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Pipeline system is used in almost every industrial activities: they transport materials and waste, 

including fluids such as water, liquid chemicals; or gases and steam, from and to different stages of an 

industrial cycle. For pipelines which are made of metal, one problem of consideration is corrosion. The 

corrosion inside pipelines may seriously affect quality of the substance they transport (for example: 

heavy metals in drinking water); or the construction of the system itself. This thesis discusses the 

corrosion phenomenon, especially in systems that transport water, as well as studies the practical data 

to get a better understanding of it. 

 

 

The complete thesis is supposed to present clear, detailed, and accurate knowledge about corrosion 

related issues in water transporting system. It is divided into two parts: theoretical and practical. In the 

theoretical part, the subject of corrosion principles is discussed, as well as the types of corrosions; how 

they affect the efficiency of different industries and what are the solutions for them. The information 

for this part will be taken from literature, books and other reliable references; most of which focuses on 

systems that transport water. In the practical part, several experiments were conducted. The results of 

mentioned experiments were analysed using mechanical/chemical methodology and calculations. By 

the evaluation of mentioned data, corrosion is understood better in a practical perspective. 
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1 INTRODUCTION 

 

Piping system may be one of the most common engineering structures, which presents in various aspects 

of daily life. It is not often that a boiler, or an extraction column is seen; but pipelines can be observed in 

many places: from private households, public locations such as schools or restaurant, to industrial 

warehouses and processing areas. Pipelines serve different purposes, like carrying drinking water to 

household and taking out waste water; transporting working fluids for heat exchangers; and providing 

necessary materials for industrial processes. Because they play such an important role, it is essential that 

when design a piping system, engineers should consider various factors, but most importantly, the costs 

of building and maintenance; along with the duration of pipelines. 

 

For pipelines made out of metallic materials, corrosion is a serious and continuous threat to their duration 

as well as maintenance costs. Corrosion occurs when the metal reacts with different environmental fac- 

tors, forming numerous substances from the original metal which leads to the worn out of material. The 

costs of refinery can be significant, and in some cases, it can result in other severe issues (for example, 

contaminants in drinking water if there is corrosion inside a pipe). Since every kind of pipeline has to 

interact somehow with the environment out and inside them, corrosion is inevitable. The situation is 

more serious in the industrial zone, because the concentration of reactive chemicals is higher. 

 

Although corrosion cannot be stopped, there are still many methods to minimise the negative impacts of 

this phenomenon. In this thesis, corrosion will be discussed in details - its principles, types and effects; 

mostly focusing on pipeline corrosion when liquid substances are present. The thesis will, moreover, 

include ideas of solving corrosion problems, especially solutions for industrial pipeline systems. For the 

practical work, corrosion rate method will be used. Corrosion rate (corrosion/time) is a unit used to 

measure the lost of metal due to corrosion in an amount of time. By testing the corrosion rate of different 

pipe metals in different liquid environments, the data can be analysed and evaluated to conclude why 

choosing the right materials for constructing pipelines is important to fight against corrosion. Some other 

data from books and reliable resources will also be analysed and compared to the experimental data, in 

order to interpret the issues in accurate perspectives. 
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2 THEORY 

 

This section focuses on theoretical background about corrosion and related issues. It involves issues such 

as corrosion’s mechanism, its definition, and types. The section also includes some case study in which 

corrosion occurred in reality and their impact. The solutions for corrosion and preventing methods are 

also mentioned. Since this section focuses mostly on theoretical study, practical data is also discussed, 

but not in great detail. Most of the theories will focus on corrosion in liquid environment.  

 

 
2.1 Definition & Principles 

 

Corrosion is the gradual damage to metal when it interacts with the environment around. Most types  of 

environment are corrosive: water, soil, liquid/gaseous chemicals, or just air. Those are common 

environments that metal structures are located, but in fact; almost anything that comes in contact with the 

metal like orange juice, alcohol, or even blood and body fluid (in case of medical implants) could be the 

environment of corrosion. This phenomenon is easy to observe in daily life, as it occurs frequently: 

yellow stains on the kitchen sink, brown rust on old cars, or copper jewellery which had been worn for a 

long time starts gaining green marks. Even the Statue of Liberty is the victim of corrosion. Almost every 

structure made of metal can be corroded (Fontana & Greene 1983). Picture 1 shows the Mannerheim 

statue located in Finland, and its dark-couloured patches due to corrosion. 

 
 

Picture 1: Mannerheim Statue, Finland (Annie 2013) 
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While corrosion seems to be quite a common issue, it is complicated and inevitable. The situation is 

more serious in industrial plants, where there are all kinds of liquid, gaseous, organic and inorganic 

chemicals, which react easily to metal and are potential corrodents. Moreover, all industrial plants should 

have a piping system build, either to transport materials and waste; or for other purposes like heating, 

cooling, or carrying steams. These pipelines are complex structure and if they are made of metal, 

corrosion will most likely occur. (Fontana & Greene 1983.) 

 
 

Picture 2: A corroded pipe (Dicoot 2017) 

 
Picture 2 shows a pipe which had been completely destroy by corrosion. The brownish metal oxides is 

the product of reactions between the pipe and its surroundings. As it can be seen from the picture, there 

is a large crack on the metal surface. If there is no prevention or refinery against corrosion, the metal 

will be gradually consumed in the reaction, which leads to loss of material and eventually the crack. It 

would be a serious problem if this pipe was transporting oil, or harmful chemicals, as it can cause an 

environmental disaster. (Bradford 1993.) 

 

Indeed, other materials (plastic, ceramic, or glass) can as well be damaged by the environment. The 

destruction of ceramic, glass and polymer materials, as they react to their surroundings, is also considered 

corrosion. However, the principle of these corrosion types are quite different from metals. In this thesis, 

only corrosion in metals will be discussed. All metal share the same basic corrosion mechanism which 

will be examined further in this section. (Fontana & Greene 1983.) Corrosion is the result of chemical 

reactions. Metal interacts with the environment, forming more chem- ical stable substances. These stables 

can be, for example, metal oxides, sulphides, or hydroxides. The corrosion of iron and steels are a specific 

type known as ferrous corrosion. (Bradford 1993; Schweitzer 2010.) 

 
Based on the environment that metal reacts with corrosion can occur in two ways: dry and wet corrosion. 

Dry corrosion (dry oxidation) takes place without the presence of moisture or water in the environment; 

while wet corrosion means the metal has some kinds of contact to aqueous substance(s). The affect of 

dry/wet environment can change the situation significantly. (Spruck 2018.) 
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  2.1.1 Dry corrosion (Dry oxidation) 

 

In most of dry corrosion cases, the metal interacts with oxygen in the atmospheric air. Except for silver 

and gold, which are not very reactive, all other metals can react with air forming metal oxides. For M  is 

”metal”, the reaction with oxygen can be written as: 

M + O − → MO 

M − → M2+ + 2 e 

O + 2 e− − → O2−
 

 

Or, to be more general: 

 
M − → Mn+ + n · e−

 

In the progress, the metal M loses some electrons and becomes an ion. This metal ion comes in contact 

with oxygen in the air, reacts and forms metal oxides. As a result of this reaction, a layer of metal oxide 

MO is formed on top of the metal (Spruck 2018). When the reaction occurs, there are three possible 

situations, which are shown in Figure 1: 

 
 

Figure 1: Three types of oxidation layers (UNSW Sydney 2013) 

 
The first scenario shows fresh, untouched metal exposed to the atmospheric air. Eventually, corrosion 

takes place and forms metal oxide, a yellowish layer. Now in the picture located at the top right corner, 

first possible outcome can be observed: The metal oxide layer is thinner than the metal layer. In this case, 

as corrosion products are often quite brittle, the metal oxide layer will most likely crack open, and the 

metal ion Mn+ will diffuse outwards, while oxygen ions flow inward and continue the corrosion progress. 

(Spruck 2018.) 

The second scenario is that, corrosion occurs rapidly, which results in higher volume of the metal oxide 

than the actual metal (picture at the bottom right corner). For this case, the metal oxide will wrinkle and 

spring away, consequently leading to more exposing of fresh metal. When the volume of metal oxide 

formed matches volume of metal VMO = VM , it could be a positive scenario (picture at bottom left corner). 

Since this metal oxide cannot react further with oxygen in the air, it will act as a ”coating” that protects 

the metal below from corrosion. (Spruck 2018.) 
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Sometimes, dry corrosion is accepted and encouraged. The reason is that it forms a protective layer, 

rather than leaving the fresh metal exposed to corrosion factors. This phenomenon is called passivation, 

and the corrosion rate could be reduced by it. However, the efficiency of this protective layer in fact 

depends on the type of material (UNSW Sydney 2013). For example, Figure 2 shows the differences 

between aluminium and magnesium metal: 

 

 

 

Figure 2: Passivating layers of different metals (UNSW Sydney 2013) 

 
Magnesium forms porous oxide layer(s) when reacts to atmospheric air, so oxygen can still go inside 

these pores and corrode the metal further. Aluminium, on the contrary, forms continuous layer which 

can effectively protect the material from corrosion. This is the reason why choosing the right material is 

really important when it comes to corrosion prevention. Some metals can be modified so that they are 

able to create this protective layer. For example, chromium and nickel in stainless steel helps forming 

passivation layer (UNSW Sydney 2013). 

Another aspect to consider about dry corrosion is that it is heat sensitive. Normally, dry corrosion occurs 

at ambient temperature. When high temperature is involved, the electrons within one metal can move 

faster, and the corrosion rate increases. In pipeline systems, dry corrosion often takes place on the outer 

layer of a pipe. Although it could lead to cracks, pits and eventually liquid leakage, dry corrosion does 

not affect the material transfer within a pipe. Pipelines which are located in high temperature areas have 

higher chances to suffer corrosion, and the consequences are also much more serious. (Chaturvedi 2015.) 

Besides dry oxidation, there are other two types of dry corrosion: liquid metal corrosion and anhydrous 

liquid corrosion. Since only corrosion of pipelines is focused, these two situations can be skipped, for 

that they rarely occur within a pipeline system, but rather in boilers, reactors and/or other parts of an 

industrial plant. (Chaturvedi 2015.) 

 

  2.1.2 Wet corrosion 

 

When corrosion takes place in wet environment, the situation gets much more complicated. In liquid 

transporting pipelines, there are always liquid inside a pipe, therefore wet corrosion is almost inevitable. 
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Wet corrosion can also occur outside a pipe when the environment is affected by moisture factors, for 

example, rain. It is, in fact, the most common type of corrosion (UNSW Sydney 2013). Both dry and 

wet corrosion are chemical reactions, but in the wet corrosion case, it is essentially elec- trochemical. 

As the name suggests, this progress involves the generation of a voltage and, some kind of electrical 

connections between an anode and a cathode. As a matter of fact, this is called a ”corrosion cell”. Figure 

3 describes a typical corrosion cell. (Lewis 2014.) 

 

 
 

 

Figure 3: A corrosion cell (Lewis 2014) 

 
A corrosion cell, or electrochemical cell, consists of four compulsory elements. Those are (1) The anode: 

This is our metal M, which is corroding. It gives out electrons to the environments and becomes metal 

ions; (2) The cathode: Discharged electrons from the anode moves to the cathode, at which they can 

react with other elements; (3) Electron flow/Electrical connection: For the reaction to take place, it is 

necessary for the anode and cathode to have some kind of connection. It can be direct physical contact, 

or a wire. Because electrons cannot go directly into the electrolyte, they will flow along this connection; 

and (4) Electrolyte: The liquid environment. (Lewis 2014.) If corrosion takes place, there must be the 

presence of all four elements mentioned above. If one element is not present, the electrochemical reaction 

will stop and so does corrosion. The anode and cathode, in many cases, are located on the same piece of 

metal. (Bradford 1993.) To give a clearer idea about this phenomenon, some examples below can be 

evaluated. By analysing how each element work in a corrosion cell, its mechanism could be understood 

better. Below this section is Figure 4, which shows the wet corrosion progress of steel. (Patel 2017.) 
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Figure 4: The corrosion of steel in water (Patel 2017) 

 
In the figure, the four elements of an electrochemical cell are presented: the anode (1) and cathode (2) 

both located on the metal steel surface; water acts as electrolyte (3); and since the anode and cathode are 

the same piece of steel, thet have a physical electrical connection (4). It should be noted that water 

conducts electricity, and that is why it can act as a conductor for electron flows. Because steel is an alloy 

of iron, it is possible to assume for this reaction, that the metal M is Fe. Now, it is necessary to think 

about what kind of reactions is happening in this corrosion cell. In the previous section, it had been 

discussed that the general reaction is written as (Deziel 2018): 

 
M − → Mn+ + n · e− 

So, with steel as the anode, the reaction is: 

Fe − → Fe2+ + 2 e–
 

This is called the anode reaction, in which the anode gives out electrons as it corrodes. These electrons, 

however, do not go out directly to the environment to react as in dry corrosion; but rather move along the 

piece of metal until it reaches the cathode, where the next reaction takes place. This happens because at 

low voltage, electrons cannot pass through the electrolyte. (Deziel 2018.) 

 

The reactions at the cathode are called cathode reactions. Since there is only one type of metal that cor- 

rodes, but different in corrosive environments, it is possible that there are more than one cathode reaction. 

In the steel verus water case, water is treated as a reactant. Water contains dissolved oxygen, so it can 

consume electrons from the anode to form hydroxide anion according to the reaction below. (Deziel 

2018): 

 
O2 + 2 H2O + 4 e–  − → 4 OH–

 

Eventually, the metal cations will meet the flow of hydroxide anions, and react with each other: 

 

Fe2+ + 2 OH– − → Fe(OH)2 + 2 H+
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Aside by the part that reacts with the discharged electrons from the cathode, water H2O itself has the ion 

H+(aq) and O2(aq). These elements can react with the metal Fe2+ which are formed in the anode reaction: 

 

4 Fe2+(aq) + 4 H+ + O2 − → 4 Fe3+(aq) + 2 H2O(l) 

 

The above reaction produces water and iron (III) ion Fe3+. This ion, consequently, goes on and reacts 

with the hydroxide anion OH– , forming iron (III) hydroxide: 

 

Fe3+(aq) + 3 OH– (aq) − → Fe(OH)3 

 

When being dehydrated, the compound turns into Fe2O3 · H2O, which is also known as rust (Deziel 

2018). 

Conclusively, it is safe to say that the material and products of wet corrosion progress are almost the 

same as dry corrosion, but its mechanism and stages are much more complicated. Especially with this 

example, in which there are only one metal (steel) and water as the corrosive environment. It also shows 

that even something simple as a pipe transporting water is at risk of corrosion, let alone other liquid 

chemicals such as acids or working fluids. In chemical plant particularly, the situation can get much 

more severe and complicated, since there is the presence of organic liquid, and their corrosion reactions 

with metal will not be as simple as steel and water. The addition of high temperature and pollutants in 

air could also make corrosion worse. (Fontana & Green 1983; Bradford 1993.) 

Another point is that, in the previous example, there is only one metal that act both as an anode and 

cathode. In liquid transporting pipe, the inside of the pipe is usually made by one united metal, therefore 

the example makes sense. But outside of the pipe system, due to design factors, there could be cases 

when there are two metals present. For that instance, it should be decided what metal will corrode to 

make suitable design. (Fontana & Green 1983; Bradford 1993.) This is quite an issue of interest, and it 

will be discussed more thoroughly in section 2.4 Prevention & Solutions. 

In conclusion, corrosion mechanism is the chemical reactions of metal material and its surrounding 

environment. Dry corrosion occur without moisture presence, and wet corrosion takes place in aqueous 

environment. Wet corrosion is electrochemical process, which happens inside an electrochemical cell. 

Both wet and dry corrosion involves ion exchange between the metal and environmental reactants. 

(Fontana & Green 1983; Bradford 1993.) 

 

 
2.2 Corrosion Types 

 

By its definition and mechanism, it can be seen that corrosion is a really complicated process. It can 
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develop in many directions for just one metal, depending on its surrounding environments. Hence, 

studying and evaluating different types of corrosion is also a complex task. There are various ways of 

classification that were discussed among engineers, and it is not easy to tell what is right and the most 

suitable. Thus, in this thesis, only the most common system of classification will be discussed, which is 

widely accepted and frequently used with slight modifications. (NACE International 2017.) 

In 1967, Fontana & Greene mentioned this classification system within their book ”Corrosion 

Engineering”. Based on the way corrosion attacks and deforms a metal, it can be classified into eight 

types. Each type of corrosion will be discussed thoroughly in this section. (Fontana & Greene 1983). 

 

 

  2.2.1 Uniform Attack 

 

According to Fontana and Greene (1983), uniform attack may be the most typical type of corrosion. It 

is also known as uniform corrosion. Uniform attack can occur in both wet and dry conditions. When this 

form takes place, it damages the exposed metal surface, as the name suggests, uniformly. Pipes or other 

metal structure suffers uniform attack can be observed with large brownish rust patches all over their 

surface. 

 
 

 

Picture 3: Uniform corrosion (Bardi, 2019) 

 
Picture 3 presents what uniform corrosion looks like. Rust spreads evenly on the metal surface, but as it 

can be observed from the picture, it only creates a thin layer with no greater damage. No pits, cracks or 

crevices as shown in Figure 2. In fact, this type of corrosion is quite favourable to engineers. Since 

material is attacked uniformly, by the loss of metal, a concept of corrosion rate can be determined. This 

rate tells us how much material (usually measured in thickness or weight) is lost to corrosion in a period 

of time. (Fontana & Greene 1983.) 

 

By obtaining this corrosion rate, engineers can decide how severe the situation will get, and propose 

reasonable solutions. The standards for corrosion rate, in fact, depends on many different factors. 
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Sometimes the same rate is unacceptable for one plant, but convenient enough for other with, for exam- 

ple; shorter economic lifespan. (Spruck 2018.) Corrosion rate will be discussed further in section 2.4 

Prevention & Solutions and 3 Practical Research. 

 

 
  2.2.2 Galvanic Corrosion 

 

Galvanic corrosion is also known as two-metal corrosion; or contact corrosion. Its name comes from the 

fact that galvanic corrosion involves two dissimilar metals, which have a physical or electrical contact 

to each other. This is an electrochemical process, so it also requires the presence of and electrolyte. In 

some cases, it is not necessary for the electrolyte to touch both metals, but only one of them. (Fontana 

& Green 1983.) 

 
 

Picture 4: Galvanic corrosion (Belmont, 2018) 

 
In engineering design, it is not rare to see different metals come in contact with each other. Picture 4 

shows a case of galvanic corrosion between a metal surface and the screws located on it. These two 

metals form a ”galvanic couple”, in which one acts as the anode and the other as the cathode. Refer to 

the corrosion/electrical cell which has been discussed before, when corrosion takes place, the anode is 

damaged while the cathode is not. It would be the same case with galvanic corrosion. The metal which 

is less resistant to corrosion becomes the anode and is damaged significantly; at higher rate compared to 

when it stands alone with no contact. Meanwhile the other one, with higher resistance, takes lesser 

corrosion damage. (Fontana & Greene 1983.) 

When design an engineering structure with two metals contacting each other,  it is necessary to think  of 

galvanic corrosion, and determine which of the two will become an anode. This means that it would be 

unfavourable for pipelines to corrode rapidly, while the screws keeping them together suffers very little 

or almost no corrosion. Hence, to know exactly what metal will be corroded, it is necessary to examine 

further into the characteristics of metals, and how they will behave in certain situation. In this case, the 

electrode potential of metal should be discussed. If a metal in galvanic corrosion becomes the cathode, it 

has higher reduction potential E0. In other words, the higher the E0 value, the more resistant to corrosion. 
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E0 value of metals can be looked up in database or books. (Fontana & Greene 1983.) For example, 

according to the database from Weast, 1988; if copper and silver are placed in contact with each other 

and submerged into an electrolyte, copper will be corroded first because it has lower E0 value and is more 

reactive. (Bradford 1993.) 

 

In reality, when building pipelines, elemental metals are rarely used, but their metallic alloys. It will be 

more suitable if a galvanic series of electrode potential is considered. This galvanic series is quite the 

same as the reduction potential series, but it lists common alloys that are used widely in commercial 

engineering. Table 1 below shows us a galvanic series of metals and alloys in seawater. (Fontana & Green 

1983.) 

 

Table 1: Galvanic series of some metals in sea water (Fontana & Greene 1983) 
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As it can be seen from the table above, platinum is the most noble metal and has highest corrosion resis- 

tance; while magnesium is the most likely to suffer corrosion. So when it comes to galvanic corrosion, 

the galvanic series could be considered to choose the material wisely. For example, if a system of steel 

pipelines is designed to run under seawater, it is probably not sufficient to have pipe holders/screws 

made of nickel. It is the same case for valve stems, or shafts of pumps on the pipeline: if they are made 

of, for instance, stainless steel, then it is not reasonable to have them packed with graphite. The 

environment surround galvanic couple also plays an important role, so it is essential to examine the 

potential series in the correct conditions. To conclude, galvanic corrosion is almost inevitable when 

design a structure which has two metal contact, but it can be reduced by studying metal behaviour & 

choosing the right metal. (Fontana & Green 1983.) 

 

 

  2.2.3 Crevice Corrosion 

 

Crevice corrosion, as the name suggests, attacks metal area inside gaps and crevices. These could be  the 

cramped spaces between mechanical parts of pipes, joints and junctions; or the area under bolts and 

rivets. They could also be narrow holes or cracks which tends to deposit small volume of working 

fluids/solutions. Eventually, these aqueous volume becomes the corrosive environment. Because of this, 

crevice corrosion is also called gasket or deposit corrosion (Fontana & Greene 1983). 

 
 

Picture 5: Crevice corrosion (Nanan 2018) 

 
Picture 5 shows the result of crevice corrosion under a bolt’s head. The mechanism of crevice corrosion 

is quite the same with the electrochemical case, but with the lack of oxygen in the later stage of corrosion. 

To understand more about this, take an example of a piece of metal M submerged under seawater. At 

first, the reactions occur quite similar to the steel and water example which has been discussed in Section 
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2.1. Metal M gives out electrons and oxygen is reduced as (Fontana & Green 1983): 

 
M − → M+ + e–

 

O2 + H2O + 4 e − → 4 OH–
 

At the first stage of crevice corrosion, electrochemical reactions take place normally. Metal M is cor- 

roded in uniform with the same mechanism as steel in water. However, since the crevice has very small 

space and therefore bad convention, the oxygen amount inside it starts decreasing. This is when crevice 

corrosion enters its second stage, oxygen depletion. (Fontana & Green 1983.) 

 

 
 

Figure 5: Crevice corrosion - second stage (Willey 2000) 

 
Figure 5 shows what happens in the second crevice corrosion stage. At this stage,  the oxygen  level 

inside the crevice had decreased significantly. This will lead to the reduction of anion OH– and 

eventually, the increasing of metal M+ cations. The excess number of cations cause charge imbalance  in 

the crack, and to balance it, negative ion Cl– inside seawater starts flowing in. The crevice metal now 

suffers severe corrosion, first because the rate of M+ ion generation had increased. Moreover, with the 

exception only to alkali metals, most metal salts hydrolyse in water. It is expressed by the equation below  

(Fontana & Green 1983): 
 

M+Cl– + H2O − → MOH + H+Cl–
 

Therefore, not only the Cl– ions react with M+, but it also interact further with water and form acidic so- 

lution. The pH level is thus, reduced even more, and the environment becomes really corrosive. Corrosion 

rate is consequently accelerated. (Fontana & Green 1983.) 
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  2.2.4 Pitting 

 

Pitting attacks exposed metal and forms pits (holes that go deep into the metal thickness). Contracted to 

uniform attack which occurs evenly all over the metal surface, pitting only forms holes in some areas. 

Holes resulted from pitting have various diameter measurements, which usually equal to their depth. 

Sometimes pits can be quite large, but in most of the case, they are relatively small. These small pits 

may form close together creating bigger pits and increase the damage. (Fontana & Green 1983). 

 

Picture 6: Pitting corrosion (Willey 2018) 

 
Picture 6 presents a real life example of pitting. It can be seen that some pits are right next to each other, 

forming a bigger one; and some just locate randomly on the metal piece. Pitting may be one of the most 

annoying form of corrosion, since it attacks randomly, rapidly; and takes time to show itself. The pits 

formed tend to develop in the direction of gravity. That being said, most pits will pull downward. Some 

pits can develop horizontally, and seldom in the upward direction (Fontana & Greene 1983). They also 

vary in shapes, and some of the commons are shown in Figure 6. Pitting is the result of a process called 

auto-catalytic process. This progress involves a reaction in which its products are used further by one of 

the reactants. In the pitting case, it accelerates the corrosion rate at the pit’s bottom by excessive 

generation of ion M+. (Fontana & Green 1983.) 
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Figure 6: Pitting patterns (BYJU, 2019) 

 

 

 
 
  2.2.5 Inter-granular Corrosion 

 

It is necessary to think about grain boundary when discussing this type of corrosion. A grain boundary, 

within a material, is the boundary between two crystallites of the material. For example, Figure 7 below 

shows the microscopic structure of low carbon steel (Fontana & Green 1983). It is possible to imagine 

that carbon steel is made of these black ”grains”, and the interface at which the grains touch each other 

is called grain boundaries. Now, in normal cases, the grain boundaries will have the same corrosion rate 

as the metal itself.  But in some cases,  these boundaries become more reactive than the grains itself. As 

a result, the boundaries are corroded rapidly. This could lead to the breaking between material grains and 

eventually cause them to fall apart. The phenomenon is called inter-granular corrosion. (Fontana & Green 

1983.) 
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Figure 7: Structure of low carbon steel (Chegg, 2018) 

 

There are several reasons behind this corrosion type. It could be that there are some impurities reside on 

the grain boundary. Additionally, the changes in amount of alloying elements within the metal could also 

cause inter-granular corrosion. For example, in stainless steel, if the amount of chromium starts to 

decrease, it could lead to corrosion in the grain boundaries. The presence of iron element in aluminium 

interface’s region had shown the same effect. (Fontana & Greene 1983.) 

 

 
  2.2.6 Selective Leaching 

 

Selective leaching or selective corrosion is corrosion which occurs within a metal alloy. In the progress, 

corrosion ”selects” and attacks one component of the alloy. For example, brass is composed of copper 

and zinc. Zinc has higher electrode potential (as discussed in 2.2.2 Galvanic Corrosion) and will suffer 

greater damaged by selective leaching. This phenomenon is referred as ”dezincification”. (Kopeliovich 

2012). Because of its characteristics, selective leaching is also called ”de-alloying”. Some other alloys 

that  are easily attacked by selective leaching include grey cast iron, aluminium alloys (de-

aluminification), copper-nickels or several alloys that contain bronze. (Green & Maloney 1997.) 

  

 

  2.2.7 Erosion Corrosion 

 

Erosion corrosion is the increasing of corrosion rate due to contact between the metal and a moving 

fluid. In pipelines, this type of corrosion is very likely to occur. In contrast to other types of corrosion 

like galvanic or selective leaching, in this case, the corrosion rate is accelerated by mechanical cause 

rather than chemical. Figure 8 presents some possible results of erosion corrosion. (Fontana & Green 

1983.) 
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Figure 8: Erosion Corrosion Types (Corrosion Testing Lab 2010) 

 
The flowing fluid cleans out protective layer(s) of corroding metal, leads to more exposing to the corrosive 

environment. Moreover, flow with high velocity and fluctuations (turbulent flows) can also cause pitting. 

Depending on the turbulent intensity, different shapes and sizes of pits will form on the corroding metal’s 

surface, making the problem even more serious. (Fontana & Green 1983.) 

 

 
  2.2.8 Stress Corrosion 

 

Stress corrosion is also called stress corrosion cracking (SCC), because it often results in cracks on the 

metal surface (see Picture 7). As the name suggests, SCC originates from the stress of material, or to be 

more exact, tensile stress. Different materials have different tensile strength, which means the ability to 

withstand the force that pulls them apart before they break. When metal pipes are placed in a corrosive 

environment and at the same time endured some types of tension (e.g underground), SCC can occur. 

(Degarmo, Black & Kohser 2003.) 

 

 

Picture 7: Stress Corrosion (Zvirko, Olha & Savula 2016) 

 
Sometimes, the cracks caused by SCC are hardly noticeable, even microscopic. Therefore, SCC can be 
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a very dangerous and disastrous type of corrosion, since the early structure damage can only be detected 

under a microscope. As SCC gets more serious and leads to cracking, it can result in chemical leakage, 

pressure disturbance and possibly the destruction of a whole system. The Flixborough explosion case 

(1974) could be an example, when stress corrosion may have caused a crack in one reactor, starting a 

horrific reaction chain concluded in the disaster. There are some different types of SCC, namely chloride 

SCC or caustic SCC, depending on the chemical or mechanical factors that contribute to stress corrosion. 

(Roberge 2008.) 

  

 
2.3 Corrosion in Piping System 

 

Piping system (pipelines) is a transporting system consists of pipes, valves, pumps and other components. 

Pipelines are very essential to industrial plants, since they are used to transport materials and waste, 

keeping the system running smoothly. Sometimes, it only takes a small crack or leak in one pipe, resulted 

from corrosion, to create a disaster. Liquid transporting pipelines tend to suffer more, since they are 

subjected to wet corrosion, and erosion corrosion with flowing liquid. Pipes that are buried underground 

may endure tensile stress which lead to stress corrosion. (Roberge 1993.) 

 

There are several case studies which can show the destructive nature of corrosion. For instance, Picture 8 

was taken at the Mihama nuclear power plant, Japan after the incident in August, 2004. This pipe was 

transporting superheated steam (at 300oC) and was blown open by the steam from inside. This is a result 

of, according to NISA (Japanese Nuclear and Industrial Safety Agency), corrosion and poor piping 

management. The pipe suffered from erosion corrosion, but it was not inspected and replaced in time. 

Wall thickness at the accident point had been reduced from 10mm to 1,5mm, therefore it could not endure 

internal pressure and led to the disaster. This accident resulted in severe steam leakage and five deaths. 

(Roberge 2007.) Another famous case is the Flixborough explosion, which was mentioned in stress 

corrosion section, although it was more about corroded reactor rather than pipelines. Since corrosion in 

piping system can cause serious failure to an industrial plant, it has to be monitored and controlled 

carefully. (Fotana & Green 1983.) Possible techniques to fight and protect the system from corrosion 

will be presented extensively in section  2.4 . 
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Picture 8: Transport pipe destroyed as a result of corrosion (Roberge 2007) 

 

 
2.4 Corrosion Prevention & Solutions 

 

In this section, methods to prevent and minimise corrosion will be discussed. Pipes can be made from 

cement, ceramic or plastic, but the most common are metallic pipes. For the thesis, only cases of metal 

corrosion are considered and therefore, it is necessary to focus on optimised solutions for metal pipes. 

The prevention methods ranging from the initial stage of buidling a pipeline system, including selection 

of piping material, or design system, towards the later stage when the system had already been built, 

such as altering the corroding environment or adding cathodic/anodic protection. (Fotana & Green 1983.) 

Advantages and disadvantages of each method is also discussed in this section.  

 

 
  2.4.1 Selection of Material 

 

Before thinking of how to deal with corrosion, it is more beneficial to prevent them from happening in the 

first place. One of the most guaranteed methods is choosing the right material. It is necessary to consider 

the pipes’ usage, the corrosive environments that they will be put in and will be put in them. This method 

requires careful planning and good material knowledge. (Fotana & Green 1983.) 

 

When choosing material for pipelines, beside the metal’s corrosion resistance, there are other factors that 

should be considered. Such factors could be the price of material, their availability, or the lifespan of the 

piping system. For example, titanium is very resistant to corrosion, but it is expensive and in some cases 

not necessary. It may be more beneficial to use stainless steel with protective coating. (Fontana & Greene 

1983.) One method which could be used is the iso-corrosion matrix. 
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Figure 9: The iso-corrosion matrix (Roberge 2000) 

 
Figure 9 shows the basic component of a simple iso-corrosion matrix. The matrix includes two axis 

which present concentration of the corrosive environment, and the temperature. There are different 

symbols that describe various corrosion rates that might occur. Figure 10 below presents an example use 

of this matrix. (Roberge 2000.)  
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Figure 10: Corrosion diagram for S30400 and S31600 steel (Roberge 2000) 

 
In a same corrosive environment, different materials result in different corrosion rates. The rate as well 

depends on the concentration and temperature of the environment, but choosing the right material is also 

important. Besides the iso-corrosion matrix, there are other corrosion rating systems for different metal 

that could be used to decide the suitable material. For instance, according to The Copper Development 

Association’s database, copper (C11000) is very corrosion-resistant to calcium hydrochloride; but using 

tin brass (C42000) is not acceptable. (Roberge 2000.) 

 

Mechanical properties of each material should also be considered. In some cases, if building structures 

that are prone to tensile stress, ordinary steel may be more resistant to stress corrosion and pitting than 

stainless steel. There is no material that can resist all types of corrosion, so choosing the right material 

for certain environments is vital in corrosion fighting. (Fontana & Greene 1983.)
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  2.4.2 Environment Modification 

 

If the piping system has already been built, then material selection is not an option any more. Instead, it 

is possible to change environment they are located in. Factors like temperature, concentration of 

corrodents, or flow velocity greatly affects the corrosion rate. Therefore, altering them should help 

fighting corrosion. Generally, the decrease of temperature, corrosive substance’s concentration, or 

velocity will help slow down corrosion. Nonetheless, there are cases where changing temperature makes 

little or no effect on corrosion rate. Vacuum treatment of feed source can also be applied to remove 

oxygen containing in the input environment, hence preventing oxidation and corrosion. In working 

plants, these changes should be made only after careful inspections. (Fontana & Greene 1983.) 

 

Corrosive environments can also be modified using corrosion inhibitors. Inhibitors are chemical 

compounds which can be sprayed or added in/onto the corrosive environments, whether they are gaseous 

or liquid, to decrease the corrosion rate. When they come in contact with metals or metal alloys, 

inhibitors form a protective layer on the material surface, protect them from further corrosion. Suitable 

inhibitors are chosen based on the characteristics of the material. For instance, benzotriazole (C6H5N3) 

protects copper from corrosion and stains. (Finsgar & Milosev 2010.) Drying and moisture barrier 

substances can be as well used to reduce wet corrosion. 

 

 
  2.4.3 Cathodic and Anodic Protection 

 

Cathodic and anodic protection means the interferences that turn all metal surface either into a cathode or 

anode. As it was discussed in 2.1.2 Corrosion Principles, in an electrochemical corrosion cell, the 

cathode receives positive current so it is protected from corrosion. Meanwhile, anodic protection helps 

form a passivated layer covering the metal surface, therefore slowing down corrosion. (Fontana & Greene 

1983.) As a matter of fact, only metals which can form continuous passivated layer should be subjected 

to anodic protection (e.g see Figure 2). 

 
 

Figure 11: Sacrificial protection (Generalic 2020) 

 

Figure 11 shows a common method of cathodic protection called ”sacrificial protection”. In this case, it is 
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the iron pipe that needs to be protected, hence it has to be turned into a cathode. The iron pipe is therefore 

connected to a piece of magnesium, which acts as an anode and is corroded, shielding the iron pipe from 

corrosion. However, in extremely corrosive environment (e.g hot acid), the cost of cathodic protection 

and the contaminating risk is high. In those cases, anodic protection is preferred, as only one piece of 

cathode metal (usually noble) is necessary to control large anode area. (Bradford 1993.) 

  

 
 2.4.4 Coatings 

 

Instead of waiting for passivated layer to form, corrosion can be prevented by initial coating. The mech- 

anism of coating is rather simple: cover the metal surface with a protective layer. It is not different from 

painting houses, ”coating” the walls with paint to prevents moisture and dirt. Common coatings are paint, 

plastic, or other metals like zinc and aluminium. There could be more than one layer of coating to 

optimise protection. (EONCoat 2020.) 

 

 

 

 

 

Figure 12: Two layer coating (LoD Offroad 2003) 

 
Figure 12 presents a method of two-layer coating, which is used to shield cars from corrosion. The prime 

coating is zinc, which helps prevent corrosion, and a finished coating to protect the zinc layer. (LoD 

Offroad 2003.) Coating is an effective method, but it takes a lot of time and money to maintain. Usually, 

it is necessary to inspect and re-apply the coating after an amount of time. (EONCoat 2020.) 
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  2.4.5 Design 

 

When constructing a piping system, besides material selection, designing good structures is also 

important in fighting corrosion. The placement of each component in the system,  shapes and sizes   of 

tanks, slopes and wall thickness of pipelines can all contribute to or prevent corrosion. Figure 13 

describes the importance of design in fighting corrosion. (Bradford 1993.) 

 

 
 

Figure 13: Affect of pipe design on corrosion (Osamah 2020) 

 
In the left-sided pipe, the flow goes straight against the metal surface, attacks it with a force propor- 

tional to the flow’s velocity and could result in erosion corrosion. Moreover, the levelled structure makes 

it difficult to empty the pipe totally, and would lead to resided substances inside the pipe. All of those 

problems can be resolved with a better design - as shown in the right-sided pipe (Osamah 2020). In 

general, it is best to avoid structures that could hold dirt, water, upward crevices or tanks that cannot be 

completely emptied (see Figure 14). Those design may collect unwanted contaminants and worsen the 

corrosion progress. (Bradford 1993.) 

 
 

Figure 14: Examples of poor (a-d) and good (e) tank design (Bradford 1993) 
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3 PRACTICAL EXPERIMENT 

 

In this section, several practical experiments were conducted. All the data collected from this experiment 

is recorded, calculated and subjected to discussion. The purpose of this practical work was to connect 

the theoretical part above to some possible situations related to corrosion in real life, and compare them 

to theory to see if they work accordingly. Research and experimental methodology which the 

experiments based on were also discussed in this part. The reliability and validity of the research were 

also mentioned. 

 
3.1 Research Method 

To retrieve data for a thesis, or a research in general, one could use either qualitative or quantitative 

method, each method works with a different type of data. Data collected by qualitative method is called 

qualitative data. These data are non-numerical and non-calculable. In other words, qualitative data could 

not be obtained by measuring parameters or using measuring tools; e.g languages, experiences, emotions 

and attitude. In qualitative research, data can be collected through surveys, forms, interviews, 

ethnography or studying previous data cases (case study). The result of qualitative data gives further 

understanding for social issues and examination. (McLeod 2019.).  

 

Quantitative method, on the other hand, works with numerical data that can be recorded, measured and 

calculated, mostly through an experiment. Quantitative data can be used to support scientific study, and 

presented under the form of graphs, tables, and so on. Quantitative data can show a pattern and either 

prove or disprove a statement regarding the research’s topic. By analysing quantitative data, a natural 

phenomenon or a scientific issue could be explained and understood on a deeper level. (McLeod 2019.) 

 

In this thesis, the quantitative research method was used for the practical work. Data were collected  by 

conducting the experiment, and measuring numerical data from them (e.g mass, volume). The result of 

the experiment data can help achievie a deeper understanding of corrosion rate and the importance of 

material selection in preventing corrosion. 

 
3.2 Experimental Method 

As it has been discussed above, one of the most common methods to prevent corrosion is the selection 

of materials. Different metals in a same environment will have different corrosion rate, and it is the 

author’s responsibility to decide what metal is the most suitable for the experimented environment. This 

experiment is based on that theory, testing the importance of material selection in preventing pipeline 

corrosion. To conduct this experiment, it is neccesary to understand the concept of ”corrosion rate”.  

Corrosion  rate describes the amount of material loss due to corrosion in a period of time. Usually, 

in processengineering, corrosion rate unit is mm · y−1. If this rate is written as rc, it can be calculated by 

the equation below (Fontana & Greene 1983): 
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rc = 
𝑚𝑚

𝑦
 = 

𝑤𝑎−𝑤𝑖

𝜌 · 𝐴 · 𝑇
 

(1) 

  

In which wi is the initial weight of the metal (mg), wa is the weight after T  hours (corrosion time), A is 

the exposing area (cm2) and ρ is the density of the metal (g/cm3). Another unit for corrosion rate is mpy 

(mils penetration per year). This is mostly used in the USA and equals to 0,0254 mm· y−1 

(Fontana & Greene 1983). 

 
In this experiment, piping metal samples were labelled as S. These samples are used to make industrial 

pipe, so they are quite resistant to corrosion. The samples were put into different corrosive environment 

(all acidic) and left there for a certain amount of time. The initial weight, area and density of each sample 

were measured and calculated before placing them into the corrosive environment. After corrosion took 

place, the samples were measured again to determine the corrosion rate. They were also placed in contact 

to test galvanic corrosion. 

 
3.3 Reliability and Validity 

This thesis’s experiments involve numerical data, which is measurable, so it is necessary to discuss the 

reliability and validity of the measurement techniques. The reliability regards the accuracy of the 

measurement, and whether the data measured is trustworthy for the research topic. The table below 

shows some criteria for this thesis’ reliability and self-assessment score. 
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Table 2: List of criteria for research method 

 

 

For the criteria listed above, it is safe to assume that the reliability of the measurement techniques is 

acceptable. The purpose of the research was to find out the corrosion rate of each sample in different 

environments. Hence, to ensure the validity of this research method, it is important that the mass before 

and after the corrosion time were measured correctly. To  maintain the accuracy of mass measuring,  an 

electric laboratory scale was used and calibrated regularly. The data recorded was taken into four sig-

figs. The samples after corrosion were also washed and air-dried for several days before measuring to 

optimise validity. 

 
3.4 Experimental Setup 

This experiment consisted of two separate parts: normal corrosion and contact corrosion. For each part, 

same set of experimental subjects were used: three corrosive environment and three types of metal 

samples. The materials were labelled as M01, M02 and M03 for classification. Information about each 

sample, like compositions, name and quality was included in section Appendices. 
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Table 3: Chemicals and equipment required for the experiment 

          Materials               Quantity 
 

Sulfuric acid H2SO4 1M 150ml 

Hydrochloric acid HCl 1M 150ml 

Nitric acid HNO3 1M  150ml 

M01 18 pieces 

M02 18 pieces 

M03 18 pieces 

Glass pipette 1 

Suction ball 1 

Beaker - 

Plastic pipet - 

 
Table 3 shows the equipment and chemicals used to conduct the experiment. The quantity of basic tools 

like beakers and plastic pipets is not necessary, so they were not listed in the table. In the normal 

corrosion case, the results of each experiment will be recorded according Table 4  below. For the contact 

corrosion experiment, the results will be recorded in the same manner. However, instead of ”S1” or ”S2”, 

it will be replaced with ”S1S2”, meaning a couple of metal placed in contact with each other. The purpose 

of that was to test the galvanic effect. 

 

Table 4: Example resentation of results 
 

 S1 S2 S3 

Parameter 1 

Parameter 2 

Parameter 3 

result 

result 

result 

result 

result 

result 

result 

result 

result 

 
 
3.5 Experimental Procedure 

The sample pieces were obtained and put in separate small beakers. Since all samples vary in shapes and 

sizes, the beakers holding them were labelled carefully. In the normal corrosion case, there were 9 

beakers required in total. Each beaker contained 1 sample, and they were divided in three groups. Each 

group consisted of three beakers holding sample M01, M02 and M03. 

 

For the contact corrosion test, there were also 9 beakers needed, each contained 2 samples. The samples 

were placed so that one beaker held 2 different samples. After that, all beaker are labelled with the 

corrosive environment, and the number of the samples which were put inside. For example, sample 1 in 

nitric acid was labelled HNO3 - S1 as shown in Picture 9. 
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Picture 9: Sample labelling. Image taken at the laboratory. 

 
When finished with labelling, the samples were taken to measurements. First of all, they are weighed 

with an electronic laboratory scale to determine the mass of each sample (up to 4 sig-figs). Consequently, 

the height and diameter of each sample were measured. As it can be observed from Picture 9, the samples 

used for experiment were in cylinder shape. Therefore, their theoretical volume and then their density 

can be calculated. However, the practical volume of each sample was also measured, by dropping them 

in a graduated cylinder filled with water, then record the displacement of water. All of these 

measurements are recorded and presented in section 4 Results. 

Sulfuric, hydrochloric and nitric acid (all 1M) were obtained from the laboratory. They were poured into 

three beaker, approximately 150ml for each acid. A 20ml glass pipette was used to transfer the acid, 

together with a suction ball. 

The sample containing beakers were placed firmly on flat surface. Using a glass pipette, 20ml of each 

acid was taken, and then put into each beakers with samples inside. After all the beakers had been filled 

with acid, they were covered with paraffin film and placed in a cool area with STP conditions. The 

corrosion progress started at 5pm on 14/01/2020 and finished at 12pm on 05/03/2020, lasting 1229 hours 

in total. 

After that period of time, all the samples were taken out of their acid-filled beaker, then rinsed and brushed. 

They were follow-up weighed again to find out the mass loss during corrosion. It was necessary to treat 

the acidic sludge left in each beakers before disposing them. First of all, 10% NaOH solution was 

obtained and poured into a beaker. Using disposable plastic pipets, the basic solution was transferred 

into small beakers containing corrosive environment. They were then tested with pH paper until 

neutralised. The sludge inside those beakers was then put into vacuum filter to eliminate all the rusty 

solids. After that, the clean liquid could be poured down the drain. All the necessary data were recorded 

for calculations and discussion. 
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5 RESULTS & CALCULATIONS 

In this section, results of the experiment are presented, as well as some calculations based on those 

results. Since the calculation progress is quite simple, for each value, there will be only one example 

equation. The other calculations were done by Excel and not included in the report. 

 
 5.1 Normal Corrosion 

   

As it had been discussed above, this section involves results and calculations regrading the case of 

normal corrosion. Normal corrosion takes place when the samples are placed separately, each of them 

in one experimental beaker. There are no other samples or substances present with them in the 

corroding environment. The behaviours of samples in each environment (HNO3, HCl and H2SO4 acid) 

are recorded and compared.  

 

 

   5.1.1 Normal Corrosion in HNO3 

 

The corrosion behaviour of each sample in HNO3 acid is presented in Table 5. The measured results 

are wi (initial weight), wa (weight after corrosion), d and h are diameter and height, and Vmeas refers 

to the measured volume by water displacement. After that the average volume Vav can be calculated.  

The density 𝜌 is calculated using theoretical equation.  

 

Table 5: Results of normal corrosion in HNO3 

Samples & Parameters 1 2 3 

wi (g) 6,9141 7,0265 28,7667 

wa (g) 6,3263 7,0259 28,7637 

d (mm) 11,95 11,95 30 

h (mm) 7,8 7,75 5,2 

Vcal (cm3) 0,87 0,87 3,68 

Vmeas (cm3) 0,95 1 2,9 

Vav (cm3) 0,91 0,93 3,29 

ρ (g/cm3) 7,578 7,518 8,749 

 

To start with the calculation, the theoretical volume of each sample was calculated. This volume is 

measured by the height and diameter of the sample. The theoretical volume Vcal is calculated by the 

following equation: 
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                                                              V = 𝜋 .
𝑑2

4
 . ℎ                                                                    (2) 

 

For example, the volume of sample 1 is calculated: 

 

V = 𝜋 .
11,952

4
 . 7,80 = 874,82mm3 = 0,87cm3 

 

The differences between theory and practical measurements could be the results of various factors. 

For example, the metal samples may not be perfect cylinders; or the instability of water temperature 

which  can lead to density change. For more accuracy, the average of the measured and the theoret- 

ical volume will be taken, making Vav value which can be used to determine density. The density of 

one sample can be calculated by the following equation: 

  

                                                                         𝜌 =
𝑚

𝑉
                                                                       (3) 

 

Take sample 1 as an instance, its density is determined as follow: 

 

𝜌𝑠1 =
𝑚𝑠1

𝑉𝑠1
  =  

6,9141

0,91
 = 7,578 

𝑔

𝑐𝑚3
 

 

The same calculations were done to the other two samples. Now, the T value has already been recorded 

as 1229 hours. What is left to calculate is the area of each sample. Since the samples were fully 

submerged in the acid, surface area will be treated as contact area. The surface area of a cylinder is 

calculated as below:  

 

                                                               A = 2𝜋 .
𝑑

2
 . ℎ + 2𝜋 .

𝑑2

4
                                                          (4) 

 

An example calculation for sample 1 can be performed as below: 

 

As1 = 2𝜋 .
11,95

2
 . 7,80 + 2𝜋 .

11,952

4
 = 5,1714mm2 
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As the area has been calculated, then all the parameters for finding the corrosion rate is ready. The 

corrosion rate rc will then be determined using Equation 1. The calculation results is presented in Table 

6 below. As it can be seen in the table, sample 1 has the highest corrosion rate. In the HNO3 

environment, sample 1 was also the first sample to react. Sample 2 has the lowest corrosion rate, which 

makes it the most resistance to acid nitric environment.  

 

Table 6: Corrosion rate results for normal corrosion in HNO3 

Samples & Parameters 1 2 3 

A (mm2) 5,1714 5,1526 19,0381 

rc (mm · y−1) 0,01069 1,104 ·10−5 1,2837 ·10−5 

 

Picture 10 shows the sample in acid nitric solution. It was taken after adding the acid. It can be observed 

that sample 1 reacted almost immediately with the acid environment, forming a yellowish solution. 

Meanwhile, sample 2 and 3 showed little to no change. The reaction took place extremely quickly, as 

soon as the acid was added, sample 1 immediately showed signs of reaction. This could be a reasonable 

explaination for its significant weight loss compare to the other two samples.  

 

 

Picture 10: Sample 1 react with HNO3 

 
  5.1.2 Normal Corrosion in HCl 

The corrosion behaviour of each sample in HCl acid is presented in the table below. The difference 

between the intinial weight and the weight after experimenting could suggest some ideas about how 

each sample react to corrosion, based on the weight loss. However to reach a more accurate 
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conclusion, it is necessary to use the same calculation techniques which are presented above and 

determine the corrosion rate. 

 

Table 7: Results of normal corrosion in HCl 
 

Samples & Parameters 1 2 3 

wi (g) 8,9144 6,1803 30,6141 

wa (g) 8,4445 6,1192 30,4625 

d (mm) 11,9 11,95 29,95 

h (mm) 10 7,9 5,5 

Vcal (cm3) 1,1122 0,8860 3,8748 

Vmeas (cm3) 1 0,95 2,5 

Vav (cm3) 1,0561 0,9180 3,18739 

ρ (g/cm3) 8,44086 6,7322 9,6048 

 
Following the equations in the above section, the reaction area and corrosion rate for this case can be 

calculated. The results are listed in Table 8. If this result is compared to those in Table 6, it can be 

seen that the pattern is quite the same, with minor differences. Sample 1 has the highest corrosion 

rate, while 2 and 3 are slower. However, the corrosion rate of sample 1 had decreased, while 2 and 3 

have higher corrosion rate. This suggests that hydrochlodirc acid is a more corrosive environment.  

 

Table 8: Corrosion rate results for normal corrosion in HCl 
 

Samples & Parameters 1 2 3 

A (mm2) 5,9629 5,2090 19,2651 

rc (mm · y−1) 0,0066545 0,0012419 0,0005840 

 
 

  5.1.3 Normal Corrosion in H2SO4 

The corrosion behaviour of each sample in H2SO4 acid is presented in Table 9. The data are treated 

with the same calculating orders as previous samples in other acid environment. Though the 

measurements of samples are inevitably different, there are no abnormal behaviour recorded. The 

weight of each sample had decreased after the experiment, suggesting corrosion had occurred.  
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Table 9: Results of normal corrosion in H2SO4 
 

Samples & Parameters 1 2 3 

wi (g) 7,0214 6,9717 28,2429 

wa (g) 5,7326 6,9703 28,2335 

d (mm) 11,8 11,85 30 

h (mm) 7,95 7,75 5,1 

Vcal (cm3) 0,8694 0,85473 3,605 

Vmeas (cm3) 0,91 0,65 2,95 

Vav (cm3) 0,89 0,75 3,28 

ρ (g/cm3) 7,892 9,266 8,6172 

 
The corrosion rate is calculated same as the previous cases and shown in Table 10. In this case, sample 

1 still has the highest corrosion rate, and it is also the highest among the three environment. Sample 

2 and 3 have insignificant rate and those are much lower in comparison with sample 1. So in general, 

if all samples are placed separately in corrosive environment, their corrosion rate in relation to each 

other is pretty much the same. However, there are some differences in how each sample reacts to a 

certain environment. For the record, the contact corrosion case is now analysed to see if there are any 

changes. 

 

Table 10: Corrosion rate results for normal corrosion in H2SO4 
 

Samples & Parameters 1 2 3 

A (mm2) 5,1343 5,0909 18,9438 

rc (mm · y−1) 0,022671312 2,1153 ·10−5 4,10435 ·10−5 

 
5.2 Contact Corrosion 

In this part of the experiment, the samples were placed in contact with each other, hence the name 

”contact corrosion”. Th experiment is meant to see if this arrangement affects their corrosion rate, or 

has any major change on the way they react with the environment in general. For each environment, 

there are three contact couples: S1S2, S2S3 and S1S3. Each couple will be placed in a separated 

beaker and filled with the acid environment. The samples are arranged so that they have direct 

physical contact with each other to make the results more accurate.  

   
  5.2.1 Contact Corrosion in HNO3 

The contact corrosion behaviour of the samples in HNO3 acid is presented in Table 11. The data were 

recorded in the same method as in the normal case, however, instead of just one sample, two samples 

were studied in this case. Measurements were recorded separately for each sample in a couple, so that 

the way they behave as one sample and in contact with another sample can be analysed as well. Basic 

calculations with volume, density and other propeties were done using Equation 2, 3 and 4. It should 
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be noted that even thought they are labelled the same (for example “Sample 2”), each sample 2 in a 

couple has different measurements and therefore, they do not represent each other and are treated 

independently as an unique sample.  

 

 

 

 

 

Table 11: Contact corrosion results for samples in HNO3 
 

 
The calculations here are not different from what has been done in the normal corrosion case. Volumes 

can be determined by recorded height and width, and density ρ is found by dividing mass to volumes. 

Hence, the same steps are repeated, then the corrosion rates for each case could be easily calculated. 

The result is presented in Table 12 below. As it is presented in the table, sample 1 still has the highest 

corrosion rate, no matter if it reacts alone or within a couple.  

 

Table 12: Corrosion rate results for contact corrosion in HNO3 

 

 
   

  5.2.2 Contact Corrosion in HCl 

Table 13 shows the behaviour of samples in contact corrosion case, regarding HCl as a corrosive 
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environment. The data is presented in the same manual as sulfuric acid cases. The order of the 

calculations is also the same, and therefore it is not necessary to include it again. The sampling 

couples are the same as in the acid sulfuric case. 

Table 13: Contact corrosion results for samples in HCl 

 

 

 

 

 

 

 

Using Equation 2, 3, and 4, the necessary parameters can be calculated, such as density, volume and 

area. Consequently, the rates are determined by Equation 1. Table 14 shows the results for contact 

corrosion in hydrochloric acid. It can be observed that what happened here is quite the same as in 

normal corrosion, hydrochloric yields the highest corrosion rate for sample 2 and 3, while towards 

sample 1, the rate decreased. The reason for this phenomenon will be discussed in more detail in section 

5 Interpretation and Discussion. 

 
Table 14: Corrosion rate results for contact corrosion in HCl 

 

 
  5.2.3 Contact Corrosion in H2SO4 

Now, moving on to the last case of this experiment. The contact corrosion behaviour of the samples 

in H2SO4 acid is presented in Table 15. There are no unsual behaviour observed in the measuring 

data, they are quite stable and follow the same pattern as other contact corrosion cases. Therefore, 

they will be treated the same, using similar order of calculation and determination of values. 
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Table 15: Contact corrosion results for samples in H2SO4 
 

 
The calculation steps are just the same as with the previous cases. The corrosion rate results can be 

observed in Table 16. In this case, the outcome is rather similar to corrosion in nitric acid HNO3. 

Sample 1 still has the highest corrosion rate, as its behaviour is stable through all the experiments. 

However, corrosion rate of sample 1 in this case is higher in comparsion with hydrochloric acid. The 

corrosion rate of sample 2 and 3, on another hand, is lower. 

 

 

Table 16: Corrosion rate results for contact corrosion in H2SO4 
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6 INTERPRETATTION & DISCUSSION 

In this section, possible reasons behind all behaviour and results recorded from the experiment will be 

discussed. The certificate for each sample will be included in the Appendices section, and discussions 

will be based on them. So first of all, it is necessary to discuss the visual phenomenon after corrosion 

occured. Picture 11, 12 and 13 below show the phenomenon that happened after all the samples were 

left to corrode. As it can be seen in those pictures, all beakers with sample 1 had a brownish, rusty sludge 

inside, which is the result of corrosion. This phenomenon matches exactly with the numeral results: 

sample 1 always has the highest corrosion rate, and the first to react with all corrosive environment. 

 
 

Picture 11: The corrosion of samples in HNO3 
 

 

Another aspect to notice is that, in hydrochloric acid case, some sample had reacted and created bluish 

green substances (see Picture 13). In this case, copper (II) chloride can be the first suggested substance, 

which has similar colour and might be the cause of this phenomenon. Nonetheless, the sample certificate 

(see Appendices) shows that only sample 1 has copper in its compositions, while beakers containing 

sample 2 and 3 also resulted in the mentioned colour. Moreover, copper (II) sulfate should result in the 

same blue colour, but in the reaction with sulfuric acid, it can be seen that the water is still transparent 

(see Picture 12). 
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Picture 12: The corrosion of samples in H2SO4 

 

To examine the sources of this phenomenon, the sample certificates should be involved. From the 

certificates, it is learnt that both sample 2 and 3 contain chromium (Cr). Upon reacting with 

hydrochloride acid, chromium can form either chromium (II) or (III) chloride (CrCl2 or CrCl3). This 

could be a reasonable explanation, since apart from chromium, there are no possible elements that can 

react with the ion Cl- and form the substance with the blue/green colour, which is seen in Picture 13. 

 
 

 
 

Picture 13: The corrosion of samples in HCl 
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From Picture 14 below, the colour of the CrCl2 solution can be observed. It is quite the same as the 

colour resulted from the experiment, while the CrCl3 solution is more green. Therefore, it is reasonable 

to conclude that the colour of the solution is from chromium element reacts with ion chloride. Now, the 

corrosion rate is consequently analysed. To understand more about the characteristics of each samples, 

comparisons between normal corrosion and contact corrosion will be made. First, the data from nitric 

acid case in Table 6 and Table 12 should be considered. According to what the data present, when staying 

on their own, sample 1 has the fastest corrosion rate, while sample 2 and 3 corroded very slow and their 

mass were almost unchanged. However, upon looking at the contact corrosion rate table, some 

differences in each sample behaviour could be noticed. When placed in contact, for example, the S1S2 

case, sample 1 corroded even faster. Its corrosion rate almost doubled, from 0,0106 to 0,0203 mm · y−1. 

The corrosion rate of sample 2 also increased, but not as much as sample 1. This could be a result of 

larger contact area, which led to more exposure. In the S2S3 case, the corrosion rate of sample 2 decreased 

significantly, while the corrosion rate of sample 3 stayed almost the same. In the S1S3 case, there was 

very little change in comparison to normal corrosion, but it can be observed that sample 1 corroded a bit 

faster and sample 3 corroded slower. 

 

 

 
 

Picture 14: The colour of chromium (II) chloride solution (LHcheM 2012) 

 
Now, corrosion in other two acid environments can be discussed. Data about them can be observed in 

Table 8 and Table 14 for hydrocholotic acid; along with Table 10 and 16. The pattern is rather the same 

with hydrochloric acid: sample 1 is always damaged faster, no matter what sample it is paired with. 

Sample 2 corroded slower and sample 3 corroded faster when placed in contact with each other. 

Nevertheless, in the sulfuric acid environment, there was no differences between two cases. The 

corrosion rate increased for each sample, but was not faster or slower their relation to each other. 

So, to explain this phenomenon, it is necessary to take a look at their composition again (see Appendices). 

The reason why sample 1 always corrodes faster because, first of all, it contains less noble alloys. For 

example, aluminium Al has very low electrode potential E0 (-1,662V), which makes it more prone to 
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corrosion. In addition, sample 1 also has more carbon percentage, resulting in harder but more brittle 

steel. Sample 2 and 3 do not consist of aluminium, but instead; they have high percentage of chromium 

and molybdenum in their composition. These two had higher electrode potential (respectively -0,257V 

and -0.89V) and therefore they are more resistant to corrosion. (Harris 2007.) 

 

Nonetheless, it is not just about the electrode potential. Chromium plays an essential role in making 

stainless steel ”stainless”. When exposed to corrosive environment, it reacts with oxygen, forming a 

passivated protection layer. This oxide layer cannot be observed by human eyes, since it is nano-scopic 

thin. When attacked by corrosion or other factors, the chromium layer can also heal itself: chromium  in 

the steel keeps reacting until another layer is formed. Molybdenum, on the other hand, prevents the metal 

from pitting. (ISSF Staff 2020.) Since sample 2 and 3 have much larger percentage of these two elements, 

they are more resistant to corrosion than sample 1. 

 

The mechanism is quite the same in the contact corrosion case. From the data in Table 1, it can be seen 

that sample 1 contains less chromium, hence it is lower on the galvanic series. Consequently, when 

placed against the other two, it becomes an anode and corrodes faster. Sample 3 has higher percentage 

of chromium, but lower nickel and higher percentage of carbon, which makes it less resistant to corrosion. 

 
Table 17: Corrosion rate standards (Spruck 2008) 

 

 
In Table 17, basic standards for corrosion rate in steel can be observed. They can be compared to Table 

6, 8 and 10, which result in both sample 2 and 3 fall in the ”good” range, while sample 1 sometimes 

should be ”use with caution”. Sample 2 and 3 are resistant to all of the three acids when placed alone, 

they have low corrosion rate. However, in contact corrosion rate, sample 2 performs better and should be 

the main material. Hydrochloric acid results in high corrosion rate in all three samples when staying 

alone, but  it can be minimised if they are paired (sacrificial metal). On the contrary, sulfuric acid is more 

corrosive to the samples when they are placed in contact with each other, so they work better alone. 

Sample 1 should be used with caution, and avoiding galvanic contact unless it is the sacrificial metal. 
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7 CONCLUSION 

This thesis discusses metal corrosion, its mechanism and related prevention methods. Metal and metal 

alloys are common material for building pipelines system, which is an important transporting system in 

industrial plants. Corrosion of metal pipes can lead to serious issues, like cracking of pipes, chemical 

leakage, or in some cases even explosion. To control and prevent corrosion, it is necessary to understand 

its mechanism, in which ways it can happen and different types of corrosion. This thesis also mentioned 

some possible solutions and methods to fight corrosion, especially corrosion in the piping system. 

 

One technique to minimise corrosion is material selection. By choosing the suitable metal for the envi- 

ronment surrounding and inside the piping system, corrosion can be prevented. This method, however, 

requires good knowledge in material characteristics. In the practical part of this thesis, testing on piping 

metal sample had been done, to see if they behave according to theory and compare their corrosion rate 

to the common standards. The experiment was also meant to prove the importance of correct metal 

selection. 

 

From what has been discussed in chapter 5 Interpretation & Discussion, it is shown that all samples 

behave according to theory. Samples which are composed of less-resistance material corroded faster, in 

all corrosive environment; while samples which contained more resistant alloys resulted in less material 

loss. There were also changes in the corrosion rate of each sample in different environment, or when they 

are placed in contact. They also, in some cases, follow the galvanic behaviour, in which one metal 

becomes an anode and corroded faster. But in other cases, the samples did not show this pattern. Some 

samples can be used for one environment, but not the others. 

 

In general, it is reasonable to conclude that choosing the right material is very essential in fighting 

corrosion. Because the same material can resist corrosion very well in one environment, but not the other 

ones. They can also behave differently depending on the metal they are paired with. Understanding the 

material’s characteristics can help building a sufficient piping system, which can resist corrosion, save 

resources and ensure safety. Corrosion is still a complex issue, which promotes continuous study and 

research, especially in the piping system. To process engineers, careful, thorough planning and design 

are necessary to fight against this phenomenon. 
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