place 

readily on the noble metal, i.e. the term in brackets is positive, a small 

area of B connected to a large one of    N(fB<<fN)results in an intense 

attack of B such might occur. For example, if a small area of steel or cast 

iron, in electrical contact with a much larger area of bronze, were 

immersed in seawater, the cathodic reactant being dissolved oxygen. Or 

again, if aluminum rivets were used in a steel structure exposed to 

weather, the rivets would corrode preferentially whenever the structure 

got wet. Both are examples of galvanic attack (bimetallic corrosion). The 

intensification of attack of the baser metal depends on: 

     a. The relative area (f N/f B) and      a. The relative area (f N/f B) and 

     b. The relative electrochemical activities of the metals concerned.      b. The relative electrochemical activities of the metals concerned. 
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3.4 Factors affecting galvanic corrosion [6,71,72]

Many factors including the electrochemical ones determine whether 

or not galvanic corrosion will occur, as follows: 

3.4.1 Electrode Potentials [62]: 

The standard electrode potential of a metal in a solution of its ions 

gives a rough guide to the position of the metal in a galvanic series. In 

practice however we usually concerned with alloys rather than pure 

metals and in environments that do not contain the metal ions. To check 

the best method of obtaining a “galvanic series” of potentials is to 

actually measure these potentials in the environment under consideration. 

 

3.4.2 Reaction kinetics [69]: 

Electrode Potential data will indicate whether or not galvanic 

corrosion can occur. The reaction kinetic data indicate how quickly 

corrosion can take place. The metal dissolution kinetics give information 

on the rate of the anodic reaction in the corrosion cell; the oxygen 

reduction or hydrogen evolution overpotentials on the metals or alloys 

involved, or both, give information on the rate of cathodic reactions and 

whether they will occur on one or both materials. 

3.4.3 Alloy Composition [63]: 

The composition of an alloy affects galvanic corrosion by directly 

affecting the alloys corrosion resistance. In addition the constituents 

affect the corrosion potential and the kinetics of the cathodic processes 

involved, minor constituents can play an important role in this respect. 

 

 

 34



3.4.4 Protective film characteristics [22]: 

The characteristics of the protective film, which exists on most 

metals and alloys, are important in determining whether or not galvanic 

corrosion will occur and what form it will take, for example, general or 

localized, in a particular environment. In particular the potential 

dependence and resistance to various solution constituents are important. 

3.4.5 Mass Transport [71]: 

Depending on the particular system being considered, one, two, or 

all of the three forms of mass transport, migration, diffusion, and 

convective can play an important role in galvanic corrosion. 

 

3.4.6 Bulk Solution Environment [63]: 

Included in this group are factors such as the solution temperature, 

volume, height above the couple, and the flow rate across the surface. All 

these can affect whether or not galvanic corrosion can occur to any great 

extent. 

3.4.7 Bulk Solution properties [62]: 

This group of factors is one of the most important; the oxygen level, 

and pH. The corrosively of the solution determines whether corrosion can 

occur, and the conductivity determines the geometric extent to which it 

can occur. 

3.4.8 Total Geometry [72,73]: 

One of the most important parameters in galvanic corrosion is the 

“area ratio”. A high cathode to anode ratio usually resulting in rapid 

corrosion or high anode (base) to cathode noble ratio giving lower 

corrosion [28]. If the area of the less noble material is large compared to 

 35



that of more noble (cathodic) the corrosive effect is greatly reduced, and 

may in fact becomes negligible. Conversely a large area of noble (base) 

metal in contact with a small area of less noble (base) will accelerate the 

galvanic corrosion rate [71]. Distribution of the area is obviously important 

as is surface shape and condition. The number of galvanic cells in a given 

system is also important [63]. 

 

3.5 Corrosion inhibitor: 

3.5.1 Introduction 

The  use  of  chemical  inhibitors  to  decrease  the  rate  of  

corrosion processes is quite varied. In the oil extraction and 

processing industries, inhibitors have always been considered to be 

the first line of defense against corrosion. A great number of 

scientific studies have been devoted to the subject of corrosion 

inhibitors. However, most of what is known has grown from trial and 

error experiments, both in the laboratories and in the field. Rules, 

equations, and theories to guide inhibitor development or use are 

very limited[74,75,76]. 

By definition, a corrosion inhibitor is a chemical substance that, 

when added in small concentration to an environment, effectively 

decreases the corrosion rate. The efficiency of an inhibitor can be 

expressed by a measure of this improvement[24,74]: 

Inhibitor efficiency (%)=100
duninhibite

inhibitedduninhibite

CR
CRCR −               … (3.9) 

where   CRuninhibited corrosion rate of the uninhibited system 

CRinhibited corrosion rate of the inhibited system 

           

 36



In general, the efficiency of an inhibitor increases with an increase 

in inhibitor concentration (e.g., a typically good inhibitor would 

give 95% inhibition at a concentration of 0.008% and 90% at a 

concentration of 0.004%). A synergism, or cooperation, is often 

present between different inhibitors and the environment being 

controlled, and mixtures are the usual choice in commercial 

formulations. The scientific and technical corrosion literature has 

descriptions and lists of numerous chemical compounds that exhibit 

inhibitive properties. Of these, only very few are actually used in 

practice. This is partly because the desirable properties of an 

inhibitor usually extend beyond those simply related to metal 

protection. Considerations of cost, toxicity, availability, and 

environmental friendliness are of considerable importance. 

Commercial inhibitors are available under various trade names and 

labels that usually provide little or no information about their 

chemical composition. It is sometimes very difficult to distinguish 

between products from different sources because they may contain the 

same basic anticorrosion agent[74,77,78]. Commercial formulations 

generally consist of one or more inhibitor compounds with other 

additives such as surfactants, film enhancers, de-emulsifiers, oxygen 

scavengers, and so forth. The inhibitor solvent package used can be 

critical in respect to the solubility/ dispersibility characteristics and 

hence the application and performance of the products[74,79]. 

 

3.5.2 Classification of Inhibitors 
 

Inhibitors are chemicals that react with a metallic surface, or the 

environment this surface is exposed to, giving the surface a certain 

level of protection. Inhibitors often work by adsorbing themselves on 
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the metallic surface, protecting the metallic surface by forming a film. 

Inhibitors are normally distributed from a solution or dispersion. Some 

are included in a protective coating formulation. Inhibitors slow 

corrosion processes by increasing the anodic or cathodic polarization 

behavior (Tafel slopes), reducing the movement or diffusion of ions to 

the metallic surface. Increasing the electrical resistance of the 

metallic surface inhibitors have been classified differently by various 

authors. Some authors prefer to group inhibitors by their chemical 

functionality, as follows[74,80,81]: 

 

Inorganic inhibitors. Usually crystalline salts such as sodium 

chromate, phosphate, or molybdate. Only the negative anions of 

these compounds are involved in reducing metal corrosion. When 

zinc is used instead of sodium, the zinc cation can add some 

beneficial effect.  These zinc-added compounds are called mixed-

charge inhibitors[81]. 

Organic anionic. Sodium sulfonates, phosphonates, or 

mercapto- benzotriazole  (MBT)  are  used  commonly  in  cooling  

water  and antifreeze solutions. 

Organic cationic. In their concentrated forms, these are either 

liquids or waxlike solids. Their active portions are generally 

large aliphatic  or  aromatic  compounds  with  positively  charged  

amine groups. 

However, by far the most popular organization scheme consists of 

regrouping corrosion inhibitors in a functionality scheme as follows 
[73]. 
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a. Passivating (anodic) 

Passivating inhibitors cause a large anodic shift of the corrosion 

potential, forcing the metallic surface into the passivation range. 

There are two types of passivating inhibitors: oxidizing anions, 

such as chromate, nitrite, and nitrate, that can passivate steel in the 

absence of oxygen and the nonoxidizing ions, such as phosphate, 

tungstate, and molybdate, that require the presence of oxygen to 

passivate steel[18,82]. 

These inhibitors are the most effective and consequently the most 

widely used.  Chromate-based inhibitors are the least-expensive 

inhibitors and were used until recently in a variety of applications 

(e.g., recirculation-cooling systems of internal combustion engines, 

rectifiers, refrigeration units, and cooling towers). Sodium chromate, 

typically at concentrations of 0.04 to 0.1%, was used for these 

applications. At higher temperatures or in fresh water with chloride 

concentrations above 10 ppm higher concentrations are required. If 

necessary, sodium hydroxide is added to adjust the pH to a range of 

7.5 to 9.5. If the concentration of chromate falls below a concentration 

of 0.016%, corrosion will be accelerated. Therefore, it is essential that 

periodic colorimetric analysis be conducted to prevent this from 

occurring. In general, passivation inhibitors can actually cause pitting 

and accelerate corrosion when concentrations fall below minimum 

limits. For this reason it is essential that monitoring of the inhibitor 

concentration be performed[24,74,82,83]. 

b.Cathodic 

Cathodic inhibitors either slow the cathodic reaction itself or 

selectively precipitate on cathodic areas to increase the surface 

impedance and limit the diffusion of reducible species to these areas. 

Other cathodic inhibitors, ions such as calcium, zinc, or magnesium, 
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may be precipitated as oxides to form a protective layer on the metal. 

Oxygen scavengers help to inhibit corrosion by preventing the 

cathodic depolarization caused by oxygen. The most commonly used 

oxygen scavenger at ambient temperature is probably sodium sulfite 

(Na2SO3). 

 

c. Organic 
 

Both anodic and cathodic effects are sometimes observed in the 

presence of organic inhibitors, but as a general rule, organic 

inhibitors affect the entire surface of a corroding metal when present 

in sufficient concentration. Organic inhibitors, usually designated as 

film-forming, protect the metal by forming a hydrophobic film on 

the metal surface. Their effectiveness depends on the chemical 

composition, their molecular structure, and their affinities for the 

metal surface. Because film formation is an adsorption process, the 

temperature and pressure in the system are important factors. 

Organic inhibitors will be adsorbed according to the ionic charge of 

the inhibitor and the charge on the surface. Cationic inhibitors, such as 

amines, or anionic inhibitors, such as sulfonates, will be adsorbed 

preferentially depending on whether the metal is charged negatively 

or positively. The strength of the adsorption bond is the dominant 

factor for soluble organic inhibitors[21,24,83,84). 
 
d. Precipitation inhibitors 

Precipitation-inducing inhibitors are film-forming compounds 

that have a general action over the metal surface, blocking both anodic 

and cathodic sites indirectly. Precipitation inhibitors are compounds 

that cause the formation of precipitates on the surface of the metal, 

thereby providing a protective film. Hard water that is high in 
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calcium and magnesium is less corrosive than soft water because of the 

tendency of the salts in the hard water to precipitate on the surface 

of the metal and form a protective film[81,85,86]. 

The most common inhibitors of this category are the silicates and 

the phosphates. Sodium silicate, for example, is used in many 

domestic water softeners to prevent the occurrence of rust water. In 

aerated hot water systems, sodium silicate protects steel, copper, and 

brass. However, protection is not always reliable and depends heavily 

on pH and a saturation index that depends on water composition and 

temperature. Phosphates also require oxygen for effective inhibition. 

Silicates and phosphates do not afford the degree of protection provided 

by chromates and nitrites; however, they are very useful in situations 

where nontoxic additives are required[74). 

 

e.Volatile corrosion inhibitors 

Volatile corrosion inhibitors (VCIs), also called vapor phase inhibitors 

(VPIs), are compounds transported in a closed environment to the site 

of corrosion by volatilization from a source. In boilers, volatile 

basic compounds, such as morpholine or hydrazine, are transported 

with steam to prevent corrosion in condenser tubes by neutralizing 

acidic carbon dioxide or by shifting surface pH toward less acidic and 

corrosive values.  In closed vapor spaces, such as shipping containers, 

volatile solids such as salts of dicyclohexylamine, cyclohexylamine, 

and hexamethyleneamine are used. On contact with the metal 

surface, the vapor of these salts condenses and is hydrolyzed by any 

moisture to liberate protective ions. It is desirable, for an efficient 

VCI, to provide inhibition rapidly and to last for long periods. Both 

qualities depend on the volatility of these compounds, fast action 

wanting high volatility, whereas enduring protection requires low 
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volatility [74, 81]. Phenylthiourea is best example as organic inhibitor. It 

has been used as inhibitor in the present work.   

 

3.6 Application of Inhibitors for Acid Media 
  
 Acid solutions are widely used in industry, the most important 

fields of application being acid pickling, industrial acid cleaning, acid 

descaling and oil well acidizing. Because of general aggressivity of acid 

solutions the practice of inhibition is commonly used to reduce the 

corrosive attack on metallic materials. The selection of appropriate 

inhibitors mainly depends on the type of acid, its concentration, 

temperature, and velocity of flow, the presence of dissolved inorganic 

and/or organic substances even in minor amount and, of course, on the 

type of metallic material exposed to the action of the acidic solutions. 

Among the commercially available acids and the most frequently used are 

hydrochloric, sulphuric, nitric, hydrofluoric, citric, formic and acetic 

acid[88].  

 At present time hydrochloric acid is the most important pickling 

acid. Large scale continuous treatment such as metal strip and wire 

pickling, as well as economic advantages in the regeneration of depleted 

pickling solutions- a factor of increasing economic and ecological 

importance- were the main reasons why hydrochloric acid gradually 

replaced sulphuric acid in its former leading role as a pickling acid. Other 

acids, such as nitric, phosphoric, sulphamic, oxalic, tartaric, citric, acetic 

and formic acid are used only for special applications[88]. 

 

3.6.1 Hydrochloric acid 

 Effective inhibitors in the corrosion prevention of iron and steel on 

treatment with HCl mainly belong to the group of nitrogen-containing 
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compounds, such as alkyl and aryl amines, saturated and unsaturated 

nitrogen ring compounds, condensation products of amines (mainly aryl 

amines like aniline toluidines, etc.) with aldehydes (mainly 

formaldehyde) and ketones (e.g., cyclohexanone), nitriles, aldoximes and 

ketoximes, thiourea, phenylthiourea and imidazolin derivatives. 

In the case of n-alkylammonium salts, n-alkyl-trimethylammonium 

salts as well as other quaternary alkyl-acid corrosion of steel generally 

increases with increasing n-alkyl chain-length, with a maximum 

efficiency at C10-C12. 

Highly effective nitrogen-containing inhibitor compounds include 

alkylamines, benzylquinolinium and alkylbenzylquinolinium haides, n-

alkyltrimethylammonium, n-alkylpyridinium and n-alkylisoquinolinium 

halides with chain length of the alkyl part usually C8-C12. These inhibitors 

are applied in concentration of 10-4-5*10-3 mol/L[88]. 

The outstanding characteristics of the above mentioned acetylenic 

compounds are their excellent efficiency at temperature up to 100 oC. 

Therefore, in commercial inhibitors recommended for use in hydrochloric 

acid at elevated or high temperatures acetylenic compounds very often 

will be present. The excellent high temperature efficiency of propargyl 

derivatives is explained by Fe-complex catalysed formation of protective 

polymer films, a reaction which is favored with increasing 

temperature[88,89]. 

  The dissolution of copper and brass in hydrochloric acid can be 

effectively inhibited using sulpher- containing compounds. Good results 

are obtained with thiourea and its derivatives, benzimidazoles, and 2-

mercaptobenzothiazole, phenylthiourea being the most effective for both 

copper and brass in HCl solution up to 7M. 

Effective inhibitors for aluminum in hydrochloric acid exhibit even 

better efficiency for zinc in the same solution[88].     
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3.6.2 Phenylthiourea 
 
  

Synonyms: phenylthiocarbamide, N-phenylthiourea, 1-phenyl-2-

thiourea, PHTU, TU, PTC, alpha- phenylthiourea and 1- phenylthiourea. 

Molecular formula: C7H8N2S [Structural: C6H5NHCSNH2] and its 

physical data: melting point is 150 oC, specific graphty is 1.3 and 

stable[89,90]. 

   

3.7 Corrosion Inhibition Mechanism 

1.Adsorption theory: the adsorption theory of protective activity has 

been proposed by most of investigators, which say that inhibitors are 

adsorbed on the metal surface forming protective layer. The adsorption 

was considered either as physical adsorption or chemisorptions. 

 

The physical adsorption may be due to adsorbed species and the 

electric charge on the metal at the metal/solution interface, that is, on the 

so called "null –charge potential"(Ecorr. _ Eq =0) on the surface of the 

anodic or the cathodic section of the corroding metal. Physical adsorption 

does not involve the bonding on the electrode but require electrical 

variables viz., potential or charge on the electrode. Thus, if under 

corrosion conditions the metal surface is (-ve.) charge, the adsorption of 

cations is favored, and if the surface carries (+ve.) charge, the adsorption 

of anion takes place. At a surface charge close to zero relative to solution, 

adsorption of both molecules and ions is possible. The deciding factor in 

choosing an adsorption inhibitor is, therefore the potential of the metal 

with respect to the solution, and this depends on( Ecorr ) and (Eq) for the 

metal and electrolyte under consideration. Besides electrostatics 

 44



interaction, inhibitors can bond to metal surface by electron transfer to the 

metal to form a coordinate type of link. This process is favored by the 

presence in the metal of vacant electron orbital of law energy, such as 

occurs in the transition metals; and by availability for relatively loosely 

bond electrons, such as may be found in anions, and natural organic 

molecules containing lone pair electrons or pi-electron systems with 

multiple, especially triple bond or aromatic rings. 

This theory cannot explain mechanism of inhibitor action fully as many 

of the surface active substance[81,84). 

 

2. Film theory: This theory assumes that the effective protection of the 

metals by inhibitors is due to the formation on the metal surface of a layer 

of insoluble or slightly soluble corrosion products. However, in all cases, 

a preliminary stage of adsorption of the inhibitor can be envisaged and to 

the extent, the adsorption theory   has fulfilled its purpose [74,81,93,94]. 

 

3. Hydrogen overvoltage theory: This theory postulates that inhibitors 

that are adsorbed on the metal retired either anodic or cathodic or in some 

cases both reactions. This leads to rapid polarization of anodic or cathodic 

sites and thus overall corrosion rate is retired[21]. Many known inhibitors 

are however, cathodic polarizer having no direct action on the anodic 

reaction. They block the cathodic regions on the metal surface and 

suppress the hydrogen evolution reaction correspondingly, the anodic 

reaction is reduced, and hence there is inhibition of corrosion[84]. 

 

3.8 Types of corrosion inhibitor  
In corrosion inhibition addition, of a certain chemicals in small 

quantity are made to the corrosive environment which causes a 

substantial reduction in the rate of corrosion of a metal either by reducing 
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the probability of its occurrence or by reducing the rate of attack or by 

doing both. It should, however, be noted that the environment can in 

some cases, be made less aggressive by other methods, removal of 

dissolved oxygen, or adjustment of PH, while using a corrosion inhibitor 

for a specific problem. It is essential to make proper selection    of 

corrosion inhibitor, as no universal corrosion inhibitor exists. Moreover, 

inhibitors that are valuable for some corrosion problems can be harmful 

to other under certain situation. In low concentration, inhibitors are often 

found to function as corrosion stimulators. However when various 

methods of protecting metals are inapplicable, corrosion inhibitors can 

sometimes be employed to advantage[35] . 

It is well known that corrosion is an electrochemical phenomenon, hence 

inhibitor may be defined as a decrease of the velocity of electrochemical 

electrode reaction, from kinetic point of view, and inhibitor may be 

defined more accurately by corresponding decrease of the velocity of 

partial steps of electrode reactions. For convenience all kinds of 

substances which cause inhibition could be called inhibitor[81]. 

Depending on the mechanism of their inhibiting action on the 

electrochemical corrosion, inhibitor can be classified as (i) anodic type 

(ii) cathodic type and (iii) mixed type as shown in Fig.3-8 according to 

their nature. Inhibitors can be differentiated as soluble and insoluble, 

acidic, basic and natural, volatile and nonvolatile, organic and inorganic 

etc. 
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Figure 3-6 Mechanism of action of corrosion inhibitors based on polarization effects 
(a) Anodic inhibitors. (b) Cathodic inhibitors. (c) Mixed inhibitors[84]. 
 
3.8.1 Anodic Inhibitor 
 
  Those substances, which reduce the anode area by acting on the 

anodic sites and polarize the anodic reaction, are called anodic inhibitors. 

They displace the corrosion potential (Ecorr.) in the positive direction and 

reduce corrosion current (icorr.), thereby retard anodic reaction and 

suppress the corrosion rate. Anodic inhibitors are primarily inhibitors 

(inorganic) of oxidizing action. As oxidants they have a twofold nature, 

viz. (i) they act as good depolarizers and therefore, accelerate the 

cathodic process (corrosion simulators),and (ii) they also lead to the 

formation of protective film on the anode (chemical passivators). In other 

words, they function either as cathodic simulators or anodic inhibitor. 

Their resulting action can therefore be different depending on 

condition[21]. .  
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 3.8.2 Cathodic inhibitor      
 
   Those substances which reduce the cathodic area by acting on the 

cathodic sites and polarize the cathodic reaction are called cathodic 

inhibitors. They displace the corrosion potential (Ecorr.) in the negative 

direction and reduce the corrosion current (icorr.), thereby retard cathodic 

reaction and suppress the corrosion rate[21,81]. 

      Cathodic inhibitors may be divided into three categories, viz  

(i) Those which absorb oxygen (deaerators or oxygen scavengers), 

examples of this type of inhibitor are sodium sulphite and hydrazine 

which remove dissolved oxygen from aqueous solution according to the 

reaction : 

 

N2H4+O2→N2+2H2O                                                             …(3.10) 

2Na2SO3+O2→2Na2SO4                                                        ...(3.11) 

 

 (ii) Those which reduce the area of the cathode. Examples of this type of 

inhibitor include Ca(HCO3)2 , ZnSO4 and some other compounds with 

cations that migrate toward the cathode surface and react with 

cathodically formed alkali(mild) to produce insoluble protective film.   

Ca+2 +2HCO-
3+OH-→CaCO3↓+HCO-

3+H2O                      … (3.12) 

Zn+2 +OH- →Zn (OH) 2↓                                                         … (3.13) 

    

(iii) Those which increase hydrogen overpotential of the cathodic process 

(hydrogen-evolution poison). Examples of this type include arsenic, 

bismuth and antimony ions which specially retard the hydrogen evolution 

reaction[21,24]. 
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3.8.3 Mixed inhibitor  
  Those substances, which affect both the cathodic and anodic 

reactions, are called mixed inhibitors. Such mixed inhibitors include the 

commercially available polyphosphates. Potential change in such a case is 

smaller and its direction is determined by the relative size of the anodic 

and cathodic effects [21,24].      

    

3.9 Oxygen Reduction and Transport 

Most aqueous solutions (ranging from bulk natural water and 

chemical solutions to thin condensed films of moisture) are in contact 

with the atmosphere and will contain dissolved oxygen, which can act as 

a cathode reactant. The solubility of oxygen in water decreases 

significantly with the increase in temperature and slightly with 

concentration of dissolved salts. On the other hand, the concentration of 

H3O+ in acid solution, which is given by the PH, is high, and since this 

ion has a high rate of diffusion; its rate of reduction is normally 

controlled by the activation energy for electron transfer. Furthermore, the 

vigorous evolution of hydrogen that occurs during corrosion facilitates 

transport, so that the diffusion is not a significant factor in controlling the 

rate of the reaction except at very high current densities. As PH in acid 

solution increases, the hydrogen evolution reaction becomes kinetically 

more difficult and requires a high overpotential. Oxygen reduction is 

more significant than hydrogen evolution in near-neutral solutions, and 

that in the case of the former, transport of oxygen to the metal surface 

will be more significant than activation-controlled electron transfer. A 

further important factor is that in near-neutral solutions solid corrosion 

product will be thermodynamically stable and will affect the corrosion 

rate either by passivating the metal or by forming barrier that hinders 

transport of oxygen to the metal surface[5,81] 
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The rate of corrosion processes with oxygen depolarization is 

determined mostly by the rate of oxygen diffusion to the metal surface. 

This kind of corrosion is extremely important, since it includes practically 

important process such as corrosion of iron and steel in neutral salts 

solutions, corrosion of zinc in several neutral solutions, various cases of 

copper corrosion. In the majority of practical cases, the concentration of 

oxygen in the solution corresponds to the oxygen solubility in particular 

electrolyte. If the solution has a certain amount of oxygen, but the system 

is closed so that no additional oxygen can enter the system, then the 

corrosion process with oxygen depolarization can proceed only until the 

oxygen supply is exhausted. When the metal is placed in open container, 

oxygen can reach the cathodic sections by means of diffusion from the air 

through the solution, and the corrosion process might cause complete 

destruction of the metal. The transport of oxygen from the atmosphere to 

the metal solution interface involves the following steps[81].                                                  

1. Transport of oxygen across the atmosphere /solution interface. 

2. Transport through the solution (by diffusion and by natural and forced 

convection) to the diffusion layer. 

3. Transport across the static solution at the metal /solution interface (the 

diffusion layer δd) by diffusion. 

The process involves the following reactions[5,81,95,96]: 

1) For the cathode polarization, diffusion of oxygen from the solution 

toward the cathode  O2 = O 2                        … (3.14) 

2) Adsorption of oxygen and dissociation of molecules into atoms: 

   O2 = 2O                … (3.15) 
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3) Ionization: O+2e = O¯ ¯              …(3.16)     

Formation of hydroxyl ion: 

          O¯ +H2O+2m H2O =2OH¯.m H2O                     …(3.17) 

4) Transfer of hydroxyl ions from the cathode into the bulk of the 

solution: 

  OH¯ = OH¯                        …(3.18) 

 

3.10 Electrochemical Measurements in Flowing Solutions 

 Electrochemical measurements are now widely used in most fields 

of corrosion. Detailed reviews are available which deal with the 

application of electrochemical techniques in general or specifically to 

pitting, galvanic corrosion, intergranular corrosion, crevice corrosion, 

stress corrosion cracking and high temperature high pressure situation. 

Electrochemical measurements in flowing solutions can provide data on 

(a) the rate of general corrosion and the possibility of other forms of 

attack, (b) mechanism by using the effect of flow as a diagnostic 

criterion, (c) the characteristic hydrodynamic parameters, e.g. the rate of 

mass transfer, the degree of turbulence or the surface shear stress, and (d) 

the composition of the solution by electro-analytically monitoring 

compositions or measuring redox potentials, pHs, etc[97]. 

 Apparatus for examining the effects of flow on corrosion is similar 

to that used in static tests except that either the specimen (rotating 

cylinders and discs) or the solution must be moved, and more thought 

must be given to the placement of reference and counter electrodes[98]. 
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3.10.1 The Rotating Cylinder Electrode 

 The rotating cylinder electrode is operated in the turbulent flow 

regime at Re > 200[99], although flow can be complicated with vortexing 

until much higher Re, where true turbulence develops. A Re > 200 is 

readily achieved at modest rotation rates and cylinder diameters. 

Therefore the cylinder can be readily utilized by the corrosion engineer to 

simulate corrosion conditions in turbulent pipes. For the smooth rotating 

cylinder electrode, the mass transport correlation is given by 

Eisenberg[100]. However, surface roughening increases mass transport. 

 

Sh=0.079 Re0.7 Sc0.36                                                                      …(3.19) 

 

This correlation is valid within the following range: 1000< Re <100000 

and 850 < Sc <11490. Recalling that the limiting current density is given 

by:  

 

iL = nFK∆C                                                                                   …(3.20) 

and that K is given by 

K=Sh × 
d
D                                                                                     …(3.21) 

So that  

iL = Sh
d

CnFD∆                                                                              …(3.22) 

 

   It is easy to show that the limiting current density can be expressed 

entirely in terms of very accessible parameters: D, ∆C, d, U, and v, again, 

assuming that Cs =0: 

iL = 0.079 nFCb (U)0.7 (D)0.64 (v)-0.34 (d)-0.3                                   …(3.23) 
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If the characteristic dimension is taken as the radius of the cylinder, 

r (U=rw), throughout the calculation where d=2r we have  

 

 iL = 0.064 nFCb (w)0.7 (D)0.64 (v)-0.34 (r)-0.4                                    …(3.24) 

 

 Hence if the corrosion rate is determined by the mass transport of 

cathodic reactant to the cylinder surface, then the corrosion rate will 

increase as a function of the rotation rate raised to the 0.7 power and 

linearly with dissolved reactant concentration. Increasing the velocity by 

a factor of ten increases the corrosion rate by a factor of five. 

Silverman[101] has shown that the velocity of the rotating cylinder 

necessary to match the mass transport conditions for pipe flow, assuming 

the Eisenberg correlation applies, is given by: 

 

Ucyl= 0.11845 
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                           …(3.25) 

 

Useful velocity conversions in order to have equality of mass transport 

conditions between the rotating cylinder and the annulus and impinging 

jet are also reported by Silverman. 

 The rotating cylinder electrode utilized a specimen with a fixed 

diameter. Consequently, all points on the surface are exposed to the same 

surface velocity (excluding surface roughness effects). The RCE can be 

used to simulate flowing conditions present in other geometries if flow in 

those geometries is tangential to the electrode surface by using in the 

appropriate rotation rate. The surface shear stress for the rotating cylinder 

is given as[98]: 
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2
.)./( rfconstsmkg ρωτ =                                                     …(3.26) 

where f  is the friction factor. The Re number and the surface roughness 

are important factors in determining the surface shear stress. For a smooth 

cylinder, f/2 is equal to 0.079Re-0.3[102]. Substitution of the relationship 

gives the following expression for shear stress: 

       
223.02 Re079.0)./( rsmkg ρωτ −=                                       

                                                                                                       …(3.27) 
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Rearranging yields 

))()()((064.0 3.07.17.04.1 µωρτ r=                                               …(3.28) 

where the shear stress is given in terms of the fluid density, ρ, the angular 

velocity, ω , the fluid viscosity, µ, and the cylinder radius, r. Note that 

the shear stress will increase as a function of the rotation rate raised to the 

1.7 power. In contrast, the limiting current density increases with velocity 

raised to the 0.7 power for the RCE. 

 

 3.10.2 The Rotating Disk Electrode 

 The rotating disk electrode (RDE) is an important system in 

electrochemistry. Axial followed by radial flow across the disk brings 

fresh solution to all points across the disk. The surface is therefore 

uniformly accessible to reacting species. The RDE operates under laminar 

flow for Re < 1.7 × 105. Flow is turbulent above 3.5×105 and is 

transitional in between[99]. Thus the system is less practical for the study 

of corrosion under turbulent conditions but enjoys widespread use in 

research electrochemistry. For the rotating disk electrode, the laminar 
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mass transport correlation obtained in the literature is given by 

Levich[103]: 

 

Sh = 0.621 Re0.5 Sc0.33                                                                  … (3.29) 

or that  

iL=0.621
d

CnFd∆ Re0.5 Sc0.33                                                            …(3.30) 

 Moreover, it is easy to show that the limiting current density is 

expressed entirely in terms of readily obtained parameters: D, ∆C=Cb – 

Cs, ω , and v. Recall that Cs =0 when the limiting c.d. is reached, 

yielding 

   

   iL=0.621(nF)(D2/3)(Cb) (v-1/6) (ω )1/2                                        …(3.31) 

    

 Flow is not uniform across the RDE. At high speeds the edges may 

be in turbulent flow, and the shear stress should vary with radial position. 

An average velocity or Re number value must be used in order to 

characterize the flow. Consequently, the RDE is not favored for studying 

corrosion controlled by shear stresses[103, 104]. 
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Chapter Four 
 

Experimental Work   
 

 
4.1 Introduction 

The present chapter illustrates the experimental work as well as the 

laboratory design of Galvanic Corrosion Inhibition system. 

Experimental work was carried out to determine the corrosion rate 

of copper, carbon steel and zinc specimens under static and flow 

conditions for rpm = 0, 500, 1000, and 1500 with PHTU inhibitor 

concentration of (0, 0.001, 0.05 and 0.15) g/L, and area ratio of metal 

specimen   of 2, 1, 0.5 and 0.25 using weight loss and electrochemical 

polarization methods then all the above tests were carried out in aerated 

0.1N HCl. Turbulent flow was chosen because of its practical importance. 

The experimental work was divided into five main parts: 

1. Weight loss measurements of single metals (free corrosion) to 

determine the average corrosion rates and corrosion potential under 

static, rotating without and with PHTU inhibitor at isothermal 

conditions. 

2. Measuring the current, potential difference and corrosion rate of couple 

metals under available rotating velocity with and without PHTU 

inhibitor concentration at isothermal conditions. 

3- Measuring the potential and current simultaneously in galvanic 

corrosion.  

4. Electrochemical polarization measurements of the instantaneous 

potential corrosion under isothermal conditions for clean surfaces. Also 

anodic dissolution of copper, carbon steel and zinc specimen was 

 56



investigated at different values of rotational velocity, area ratio and 

PHTU concentration. 

5- Measuring galvanic cell resistance.  

 

4.2 System Specifications 

a) Working Electrode (cathode): 

 The working electrode was a tube specimen of copper, carbon steel 

or zinc the length of the cathode was placed vertically 2 cm and 2.55cm 

outside diameter .The metal specimen was in the water bath at a depth of 

5cm below the solution. The tube specimen of carbon steel and copper is 

analyzed by Heavy Engineering Equipment Company as follows: 
Table 4-1 Composition of the studied carbon steel alloy 

C% Si% Mn% P% S% Cr% Mo% Ni% Cu% V% Fe%

0.1649 0.2559 0.5027 0.0020 0.0068 0.0251 0.0000 0.0088 0.1505 0.0033 Rem.

 
Table 4-2 Composition of the studied copper alloy 

Zn% Fe% Mn% Ni% Cr % Cu% 

0.055 0.01 Nil. Nil. Nil. Rem. 

        

and pure zinc supplied by BDH. 

 

b) Auxiliary Electrode (anode):  

In polarization experiments, the auxiliary electrode was a rod made 

of high conductivity graphite, 1cm outside diameter, the length of the 

anode was 8cm, and located vertically opposite to the cathode at the same 

level. 

c) Reference Electrode: 

 The cathodic potential was determined with respect to Saturated 

Calomel Electrode (SCE) .A lugging capillary bridge leading to the 
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reference electrode was mounted near the center along the cathode length 

to within (≅ 1mm) from the side of the cathode. The opening of the 

capillary tube near the sample metal (cathode) was equal to (≅ 1mm) in 

diameter. 

d)Glass Container: A container was made of glass with the dimensions 

ID=22 and Height=30cm. 

e) Water Bath: A bath was used with a temperature controller up to 

95oC. 

f) pH-meter: A digital pH-meter with three decimal points was used to 

read hydrogen ion concentration (pH). A calibration procedure was used 

to calibrate the meter before any measurement using standard buffer 

solution of pH 2, 7 and 10.    

g) Conductivity meter: A digital conductivity meter, type GLASSCO 

with a range (0.01µmho to 1000mmho cm-1 in 5 ranges) was used. 

 

4.3 The Electrolyte 

2- Distilled Water. 

3- Inhibiter: Phenylthiourea is used as an inhibiter  

4- (a) Hydrochloric Acid: HCl, Analar hydrochloric acid (33%) 

supplied by Fluka and Merk was used throughout the present work 

as a corrosive medium after dilution into 0.1 N solution.   

      (b)Hydrochloric Acid: HCl Technical Hydrochloric acid of 

concentration 30%, supplied by Rayon State Establishment, Saddat 

AL-Hindiyah as a cleaning electrolyte for the metal specimen 

(before each test) an HCl of 3% concentration was used, which had 

been prepared according to the dilution law: 

C1 V1 = C2 V2                   … (4-1) 

C1 : the first concentration. 

V1 : the first volume. 
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C2 : the second concentration. 

V2 : the second volume. 

A 20% HCl is needed as a cleaning electrolyte for the metal specimen 

(after each test), which had been prepared using the same procedure in the 

above paragraph. Besides an amount of inhibiter (hexamine) was added to 

the 20%HCl to prevent the corrosion. The best amount of inhibiter added 

was 60g of hexamine per liter of 20% HCl, where the weight loss was 

almost zero[10]. 

4.4 Solvents Used 

 These are used to clean the metal specimens. 

1- Acetone : C3H6O of concentration ≅ 99% supplied by FLUKA. 

          2- Ethanol : C2H4O of concentration ≅ 99% supplied by FLUKA. 

 

4.5 The Experiments types: 

 The types of experiments are:  

A- Galvanic corrosion cell (Fig.4-1). 

B- Potential and current measurements cell (Fig. 4-2). 

 

 

 

 

 

 

 

 

 
 
 
 
 

Ball Bering Multimeter 

Teflon  
material 

0.1N HCl 
solution

Cathode specimen 
(Noble metal) 

Anode specimen 
(Base metal)

Rotating rode 

Rotating cylinder 

Container 

Figure 4-1 Apparatus for measuring currents and potential between two metals 
immersed in 0.1N HCl solution 
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Figure 4-2 The electrode potentials measured against the SCE and 
current measurement 

C-  Free corrosion circuit 
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D- Polarization circuit:  
Figure 4-3 Free corrosion circuit 
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Figure 4-4 The Electrical Circuit 
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Table 4-3  Gives the item number with its details as illustrated in Fig.4.4. 
Item No. Details 

1 Multirange Ammeter. 
2 D.C Power Supply. 
3 Resistance Box. 
4 Multirange Voltmeter. 
5 Saturated Calomel Electrode (SCE) 
6 Cathode 
7 Anode 
8 0.1N HCl Solution 

 

The following pieces of equipment are required to assemble the corrosion 

apparatus: 

1) Multirange Ammeter: A digital Multirange ammeter (≈1Ω resistor, 

type 1905 A Thurlby) was used to measure the current passing through the 

galvanic cell. 

2) Multirange Voltmeter: Two types of Multirange voltmeter were used, 

one of these is to measure the potential difference between two metals 

(type 1905A Thurlby),and the other to measure working electrode/ 

reference potential, type 2830 digital multimeter. 

3) Multirange Resistor (Resistance Box): A variable resistance 

(Dambridge type, variable resistance (0-0.1 MΩ) with accuracy of 0.1 Ω 

was used. 

4) D.C Power Supply: A filtered D.C power supply which is often 

equipped with current and voltage limiters offers better stability and 

control and can be used for applying galvanostatic boundary condition. It 

is (type 6291 A, Hewlett Packard with a range 0-50V and 5A). 

 

 

 
 
 
 

 61



4.6 Description of corrosion cell 
 

The description of the galvanic corrosion cell is shown in Fig. 4-5. 

The specimens had been fixed on the rotating and insulated shaft (Teflon 

material), which designed specially to pass the current to the circuit by 

two slip rings, then one of them is fixed and the other is rotated  (Ball 

Bering). The distance between the cathode and anode was1cm, this has 

been fixed on insulated rode.  

 

 

 

Electrical circuit  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-5 galvanic corrosion cells.  
 
4.7 Experimental procedure: 

4.7.1 Specimen Preparation 

Before each experiment, the metal specimen was immersed in 3% 

HCl for 30 minutes, then washed with distilled water, dried with paper 

tissue followed by immersing in analar methanol for two minutes, then 
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dried and immersed in analar acetone for two minutes, and finally left to 

dry for one hour in the disscater over silica gel . Weighing the specimen 

was carried out using digital balance of 0.1 mg accuracy. (Analytical 

balance type AE260 Delta RANGE, mettler)[10]. 14.57ml from 33% HCl 

solution was diluted to prepare 1.5 L of 0.1NHCl according to the 

dilution law: C1V1=C2V2 

 

4.7.2 Corrosion Rate Measurements by Weight Loss of single metals 

(free corrosion): 

To investigate the free corrosion for each metal for 2hrs and in the 

presence of different concentrations of PHTU inhibitor at different 

speeds, the circuit shown in Fig. 4-3 was used. 

The metal specimens were of outer diameter equal to 2.55cm with 

exact length of 2cm. They were cut from copper, carbon steel and zinc 

pipe, in order to use them in the weight loss experiments. After the 

specimen preparation, in the isothermal (T=40C) weight loss 

measurements the specimens were placed in the test section and the later 

was fixed by insulated rod to prevent the leakage of the solution to 

specimen inner. The test section was the specimen put in 0.1N HCl 

solution to read potential values each one minute for 2hrs, using five 

different PHTU concentrations (0, 0.001, 0.05, 0.1 and 0.15 g/L) and four 

rotational velocities 0, 500, 1000 and 1500rpm.  

4.7.3Measuring the current, potential difference and corrosion rate of 

couple metals: 

The outer diameter of metal specimens was equal to 2.55cm with 

exact lengths of 4, 2, 1 and 0.5cm each which represent the cathode and 

2cm to represent the anode electrode. They were cut from copper, carbon 

steel and zinc pipe, in order to use them in the weight loss experiments. 

Then the heater controller in the bath was set to the required temperature 
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of 40 oC to achieve thermal equilibrium before starting the experimental 

run. The experiment was carried out with 0.1N HCl and with (0.001, 

0.05, 0.1, and 0.15 g/L PHTU added as an inhibitor at the following ratios 

AR=2, 1, 0.5, and 0.25.  

At a certain value of (AR), rotational velocity and concentration of 

PHTU as inhibitor, the specimens were immersed in the solution, and 

then the current was read every one minute for 20 minutes by using the 

multimeter as a multirange ammeter (see Fig.4-1) with low resistance   

which depend on zero ammeter impedance principle and the weight loss 

was measured after this period (20 minutes) by using digital balance of 

0.1 mg accuracy (Analytical balance type AE260 Delta RANGE, mettler) 

to calculate the corrosion rate as shown in Fig.4-1.  

The experiments were repeated for different values of (AR) and 

concentration of PHTU inhibitor using four different speeds (0, 500, 

1000, and 1500 rpm. All previous experiments were duplicated using 

different metal couples, i.e. Cu/Fe, Cu/Zn, and Fe/Zn.  

Use the same apparatus as for above experiments but with the 

multimeter as a voltmeter as shown in Fig.4-1. The potential difference 

was measured every one minute for 20 minutes by using multirange 

voltmeter. 

     

4.7.4 Measuring the potential and current simultaneously in galvanic 

corrosion. 

All the previously mentioned experiments (copper and iron couple) 

were performed for a period of two hours in order to measure the galvanic 

current and potential simultaneously as shown in Fig. 4-2. 
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4.7.5 Polarization Investigation Procedure 

 After the electrolyte (acid solution) preparation, the electrolyte was 

stirred by using a glass rod in order to obtain a homogenous solution, and 

then the heater controller in the bath was set to the required temperature 

of 40 oC to achieve thermal equilibrium before starting the experimental. 

The electrical circuit was connected to the reference electrode (SCE) after 

checking all the electrical connections. When the container reached the 

required temperature, the polarization electrical circuit was set to the 

(ON) position in order to draw the curve of any given condition (0, 0.001, 

0.05 and 0.15 g/l concentration, 2, 1, 0.5 and 0.25 area ratio of metal 

specimen), a variable speed of metal specimens (0, 500, 1000 and 1500 

rpm) and available of metal specimens type (Cu, Fe and Zn) by 

galvanostatic technique (making the voltage of the D.C power supply 

constant at 10V and changing the current by altering the resistance of the 

circuit). At each setting of the resistance two parameters were recorded 

(potential and cathodic and anodic current) by the voltmeter and the 

ammeter respectively, i.e, to measure the cathodic and anodic portion of 

the polarization curve. At least two minutes were allowed in order to 

record the steady state values of the polarization process (see Fig.4-6). 

 After reaching ( Ecorr. ) of the metal specimen used, the run was 

ended by switching the power off and the water bath emptied from the 

used electrolyte . The system was then washed entirely by using distilled 

water to make sure that there was no electrolyte left in the system.  

 The above procedure was repeated exactly for the other conditions 

of PHTU concentrations, area ratio of metal specimens, a variable 

rotational velocity of metal specimens and available metal specimen’s 

types. Each run was repeated twice with a third run when reproducibility 

was in doubt. 
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Figure 4-6 A simple sketch showing the details of the laboratory polarization system 
and its identification is given in Table 4-4  

 
Table 4-4 gives the item number with its details as illustrated in Fig.4.6.  

Item No. Details 
1 Stand 
2 Ball bearing  
3 Container (2L) 
4 Cathode 
5 Salt Bridge 
6 Anode 
7 Rotating device  
8 Rotating shaft 
9 Saturated Calomel Electrode(SCE) 

10 Water Bath with temperature controller     
11 stand    
12 D.C Power supply  
13 Multirange Ammeter 
14 Resistance Box. 
15 Multirange Voltmeter 
16 Connecting Wires  

 66



 
 

 A  
 
 

 
 B 
 

 67



 
 C 
 
 

 
 
  Figure 4-7 A, B, C and D Test Apparatus 
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4.7.6Cell resistance measurement procedure[105]: 
 
         After the specimens cleaning, the circuit has been connected as 

shown in Fig.4-8. The variable resistance (1.3, 2.3, 3.3, 4.3 and 5.3Ω ) 

between cathodic metal and anodic metal have been connected to 

measure potential values to each resistance value and for each minute for 

20 minutes in static air-saturated 0.1N HCl solution, area ratio AR=1and 

constant temperature of (T=40 oC). 

 

 

  

 

 

      

Cu Fe

V 

R

Figure 4-8 Arrangement for cell resistance measurement[105]. 
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Chapter Five 
 

Results 
 
 

 
5.1 Introduction 

As mentioned in chapter one, the aim of the present work is to 

study the galvanic action between several metals (copper, carbon steel 

and  zinc), by coupling two metals at a time and compare the results with 

the results obtained from the weight loss and the polarization studies 

obtained for these metals in the single state. All the above experiments 

were carried out in aerated 0.1N HCl, a variable speed of metal 

specimens (0, 500, 1000 and 1500 rpm), with different PHTU inhibitor 

concentrations (0, 0.001, 0.05 and 0.15) g/l, and area ratios of metal 

specimen of 2, 1, 0.5 and 0.25. The reason behind aeration is to ensure 

that the corrosion reaction is activation and concentration controlled. 

Three operating conditions were taken into account during these 

experiments, inhibitor concentration, speed of rotating cylinder, and the 

geometry of the metal by altering the area ratio of the cathode to anode 

(AR=2, 1, 0.5, and 0.25). All the above techniques were used as a base to 

portray the facts of galvanic corrosion.  

 

 

 

 

 

 

 

 

 70



5.2 Weight loss of individual metals: 
 

As mentioned in chapter four, specimens of OD=2.55cm and 

L=2cm, were cut from metal tubes of carbon steel, copper, and zinc using 

the cell shown in Fig.4-3.Tables 5-1 to 5-3 show the weight loss results, 

corrosion rate and PHTU efficiency on copper, carbon steel and zinc at 

T=40 oC in air-saturated 0.1N HCl solution, rotational velocities (RPM), 

PHTU concentration and t=2h. 
 
Table 5-1 Effect of inhibitor (PHTU) concentration and rotating cylinder speed on 
corrosion rate (by weight loss) of copper specimen in air-saturated 0.1N HCl solution, 
T=40C and t=120m . 

 

η%   id 
(µA/cm2)  CR(mpy)  CR(mm/y)  CR(gmd)  Wa(g)∆  C(g/L) 

PHTU  RPM  

- 136.899 62.455 1.586 38.946 0.0052  0.000 

32.69 92.144 42.038 1.068 26.214 0.0035  0.001 

61.54 52.654 24.021 0.610 14.979 0.0020  0.050  

82.69 23.694 10.826 0.275 6.741 0.0009  0.100  

96.15 5.265 2.402 0.061 1.498 0.0002  0.150 

0 

- 213.248 97.287 2.471 60.666 0.0081  0.000 

34.57 139.532 63.657 1.617 39.695 0.0053  0.001 

60.49 84.246 38.435 0.976 23.967 0.0032  0.050  

80.25 42.123 19.216 0.488 11.983 0.0016  0.100  

93.83 13.163 6.006 0.153 3.745 0.0005  0.150 

500 

- 258.003 117.706 2.989 73.399 0.0098  0.000 

26.53 189.553 86.476 2.197 53.925 0.0072  0.001 

51.01 126.369 57.651 1.464 35.950 0.0048  0.050  

77.55 57.919 26.423 0.671 16.477 0.0022  0.100  

91.84 21.061 9.609 0.244 5.992 0.0008  0.150 

1000

- 292.228 133.319 2.386 83.135 0.0111  0.000 

32.43 197.451 90.079 2.288 56.172 0.0075  0.001 

53.15 136.899 62.455 1.586 38.946 0.0052  0.050  

77.48 65.817 30.027 0.763 18.724 0.0025  0.100  

91.89 23.694 10.810 0.275 6.741 0.0009  0.150 

1500
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Table 5-2 Effect of inhibitor (PHTU) concentration and rotating cylinder speed on 
corrosion rate (by weight loss) of carbon steel specimen in air-saturated 0.1N HCl 
solution, T=40C and t=120m . 
 
 

 
 
 

 

η%   id(µA/cm2)  CR(mpy)  CR(mm/y)  CR(gmd)  Wa(g)∆  C(g/L) 
PHTU  RPM  

- 485.245 221.522 5.627 121.332 0.0162  0.000 

16.67 404.371 184.601 4.689 101.110 0.0135  0.001 

38.89 296.539 135.374 3.438 74.147 0.0099  0.050  

80.25 95.851 43.758 1.111 23.967 0.0032  0.100  

96.91 14.977 6.837 0.174 3.745 0.0005  0.150 

0 

- 632.017 288.527 7.329 158.032 0.0211  0.000 

28.44 452.297 206.481 5.245 113.094 0.0151  0.001 

57.35 269.581 123.068 3.126 67.407 0.0090  0.050  

90.99 56.911 25.980 0.659 14.230 0.0019  0.100  

96.68 20.967 9.572 0.243 5.243 0.0007  0.150 

500 

- 790.770 360.999 9.169 197.727 0.0264  0.000 

22.35 614.045 280.322 7.120 153.538 0.0205  0.001 

54.55 359.441 164.091 4.168 89.876 0.0120  0.050  

72.73 215.665 98.453 2.501 53.925 0.0072  0.100  

95.45 35.944 16.409 0.417 8.988 0.0012  0.150 

1000 

- 913.579 417.063 10.593 228.434 0.0305  0.000 

32.79 614.045 280.322 7.120 153.538 0.0205  0.001 

58.69 377.413 172.294 4.376 94.369 0.0126  0.050  

89.18 98.946 45.125 1.146 24.716 0.0033  0.100  

93.44 59.907 27.348 0.695 14.979 0.0020  0.150 

1500 
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Table 5-3 Effect of inhibitor (PHTU) concentration and rotating cylinder speed on 
corrosion rate (by weight loss) of zinc specimen in air-saturated 0.1N HCl solution, 
T=40C and t=120m . 

 

η%   id(µA/cm2)  CR(mpy)  CR(mm/y)  CR(gmd)  W (g)∆  C(g/L)PHTU  RPM  

- 1118.27 659.583 16.753 327.298 0.0437  0.000 

23.34 857.26 505.629 12.843 250.903 0.0335  0.001 

49.43 565.54 333.564 8.473 165.521 0.0221  0.050  

81.17 204.72 120.747 3.067 59.917 0.0080  0.100  

97.48 28.149 16.604 0.422 8.239 0.0011  0.150 

0 

- 1307.64 771.274 19.590 382.721 0.0511  0.000 

31.31 898.20 529.779 13.456 262.887 0.0351  0.001 

42.27 754.90 445.257 11.309 220.945 0.0295  0.050  

83.76 212.39 125.275 3.182 62.164 0.0083  0.100  

95.11 63.975 37.733 0.958 18.724 0.0025  0.150 

500 

- 1566.09 923.716 23.462 458.366 0.0612  0.000 

40.36 934.03 550.909 13.993 273.372 0.0365  0.001 

53.43 729.31 430.162 10.926 213.455 0.0285  0.050  

80.39 307.08 181.121 4.600 89.876 0.0120  0.100  

95.26 74.211 43.769 1.112 21.719 0.0029  0.150 

1000 

- 1732.4 1021.82 25.954 507.049 0.0677  0.000 

26.88 1266.69 747.123 18.977 370.737 0.0495  0.001 

56.422 754.90 445.257 11.309 220.945 0.0295  0.050  

80.65 335.23 197.723 5.022 98.114 0.0131  0.100  

95.16 84.447 49.809 1.265 24.716 0.0033  0.150 

1500 
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5.3 Galvanic coupling: 
 The galvanic coupling experiments were conducted according to 

the conditions (rotating velocity=0, 500, 1000, and 1500rpm), (AR=2, 1, 

0.5, and 0.25) and phenylthiourea concentration=0, 0.001, 0.05, 0.1, and 

0.15g/l at 40 oC. 

 

5.3.1 Copper and carbon steel coupling: 

These experiments were divided into two main categories: 

a. Direct results of voltage difference between two metals against 

time for 20 minutes, experiments were carried out in aerated 0.1N 

HCl, a variable PHTU inhibitor concentration (0, 0.001, 0.05 and 

0.15) g/l, with speed of metal specimens (0, 500, 1000 and 1500 

rpm), and area ratio of metal couple as 2, 1, 0.5 and 0.25, 

Figs.(5.1a-5.16a).  

b. Direct results of current against time for 20 minutes and the same 

previously mentioned conditions, Figs. (5.1b-5.16b).  
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Figure 5-1a Potential difference vs. time for copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=0.25, T=40 oC, t=20m, and 0 RPM 
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Figure 5-2a Potential difference vs. time for copper and iron metals 
 in 0.1N HCl, AR(Cu/Fe)=0.5, T=40 oC, t=20m, and 0 RPM 
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figure 5.1 Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=2, T=40C, t=20m, and 0 rpm A 

Figure 5-3a Potential difference vs. time for copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=1, T=40 oC, t=20m, and 0 RPM 
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Figure 5-4a Potential difference vs. time for copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=2, T=40 oC, t=20m, and 0 RPM 
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Figure 5.7 Potential vs. Time for a metal specimen in 
  0.1N HCl, f(Cu/Fe)=0.5, T=40C, t=20m, and 500 rpm  

Figure 5-5a Potential difference vs. time for copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=0.25, T=40 oC, t=20m, and 500 RPM 
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Figure 5-6a Potential difference vs. time for copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=0. 5, T=40 oC, t=20m, and 500 RPM  
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gure 5.6 Potential vs. Time for a metal specimen in 
.1N HCl, f(Cu/Fe)=1, T=40C, t=20m, and 500 rpm
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Figure 5-7a Potential difference vs. time for copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=1, T=40 oC, t=20m, and 500 RPM 
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Figure 5.5 Potential vs. Time for a metal specimen in 
  0.1N HCl, f(Cu/Fe)=2, T=40C, t=20m, and 500 rpm  
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Figure 5-8a Potential difference vs. time for copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=2, T=40 oC, t=20m, and 500 RPM 
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Figure 5.12 Pote
  0.1N HC

ntial vs. Time for a metal specimen in 
l, f(Cu/Fe)=0.25, T=40C, t=20m, and 1000 rpm
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Figure 5-9a Potential difference vs. time for copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=0.25, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.11 Potential vs. Time for a metal specimen in 
  0.1N HCl, f(Cu/Fe)=0.5, T=40C, t=20m, and 1000 rpm  

Figure 5-10a Potential difference vs. time for copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=0.5, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.10 Pote
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Figure 5-11a Potential difference vs. time for  copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=1, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.9 Potential vs. Time for a metal specimen in 
  0.1N HCl, f(Cu/Fe)=2, T=40C, t=20m, and 1000 rpm  

 
 

Figure 5-12a Potential difference vs. time for copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=2, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.16 Pote
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Figure 5-13a Potential difference vs. time for copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=0.25, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.15 Potential vs. Time for a metal specimen in 
  0.1N HCl, f(Cu/Fe)=0.5, T=40C, t=20m, and 1500 rpm  

Figure 5-14a Potential difference vs. time for copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=0. 5, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.14 Pote
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Figure 5-15a Potential difference vs. time for copper and iron metals  
in 0.1N HCl, AR(Cu/Fe)=1, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.13 Potential vs. Time for a metal specimen in 
  0.1N HCl, f(Cu/Fe)=2, T=40C, t=20m, and 1500 rpm  

 

Po
te

nt
ia

l (
V)

 v
s.

 S
C

E
Po

te
nt

ia
l d

iff
er

en
ce

 (m
V

) 

 

Figure 5-16a Potential difference vs. time for copper and iron metals in 
0.1N HCl, AR(Cu/Fe)=2, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.4b Galvanic current v.s time in 0.1NHCl, f(Cu/Fe)=0.25,T=40C and 0 RPM
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Figure 5-1b  Current vs. time for a metal couple in 0.1N HCl, AR 
(Cu/Fe) =0.25, T=40 oC, t=20m, and 0 RPM 
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Figure 5.3b Galvanic current v.s time in 0.1NHCl, f(Cu/Fe)=1,T=40C and 0 RPM 
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Figure 5-2b Current vs. time for a metal couple in 0.1N HCl, AR 
(Cu/Fe) =0. 5, T=40 oC, t=20m, and 0 RPM 
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Figure 5.3b Galvanic current v.s time in 0.1NHCl, f(Cu/Fe)=1,T=40C and 0 RPM
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Figure 5-3b Current vs. time for a metal couple in 0.1N HCl, AR 
(Cu/Fe) =1, T=40 oC, t=20m, and 0 RPM 

0 4 8 12 16 20
Time (min)

0

4

8

12

G
al

va
ni

c 
cu

rr
en

t (
m

A
)

Figure 5.1b Galvanic current v.s time in 0.1N HCl, f(Cu/Fe)=2,T=40C and 0 RPM
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Figure 5-4b Current vs. time for a metal couple in 0.1N HCl, AR 
(Cu/Fe) =2, T=40 oC, t=20m, and 0 RPM  
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Figure 5.8b Galvanic current v.s it me in 0. H1N Cl, f(Cu/Fe)=0.25,T=40C and 500 RPM
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Figure 5.7b Galvanic current v.s time in 0.1N HCl, f(Cu/Fe)=0.5,T=40C and 500 RPM 

Figure 5-5b Current vs. time for a metal couple in 0.1N HCl, AR 
(Cu/Fe) =0.25, T=40 oC, t=20m, and 500 RPM 
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Figure 5-6b Current vs. time for a metal couple in 0.1N HCl, AR 
(Cu/Fe) =0.5, T=40 oC, t=20m, and 500 RPM  
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Figure 5.6b Galvanic current .sv time in 0.1N HCl, f(Cu/Fe)=1,T=40C and 500 RPM
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Figure 5-7b Current vs. time for a metal couple in 0.1N HCl, AR 
(Cu/Fe) =1, T=40 oC, t=20m, and 500 RPM 
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Figure 5.5b Galvanic current v.s time in 0.1N HCl, f(Cu/Fe)=2,T=40C and 500 RPM 
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Figure 5-8b Current vs. time for a metal couple in 0.1N HCl, AR 
(Cu/Fe) =2, T=40 oC, t=20m, and 500 RPM 
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Figure 5.12b Galvanic current v.s time in 0.1N HCl, f(Cu/Fe)=0.25,T=40C and 1000 RPM
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Figure 5.11b Galvanic current v.s time in 0.1N HCl, f(Cu/Fe)=0.5,T=40C and 1000 RPM 

Figure 5-9b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Fe) =0.25, T=40 oC, t=20m, and 1000 RPM 

C
ur

re
nt

 (m
A

) 
C

ur
re

nt
 (m

A
) 

Figure 5-10b Current vs. time for a metal couple in 0.1N HCl, 
AR(Cu/Fe) =0.5, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.10b Galvanic current v.s time in 0.1N HCl, f(Cu/Fe)=1,T=40C and 1000 RPM
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Figure 5.9b Galvanic current v.s time in 0.1N HCl, f(Cu/Fe)=2,T=40C and 1000 RPM 

Figure 5-11b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Fe) =1, T=40 oC, t=20m, and 1000 RPM 
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Figure 5-12b Current vs. time for a metal couple in 0.1N HCl,  

AR (Cu/Fe) =2, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.16b Galvanic current v.s it me in 0. HCl,1N f(Cu/Fe)=0.25,T=40C and 1500 RPM
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Figure 5.15b Galvanic current v.s time in 0.1N HCl, f(Cu/Fe)=0.5,T=40C and 1500 RPM 

Figure 5-13b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Fe) =0.25, T=40 oC, t=20m, and 1500 RPM 
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Figure 5-14b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Fe) =0.5, T=40 oC, t=20m, and 1500 RPM  
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Figure 5.14b Galvanic current .sv time in 0.1N HCl, f(Cu/Fe)=1,T=40C and 1500 RPM
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Figure 5.9b Galvanic current v.s time in 0.1N HCl, f(Cu/Fe)=2,T=40C and 1000 RPM 

Figure 5-15b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Fe) =1, T=40 oC, t=20m, and 1500 RPM 
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Figure 5-16b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Fe) =2, T=40 oC, t=20m, and 1500 RPM 
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5.3.2 Copper and Zinc coupling: 

The experiments have been divided into two main departments:  

a. Direct results of potential difference against time for 20 minute, 

experiments were carried out in aerated 0.1N HCl as the same 

previous conditions of copper and carbon steel coupling, 

Figs.(5.17a-5.32a). 

b. Direct results of current against time for 20 minute as shown in 

Figs.(5.17b-5.32b).  
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Figure 5.20a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Zn)=0.25, T=40C, t=20m, and 0 rpm  
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Figure 5-17a Potential difference vs. time for copper and zinc metals  in 0.1NHCl, 
 AR (Cu/Zn) =0.25, T=40 oC, t=20m, and 0 RPM  
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gure 5.19a Potential vs. Time for a metal specimen in 
  0.1N HCl, f(Cu/Zn)=0.5 =40C, =20, T t m, and 0 rpm
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Figure 5-18a Potential difference vs. time for copper and zinc metals  in 0.1N HCl,  
AR (Cu/Zn) =0.5, T=40 oC, t=20m, and 0 RPM 
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Figure 5.18a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Zn)=1, T=40C, t=20m, and 0 rpm  Figure 5-19a Potential difference vs. time for copper and zinc metals  in 0.1N HCl,  

AR (Cu/Zn) =1, T=40 oC, t=20m, and 0 RPM 
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Figure 5.17a Potential vs. Time for a metal specimen in 
  0.1N HCl,   f(Cu/Zn)=2 =40C =20, T , t m, and 0 rpm
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Figure 5-20a Potential difference vs. time for copper and zinc metals  in 0.1N HCl, 
 AR (Cu/Zn) =2, T=40 oC, t=20m, and 0 RPM 
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Figure 5.24a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Zn)=0.25, T=40C, t=20m, and 500 rpm  
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Figure 5-21a Potential difference vs. time for copper and zinc metals  in 0.1N HCl,  
AR (Cu/Zn) =0.25, T=40 oC, t=20m, and 500 RPM 

 93



0 4 8 12 16
Time (m)

20

-920

-880

-840

-800

-760

-720

Po
te

nt
ia

l (
V

) v
s. 

SC
E

Figure 5.23a Potential vs. Time for a metal specimen in 
  0.1N HCl,   f(Cu/Zn)=0.5 =40C, =20, T t m, and 50 r0 pm
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Figure 5-22a Potential difference vs. time for copper and zinc metals  in 0.1N HCl,  
AR (Cu/Zn) =0.5, T=40 oC, t=20m, and 500 RPM 
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Figure 5.22a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Zn)=1, T=40C, t=20m, and 500 rpm  

Figure 5-23a Potential difference vs. time for copper and zinc metals  in 0.1N HCl, 
 AR (Cu/Zn) =1, T=40 oC, t=20m, and 500 RPM 

 94



0 4 8 12 16 20
Time (m)

-960

-920

-880

-840

-800

-760

Po
te

nt
ia

l (
V

) v
s. 

SC
E

Po
te

nt
ia

l d
iff

er
en

ce
 (m

V
) 

Figure 5.21a Potential vs. Time for a metal specimen in 
    0.1N HCl, f(Cu/Zn)=2, T=40C, t=20m, and 500 rpm  

 
 

Figure 5-24a Potential difference vs. time for copper and zinc metals  in 0.1N HCl, 
 AR (Cu/Zn) =2, T=40 oC, t=20m, and 500 RPM 
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Figure 5.28a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Zn)=0.25, T=40C, t=20m, and 1000 rpm  

 
 

Figure 5-25a Potential difference vs. time for copper and zinc metals  in 0.1N HCl, 
AR (Cu/Zn) =0.25, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.27a Potential vs. Time for a metal specimen in 
  0.1N HCl,   f(Cu/Zn)=0.5 =40C, =20, T t m, and 10 r00 pm  

 
 

Figure 5-26a Potential difference vs. time for copper and zinc metals  in 0.1N HCl, 
AR (Cu/Zn) =0.5, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.26a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Zn)=1, T=40C, t=20m, and 1000 rpm  

Figure 5-27a Potential difference vs. time for copper and zinc metals  in 0.1N HCl,  
AR (Cu/Zn) =1, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.25a Potential vs. Time for a metal specimen in 
  0.1N HCl,   f(Cu/Zn)=2 =40C =20, T , t m, and 1 r000 pm
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Figure 5-28a Potential difference vs. time for copper and zinc metals  in 0.1N HCl,  
 AR (Cu/Zn) =2, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.32a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Zn)=0.25, T=40C, t=20m, and 1500 rpm  
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Figure 5-29a Potential difference vs. time for copper and zinc metals  in 0.1N 
HCl, AR(Cu/Zn) =0.25, T=40 oC, t=20m, and 1500 RPM  
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Figure 5-30a Potential difference vs. time for copper and zinc metals  in 0.1N HCl,  
 AR (Cu/Zn) =0.5, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.30a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Zn)=1, T=40C, t=20m, and 1500 rpm  
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Figure 5-31a Potential difference vs. time for copper and zinc metals  in 0.1N HCl,  
AR (Cu/Zn) =1, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.29a Potential vs. Time for a metal specimen in 
0.1N HC     l, f(Cu/Zn)=2 =40C, =20, T t m, and 1500 rpm
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Figure 5.20b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=0.25,T=40C and 0 RPM 

Figure 5-32a Potential difference vs. time for copper and zinc metals  in 0.1N HCl, 
 AR (Cu/Zn) =2, T=40 oC, t=20m, and 1500 RPM 
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Figure 5-17b Current vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Zn) =0.25, T=40 oC, t=20m, and 0 RPM 
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ure 5.34b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=0.5,
                                T=40C and 0 RPM  
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Figure 5-18b Current vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Zn) =0.5, T=40 oC, t=20m, and 0 RPM 
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Figure 5.18b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=1,T=40C and 0 RPM 
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Figure 5-19b Current vs. time for a metal couple in 0.1N HCl, AR 
(Cu/Zn) =1, T=40 oC, t=20m, and 0 RPM 
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Figure 5.17b Galvanic current v.s time in 0.1 H ,N Cl f(Cu/Zn)=2,T=40C and 0 RPM
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Figure 5-20b Current vs. time for a metal couple in 0.1N HCl, AR 
(Cu/Zn) =2, T=40 oC, t=20m, and 0 RPM 
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Figure 5.24b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=0.25,T=40C and 500 RPM 
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Figure 5-21b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Zn) =0.25, T=40 oC, t=20m, and 500 RPM 
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Figure 5.23b Galvanic current v.s time in 0. HC1N l, f(Cu/Zn)=0.5,T=40C and 500 RPM

C
ur

re
nt

 (m
A

) 

 
 
 

Figure 5-22b Current vs. time for a metal couple in 0.1N HCl, 
 AR(Cu/Zn) =0.5, T=40 oC, t=20m, and 500 RPM 
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Figure 5.22b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=1,T=40C and 500 RPM 

C
ur

re
nt

 (m
A

) 

Figure 5-23b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Zn) =1, T=40 oC, t=20m, and 500 RPM 
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Figure 5.21b Galvanic current v.s it me in 0.1 HN Cl, f(Cu/Zn)=2,T=40C and 500 RPM
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Figure 5-24b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Zn) =2, T=40 oC, t=20m, and 500 RPM 
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Figure 5.28b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=0.25,T=40C and 1000 RPM 
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Figure 5-25b Current vs. time for a metal couple in 0.1N HCl, 
 AR(Cu/Zn) =0.25, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.27b Galvanic current v.s it me in 0.1 H ,N Cl f(Cu/Zn)=0.5,T=40C and 1000 RPM
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Figure 5.26b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=1,T=40C and 1000 RPM 

Figure 5-26b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Zn) =0.5, T=40 oC, t=20m, and 1000 RPM 
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Figure 5-27b Current vs. time for a metal couple in 0.1N HCl,  
AR(Cu/Zn) =1, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.25b Galvanic current v.s it me in 0.1 HCN l, f(Cu/Zn)=2,T=40C and 1000 RPM
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Figure 5-28b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Zn) =2, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.32b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=0.25,T=40C and 1500 RPM 
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Figure 5-29b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Zn) =0.25, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.31b Galvanic current v.s it me in 0.1 H ,N Cl f(Cu/Zn)=0.5,T=40C and 1500 RPM
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Figure 5-30b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Zn) =0.5, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.30b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=1,T=40C and 1500 RPM 
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Figure 5-31b Current vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Zn) =1, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.29b Galvanic current v.s it me in 0.1 H ,N Cl f(Cu/Zn)=2,T=40C and 1500 RPM
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Figure 5-32b Current vs. time for a metal couple in 0.1N HCl,  
AR (Cu/Zn) =2, T=40 oC, t=20m, and 1500 RPM 

5.3.3 Carbon Steel and Zinc coupling: 

There are two main categories of these experiments: 

a. Direct results of voltage difference against time for 20 minutes, 

experiments were carried out in aerated 0.1N HCl under the same 

previous conditions of copper and carbon steel coupling above, 

Figs.(5.33a-5.48a). 

b. Direct results of current against time for 20 minutes as shown in 

Figs.(5.33b-5.48b).  
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Figure 5.36a Potential vs. Time for a metal specimen in 
  0.1N HCl,   f(Fe/Zn)=0.25, =40C, 20T t= m, and 0 rpm
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Figure 5-33a Potential difference vs. time for iron and zinc metals  in 0.1N HCl,  
AR (Fe/Zn) =0.25, T=40 oC, t=20m, and 0 RPM 
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Figure 5.35a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Fe/Zn)=0.5, T=40C, t=20m, and 0 rpm  

 
  

Figure 5-34a Potential difference vs. time for iron and zinc metals  in 0.1N HCl, 
AR (Fe/Zn) =0.5, T=40 oC, t=20m, and 0 RPM 
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Figure 5.34a Potential vs. Time for a metal specimen in 
    0.1N HCl, f(Fe/Zn)=1, T=40C, t=20m, and 0 rpm  

  
 

Figure 5-35a Potential difference vs. time for iron and zinc metals  in 0.1N HCl,  
AR (Fe/Zn) =1, T=40 oC, t=20m, and 0 RPM 

0 4 8 12 16
Time (m)

20

-960

-920

-880

-840

-800

Po
te

nt
ia

l (
V

) v
s. 

SC
E

Figure 5.33a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Fe/Zn)=2, T=40C, t=20m, and 0 rpm  Figure 5-36a Potential difference vs. time for iron and zinc metals  in 0.1N HCl,  
AR (Fe/Zn) =2, T=40 oC, t=20m, and 0 RPM 
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Figure 5.40a Potential vs. Time for a metal specimen in 
  0.1N HCl,   f(Fe/Zn)=0.25, =40C, 20T t= m, and 50 r0 pm
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Figure 5-37a Potential difference vs. time for iron and zinc metals  in 0.1N HCl,  
AR (Fe/Zn) =0.25, T=40 oC, t=20m, and 500 RPM 
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Figure 5.39a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Fe/Zn)=0.5, T=40C, t=20m, and 500 rpm  
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Figure 5-38a Potential difference vs. time for iron and zinc metals  in 0.1N HCl,  

AR (Fe/Zn) =0.5, T=40 oC, t=20m, and 500 RPM 
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Figure 5.38a Potential vs. Time for a metal specimen in 
  0.1N HCl,   f(Fe/Zn)=1, T=40C, t=20m, and 50 r0 pm
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Figure 5-39a Potential difference vs. time for iron and zinc metals  in 0.1N HCl,  
AR (Fe/Zn) =1, T=40 oC, t=20m, and 500 RPM 
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Figure 5.37a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Fe/Zn)=2, T=40C, t=20m, and 500 rpm  
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Figure 5-40a Potential difference vs. time for iron and zinc metals  in 0.1N HCl,  
AR(Fe/Zn) =2, T=40 oC, t=20m, and 500 RPM 
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Figure 5.44a Potential vs. Time for a metal specimen in 
    0.1N HCl, f(Fe/Zn)=0.25, T=40C, t=20m, and 1000 rpm  

 
 

Figure 5-41a Potential difference vs. time for iron and zinc metals  in 0.1N HCl, 
 AR (Fe/Zn) =0.25, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.43a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Fe/Zn)=0.5, T=40C, t=20m, and 1000 rpm  
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Figure 5-42a Potential difference l vs. time for iron and zinc metals  in 0.1N HCl,  
AR(Fe/Zn) =0.5, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.42a Potential vs. Time for a metal specimen in 
0.1N HC     l, f(Fe/Zn)=1, T=40C, t=20m, and 1000 rpm
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Figure 5-43a Potential difference vs. time for iron and zinc metals  in 0.1N HCl, 
 AR (Fe/Zn) =1, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.41a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Fe/Zn)=2, T=40C, t=20m, and 1000 rpm  
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Figure 5-44a Potential difference vs. time for iron and zinc metals  in 0.1N HCl,  
AR(Fe/Zn) =2, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.48a Potential vs. Time for a metal specimen in 
0.1N HC     l, f(Fe/Zn)=0.25, =40C, 20T t= m, and 1500 rpm
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Figure 5-45a Potential difference vs. time for iron and zinc metals  in 0.1N HCl, 
 AR (Fe/Zn) =0.25, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.47a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Fe/Zn)=0.5, T=40C, t=20m, and 1500 rpm  
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Figure 5-46a Potential difference vs. time for iron and zinc metals  in 0.1N HCl, 

 AR (Fe/Zn) =0.5, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.46a Potential vs. Time for a metal specimen in 
0.1N HC     l, f(Fe/Zn)=1, T=40C, t=20m, and 1500 rpm
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Figure 5-47a Potential difference vs. time for iron and zinc metals  in 0.1N HCl, 
 AR (Fe/Zn) =1, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.45a Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Fe/Zn)=2, T=40C, t=20m, and 1500 rpm  
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Figure 5-48a Potential difference vs. time for iron and zinc metals  in 0.1N HCl,  

AR (Fe/Zn) =2, T=40 oC, t=20m, and 1500 RPM 
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Figure 5-33b Current vs. time for a metal couple in 0.1N HCl,  
AR (Fe/Zn) =0.25, T=40 oC, t=20m, and 0 RPM 
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Figure 5.34b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=0.5,
                                  T=40C and 0 RPM  
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Figure 5-34b Current vs. time for a metal couple in 0.1N HCl, 

 AR (Fe/Zn) =0. 5, T=40 oC, t=20m, and 0 RPM 
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igure 5.34b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=1,
                                 T=40C and 0 RPM
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Figure 5-35b Current vs. time for a metal couple in 0.1N HCl,  
AR (Fe/Zn) =1, T=40 oC, t=20m, and 0 RPM 
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Figure 5.33b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=2,
                                  T=40C and 0 RPM  
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Figure 5-36b Current vs. time for a metal couple in 0.1N HCl,  
AR (Fe/Zn) =2, T=40 oC, t=20m, and 0 RPM  
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Figure 5.39b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=0.25,
                                  T=40C and 500 RPM
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Figure 5-37b Current vs. time for a metal couple in 0.1N HCl, 
 AR (Fe/Zn) =0.25, T=40 oC, t=20m, and 500 RPM 
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Figure 5.38b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=0.5,
                                  T=40C and 500 RPM  
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Figure 5-38b Current vs. time for a metal couple in 0.1N HCl,  

AR (Fe/Zn) =0.5, T=40 oC, t=20m, and 500 RPM 
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Figure 5-39b Current vs. time for a metal couple in 0.1N HCl,  
AR (Fe/Zn) =1, T=40 oC, t=20m, and 500 RPM 
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Figure 5.36b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=2,
                                  T=40C and 500 RPM  

 

Figure 5-40b Current vs. time for a metal couple in 0.1N HCl,  
AR (Fe/Zn) =2, T=40 oC, t=20m, and 500 RPM 
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Figure 5.43b 
 

Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=0.25,
                                 T=40C and 1000 RPM
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Figure 5-41b Current vs. time for a metal couple in 0.1N HCl, 
 AR (Fe/Zn) =0.25, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.42b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=0.5,
                                T=40C and 1000 RPM   
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Figure 5-Current vs. time for a metal couple in 0.1N HCl,  
AR (Fe/Zn) =0.5, T=40 oC, t=20m, and 1000 RPM  
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Figure 5.41b ,
  

 Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=1
                                T=40C and 1000 RPM
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Figure 5-43b Current vs. time for a metal couple in 0.1N HCl,  
AR(Fe/Zn) =1, T=40 oC, t=20m, and 1000 RPM 
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igure 5.40b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=2,
                                 T=40C and 1000 RPM  

 
Figure 5-44b Current vs. time for a metal couple in 0.1N HCl,  

AR (Fe/Zn) =2, T=40 oC, t=20m, and 1000 RPM 
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Figure 5.47b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=0.25,
                                  T=40C and 1500 RPM  
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Figure 5-45b Current vs. time for a metal couple in 0.1N HCl,  
AR (Fe/Zn) =0.25, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.46b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=0.5,
         0 RPM                         T=40C and 150  
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Figure 5-46b Current vs. time for a metal couple in 0.1N HCl, 
 AR (Fe/Zn) =0.5, T=40 oC, t=20m, and 1500 RPM 
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Figure 5-47b Current vs. time for a metal couple in 0.1N HCl,  
AR (Fe/Zn) =1, T=40 oC, t=20m, and 1500 RPM 
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Figure 5.44b Galvanic current v.s time in 0.1N HCl, f(Cu/Zn)=2,
                                  T=40C and 1500 RPM  
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Figure 5-48b Current vs. time for a metal couple in 0.1N HCl,  
AR (Fe/Zn) =2, T=40 oC, t=20m, and 1500 RPM  
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5.4 Measuring the potential and current together for copper and carbon 
steel couple: 
 

All previous experiments (for copper and carbon steel coupling) 

have been repeated with the same conditions, but with time 2hrs instead 

of 20 minutes. Then the potential and current have been measured 

together. The galvanic potential (at steady state) values are shown in 

Figs.(5.49-5.64), while Figs.(5.65-5.80) show the current of metal 

couples, see appendix D.   
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Fig(1) Galvanic Potential vs. Tim for a metal specimen in 
0.1N HCl, f(Cu/Fe)=2, T=40C, t=120m, and 0 rpm       

Time (m) 
Figure 5-49 Potential vs. time for a metal couple in 0.1N HCl,  

AR (Cu/Fe) =2, T=40 oC, t=120m, and 0 RPM 
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Fig(2) Galvanic Potential vs. Tim for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=1, T=40C, t=120m, and 0 rpm
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Figure 5-50 Potential vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =1, T=40 oC, t=120m, and 0 RPM 

Time (m) 
Figure 5-51 Potential vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =0.5, T=40 oC, t=120m, and 0 RPM 
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Fig(4) Galvanic Potential vs. Tim for a metal specimen in 
  0.1N HCl, f(Cu/Fe)=0.25, T=40C, t=120m, and 0 rpm   
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Figure 5-52 Potential vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =0.25, T=40 oC, t=120m, and 0 RPM 
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Fig(5)   Galvanic Potential vs. Time for a metal specimen in
N HCl, f(Cu/Fe)=2, T=40C, t=120m, and 500 rpm     0.1

0.1N HCl

0.001g/l PHTU

0.05g/l PHTU

0.1g/l PHTU

0.15g/l PHTU

Cu

Fe

 
 

Time (m) 
Figure 5-53 Potential vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =2, T=40 oC, t=120m, and 500 RPM 
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Fig(6) Galvanic Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=1, T=40C, t=120m, and 500 rpm
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Figure 5-54 Potential vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =1, T=40 oC, t=120m, and 500 RPM 
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Figure 5-55 Potential vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =0.5, T=40 oC, t=120m, and 500 RPM 

 127



 

0 40 80 120
Time (m)

-500

-450

-400

-350

-300

al
 (m

V)
 v

s.
 (S

C
E)

G
al

va
ni

c 
Po

te
nt

i

Fig(7) Galvanic Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=0.5, T=40C, t=120m, and 500 rpm
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Figure 5-56 Potential vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =0.25, T=40 oC, t=120m, and 500 RPM 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5-57 Potential vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =2, T=40 oC, t=120m, and 1000 RPM 
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Fig(10) Galvanic Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=1, T=40C, t=120m, and 1000 rpm
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Fig(11) Galvanic Potential vs  Time for a metal specimen in .
   0.1N HCl, f(Cu/Fe)=0.5, T=40C, t=120m, and 1000 rpm  
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Figure 5-58 Potential vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Fe) =1, T=40 oC, t=120m, and 1000 RPM 

Figure 5-59 Potential vs. time for a metal couple in 0.1N HCl, 
 AR(Cu/Fe) =0.5, T=40 oC, t=120m, and 1000 RPM 
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Fig(12) Galvanic Potential vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=0.25, T=40C, t=120m, and 1000 rpm
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Figure 5-60 Potential vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Fe) =0.25, T=40 oC, t=120m, and 1000 RPM 

 
Figure 5-61 Potential vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =2, T=40 oC, t=120m, and 1500 RPM 
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Fig(14) Galvanic Potential vs. Time for a metal specimen in
     0.1N HCl, 

 
f(Cu/Fe)=1, =T 40C, =120t m, and 1500 rpm  

 

Figure 5-62 Potential vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Fe) =1, T=40 oC, t=120m, and 1500 RPM 
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Fig(15) Galvanic Potential vs. Time for a metal specimen in 
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Figure 5-63 Potential vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =0.5, T=40 oC, t=120m, PM and 1500 R  
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Fig(16) Galvanic Potential vs. Time for a metal specimen in 
    0.1N HCl, f(Cu/Fe)=0.25, T=40C, =120t m, and 1500 rpm
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Figure 5-64 Potential vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Fe) =0.25, T=40 oC, t=120m, and 1500 RPM 
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Figure 5-65 Current vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =2, T=40 oC, t=120m, and 0 RPM 
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Figure 5-66 Current vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =1, T=40 oC, t=120m, and 0 RPM 
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Figure 5-67 Current vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =0.5, T=40 oC, t=120m, and 0 RPM 
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Fig(ai4) Galvanic Current vs. Tim for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=0.25, T=40C, t=120m, and 0 rpm
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Figure 5-68 Current vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =0.25, T=40 oC, t=120m, and 0 RPM 

Time (m) 
Figure 5-69 Current vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =2, T=40 oC, t=120m, and 500 RPM  
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Fig(6) Galvanic Current vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=1, T=40C, t=120m, and 500 rpm
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Figure 5-70 Current vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Fe) =1, T=40 oC, t=120m, and 500 RPM 
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Figure 5-71 Current vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Fe) =0.5, T=40 oC, t=120m, M and 500 RP  
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Fig(8) Galvanic Current vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=0.25, T=40C, t=120m, and 500 rpm

0.1N HCl

0.001g/L PHTU

0.05 g/L PHTU

0.1 g/L PHTU

0.15 g/L PHTU

 
 

Figure 5-72 Current vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Fe) =0.25, T=40 oC, t=120m, and 500 RPM 
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Fig(9) Galvanic Current vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=2, T=40C, t=120m, and 1000 rpm  

Figure 5-73 Current vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Fe) =2, T=40 oC, t=120m,  R M  and 1000 P
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Fig(10) Galvanic Current vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=1, T=40C, t=120m, and 1000 rpm
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Fig(11) Galvanic Current vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=0.5, T=40C, t=120m, and 1000 rpm  

 

Figure 5-74 Current vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Fe) =1, T=40 oC, t=120m, and 1000 RPM 

Figure 5-75 Current vs. time for a metal couple in 0.1N HCl, 
AR (Cu/Fe) =0.5, T=40 oC, t=120m, and 1000 RPM 
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Fig(12  ) Galvanic Current vs. Time for a metal specimen in
     0.1N HCl, f(Cu/Fe)=0.25, T=40C, t=120m, and 1000 rpm
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Figure 5-76 Current vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =0.25, T=40 oC, t=120m, and 1000 RPM 
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Fig(13) Galvanic Current vs. Time for a metal specimen in 
=40C, t=120m, and 1500 rpm     0.1N HCl, f(Cu/Fe)=2, T  Figure 5-77 Current vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =2, T=40 oC, t=120m, and 1500 RPM  
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Fig(14) Galvanic Current vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=1, T=40C, t=120m, and 1500 rpm
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Fig(15) Galvanic Current vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=0.5, T=40C, t=120m, and 1500 rpm  

Figure 5-78 Current vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Fe) =1, T=40 oC, t=120m, and 1500 RPM 

Figure 5-79 Current vs. time for a metal couple in 0.1N HCl, 
 AR (Cu/Fe) =0.5, T=40 oC, t=120m, and 1500 RPM  
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Fig(16) Galvanic Current vs. Time for a metal specimen in 
     0.1N HCl, f(Cu/Fe)=0.25, T=40C, t=120m, and 1500 rpm
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Figure 5-80 Current vs. time for a metal couple in 0.1N HCl, 

 AR (Cu/Fe) =0.25, T=40 oC, t=120m, and 1500 RPM 
 

 

5.5 Corrosion potential of single metal (Free Corrosion) 

The corrosion potential is also monitored experimentally at a 

variable PHTU concentration and rotating cylinder speed as shown in 

Figs.(5.81-5.92), and as presented in Appendix E. 
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Po for copper in 0.1N H T=40Cl, C nd 0 RPMa  Figure 5-81 Potential vs. time for copper in 0.1N HCl, 
 T=40 oC, t=120m, and 0 RPM  
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Figure 5.50 Potential vs. time for copper in 0.1N HCl, T=40C and 500 RPM 
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Figure 5-82 Potential vs. time for copper in 0.1N HCl, 
 T=40 oC, t=120m, and 500 RPM 
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Figure 5.51 Potential vs. time for copper in 0.1 HC T=40 aN l, C nd 1000 RPM

Po
te

nt
ia

l (
m

V
) v

.s 
SC

E
 

Po
te

nt
ia

l (
m

V
) v

.s 
SC

E
 

Figure 5-83 Potential vs. time for copper in 0.1N HCl, 
 T=40 oC, t=120m, and 1000 RPM 
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Figure 5.52 Potential vs. time for copper in 0.1N HCl, T=40C and 1500 RPM 
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Figure 5-84 Potential vs. time for copper in 0.1N HCl, 

 T=40 oC, t=120m, and 1500 RPM 
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Figure 5.53 Potential vs. time for carbon steel in 0.1N HCl, T=40C and 0 RPM
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Figure 5.54 Potential vs. time for carbon steel in 0.1N HCl, T=40C and 500 RPM 

Figure 5-85 Potential vs. time for carbon steel in 0.1N HCl, 
 T=40 oC, t=120m, and 0 RPM 
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Figure 5-86 Potential vs. time for carbon steel in 0.1N HCl, 

 T=40 oC, t=120m, and 500 RPM 
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Figure 5.55 Potential vs. time for carbon steel in 0.1N HCl, T=40C and 1000 RPM
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 Figure 5-87 Potential vs. time for carbon steel in 0.1N HCl, 
 T=40 oC, t=120m, and 1000 RPM  
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Figure 5.56 Potential vs. time for carbon steel in 0.1N HCl, T=40C and 1500 RPM 
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Figure 5-88 Potential vs. time for carbon steel in 0.1N HCl, 
 T=40 oC, t=120m, and 1500 RPM 
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Figure 5.57 Potential vs. imet for zinc in 0. HC T a1N l, =40C nd 0 RPM
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 Figure 5-89 Potential vs. time for zinc in 0.1N HCl, 
 T=40 oC, t=120m, and 0 RPM  
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Figure 5.58 Potential vs. time for zinc in 0.1N HCl, T=40C and 500 RPM 
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Figure 5-90 Potential vs. time for zinc in 0.1N HCl, 
 T=40 oC, t=120m, and 500 RPM  

 145



0 40 80 120
Time (m)

-850

-800

-750

-700

Po
te

nt
ia

l (
V

) v
s. 

SC
E

Figure 5.59 Potential vs. time for zinc in 0.1N HCl, T=40C and 1000 RPM
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Figure 5.60 Potential vs. time for zinc in 0.1N HCl, T=40C and 1500 RPM 

Figure 5-91 Potential vs. time for zinc in 0.1N HCl, 
 T=40 oC, t=120m, and 1000 RPM 

Po
te

nt
ia

l (
m

V
) v

.s 
SC

E
 

 
 

Figure 5-92 Potential vs. time for zinc in 0.1N HCl, 
 T=40 oC, t=120m, and 1500 RPM 
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5.6 Polarization Curves: 

The effect of PHTU concentration, rotating cylinder speed and 

metal type on the polarization curves have been plotted as shown in 

Figs.(5.93-5.104), and presented in Appendix F. 
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Fig (1) Polarization curve of copper metal in 0.1 NHCl , 0rpm and T=40C
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Figure 5-93 Polarization curves on copper metal in 0.1N HCl, 
 T=40 oC, and 0 RPM  
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Fig (2) Polarization curve of copper metal in 0.1 N HCl , Rpm=500,and T=40C
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Figure 5-94 Polarization curves on copper metal in 0.1N HCl, 

 T=40 oC, and 500 RPM 
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Fig (3) Polarization curve of copper metal in 0.1 N HCl , Rpm=1000,and T=40C
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Figure 5-95 Polarization curves on copper metal in 0.1N HCl, 

 T=40 oC, and 1000 RPM 
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Fig (4) Polarization curve of copper metal in 0.1 N HCl , Rpm=1500,and T=40C
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Figure 5-96 Polarization curves on copper metal in 0.1N HCl, 

 T=40 oC, and 1500 RPM 
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Figure 5-97 Polarization curves on carbon steel metal in 0.1N HCl, 
 T=40 oC, and 0 RPM  

 149



0 1 10 100 1000 10000 100000
Current density (uA/cm2)

-1600

-1200

-800

-400

0

0.1N HCl

0.001g/L PHTU

0.05g/L PHTU

0.1g/L PHTU

0.15g/L PHTU

Po
te

nt
ia

l (
V)

 v
s.

 S
C

E
Po

te
nt

ia
l (

m
V

) v
.s 

SC
E

 

F  ig (2) Polarization curve of Iron metal in 0.1 N HCl , Rpm=500,and T=40C
 
 

Figure 5-98 Polarization curves on carbon steel metal in 0.1N HCl, 
 T=40 oC, and 500 RPM 
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Figure 5-99 Polarization curves on carbon steel metal in 0.1N HCl, 
 T=40 oC, and 1000 RPM 
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Figure 5-100 Polarization curves on carbon steel metal in 0.1N HCl, 
 T=40 oC, and 1500 RPM 
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Figure 5-101 Polarization curves on zinc metal in 0.1N HCl, 
 T=40 oC, and 0 RPM  
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Figure 5-102 Polarization curves on zinc metal in 0.1N HCl, 
 T=40 oC, and 500 RPM 
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Fig (3) Polarization curve of Zinc metal in 0.1 N HCl , Rpm=1000,and T=40C
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Figure 5-103 Polarization curves on zinc metal in 0.1N HCl, 
 T=40 oC, and 1000 RPM 
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Figure 5-104 Polarization curves on zinc metal in 0.1N HCl, 
 T=40 oC, and 1500 RPM 

 
 
 
 
5.7 Results of cell resistance measurement: 
 
           The results as shown in appendix (J) have been obtained from 

experiments explained in chapter four. This appendix shows the variable 

resistance (1.3, 2.3, 3.3, 4.3 and 5.3Ω) had been connected between 

cathodic metal (copper) and anodic metal (carbon steel) to measure 

potential values to each resistance at each minute for 20minute in air-

saturated 0.1N HCl solution and also after adding 0.15g/L PHTU 

concentration to this solution with 0 and 1500RPM rotational velocities 

and area ratio AR=1at constant temperature (T=40 oC). The integral 

current has been calculated from calculating the current according to the 

following (Ohms law): 

R
VI =  
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Chapter Six 
 

Discussion 
 
6.1 Introduction 

 

 Chapter five introduces a large amount of experimental results. 

This is to be expected because of the number of variables involved in the 

present work, i.e, PHTU concentration, area ratio, rotating cylinder speed 

and metal types. 

 

6.2 Parameters that affect single metal corrosion (Free 

corrosion): 

6.2.1 Rotational velocity: 

  Corrosion rate experiments were carried out to measure corrosion 

rates of copper, carbon steel, and zinc specimens as shown in tables (5.1-

5.3). Tables (6.1- 6.3) show that the corrosion rate increases with 

increased rotational velocity (or Re) due to higher transport rate of 

dissolved oxygen. The Reynolds Number (Re) is obtained by the 

following equation: 

     
µ

ρ Ia ND
Re

××
=

2
                                                  … (6.1) 

Where: 

Da = OD of specimen (m) =0.00255

NI = Rotational speed of the metal cylinder (Rev/Second) 

ρ= Fluid density (kg/m3) =992.04 kg/m3 (T=40 oC). 

µ = Fluid viscosity (kg/m.s)=6.556×10-4 kg/ m.s (T=40 oC). 
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Table 6-1 Effect of rotational velocity on corrosion rate (by weight loss) of copper 
specimen in air-saturated 0.1N HCl solution, T=40C and t=120 min. 

 
Table 6-2 Effect rotational of velocity on corrosion rate (by weight loss) of carbon 
steel specimen in air-saturated 0.1N HCl solution, T=40C and t=120 min. 

 
Table 6-3 Effect of rotational velocity on corrosion rate (by weight loss) of zinc 
specimen in air-saturated 0.1N HCl solution, T=40C and t=120 min. 

 

Rotational velocities(rpm), U Re CR(gmd) 

0 0 38.946 

500 8199.5 60.666 

1000 16399.1 73.399 

1500 24598.6 83.135 

Rotational velocities(rpm) Re CR(gmd) 

0 0 121.332 

500 8199.5 158.032 

1000 16399.1 197.727 

1500 24598.6 228.434 

Rotational velocities(rpm) Re CR(gmd) 

0 0 327.298 

500 8199.5 382.721 

1000 16399.1 458.366 

1500 24598.6 507.049 
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The value of Re in air-saturated HCl acid has no effect on 

activation controlled H2 evolution (Eq. 6-2) but affect mass 

transfer controlled oxygen reduction (Eq. 6-3). Since the corrosion 

of Cu, Fe and Zn in aerated HCl acid solution is under both mass 

transfer and activation charge transfer control, therefore increasing 

Re (or rotational velocity) will increase the amount of  oxygen  

arriving  to  the  surface  and  hence  leads  to  a higher  corrosion  

rate. 

2H+ + 2e                                2H2                                   …(6-2) 

O2 + 4H+ + 4e                        2H2O                                …(6-3) 
Increasing Re leads to decrease i n  the thickness of diffusion layer that 

represents the main resistance to oxygen transport
[5]

. 

 It is clear that the mass transfer coefficient increases with 

increasing Re. The increase in k with Re can be explained according to 

the following equation [30, 112]: 

  
d

D
δ
 D

k
ε+

=         … (6.4) 

As Re increases the convective mass transport of O2 will increase, i.e., 

mass transfer by eddy diffusion (εD) due to the increased turbulence. 

Increasing turbulence leads to decrease in the thickness of the viscous 

sub-layer and the diffusion layer that represents the main resistance to 

momentum and mass transport respectively[30,112], hence the O2 

concentration gradient at the surface will be increased leading to increase 

in k. 

The corrosion current (or weight loss) increases with increasing 

Re so that corrosion potential (Figs 5-81 to 5-92) is shifted to more 

negative values. Also the results reveal that the metals according to 

their corrosion rate at the investigated rotational velocities (0, 500, 
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1000 and 1500rpm) were in the following order:    
Zn > Fe > Cu 

This fact is obvious in Fig. 6-1. 
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  Reynolds Number at T=40

Figure 6-1 Relationship between Corrosion rate (CR, gmd) and 
oC. 

(Weight Loss Experiments of Single Metals). 
 
          Fig.6-1 indicates that copper has the lowest corrosion rate, which 

means it has the highest resistance for this environment, while zinc has 

the highest corrosion rate, which means that it doesn’t resist this 

environment[41,93,106]. Hence the industrially used metals were chosen with 

greatly different corrosion resistances to be employed for galvanic 

corrosion investigations. 

 

6.2.2 Inhibitor concentration  

           Tables 5-1 to 5-3 show that efficiency of PHTU inhibitor increases 

with increasing its concentration leading to decrease in the total cathodic 

reaction current of oxygen and hydrogen. Hence PHTU leads to a 

decrease in the corrosion rate. Also anodic current (at the higher 
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efficiency of PHTU inhibitor) is increasing slightly even at high 

rotational velocity. 

However, in all cases, a preliminary stage of adsorption of the 

inhibitor can be envisaged and to the extent, the adsorption theory   has 

fulfilled its purpose. Another theory which says those inhibitors are 

adsorbed on the metal surface forming a protective layer. The adsorption 

was considered either a physical adsorption or chemisorptions[113]. 

 Most pickling inhibitors function by forming an adsorbed layer on 

the metal surface, probably no more than a monolayer in thickness, which 

essentially blocks discharge of H+ and dissolution of metal ions. Both 

iodide and quinoline are reported to inhibit corrosion of iron in HCl by 

this mechanism. Some inhibitors reduce the cathodic reaction (raise 

hydrogen overvoltage) more than the anodic reaction, or vice versa; but 

adsorption appears to be general overall the surface rather than at specific 

anodic or cathodic sites and both reactions tend to be retarded. Hence on 

addition of an inhibitor to a acid, the corrosion potential of carbon steel is 

not greatly altered (<0.1 V), although the corrosion rate may be 

appreciably reduced (Fig.6.2)[24].      

Compounds serving as pickling inhibitors require, a favorable polar 

group or groups by which the molecule can attach itself to the metal 

surface. These include the organic N, amine, S, and OH groups. The size, 

orientation, shape, and electric charge of the molecule play a part in the 

effectiveness of inhibition. 
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Figure 6.2[24] 

 Polarization diagram for iron corroding in 
pickling acid with and without inhibitor (Schematic) 

 

 

6.3 Parameters that affect galvanic corrosion  

In tables 6-4 to 6-6, the potential differences and current have been 

recorded after 20 min in steady state cases from Figs. 5-1a,b to 5.48a,b. 

 

6.3.1 Rotational velocity 

         From Figs.5-1a to 5-48a, the value of the potential difference is 

shifted to a more negative value with increasing rotational velocity of the 

metals. Figs. 5-1b to 5-48b show that the value of the current increases 

with increasing rotational velocity. This is due to the increase in the 

amount of oxygen transport to the surface. The results of Figs.5-1a to 5-

48a show that the potential difference is changed with time to more 

negative values, where the potential difference is recorded at each minute 

for an experimental run of twenty minute long (each experiment). 

Precisely the potential difference became rapidly more negative in the 

first ten minutes, and then the curve converged to slower rate, that is 

because of the formation of the OH- ions in a high rate and grouping on 

the electrodes[7].  
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 6.3.2 Inhibitor concentration 

       In Figs.5-1a to 5-48a and tables 6-7 to 6-9 one can notice that the 

value of potential difference between two metals will be less negative 

with increasing value of PHTU concentration which is due to the fact that 

PHTU inhibitor is a mixed inhibitor. Figs. 5-1b to 5-48b, show that the 

current is decreased with increasing PHTU concentration so that potential 

difference becomes less negative because of the decreasing cathodic 

reaction current. 

 

6.3.3 Area ratio 

 Galvanic current increased with increasing area ratio (AR) while 

potential difference moved in the base direction due to increasing 

corrosion rate with increasing cathodic area. Area ratio plays an 

important role in galvanic corrosion as it was found from the results 

obtained in chapter five. It plays a comprehensive role as shown in Figs. 

5-1a,b to 5-48a,b and tables 6-7 to 6-9 which show that increase of area 

ratio (Ac/Aa) increases current. Increasing area ratio leads to increase the 

exposed area to corrosive solution, i.e. the more negative electrode will 

corrode and the more positive electrode is protected. 

The relationship between area ratio, corrosion rate and total surface 

area of metals is shown in appendix (A): 

Specimen surface area = OD ×π ×L                                         OD=2.55cm 

Anode surface area which is kept constant (Aa) = 16.0221cm2        L=2cm 

  Cathode surface areas (Ac) are shown in table 6-4 below for 

varying lengths: 
Table 6-4 Cathodic surface areas 

L (cm) 0.5 1 2 4 

Ac (cm2) 4.005 8.0111 16.0221 32.0442 
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The total surface area is equal to the summation of the anode 

surface area and cathode surface area as shown in table 6-5. 
Table 6-5 Relationship between area ratio (AR) and surface total area (At).    

AR (Ac /Aa ) Ac (cm2) Aa (cm2) At = Ac+Aa 
(cm2) 

0.25 4.0055 16.0221 20.0276 
0.5 8.0111 16.0221 24.0332 
1 16.0221 16.0221 32.0442 
2 32.0442 16.0221 48.0663 

 

One can notice from this table that the total area of metals (At) increased 

with increasing area ratio (AR) which led to increase total galvanic 

current Ig as shown in tables 6-7 to 6-9. 

  

Cathodic current density and anodic current density have been 

calculated from galvanic current as shown in table 6-6. Fig.6-3 shows 

that increasing area ratio leads to decrease the cathode current (Fe) and 

leads to increase the anodic current (Zn). 

  This behavior is interpreted as follows: as the cathode area 

increases the corrosion potential shifted to the base direction reducing the 

driving force and hence decreasing cathode current and increasing anode 

current. 

 

The approximate proportionality between galvanic current density 

and cathode surface area suggests cathodic reduction of hydrogen 

reduction as the rate determining step. Deviations from their 

proportionality at higher current densities are due to the increasing anodic 

polarization of the anode electrode. In addition to the cathodic oxygen 

reduction a further process, namely anode dissolution, also has an 

influence on reaction velocity[105].   
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Also Fig.6-3 shows that as the velocity increases both anodic and 

cathodic currents increase. This increase is due to the increase in oxygen 

transport to the enhancing anodic dissolution of metals (mainly Zn) and 

the cathodic reduction current. 

 
Table 6-6 Effect of area ratio AR and rotational velocity on the cathodic current 
density (µA/cm2) and anodic current density (µA/cm2) for different metals couples in 
air-saturated 0.1N HCl solution, t=20 m and T=40 oC.                                      

 

Copper and iron couple 

Rotational Velocity (RPM) 

0 500 1000 1500 AR 

ic ia ic ia ic ia ic ia

0.25 224.690 280.86 270.626 338.28 299.587 374.48 404.442 505.55 

0.50 212.206 318.31 248.822 373.23 275.452 413.18 345.356 518.03 

1.00 188.489 376.98 234.676 469.352 273.372 546.745 358.879 717.759 

2.00 158.531 475.60 219.072 657.22 272.701 830.10 314.566 943.69 

Copper and zinc couple 

0.25 472.348 590.43 528.521 660.65 578.202 722.75 593.181 741.48 

0.50 433.151 649.73 466.230 699.35 558.602 837.91 547.992 821.99 

1.00 353.262 706.52 436.897 873.793 499.310 998.621 546.121 1092.24 

2.00 241.021 723.06 411.203 1233.61 417.132 1251.39 469.664 1408.99 

Iron and zinc couple 

0.25 515.289 644.11 805.413 1006.73 880.285 1100.36 976.153 1220.19 

0.50 480.585 720.88 737.729 1106.59 820.948 1231.42 893.348 1340.02 

1.00 415.676 831.35 634.748 1269.5 651.288 1302.58 743.972 1487.94 

2.00 323.719 971.16 462.486 1387.46 489.324 1467.97 531.974 1595.92 

 162



0.0 0.4 0.8 1.2 1.6 2

0

500

1000

1500

2000

C
ur

re
nt

 d
en

si
ty

 (u
A

/c
m

2)

0 RPM

500 RPM

1000 RPM

1500 RPM

Cathodic current density

Anodic current density

C
ur

re
nt

 d
en

si
ty

 (µ
A

/c
m

2 ) 

.0
Area rati (AR)o  

 Figure 6-3 Current density vs. Area ratio AR (Fe/Zn) in air-saturated 0.1N HCl 
solution

 

, t=20 min and T=40 oC.
 

 

Consider the situation in Fig.6-4 where the area ratio f1/f2 is very 

large, i.e. the noble metal (Fe) greatly exceeds the base (Zn) one in area. 

The total anodic and cathodic current curves of Fig.6-4 have been 

constructed by summing the currents f1i1 and f2i2 according to the 

equation (6.5)[45]: 

 

itotal= f1i1 +  f2i2                                                                       … (6.5)  

 

Clearly, in the absence of Fe, the corrosion of the base metal Zn would be 

represented by the (Ē, f2i΄). Now that Fe is also present the overall 

corrosion situation is represented by the point of intersection of the two 

total curves at P. At the potential Ecouple, the corrosion rate of Zn is f2i˝, so 

that Zn is now corroding at a current density of i˝ as against i΄ previously. 

That is, the intensity of attack on the base metal is greatly enhanced (in 
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the ratio i˝ / i΄ ) when the metal is coupled to a large area of a more noble 

metal Fe. In Fig.6-4 the distribution of the various anodic and cathodic 

reactions is schematically represented. Zn corrodes rapidly (thick arrow) 

and most of the electrons generated are fed into Fe where cathodic 

reaction occurs almost exclusively. Zn is said to undergo galvanic 

attack[45]. 

 

 Where f1/f2 is very small, i.e. the base metal (Zn) greatly exceeds 

the noble one in area, the situation may be represented by Fig.6-5. Again, 

the total anodic and cathodic curves have been constructed and it may be 

seen in Fig.6-5 that these intersect at Q, where the potential Ecouple has 

now moved in the base direction relative to P in Fig.6-4. In these 

circumstances the presence of Fe makes very little difference to Zn. 

However, the interest should be directed to Fe. It may be seen that, where 

Zn is not present, corrosion of Fe would normally take place at a potential 

Ē and current f1i΄. But because the potential of the couple (viz. at Q) is 

now below the reversible potential EFe, corrosion of Fe now ceases 

altogether because there can be no net anodic reaction at the Fe׀ Fe++ 

interface. As a result, Fe is said to be galvanically protected. Fig.6-5 

shows the distribution of reaction[25]. This is also the situation for the 

couples Cu/Fe and Cu/Zn where Cu is totally protected. 

 

 

 

 

 

 

 

 

 164



 

Total ia
 Total ic 

 

f1(ic)1  

f1(ia)1  P 

f2(ia)2 

f2(ic)2 

Eeq.cath

EFe

EZn

Ecoupl f2i˝ 

Ē f2i΄ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 6-4 Behaviour of a metal couple Fe-Zn, AR>>1 

produces galvanic attack of Zn (Schematic)  
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Figure 6-5 Behaviour of a metal couple Fe-Zn, AR<<1 
produces galvanic attack of Zn(Schematic) 
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Table 6-7 Effect of inhibitor (PHTU) concentration, area ratio AR (Cu/ Fe) and 
rotational velocity on the current  and potential difference  (at steady state)  in air-
saturated 0.1N HCl solution, t=20 m and T=40 oC. 
                                           

Rotational Velocity (RPM) 

0 500 1000 1500 
AR 

C(g/L

) 

PHTU I.(mA

) 

E(mV

) 

I(mA

) 

E(mV

) 

I(mA

) 

E(mV)

.

I(mA

) 

E(mV

) 

0.000 4.500 -402 5.420 -502 6.000 -515 8.100 -540 

0.001 2.740 -393 4.000 -491 4.770 -506 6.890 -526 

0.050 1.640 -380 3.510 -484 4.000 -492 6.020 -515 

0.100 1.390 -373 2.600 -470 3.600 -485 5.430 -500 

0.2

5 

0.150 0.630 -368 2.110 -465 3.100 -473 4.850 -486 

0.000 5.100 -421 5.980 -516 6.620 -533 8.300 -558 

0.001 4.150 -416 4.350 -503 5.160 -524 7.320 -545 

0.050 2.610 -400 3.710 -492 4.460 -511 6.480 -531 

0.100 1.580 -390 2.950 -480 3.800 -500 5.850 -520 

0.5 

0.150 0.650 -381 2.500 -472 3.305 -485 5.200 -509 

0.000 6.040 -438 7.52 -525 8.76 -551 11.50 -585 

0.001 5.490 -422 6.990 -517 8.55 -535 11.33 -578 

0.050 2.100 -405 4.490 -507 8.250 -524 9.820 -566 

0.100 1.185 -394 4.310 -493 6.899 -515 7.610 -550 

1 

0.150 0.950 -385 3.340 -480 5.550 -506 6.550 -541 

0.000 7.620 -465 10.53 -548 13.30 -570 15.12 -602 

0.001 5.060 -456 7.400 -527 10.95 -561 12.13 -590 

0.050 2.670 -440 5.110 -518 8.410 -549 10.19 -578 

0.100 1.290 -427 4.500 -500 7.120 -535 8.000 -565 

2 

0.150 1.000 -415 3.610 -491 5.825 -522 6.840 -552 
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Table 6-8 Effect of inhibitor (PHTU) concentration, area ratio AR (Cu/Zn) and 
rotational velocity on the current and potential difference (at steady state)  in air-
saturated 0.1N HCl solution, t=20 m and T=40 oC. 
                                           

Rotational Velocity (RPM) 

0 500 1000 1500 
AR 

C(g/L

) 

PHT

U 
I(mA) 

E(mV

) 
I(mA) 

E(mV

) 
I(mA) 

E(mV

) 
I(mA) 

E(mV

) 

0.000 9.46 -851 
10.58

5 
-862 11.58 -879 11.88 -930 

0.001 7.84 -838 9.35 -848 11.25 -860 8.185 -913 

0.050 1.82 -826 9.33 -832 5.26 -839 6.475 -894 

0.100 1.175 -823 5.88 -813 4.81 -822 5 -870 

0.2

5 

0.150 0.825 -815 4.32 -799 3.96 -812 4.62 -855 

0.000 10.41 -868 
11.20

5 
-885 

13.42

5 
-900 13.17 -950 

0.001 7.85 -850 
10.56

0 
-861 9.670 -886 9.30 -938 

0.050 2.815 -835 9.680 -851 6.235 -864 7.32 -920 

0.100 1.23 -823 6.880 -834 5.160 -845 6.23 -909 

0.5 

0.150 0.82 -816 5.235 -818 4.12 -826 4.64 -892 

0.000 11.32 -880 14.00 -900 16.00 -922 17.50 -991 

0.001 7.51 -862 13.73 -882 15.70 -908 17.13 -956 

0.050 2.215 -847 6.75 -861 9.525 -890 10.50 -940 

0.100 1.400 -837 6.275 -840 8.300 -920 8.305 -925 

1 

0.150 1.195 -820 6.255 -831 5.275 -851 6.685 -915 

0.000 
11.58

5 
-900 

19.76

5 
-926 20.05 -957 

22.57

5 
-990 

0.001 7.66 -886 14.60 -900 16.96 -940 18.21 -975 

0.050 2.366 -865 7.775 -872 10.71 -921 11.50 -958 

0.100 1.63 -850 7.710 -867 9.26 -869 9.53 -945 

2 

0.150 1.35 -830 6.500 -855 6.25 -907 8.915 -915 
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Table 6-9 Effect of inhibitor (PHTU) concentration, area ratio AR (Fe/Zn) and 
rotational velocities on the current and potential difference (at steady state)    in air-
saturated 0.1N HCl solution, t=20m  and T=40 oC. 
                                           

Rotational Velocity (RPM) 

0 500 1000 1500 
AR 

C(g/L

) 

PHTU I(mA

) 

E(mV)

.

I(mA

) 

E(mV

) 

I(mA

) 

E(mV)

.

I(mA

) 

E(mV

) 

0.000 10.32 -887 16.13 -890 17.63 -924 19.55 -965 

0.001 8.73 -860 13.57 -875 13.22 -910 15.37 -951 

0.050 5.11 -845 8.76 -857 10.77 -897 12.78 -938 

0.100 3.11 -832 6.34 -842 8.13 -880 9.65 -920 

0.2

5 

0.150 2.25 -820 4.63 -830 6.34 -871 7.47 -909 

0.000 11.55 -905 17.73 -915 19.73 -950 21.47 -984 

0.001 10.21 890 15.66 -897 15.33 -933 17.47 -968 

0.050 6.53 -875 10.21 -880 13.74 -920 16.02 -952 

0.100 4.66 -850 7.02 -860 10.66 -909 12.56 -935 

0.5 

0.150 3.62 -832 5.72 -845 8.33 -890 10.76 -922 

0.000 13.32 -930 20.34 -948 20.87 -973 23.84 -1010 

0.001 10.14 -910 16.77 -930 18.23 -962 20.66 -992 

0.050 7.33 -888 11.77 -912 14.77 -945 15.87 -976 

0.100 4.73 -860 8.86 -895 10.24 -932 12.57 -950 

1 

0.150 4.10 -850 6.82 -880 7.37 -915 9.85 -940 

0.000 15.56 -950 22.23 -970 23.52 -995 25.57 -1037 

0.001 12.21 -934 18.56 -957 20.77 -978 22.73 -1022 

0.050 8.53 -915 13.66 -940 16.34 -960 18.86 -1005 

0.100 6.54 -915 10.73 -927 12.33 -939 14.76 -991 

2 

0.150 5.00 -890 9.12 -910 10.23 -920 12.68 -974 
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6.4 Parameters that affect galvanic corrosion current 

         The data of Figs. 5-1b to 5-48b is presented in tables 6-10 to 6-13 

(see appendix (C)).Table 6-10 shows weight loss values, for both cathode 

(Cu) and anode (Zn). It can be seen that copper weight loss is equal to 

zero in Fig.6-6 because (Ecoup.< Eeq,Cu) so that the galvanic current is 

equal to the iron corrosion current (Icorr,Fe) after the coupling minus the 

summation of the oxygen reduction current and hydrogen evolution 

current [ILO2+IH+] at Ecoup.. This is due to complete protection of copper in 

Cu/Fe and Cu/Zn couples, also total protection (some cases) of Fe in 

Fe/Zn couple. Also CR (gmd), CR (mm/y) and id(uA/cm2) have been 

determined and listed in the tables. The results show that weight loss 

ceased, by the increase of PHTU inhibitor; this may be due to the 

decreasing of the total cathodic current of oxygen and hydrogen. In 

galvanic couple between iron and zinc it is clear that the iron corrosion 

rate isn’t zero because Ecoup.> Eeq,Fe i.e. partially protected or partially 

corroding of iron metal in some Zn/Fe couple as shown in Fig.6-7 {see 

appendix (C)}.        

        Weight loss is increased by increasing cathode /anode ratio (AR). 

This may be ascribed to the increasing of cathode surface area. This is 

true for all results for corrosion rate and anodic current density.         

        In table (6.11), integral current time has been calculated; a suitable 

equation has been created by using grapher package program (see 

appendix I). Integration applied for each equation, integral current time 

for (0-20min) time interval, has been calculated for each case. Anode 

weight loss has been calculated according to the following equation[105]: 

1Ah=1.0418 g [ Iron (Fe)]              1Ah=1.218 g [ Zinc (Zn)]        

           Computer program (Q-Basic language) has been used to calculate 

corrosion rate, dissolution current density …etc as shown in tables 6-10 

to 6-13, all the rest of tables were shown in the appendix C. 
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 Figure 6-6 Galvanic corrosion couple (complete protection of copper) between copper and iron 
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Figure 6-7 Galvanic corrosion couple (partial protection of iron) between iron and zinc  
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The cell current time integral, the weight loss calculated from cell 

current and directly from weighing, and the ratio of weight loss from cell 

current and weighing, is shown in table 6-11. The weight loss equivalent 

to the cell current is calculated from the relation[105]: 

  

1Ah=1.0418 g 

The weight loss resulting from the cell current forms only part of the total 

weight loss. The proportion decreases in the series of coupled metals. 

 

Zinc > Carbon steel > Copper 

This is due to the hydrogen overvoltage increasing on the coupled 

metals in the same order. Since the overvoltage for hydrogen evolution is 

higher on carbon steel than on copper, the current density of the hydrogen 

evolution is lower and therefore the cell current is less. The weight loss of 

Cu in the coupling materials (Cu/Fe and Cu/Zn) is practically zero 

because it is cathodically protected. 

 

The magnitude of the total corrosion arising from cell current and 

self-corrosion is given in table 6-12. The self corrosion is the difference 

between the total corrosion and the corrosion caused by the cell current. 

The cell current- time integral, the weight loss from the cell current, the 

weight loss from weighing and galvanic factor (GF) [Weight loss from 

cell current / weight loss from weighing] have been calculated as shown 

in table (6-11), see appendix (C). The quantities of total corrosion, 

corrosion due to cell current and self corrosion are recorded in further 

tables as current densities. 
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 The results are calculated by using the relation 1Ah=1.0418 g, the 

surface area = 16.022122 cm2 and for time t=0.333hr. However, the self 

corrosion increases as is to be expected. A decrease in the self-corrosion 

would be expected (the so-called difference effect) as has been observed 

in long term experiments. The explanation for this unexpected result is 

supposedly that uncontrolled effects play a role in the initial stages, and 

thus, in this short term experiment, determine the corrosion 

phenomena[105]. This also leads to a relatively high scatter in the 

experimental results.  

 

The cathode reaction occurs on both partners of the couple. A 

result of this is that the corrosion current density is always greater than 

the cell current density. In addition of the cathodic evolution of hydrogen, 

the cathodic reduction of oxygen has to be considered: 

 

      O2 + 4H+ + 4e-                    2H2O                                    …(6.6) 

 

 In table 6-10 weight loss is almost directly proportional to cathode 

area. For this corrosion system the area principle holds true. The 

approximate proportionality between weight loss and cathode surface 

area suggests cathodic reduction of oxygen as the rate determining step. 

Deviations from their proportionality at higher current densities are due to 

the increasing anodic polarization of the zinc electrode. In addition to the 

cathodic oxygen reduction a process, namely iron dissolution, also has an 

influence on reaction velocity. Variation in the distance between the 

electrodes does not cause any change in cell current. 

In table 6-13 as shown above, average currents, are directly 

recorded from the ammeter for 0.3333hr time period. Also cathodic 

current I2 and anodic current I3, estimated from weight loss, have been 
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calculated. The difference between cathodic and anodic currents which is 

termed I3 has been calculated. I3 is very useful for the calculation the 

current value which results from the cathodic and anodic potential 

difference. 

 I4 which represent the difference between anodic current (weight 

loss) and the average current (Ig) measured for 0.3333hr have been 

calculated. One can notice that I4 current, can approach to zero in case of 

high concentrations of PHTU inhibitor. This is due to close approaching 

of cathodic current from average current, in high concentrations, so that, 

current value recorded from ammeter was very low. 

By using Q-basic program, the tables where below have been 

obtained (see appendix H) and area under the curve has been calculated 

by Mathcade program. 
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  Table 6-10 Effect of inhibitor (PHTU) concentration and area ratio AR(Cu/Fe) on 
corrosion rate (by weight loss) of iron specimen in air-saturated 0.1N HCl solution, 
T=40C , t=20m , and 0 rpm. 
 
 

id 
(µA/cm2) 

CR 
(mpy) 

CR 
(mm/y) 

CR 
(gmd) 

∆WFe 
(g) 

∆WCu 
(g) 

C(g/L) 
PHTU AR 

735.0579 335.5652 8.523357 183.796 0.00409 0 0.000 

393.5885 179.6792 4.563852 98.41399 0.00219 0 0.001 

265.9867 121.427 3.084247 66.50808 0.00148 0 0.050 

165.3431 75.48167 1.917235 41.34286 0.00092 0 0.100 

100.6436 45.94537 1.167012 25.16522 0.00056 0 0.150 

0.25 

806.9463 368.3834 9.356938 201.7711 0.00449 0 0.000 

472.6656 215.7791 5.48079 118.1867 0.00263 0 0.001 

323.4974 147.6815 3.751111 81.33759 0.00181 0 0.050 

168.9375 77.12258 1.958914 42.24162 0.00094 0 0.100 

120.4129 54.97035 1.396247 30.10839 0.00067 0 0.150 

0.5 

1067.541 487.3491 12.37867 266.9311 0.00594 0 0.000 

596.6729 272.3904 6.918716 149.1938 0.00332 0 0.001 

231.8398 105.8384 2.688296 57.96988 0.00129 0 0.050 

155.8179 71.13328 1.806785 38.64659 0.00086 0 0.100 

115.0213 52.509 1.333728 28.76025 0.00064 0 0.150 

1 

1141.227 520.9877 13.23309 285.3556 0.00635 0 0.000 

620.0366 283.0563 7.18963 155.0357 0.00345 0 0.001 

257.0007 117.3248 2.980049 64.26118 0.00143 0 0.050 

168.9375 77.12258 1.958914 42.24162 0.00094 0 0.100 

154.5599 70.55896 1.792197 38.64659 0.00086 0 0.150 

2 
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Table 6-11 Evaluation of galvanic corrosion experiments by cell current time integral, 
and weight loss of iron specimen in air-saturated 0.1N HCl solution   ,T=40 0C , 
t=20m , and 0 rpm 

GF ∆WFe(mg) 
∆WFe(mg) 

Cell 
current 

∫Current time 
mA.h C(g/L)PHTU AR 

(Cu/Fe) 

0.4134 4.09 1.691 1.623 0.000 

0.6739 2.19 1.476 1.417 0.001 

0.8007 1.48 1.185 1.138 0.050 

0.9059 0.92 0.833 0.8 0.100 

0.9857 0.56 .552 0.53 0.150 

0.25 

0.4799 4.49 2.155 2.069 0.000 

0.7368 2.63 1.938 1.861 0.001 

0.7989 1.81 1.446 1.388 0.050 

0.8888 0.94 0.839 0.806 0.100 

0.9881 0.674 0.666 0.64 0.150 

0.5 

0.3899 5.94 2.316 2.224 0.000 

0.6398 3.32 2.124 2.039 0.001 

0.7016 1.29 0.905 0.869 0.050 

0.8431 0.867 0.731 0.702 0.100 

0.9766 0.64 0.625 0.6 0.150 

1 

0.4753 6.35 3.018 2.897 0.000 

0.6501 3.45 2.243 2.153 0.001 

0.7993 1.43 1.143 1.097 0.050 

0.8894 0.94 0.836 0.803 0.100 

0.9709 0.86 0.835 0.802 0.150 

2 
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Table 6-12 Current densities of the total, the cell current and self-corrosion of iron 
specimen in air-saturated 0.1N HCl solution, T=40C, t=20m, and 0 rpm. 

  

Current density (mA/cm2) 

Self-corrosionCell 
current Total 

∆WFe(mg) 
Cell 

current 
∆W(total)(mg) C(g/L)PHTU AR 

(Cu/Fe) 

0.43115 0.303908 0.735058 1.691 4.09 0.000 

0.128321 0.265268 0.393589 1.476 2.19 0.001 

5.30E-02 0.212969 0.265987 1.185 1.48 0.050 

1.56E-02 0.149779 0.165343 0.833 0.92 0.100 

1.44E-03 9.92E-02 0.100644 .552 0.56 0.150 

0.25 

0.419648 0.387298 0.806946 2.155 4.49 0.000 

0.124367 0.348299 0.472666 1.938 2.63 0.001 

6.36E-02 0.259876 0.323497 1.446 1.81 0.050 

1.82E-02 0.150786 0.168938 0.839 0.94 0.100 

7.19E-04 0.119694 0.120413 0.666 0.674 0.150 

0.5 

0.651308 0.416233 1.067541 2.316 5.94 0.000 

0.5585 3.82E-02 0.596673 2.124 3.32 0.001 

6.92E-02 0.162647 0.23184 0.905 1.29 0.050 

2.44E-02 0.131376 0.155818 0.731 0.867 0.100 

2.70E-03 0.112326 0.115021 0.625 0.64 0.150 

1 

0.59883 0.542397 1.141227 3.018 6.35 0.000 

0.216923 0.403114 0.620037 2.243 3.45 0.001 

5.16E-02 0.205421 0.257001 1.143 1.43 0.050 

1.87E-02 0.150247 0.168938 0.836 0.94 0.100 

4.49E-03 0.150067 0.15456 0.835 0.86 0.150 

2 
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Table 6-13 Effect of inhibitor (PHTU) concentration and area ratio AR(Cu/Fe) on 
galvanic current and corrosion rate (by weight loss) of copper and iron specimens in 
air-saturated 0.1N HCl solution, T=40C , t=20m , and 0 rpm. 
 

 

I4(mA)=(I2- Īg) I3(mA)=(I2- I1) I2(mA) I1(mA) Īg(mA) C(g/L)PHTU AR(Cu/Fe) 

6.908387 11.77717 11.77717 0 4.868785 0.000 

2.055301 6.306114 6.306114 0 4.250813 0.001 

0.847817 4.261666 4.261666 0 3.413849 0.050 

0.24925 2.649144 2.649144 0 2.399894 0.100 

2.26E-02 1.612522 1.612522 0 1.59E+00 0.150 

0.25 

6.722249 12.92897 12.92897 0 6.206726 0.000 

1.990343 7.573096 7.573096 0 5.582753 0.001 

1.019291 5.183107 5.183107 0 4.163816 0.050 

0.288841 2.706734 2.706734 0 2.417893 0.100 

9.35E-03 1.929268 1.929268 0 1.919915 0.150 

0.5 

10.43255 17.10425 17.10425 0 6.671705 0.000 

3.443223 9.559954 9.559954 0 6.11673 0.001 

1.107676 3.714561 3.714561 0 2.606885 0.050 

0.390623 2.49653 2.49653 0 2.105907 0.100 

4.30E-02 1.842883 1.842883 0 1.80E+00 0.150 

1 

9.594235 18.28485 18.28485 0 8.690616 0.000 

3.475574 9.934289 9.934289 0 6.458715 0.001 

0.826836 4.117691 4.117691 0 3.290854 0.050 

0.29784 2.706734 2.706734 0 2.408894 0.100 

7.05E-02 2.476373 2.476373 0 2.405894 0.150 

2 

*See appendix (C)  
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The total anodic currents of polyelectrode systems are the sum of the 

corresponding anodic currents of individual electrodes. If the total area of 

the system S, made of fraction fA ,fB …etc..for the various components 

A,B,….., then the anodic current from the jth component is given 

by[21,24,106] : 

 

Ia
system =S. f∑  j  ia

j                                                                            ...(6.7) 

Similarly for the cathodic currents of polyelectrode: 

 

Ic
system =S. f∑  j  ic

j                                                                          ….(6.8) 

At the corrosion potential (Ecoupling) adopted by the polyelectrode, the total 

anodic and cathodic currents are equal so that: 

Icorr.
system = Ia

system = Ic
system                                                                 ...(6.9) 

The dissolution current density (id ) is obtained which gives Id after 

multiplying it by the area of the total electrode, while Ig is obtained from 

each metal curve given in the galvanic corrosion results in chapter five by 

using GRAPHER PACKAGE to obtain the area under the curve for each 

metal from  MATHCAD PACKAGE and dividing it by the total time to 

get Ig(av); 

IB
g(av) =Id

B – Ic
B                                                                                  ...(6.10) 

IN
g(av) =Id

B – Ic
B                                                                                  ...(6.11) 

Then according to Eqs. (6.10 and 6.11) Ic
N 

  and Id
B were obtained and 

shown in tables 6-14 to 6-16 as current densities Ig(av) , id and ic , these 

tables are part from appendix (G). 
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Table 6-14 Effect of inhibitor (PHTU) concentration and area ratio AR (Cu/Fe) on id, 
ig, and ic of noble metal (copper) and base metal (carbon steel) specimens in air-
saturated 0.1N HCl solution, T=40C , t=20m , and 0 RPM. 

 

Base metal=Carbon Steel Noble metal=Copper 

 
GF

 

ic,b 
(µA/cm2) 

ig 
(µA/cm2) 

id 
(µA/cm2) 

ic,n 
(µA/cm2) 

ig 
(µA/cm2) 

id 
(µA/cm2) 

C(g/L) 

PHTU 

 

AR 

 

0.4134 431.175 303.879 735.0579 1215.525 1215.525 0 0.000 

0.6739 128.279 265.309 393.5885 1061.244 1061.244 0 0.001 

0.8007 52.916 213.071 265.9867 852.290 852.290 0 0.050 

0.9059 15.612 149.731 165.3431 598.926598.9260 0.100 

0.9857 1.407 99.237 100.6436 396.954 396.954 0 0.150 

0.25 

0.4799 419.561 387.385 806.9463 774.765 774.765 0 0.000 

0.7368 124.209 348.456 472.6656 696.871 696.871 0 0.001 

0.7989 63.619 259.878 323.4974 519.755 519.755 0 0.050 

0.8888 18.028 150.909 168.9375 301.817 301.817 0 0.100 

0.9881 0.585 119.828 120.4129 239.657 239.657 0 0.150 

0.5 

0.3899 651.135 416.406 1067.541 416.406 416.406 0 0.000 

0.6398 214.907 381.766 596.6729 381.766 381.766 0 0.001 

0.7016 69.134 162.705 231.8398 162.705 162.705 0 0.050 

0.8431 24.381 131.437 155.8179 131.437 131.437 0 0.100 

0.9766 2.676 112.345 115.0213 112.345 112.345 0 0.150 

1 

0.4753 598.789 542.438 1141.227 271.207 271.207 0 0.000 

0.6501 216.925 403.112 620.0366 201556 201556 0 0.001 

0.7993 51.603 205.398 257.0007 102.697 102.697 0 0.050 

0.8894 18.590 150.348 168.9375 75.174 75.174 0 0.100 

0.9709 4.398 150.161 154.5599 75.08 75.08 0 0.150 

2 
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Table 6-15 Effect of inhibitor (PHTU) concentration and area ratio AR (Cu/Zn) on id, 

ig, and ic of noble metal (copper) and base metal (zinc) specimens in air-saturated 

0.1N HCl solution, T=40C , t=20m , and 0 RPM. 

 

Base metal=Zinc Noble metal=Copper 

 

GF

 

ic,b 

(µA/cm2) 

ig 

(µA/cm2) 

id 

(µA/cm2) 

ic,n 

(µA/cm2) 

ig 

(µA/cm2) 

id 

(µA/cm2) 

C(g/L) 

PHTU 

 

AR 

 

0.4215 868.583 633.032 1501.615 2532.143 2532.143 0 0.000 

0.6315 321.364 550.739 872.1033 2202.971 2202.971 0 0.001 

0.7703 39.148 131.281 170.4286 525.128 525.128 0 0.050 

0.8467 17.721 97.434 115.1545 389.714389.7140 0.100 

0.9744 1.673 64.349 66.0219 257.321 257.321 0 0.150 

0.25 

0.3724 1140.929 676.977 1817.906 1353.946 1353.946 0 0.000 

0.6654 285.126 567.017 852.1432 1134.026 1134.026 0 0.001 

0.7242 80.404 211.321 291.7247 422.638 422.638 0 0.050 

0.8641 16.348 103.413 119.7607 206.713 206.713 0 0.100 

0.9887 1.422 80.414 81.83646 160.777 160.777 0 0.150 

0.5 

0.3921 1127.659 727.096 1854.755 727.096 727.096 0 0.000 

0.6315 306.721 525.462 832.1831 525.499 525.499 0 0.001 

0.7906 47.961 180.813 228.7736 180.813 180.813 0 0.050 

0.8848 13.957 107.339 121.2961 107.339 107.339 0 0.100 

0.9871 1.443 106.035 107.4775 105.978 105.978 0 0.150 

1 

0.4018 1280.28 860.062 2140.338 430.031 430.031 0 0.000 

0.6722 258.644 530.548 789.1921 265.274 265.274 0 0.001 

0.7732 546.28 186.429 241.0567 93.215 93.215 0 0.050 

0.8829 15.805 119.510 135.1146 59.655 59.655 0 0.100 

0.9838 1.738 102.669 104.4067 51.334 51.334 0 0.150 

2 
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Table 6-16 Effect of inhibitor (PHTU) concentration and area ratio AR (Fe/Zn) on id, 

ig, and ic of noble metal (carbon steel) and base metal (zinc) specimens in air-saturated 

0.1N HCl solution, T=40C , t=20m , and 0 RPM. 

 

Base metal=Zinc Noble metal= Carbon Steel 

 

GF

 

ic,b 

(µA/cm2) 

ig 

(µA/cm2) 

id 

(µA/cm2) 

ic,n 

(µA/cm2) 

ig 

(µA/cm2) 

id 

(µA/cm2) 

C(g/L) 

PHTU 

 

AR 

 

٠٫٤١٢٨ 1030.04 723.376 1753.419 2832.62 2895.519 ٦٢٫٩٠٢
٢ 

0.000 

٠٫٦٧٧٤ 294.19 617.834 912.0236 2471.527 2471.527 ٠ 0.001 

٠٫٧٨٤١ 110.564 402.257 512.8214 1609.038 1609.038 ٠ 0.050 

٠٫٨٩٦٦ 32.58 282.173 314.7556 1128.7981128.798٠ 0.100 

٠٫٩٧٣٥ 5.532 203.282 208.8135 813.132 813.132 ٠ 0.150 

0.25 

٠٫٣٧٨١ 1308.15 795.339 2103.489 1401.968 1590.6681 ١٨٨٫٧٠
٦ 

0.000 

٠٫٦٥٣٨ 382.157 720.255 1102.412 1360.61 1441.475 ٨٠٫٨٧٤
٣ 

0.001 

٠٫٧٥٤٥ 154.955 476.092 631.0466 952.179 952.179 ٠ 0.050 

٠٫٨٨١٩ 48.287 360.128 408.4146 720.375 720.375 ٠ 0.100 

٠٫٩٨٨٤ 35.23 302.020 305.5432 604.037 604.037 ٠ 0.150 

0.5 

٠٫٤١١٠ 1339.39 934.522 2273.917 673.894 934.494 ٢٦٠٫٥٩
٥ 

0.000 

٠٫٥٩١٠ 1174.45 737.756 12482.75 558.056 737.756 ١٧٩٫٧٢
٠ 

0.001 

٠٫٦٩١٦ 770.333 572.441 8275.77 468.260 572.459 ١٠٤٫٢٣
٨ 

0.050 

٠٫٨٤٢٧ 71.705 384.307 456.0118 339.380 384.307 ٤٤٫٩٣٠
١ 

0.100 

٠٫٩٦٦٦ 11.232 325.019 336.2511 325.025 325.025 ٠ 0.150 

1 

٠٫٤٢٢٩ 1622.26 1189.05 2811.305 256.607 594.507 ٣٣٧٫٨٧
٥ 

0.000 

٠٫٦٣١٠ 517.223 884.591 1401.814 222.995 442.295 ٢١٩٫٢٥
٩ 

0.001 

٠٫٧٨١٣ 185.333 662.204 847.537 208.902 331.102 ١٢٢٫٢١
٠ 

0.050 

٠٫٨٧٤٨ 72.643 507.736 580.3786 187.368 253.868 ٦٦٫٤٩٦
٦ 

0.100 

٠٫٩٨٩٢ 4.547 422.292 426.8393 211.146 211.146 ٠ 0.150 

2 
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From above tables [tables (6-14 to 6-16)] it can be seen that  of 

Cu/Fe and Cu/Zn couple is equal to zero because complete protection (see 

Fig.6-6) but of Fe/Zn couple do not equal to zero because partial 

protection i.e. E

N
di

coup.> Eeq,Fe. 

After substituting most of the data given in the tables of appendix (G) in 

Eqn.(3.8), given in chapter three, it was found that both sides of  this 

equation were identical, which shows the accuracy of the results obtained 

from the experimental work. 

    N
d

B
c

N
d

N
c

a

c
N
d

B
d

i

i

i

i

A
A

i
i

+
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−= 1                                                             …(3.8)

  

The galvanic factor (GF) is the ratio=(weight loss from cell / 

weight loss by weighing), i.e., the ratio between the corrosion rate 

obtained from galvanic current (igav) and that obtained from the weight 

loss of coupled metals (id), which was also studied by Tsujino et al.[85] 

with time in an other environment. In these tables [tables (6-14 to 6-16)] 

it is found that GF alters with the changes for the same AR in each of the 

couples given, as well as it changes for the same couple when the 

temperature is kept constant, variable concentration of PHTU inhibitor (0, 

0.001, 0.05, 0.1 and 0.15g/L), variable rotational velocities (0, 500, 1000 

and 1500 RPM) and variable AR (0.25, 0.5, 1.0 and 2.0). The alternation 

of GF could be in an increased or decreased manner because in addition 

to the mentioned variables (AR, PHTU concentration, and rotational 

velocities) interaction of these three variables is playing also a role in 

changing (GF). This effect is clear from the relationships obtained in 

above tables [tables (6-14 to 6-16)] for the effects of these variables on 

Ig(av) and Id  
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6.5 Measuring the potential and current together for copper and 
carbon steel couple: 
 

Figs. 5-49 to 5-64 in chapter five represent results of galvanic 

potential, which was measured with galvanic current simultaneously as 

explained in chapter four. With closed circuit a mixed potential results 

which is near the potential of the iron electrode. The iron electrode is 

accordingly less polarizable and the copper electrode more strongly. It 

can be noticed that by increasing PHTU inhibitor concentration, potential 

became less negative for both copper and carbon steel metals. 

There was fast declining in potential curve, until stationary phase is 

after about 15 minutes. In the first readings, potential values for each 

metal were very close to the potential value, if there were a single metal, 

(see appendix F). After while, both curves were very close together, for 

the couple metals. Galvanic potential values for both copper and carbon 

steel were between their values in case of single metals. See appendix F.  

 

In Figs. 5-65 to 5-80 one can notice that the galvanic current in the 

first few readings, has a fast declining, then it tends to settle down to a 

steady state phase after about 15 minute. This can be interpreted by the 

effect of OH- ions formation upon the metal surface. Voltage values for 

both metals were due to the using of metals (copper and carbon steel).  

In case of rotational velocity, one can notice that potentials became 

more negative, this is the result of increasing transport rate of dissolved 

oxygen associated with hydrogen evolution, and consequently, metal 

corrosion rate will be increased. Galvanic current will be increased too. 

Free corrosion results were shown in Figs. 5-81 to 5-92 in steady 

state (curvature after 15 minutes), potential values were very close to that 

these of polarization curves at the same conditions, and so this can 

support, the present results. 
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6.6 Effect of rotational velocity and PHTU concentration on 

polarization curves behavior  

It has been seen in chapter five which shows the results of the 

polarization curves as given in Figs.5-93 to 5-104, (see appendix F) that 

corrosion potential is less negative with increasing PHTU concentration 

and more negative with increasing rotational velocities. The corrosion 

potential is more negative due to the combined influence of hydrogen 

evolution with increasing transport of bulk oxygen[49,71,107,108,109], as 

shown in tables 6.17-6.19. The corrosion potential is also monitored 

experimentally as shown in Figs.5-81 to 5-92, and presented in Appendix 

E. These figures show that Ecorr. becomes rapidly more negative reaching 

steady-state values after about 90 minutes as given also in tables 6-17 to 

6-19.  
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Table 6-17 Behavior of copper corrosion potential at different rotational velocities 

and PHTU concentration. 
PHTU Concentrations (g/L) 

 0 0.001 0.05 0.1 0.15 

-170‼ -150 -132 -122 -111 0 

-166€ -163 -156 -140 -120 
-189 -176 -162 -150 -120 

50
0 

-180 -170 -168 -155 -135 

-212 -195 -170 -157 -140 

10
00

 

-193 -187 -178 -172 -149 

-220 -203 -180 -169 -152 R
ot

at
io

na
l v

el
oc

iti
es

 (R
PM

) 

15
00

 

-206 -196 -187 -177 -155 

 
‼ Ecorr (V) from polarization curve. 
€ Ecorr (V) from  Ecorr vs. time curve at steady state. 
 
 

Table 6-18  Behavior of carbon steel corrosion potential at different rotational 
velocities and PHTU concentration. 

PHTU Concentrations (g/L) 

 0 0.001 0.05 0.1 0.15 

-518‼ -495 -484 -473 -465 0 

-481€ -475 -466 -450 -431 
-528 -510 -497 -488 -473 

50
0 

-530 -520 -503 -492 -485 
-582 -560 -541 -521 -510 

10
00

 

-575 -558 -547 -519 -510 

-633 -600 -577 -570 -557 R
ot

at
io

na
l v

el
oc

iti
es

 (R
PM

) 

15
00

 

-622 -597 -586 -576 -567 

 
‼ Ecorr (V) from polarization curve. 
€ Ecorr (V) from  Ecorr vs. time curve at steady state.  
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Table 6.19  Behavior of zinc corrosion potential at different rotational velocities and 

PHTU concentration. 
PHTU Concentrations (g/L) 

 0 0.001 0.05 0.1 0.15 

-931‼ -920 -905 -891 -880 0 

-791€ -785 -777 -758 -720 
-952 -940 -925 -906 -892 

50
0 

-820 -793 -785 -763 -472 

-968 -956 -945 -935 -920 

10
00

 

-842 -815 -798 -519 -510 

-990 -978 -961 -943 -925 R
ot

at
io

na
l v

el
oc

iti
es

 (R
PM

) 

15
00

 

-850 -823 -815 -780 -766 

 
‼ Ecorr (V) from polarization curve. 
€ Ecorr (V) from  Ecorr vs. time curve at steady state. 
 
         

6.7 Effect of rotational velocities and PHTU concentration on 

potential and current density at regions close to the corrosion 

potential value: 

Current densities (µA/cm2) and inhibitor efficiency for cathode and 

anode regions against potential from polarization curves which is  near 

the corrosion potential of copper, carbon steel and zinc metals at variable 

rotational velocities and PHTU inhibitor concentrations have been 

calculated as shown in table 6-20. 
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Table 6-20 Current densities (µA/cm2) and inhibitor efficiency for cathode and anode 
of copper, carbon steel and zinc metals at variable rotational velocities and PHTU 
concentrations. 
 

Copper metal specimen 
PHTU concentrations (g/L) Rotational 

Velocity 
(RPM) 

Potential 
(mV) 0 0.001 0.05 0.1 0.15 η 

Ec=-550 140 119 63 40 20 0.8570 Ea=10 1300 1200 1050 700 600 0.538
Ec=-550 150 115 77 50 25 0.833500 Ea=10 1700 1600 1500 1400 1100 0.353
Ec=-550 180 125 100 65 50 0.7221000 Ea=10 3000 2700 2500 2400 1200 0.600
Ec=-550 250 140 110 70 55 0.7801500 Ea=10 3700 3300 2900 2000 1500 0.595

Carbon steel metal specimen 
PHTU concentrations (g/L) Rotational 

Velocity 
(RPM) 

Potential 
(mV) 0 0.001 0.05 0.1 0.15 η 

Ec=-800 4250 3200 1850 1700 1000 0.7650 Ea=-400 4200 3500 3100 3000 1100 0.738
Ec=-800 4700 3580 3200 2700 2000 0.574500 Ea=-400 6000 5000 4500 4300 3000 0.500
Ec=-800 6000 5000 4500 4000 3000 0.5001000 Ea=-400 7000 6000 5000 4300 3500 0.500
Ec=-800 6400 5200 4700 4100 3000 0.5311500 Ea=-400 8000 6200 5500 4500 3700 0.538

Zinc metal specimen 
PHTU concentrations (g/L) Rotational 

Velocity 
(RPM) 

Potential 
(mV) 0 0.001 0.05 0.1 0.15 η 

Ec=-1000 10000 9500 9000 5500 3600 0.5400 Ea=-800 18000 16000 15500 14000 13000 0.278
Ec=-1000 12500 11500 9000 7500 6000 0.520500 Ea=-800 20000 19000 16000 14500 14000 0.300
Ec=-1000 13000 12000 10000 8000 6500 0.5001000 Ea=-800 22000 21000 19000 16000 14500 0.341
Ec=-1000 15000 12500 11000 8500 7000 0.5331500 Ea=-800 23000 21000 19500 17000 15000 0.348
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6.8 Galvanic cell resistance measurement: 
 
It is clear that there is a linear relationship between the current and 

resistance Figs.6-8 to 6-9. From these figures one can notice that current 

increases with a decreasing resistance, which is due to Ohms law with 

potential constant. Corrosion rate decreased with increasing PHTU 

concentration so that current decreased, but current increased with 

increasing rotational velocities due to increasing corrosion rate. (see 

appendix J). 
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 0.1N HCl   I=6.925-0.592R      C.C=0.89

0.15 g/l PHTU  I=1.977-0.229R  C.C=0.92

 
 

 

 

Figure 6-8 Current vs. resistance of copper and carbon steel specimen in air-
saturated 0.1N HCl solution, AR=1, T=40C and 0 RPM 
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0.1N HCl  I=15.496-1.728R   C.C=0.85

0.15 g/l PHTU  I=7.522-1.033R  C.C=0.98

 
 

 Figure 6-9 Current vs. resistance of copper and carbon steel specimen in air-
saturated 0.1N HCl solution, AR=1, T=40C and 1500RPM  

 

 

The intercepts from Figs (6-8 and 6-9) are representing average galvanic 

currents when resistance of galvanic cell is equal to zero. The principle of 

zero ammeter resistance can be applied to this system from knowing these 

current values at variable conditions. The principle of zero ammeter 

resistance when (IR=0), Fig. 6-10, has been obtained.  

 

IR3 IR2 IR=0 

3 2 1 

IR1

I3 I2 I1 

Current 

Po
te

nt
ia

l  

 
 
 
 
 
 
 
 
 
 
  Figure 6-10 The principle of zero ammeter resistance 
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6.9 Statistical Relationships: 

         The statistical relationships for potential difference and galvanic 

current in tables 6-7 to 6-9 are as a function of C, U and AR as follows: 

E = a + b(C) +d (U) +e (AR).  
Ig = a + b(C) +d (U) +e (AR) +Correction factor. 
 
 
For Fe-Zn 
 
E = -862.914+383.6o6(C) -38.737(U)-0.058(AR). 

with correlation coefficient C.C=0.979 and mean error=1% . 

Ig =10.726-71.41(C) +0.006(U) +2.032(AR)-9.208
76.5740

⎥⎦
⎤

⎢⎣
⎡

++ ARCU
U

 

with correlation coefficient C.C=0.954 and mean error=3.72% . 

 
 
For Cu-Fe 
 
E = -418.464+276.631 (C) -28.12 (U)-0.087 (AR). 
 
with correlation coefficient C.C=0.939 and mean error=2.51% . 

Ig = 4.373 –32.092(C) + 0.005(U) + 0.553(AR)-7.517
289.2026

⎥⎦
⎤

⎢⎣
⎡

++ ARCU
U

 

with correlation coefficient C.C=0.935 and mean error=5.255% . 

 

 
For Cu-Zn 
 
E = -831.346 + 376.643(C) – 30.549(U)- 0.055(AR). 
 
with correlation coefficient C.C=0.930 and mean error=1.55% . 

Ig = 9.049 – 65.121(C) + 0.006(U) +0.633(AR)– 3.457
814.3159

⎥⎦
⎤

⎢⎣
⎡

++ ARCU
U  

with correlation coefficient C.C=0.900 and mean error=9.845% . 
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Where: 

E = potential difference (mV) at steady state. 

Ig = galvanic current (mA) at steady state. 

C= PHTU inhibitor concentration (g/L) 

U=rotational velocity (RPM)  

AR=area ratio. 

These equations have been created depending on Hooke - Jeeves and 

quasi - Newton method, which is included in statistical program package.   

 

 
 
 

 191



Chapter Seven 
 

Conclusions and Recommendations for Future Work  
 
 The present work has been mainly aimed to study inhibition of 

galvanic corrosion of copper, carbon steel and zinc metal couples in air-

saturated 0.1N HCl solution at a variable area ratio, rotational velocity at 

40oC. 

 

7.1 Conclusions: 

1- Copper as good cathodes and carbon steel and zinc worked as 

efficient sacrificial anodes in the environment of air-saturated 

0.1NHCl and a variable rotational velocities (0, 500, 1000 and 

1500 RPM) at 40 oC. 

2- PHTU is a good inhibitor with efficiency may reach 99%. 

3- Galvanic current, total cathodic current density and corrosion rate 

decrease with increasing PHTU inhibitor concentration in 

0.1NHCl solution and increase with increasing rotational 

velocities. 

4- Galvanic current, corrosion rate and dissolution current increase 

with increasing area ratio of metals. 

5- Potential difference is less negative with increasing PHTU 

inhibitor concentration in 0.1NHCl solution and it is more negative 

with increasing rotational velocity. 

6- Altering the rotational velocity (0, 500, 1000 and 1500 RPM) 

played an important role in increasing the aggressiveness of the 

galvanic attack. 

7- From the weight loss and polarization experiments for single 

metal, the arrangement of metals to combat corrosion in the 
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environment of 0.1NHCl solution could be illustrated as follows: 

Cu > C.S. > Zn. 

8- Copper and carbon steel worked as an efficient cathode to zinc in 

most of the coupling experiments between these two metals. 

9- In all cases copper was totally protected by zinc and carbon steel. 

10- Altering AR and rotational velocities played an important role in 

changing the galvanic factor (GF) and also (Ig and Id) during the 

experiments. 

11- The occurrence of the galvanic corrosion was efficiently verified 

during the experiments using the following equations: 
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c
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d

N
c
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c
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d
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⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−= 1  

 

       and for each case at Ecoupling, ∑ ∑= ac II  and ∑ = 0gI  

 

12- Statistical Relationships between potential differences and galvanic 

current as a function of C, U and AR for the various couples are: 

 
Fe-Zn 
 
E = -862.914+383.6o6(C) -38.737(U)-0.058(AR). 

Ig =10.726-71.41(C) +0.006(U) +2.032(AR)-9.208
76.5740

⎥⎦
⎤

⎢⎣
⎡

++ ARCU
U
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Cu-Fe 
 
E = -418.464+276.631 (C) -28.12 (U)-0.087 (AR). 

Ig= 4.373 –32.092(C) + 0.005(U) + 0.553(AR)-7.517
289.2026

⎥⎦
⎤

⎢⎣
⎡

++ ARCU
U

 

 
Cu-Zn 
 
E. = -831.346 + 376.643(C) – 30.549(U) - 0.055(AR). 

Ig = 9.049 – 65.121(C) + 0.006(U) +0.633(AR) – 3.457
814.3159

⎥⎦
⎤

⎢⎣
⎡

++ ARCU
U  

 

7.2 Recommendations for Future Work: 

 The following suggestions are to be considered or to be examined 

in greater detail for future work: 

1. Investigating galvanic current and potential difference with longer 

time and greater rotational velocities under different isothermal 

conditions. 

2. Studying the influence of isothermal pipe fluid flow (geometry) on 

galvanic current and potential system. 

3. Investigating the benefit of other types of inhibitors to reduce 

galvanic corrosion.   
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 الخلاصـــــة
 
 

همية التاكل الغلفاني ظهرت الحاجة الماسه لدراسة تاثير مثبطات التاكل، نسبة لا

الكاثود الى الانود، السرعة الدورانية للعينات ولعدة معادن ومعرفة كيفية تصرف مساحة 

 وفي حالتها المنفردة مرة  مرةمعدلات التاكل للمعادن المختارة والمربوطة بشكل ثنائي

 وبضروف مختلفة مستندا لمبدأ الفقدان بالوزن كمؤشر لمعرفة مدى تقليل عملية اخرى،

حيث تم بناء منظومة للتاكل الغلفاني والاستقطاب لغرض قياس التيار والجهد . التاكل

  .للمعادن ولضروف معينة

: لقد تم دراسة اربعة عوامل رئيسة مؤثرة على مبدأ التاكل الغلفاني وهي           

).نحاس، كاربون فولاذي، خارصين( المعدن  نوع-١  

 حيث تم دراسة اربعة نسب) نسبة مساحة الكاثود الى الانود( نسب المساحات -٢

)٢،١،٠,٥،٠,٢٥.(  

)دقيقة/دورة١٥٠٠،١٠٠٠، ٥٠٠، ٠( اربع سرع دورانية للعينات-٣  

0.1 وPhenylthiourea (PHTU)     (0.15 (0.05,0.001,0,              خمسة تراكيز لمثبط فينولثايايوريا                                      -٤

 عياري حامض الهيدروكلوريك ٠,١لبيئة   ٠ م٤٠ بثبوت درجة الحرارة. ليتر/غرام 

حيث تم الاعتماد على مبدا الفقدان بالوزن والاستقطاب الثابت الجهد ، بوجود الاوكسجين

 .في كل التجارب السابقة

ر كذلك تياووالجهد  والتيار (GF) تم دراسة تصرف كل من المعامل الغلفاني

 في معظم الحالات وبالضروف السابقة، حيث لوحظ ان زيادة سرعة الدوران (Id)الذوبان 

تزيد من معدلات التاكل في تجارب فقدان الوزن وتجارب استقطاب الجهد الثابت لحالة 

ليتر تؤدي الى / غرام ٠,١٥والى  (PHTU) المعدن المنفرد بينما زيادة تركيز المثبط

 %.٩٩ذهلة قد تصل الى انخفاض التاكل وبصورة م

اجريت تجارب على مزدوج النحاس والكاربون الفولاذي وتم قياس فرق جهديهما 

والتيار سويا وفي ان واحد ولوحظ ان جهد كل منهما يقترب من الاخر وتكون قيمتيهما 

  .محصوره ضمن قيمتي جهديهما لو كانا منفصلين

وية للصفر ولضروف معينة وتم معرفة قيمة التيار لو كانت مقاومة النظام مسا

  .حيث كانت صغيرة مقارنة بالنتائج المستحصلة



 
  

اوضحت النتائج بشكل عام ان جهد التاكل يزداد باتجاه السالب عند زيادة السرعة 

 بينما يقل باتجاه السالب عند زيادة  (AR)الكاثود الى الانودنسبة مساحة  و (U)الدورانيه

  (PHTU).تركيز المثبط  

 

  :كل الغلفاني استنتج بشكل كفوء خلال التجارب باستخدام المعادلة التاليةوجود التا
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⎢
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⎣

⎡
−= 1  

                         .∑ =  و  0gI ∑ ∑=cI aI ،   Ecoupling  ولكل حالة عند جهد 

 الربط  

تقنية تصحيح المنحنيات اللاخطية للمعادلات بطريقة قيمت النتائج المختبرية باستخدام         

 Statistical programجيفس و آاوس نيوتن باستخدام البرنامج الاحصائي -هوك

package) (السرعة  والتي تعطي التيارات وفرق الجهد لكل ثنائي معدنين متاثرة بمتغيرات

  : وكالاتي(C)ثبط التاكل  وتركيز م (AR)الكاثود الى الانودنسبة مساحة  و (U)الدورانيه

    

 : الفولاذي مع الخارصينثنائي الكاربون •
 

 
E. = -862.914+383.6o6(C) -38.737(U)-0.058(AR). 

Ig =10.726-71.41(C) +0.006(U) +2.032(AR)-9.208
76.5740

⎥⎦
⎤

⎢⎣
⎡

++ ARCU
U  

 
 

 :الكاربون الفولاذي ثنائي النحاس مع  •
 

 
E = -418.464+276.631 (C) -28.12 (U)-0.087 (AR). 
Ig = 4.373 –32.092(C) + 0.005(U) + 0.553(AR)-7.517

289.2026

⎥⎦
⎤

⎢⎣
⎡

++ ARCU
U  

  
  
 



 
  

 :الخارصينثنائي النحاس مع  •
 
E = -831.346 + 376.643(C) – 30.549(U)- 0.055(AR). 

  Ig = 9.049 – 65.121(C) + 0.006(U) +0.633(AR)– 3.457
814.3159

⎥⎦
⎤

⎢⎣
⎡

++ ARCU
U  

 

خلال تجارب فقدان الوزن والاستقطاب للمعادن المنفردة وجد ان ترتيب           

 عياري حامض الهيدروكلوريك بوجود ٠,١المعادن حسب مقاومتها للتاكل في وسط 

  :الاوكسجين موضحة كالاتي

  

Cu > C.S. > Zn 

    

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 



 
  

 
 
 

ن دم مْ بما قَالثناءُكر على ماألهم وَ الشُلهُعم وَنَأَ على ما  اللهمدُالحَ
 الصلاةُوَ.. ولاها أ ننٌتمام مِسداها وَألاء أسبوغ داها وَ  ابتَعمٍموم نِعِ
لطاهرين ألطيبين أ وَآلهِمد حَمُم بي القاسِأَنام الأ يدِ على سَالسلامُوَ
  .جمعينأ حبهِصَوَ
  

م آتور قاسِلدٌأشرف  المُستاذِلألى امتناني اِأكري وم شُدِقَ اُنْأ ودُأ
وال لقيمه طَأ اقتراحاتهُ وَهُتوصيات وَرشاداتهُلألك  وذَليمانمد سُحبار مُجَ

   . البحثِفترةِ
  

دريسي لتَا لهندسة الكيمياويةِأسم زيل الى آادر قِلجَأكر الشُتقدم بَأ
  .ناسبِكل المُطروحة بالشِلآ اظهار هذهِأي هم فَِسهامَداري لاِلأوا
  

رشدي قديرالى مُالتَلحب وأاآرام بفائق  وَل اجلالٍتقدم بكُأما آَ
  الى روحهِعاًرافِ)  االلهحمهُرَ(زيز لعَأ لديآولاول أل لفاضِألمي عَمُوَ
  .علمتواضِألعمل أذا  هِلطاهرهِأ

  
وال ني طѧَ  دَنَآ سѧ  نْتنѧان إلѧى مѧَ     مِلأا وَ كرِالѧشُ فѧائق    أتقѧدم بِ   لا أنسى أنْ       وَ  
 وجميѧع   أمѧي جѧود لوِأ فѧي  نْف إلѧى أحѧب مѧَ   طѧِ العَب وَلحُأكل حث بِ لبَأترة  فَ

  .قديركر والتَزيل الشُلهم جَ فَأفراد عائلتي
دتهم لي مساعَ لِملائي زُميعلى جَأاحترامي تقديري وَكري وَقدم شُأ

  .ملاخرى لانجاز هذا العَو بِأ طريقةٌبِ
  
  
  شاآر صالح بحر عيدان الكلابي

  
      ٢٠٠٧     نيسان                                                          

  
  



 
  

 تَحت  بواسطة الفنيلثايويوريا تَثْبيطُ ألتآكل ألغِلفْاني

  الهايدروكلوريك محلول حامضف ألجريانِ في وظَر
 
 

 رسالة

 وهي جزء من متطلبات النهرين في جامعة ةمقدمه إلى آلية الهندس

  نيل درجة دآتوراه فلسفة في الهندسة الكيمياوية

  
 
  

  من قبل
  يـبشاكر صالح بحرعيدان الكلا

  )٢٠٠٠ بكالوريوس(
  )٢٠٠٣ ماجستير(

  وذلك في
  
  
  

 

  هـ١٤٢٨                                                      ربيع الاول
                          م٢٠٠٧                                               نيسانوافق لما 

 


