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Abstract 
Non-metallic inclusions (NMI) are small impurities that can always be found in steel and other 
materials. NMIs are of great importance because they may negatively impact various 
properties of the steel, depending on their composition, morphology and numbers. In the oil 
and gas industry, one of the most concerning property that can be affected by the NMIs is 
corrosion resistance. In this report, certain aspects of NMIs were investigated, such as size 
or composition and effect which they have on the corrosion resistance. To accomplish this, 
two different steel alloy samples from pipelines were analyzed using electrolytic extraction,  
a scanning electron microscope (SEM) and a software called ImageJ. The results showed 
that only Niobium-Titanium carbides (NbTi-C) which were found on one of the samples had 
the potential to be dangerous, due to them causing pits ranging from 1 to 12.5 times their 
inclusion size. It was also found out that the size of the inclusions did not affect the size of 
the pitting that they caused. 

Sammanfattning 
Icke metalliska inneslutningar (NMI) är små föroreningar som alltid finns i stål och andra 
material. NMI:er är mycket viktiga eftersom de kan negativt påverka olika egenskaper hos 
stål, beroende på deras komposition, morfologi och antal. I olje -och gasindustrin är en 
särskilt oroande egenskap som kan påverkas av NMI:er är korrosionsmotstånd. I denna 
rapport undersöktes hur olika aspekter hos NMI:er, som storlek eller komposition, påverkade 
korrosionsmotståndet i rostfritt stål. För att utföra detta analyserades två olika 
stållegeringsprovbitar från pipelines med elektrolytisk extraktion, ett svepelektronmikroskop 
(SEM) och ett program som kallas ImageJ. Från resultatet framkom det att bara  
Niob-Titankarbider (NbTi-C) som fanns på en av provbitarna hade potentialen att vara farlig, 
då den orsakar gropar som är 1 till 12.5 gånger större än sin egen storlek. Det framkom 
också att storleken på inneslutningarna inte påverkade storleken på deras gropar.  
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1. Introduction 
The oil and gas industry are a large and important industry for many countries. Each year 
roughly 3.5 billion tonnes of oil is produced worldwide [1]. The crude oil is transported to 
either refineries or it is directly exported to other countries. There are several ways to 
transport oil and gas such as by fuel trucks, shipping tankers (boats) or through pipelines. 
Pipelines are very commonly used as they are effective and cheap to produce compared to 
other methods of transportation. Pipelines are typically made of high-quality carbon steel or 
stainless steel that can be alloyed to suit necessary needs. One problem when using 
pipelines (and other transportation methods) is the occurrence of corrosion. Corrosion can 
cause the pipelines to leak, which has large consequences on the surrounding environment. 
One main type of corrosion which occurs in pipelines is pitting corrosion, which is often 
caused by non-metallic inclusions (NMI). Non-metallic inclusions are small impurities that 
that are composed of metallic and non-metallic elements. Their composition differs from that 
of the main metal matrix and they are always present to some degree in metal materials. 
Studying and further understanding of the effect NMIs on corrosion in different materials is 
therefore very important to be able to minimize their effect on corrosion [2], [3]. 

1.1 Purpose 
The objective of this report is to investigate the applications of electrolytic extraction for the 
evaluation of the morphology of NMIs. The possibility of using the electrolytic extraction 
method for the evaluation of corrosion around NMIs will also be investigated. Furthermore, 
the effect which NMIs have on the corrosion resistance in different alloyed pipelines will be 
investigated. 

1.2 Research Questions 
• Can electrolytic extraction be used for the evaluation of the effect NMIs have on 

corrosion? 
• How do different types of inclusions affect the pitting corrosion in the samples? 
• How does the size and morphology affect the pitting rate of the inclusions? 
• Which sample had the highest overall pitting? 

1.3 Hypothesis 
Our hypotheses are the following: 

• Electrolytic extraction is applicable for the evaluation of the effect of NMIs on 
corrosion. 

• The size of the inclusions will likely affect the pitting in some way. 
• The morphology will affect the pitting. 

 
We do not have a hypothesis for which sample may contain the higher pitting, as we expect 
both samples to have similar reactions to the corrosion. Similarly, the inclusions found on the 
samples do not contain elements that we immediately think are dangerous, so we have no 
hypothesis for this question as well. 

1.4 Social, Ethical and Environmental Aspects 
Social and ethical aspects are important in many kinds of work. However, as they are not 
relevant to this study on the effect of NMIs on corrosion, they will not be discussed. 
Environmental aspects of this work will be brought up in the discussion (chapter 5). 
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2. Background to Pipeline Failure by Corrosion 

2.1 Corrosion 
Corrosion is a natural process in which a refined metal is converted back to a more 
chemically stable form, such as an oxide. Metals corrode through a redox reaction when they 
come in contact with another element in a corrosive environment. The chemical compound of 
the metal and the condition of the environment will greatly affect the type and speed of the 
corrosion. Typically, the corrosion occurs when an electrochemical cell has formed, what is 
usually referred to as an electrochemical corrosion. It can, however, also occur due to the 
chemical attack from the environment, usually referred to as a chemical corrosion. The main 
types of corrosion are: Galvanic-, pitting-, microbial-, high temperature-, intergranular-, 
uniform-, erosion-, crevice and fretting corrosion. These main types are explained in further 
details in table 1 [4], [5]. 
 
Table 1: The table shows the common types or corrosion and their properties, influential corrosion 
factors and which materials are affected by each type of corrosion [6], [7]. 

Type of corrosion Properties Influential corrosion factors Affected 
materials 

Galvanic corrosion Reactions occur at both 
the anode and cathode. 
The anode is corroded 
while the cathode is 
protected from the 
corrosion. 

-Type of metal 
-Nobility of metal 
-Tendency to let go of electrons  
-Conductivity 
-Size of anode 
-Environment 
-Type of electrolyte 
-Electrode potential 
-Area ratio between anode and 
cathode 
-Morphology of metal 

-Metals 
-Steel 

Pitting corrosion Corrosion is accelerated 
in certain areas, instead of 
occurring evenly over the 
entire surface. The 
corrosion causes “pits” in 
the affected areas. 

-Low concentrations of O2 
-Concentration of chloride ions 
-Oxidation substances in metal 
-Presence of H in environment 
and sulfides in the material  

-Steel  
-Metals 

Microbial corrosion 
(MIC) 

Microorganisms cause 
corrosion by transporting 
substances which can 
cause corrosion reactions. 

-Absence/presence of O2 -Non-metallic 
materials 
-Metallic 
material (with 
or without 
O2) 

High temperature 
Corrosion 

The metal deteriorates. 
Corrosion occurs due to 
high temperatures in the 
surrounding environment. 

-High temperature in 
surrounding environment 
-O2 
-S 

-Metals 
-Steel 

Intergranular 
corrosion 

Corrosion reactions occur 
at the grain boundaries, 
due to large amounts of 
inclusions precipitating at 
the grain boundaries. 

-Lack of Cr 
-Differences in metal structure 

-Steel 
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Uniform corrosion The corrosion reactions 
occur evenly over the 
surface of the material. 

-Acid substances 
-Basic substances 
(pH>7) 

-All materials 
in which 
corrosion can 
occur 

Erosion corrosion A liquid with corrosive 
properties accelerates a 
uniform corrosion. 

-Corrosive liquid 
-Type of material 
-Diameter of product (e.g. pipe) 
-Surface texture (rough/smooth) 

-Metals 
-Steel 

Crevice corrosion Corrosion occurs in 
crevices (such as pits or 
cracks in surfaces) with 
limited amounts of O2. 

-How narrow the crevice is 
-Temperature 
-Low concentrations of O2 
molecules  
-High concentration levels of Cl 

-Metals  
-Alloys 

Fretting corrosion  Corrosion occurs when 
two moving metal objects 
repeatedly collide on a 
surface. 

-Hardness of involved metals 
-Movements i.e. vibrations 

-Metals 
-Steel 

2.1.1 Electrochemical Corrosion 
This process of corrosion occurs in the presence of an electrochemical cell and is a much 
faster process than chemical corrosion. One study found that the electrochemical corrosion 
process is approximately 100 times faster than the chemical corrosion process [5]. There are 
four fundamental components of this cell: an anodic area, a cathodic area, a path for the 
electrons (a metallic connection) and a path for the ions (electrolyte). Typically, the 
electrolyte is a moisture. Electrochemical corrosion is as a continuous process: it will 
continue to occur as long as the four components (anode, cathode, electrolyte and metallic 
connection) are present in the cell. Anodes and cathodes are formed on the surface of the 
material due to differences in composition and unevenness in surface level (see figure 1). 
 
In the cell, the anode is oxidized and forms an oxide with the ions presented in the 
electrolyte. The electrons are drawn towards the cathodes, were they react with the 
electrolyte and form new ions. Because only the anodes lose mass in this process, only they  
experience the effects of the corrosion. Furthermore, since the corrosion occurs because of  
the interaction between the anodes and cathodes, the number of anodes and cathodes in the  
cell will affect the speed of the corrosion process [5], [8]. 
 

 
Figure 1: A schematic illustration of anodes and cathodes that has formed from an uneven surface. 

2.1.2 Standard Corrosion Tests 
There are several different ways to test corrosion. Some main types of corrosion tests are: 
Humidity/temperature tests, salt spray tests, UV tests, cyclic tests, mixed flowing gas tests 
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and electrolytic extraction. Humidity/temperature tests are used to examine the corrosion 
resistance of a material in environments with high temperature- and humidity levels. Low 
humidity/temperature values are used in the beginning of the experiment and then slowly 
raised. The timespan of these tests is usually several days. Salt spray tests are one of the 
most common types of corrosion tests. In these tests the material is placed in an 
environment (such as a test cabinet) in which it is subjected to a salt solution (or fog) which is 
sprayed consistently in the cabinet. These tests are often done at higher temperatures. In UV 
tests corrosion resistance of the material in environments with, for example strong sunlight is 
tested. The material is placed in a test cabinet with a UV light to see how the material is 
affected and how fast it starts to break down. The UV light is often used in combination with 
varying degrees of temperature and humidity [9]. 
 
Cyclic tests are used to test the worst-case scenario of a material in a certain environment. 
They are often a combination of salt spray-, UV- and humidity/temperature tests. Mixed 
flowing gas tests are used to test the corrosion resistance in an environment with high levels 
gases, such as chlorine gas, hydrogen and sulfur gas etc. These tests accelerate corrosion 
in the material. Electrolytic extraction uses the electrochemical corrosion process to corrode 
the surface of the material. An electrode connected to a sample is placed in an electrolyte 
and a current is added. 10%AA is a common electrolyte used in electrolytic extraction. The 
test generally only takes a couple of hours and generally does not dissolve or damage the 
present inclusions [5], [9]. 

2.2 Non-Metallic Inclusions 
NMIs are particles which are of a different element than the main metal matrix and can be 
formed during the different stages of steel production. They are always present in materials 
and have different effects on for example corrosion, depending on their compositions. 
Inclusions can be either metallic (purely metallic elements) or non-metallic (NMI, metallic and 
non-metallic elements). It is important to note that inclusions are never composed one main 
element but always occur as a combination between several different elements. When 
studying the effect of inclusions, both the morphology and the type of inclusion are of 
interest.  
 
Four main groups of inclusions exist: oxides, nitrides sulfides and carbides. Oxide inclusions 
have oxygen (O) as one or their main elements. They degrade the metals toughness, which 
in turn degrades the corrosion resistance. In nitrides, nitrogen (N) is one of the main element 
present. Generally, nitrides improve the mechanical properties, such as corrosion resistance, 
of a material. However, depending on the present elements it may instead have detrimental 
effects on the materials properties. Sulfur (S) is one of the main elements present in sulfides. 
Sulfides tend to cause corrosion, especially when hydrogen (H) is present. Hydrogen will 
form hydrogen sulfide (H2S) with the present sulfur and cause an electrochemical corrosion 
process to occur. One of the main elements in carbides is carbon (C). Carbides are a man-
made group of inclusions which are known for their high stability. Their high stability leads to 
them being much less prone to corrosion reactions [7], [10], [11], [12]. 
 
The morphology of inclusions varies, as illustrated in figure 2. Different shapes have different 
effects on corrosion. NMIs in metal matrices can be categorized into four main types of 
morphology: Globular-, elongated-, dendrite and polyhedral-shaped. They can also be found 
as clusters, which are composed of several inclusions attached to each other. Globular 
shaped inclusions are the most desired morphology of inclusions as they cause the least 
effects on the surrounding environment (metal matrix). Elongated shaped inclusions, also 
known as platelet shaped inclusions, weaken the grain boundaries and the mechanical 
properties of the material. Mainly sulfide inclusions have this morphology. Dendrite-shaped 
inclusions have high melting points, higher than the metal matrix surrounding them, and 
sharp edges. The sharp edges can cause internal stress which degrades the mechanical 
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properties of the material. Polyhedral-shaped inclusions cause less damage than dendrite-
shaped inclusions, due to their shape having similar effects as globular inclusions [13]. 

         
 Figure 2: Illustrations of five main inclusion shapes found in metals. 

2.2.1 Titanium Inclusions 
Titanium (Ti) improves the toughness of a material, especially the toughness at high 
temperatures. If oxygen is present, it improves the corrosion resistance of the material. It 
does this by reacting with oxygen and forming a protective stable oxide layer on the metal 
surface. Adding Ti leads any present sulfide inclusions to transform from an elongated shape 
to a more globular shape, which reduces their effect on corrosion [14], [15]. 

2.2.2 Niobium Inclusions 
Niobium (Nb, previously known as Columbium) improves several mechanical properties of a 
material, including the corrosion resistance. It does this by forming small hard carbides. 
Niobium has very similar properties to titanium. In materials in which both Ti and Nb are 
present, the corrosion- and mechanical properties were shown to be sensitive to the Nb 
contents in the material [14], [15], [16]. 

2.2.3 Molybdenum Inclusions 
Molybdenum (Mo) improves the corrosion resistance and hardenability of a material. It forms 
carbides and is usually only alloyed in amounts up to 1 %. Mo improves the resistance 
against pitting- and crevice corrosion when alloyed with chromium and nickel [14], [15]. 

2.2.4 Nickel Inclusions 
Nickel improves the corrosion resistance and hardenability of steels. It also increases 
fracture toughness and notch toughness. Nickel is often alloyed with elements such as 
chromium and molybdenum [14], [15]. 

2.2.5 Sulfur Inclusions 
Sulfur improves machinability of steel and has a positive effect on the material if the sulfur 
content is equal to or lower than 0.05 %. If alloyed with manganese it can be allowed to 
present in steels up to 0.30 %. It lowers a material impact toughness and is often one of the 
main causes of corrosion in metals. The morphology of sulfur inclusions is mainly elongated 
[14], [15]. 

2.2.6 Aluminum Inclusions 
Aluminum (Al) causes a metal material to form a more fine-grained microstructure when 
added as an alloy. It is mainly used as a deoxidizer, however it also increases the toughness 
of the metal. Aluminum oxides (A2O3) have been shown to promote pitting corrosion in steels, 
they do not affect the rate of the corrosion process [14], [15], [3]. 

2.2.7 Grain Boundary Diffusion 
Grain boundary diffusion occurs when small particles in the material precipitate to the grain 
boundaries through diffusion. These can then form inclusions in the grain boundaries by 
absorbing the surrounding in the surrounding matrix. This causes the areas around the 
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inclusions to become depleted and weakens the grain boundaries, as shown in figure 3.  
The grain boundaries then become possible sites for corrosion due to the difference in 
compositions between the depleted zones and the formed inclusions. Many different types of 
elements can precipitate to the grain boundaries and cause the formation of depleted zones 
[17]. 

 
   Figure 3: Grain boundary diffusion. 

2.3 Stainless Steel Pipelines 
Pipelines are one of the most common ways to transport large masses of oil and gas in the 
industry since they are effective and cheap (compared to other transportation methods). 
They are also the safest method of transportation [18]. Stainless steel is one common 
material used in manufacturing pipelines for oil and gas transportation, mainly due to its good 
corrosion resistance and strength. Stainless steels have a low carbon content and chromium 
contents of at least 10.5 %. One common type of corrosion which occurs is pitting corrosion. 
Pitting corrosion occurs due to the corrosion reaction only affecting certain areas rather than 
the entire surface. This causes “pits” to be formed in the area where the corrosion occurs. 
Corrosion in stainless steel is often caused by sulfide inclusions in the material reacting with 
the present hydrogen in the environment. It can also be caused by the presence of chloride 
ions [19]. 

2.4 Nickel-Based Alloy Pipelines 
Nickel-based alloys are another common material to manufacture pipelines from. Due to their 
excellent corrosion resistance they are frequently used in more extreme environments which 
have very aggressive corrosion. They are typically alloyed with chromium, molybdenum and 
iron. Nickel strengthens the material properties of the material such as corrosion resistance, 
high temperature performance and oxidation resistance. Nickel-based alloys are mainly used 
in the oil-gas and power industries [20], [21]. 

2.5 Previous Study on the Corrosion in Pipelines 
In 2019 a study was done on the effect of NMIs on the corrosion resistance of nickel-based 
superalloys. This report on corrosion in stainless steels is a continuation of the previous 
report on nickel-based superalloys. Both reports have samples which have been taken from 
industry pipelines. In the report on nickel-based superalloys, TiNb-Nitrides were found to 
have the largest pitting ratio of the different types of inclusion. CrMoTi-Carbides were found 
to have the overall largest effect on the pitting corrosion in the tested samples. Electrolytic 
extraction was found to be a valid method for evaluating the effect which inclusions have on 
corrosion [6].  
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3. Methods and Materials 

3.1 Samples 
Two steel alloy samples from industry pipelines were investigated. One is a typical stainless 
steel and one is a nickel-based alloy. The stainless steel sample were named SP2 and the 
nickel-based alloy sample were named SP4. The typical compositions of the samples are 
described in table 2. 
 
Table 2: The table shows the typical composition of the two investigated samples SP2 and SP4 in 
percentage. 

Steel C (%) Si (%) Mn (%) Cr (%) Ni (%) Mo (%)  Nb (%) Ti (%) 

SP2 0.05-0.08 <0.8 1-2 13-14 5 2-3 0.8-1.0 0.5-0.7 

SP4 - - - 16 45 4 1 2 

3.2 Materials Used for Electrolytic Extraction 
A list of the materials used for the electrolytic extraction: 
Metal sample (SP4 and SP2), 1 bottle of acetone, 1 bottle of benzine, 1 spray bottle 
containing regular water, 1 spray bottle containing distilled water, 1 spray bottle containing 
methanol, parafilm, 400 ml beaker, 1 electrode, 250 ml electrolyte 10%AA, 1 beaker lid,  
1 precision weigh, 1 caliper, 1 tweezer, 1 hairdryer, 1 grinding machine, tape, fume hood, 
1 ultrasonic bath, 1 plastic ring (to store film filter in), film filter, equipment for electrolytic 
extraction process, equipment for filtration process. 

3.3 Electrolytic Extraction 
The methodology for the electrolytic extraction experiment/ process was conducted in four 
main steps: 1) equipment preparation, 2) sample preparation, 3) electrolytic extraction and 4) 
filtration. 

3.3.1 Equipment Preparation 
Since only a miniscule amount of dust particles need to be present in the sample for the 
entire extraction to be unusable, the equipment must be cleaned before it is used. The 
equipment was cleaned three times with three different spray bottles: firstly, it was cleaned 
with a bottle that contained regular water, secondly it was cleaned with one that contained 
distilled water and lastly with one that contained methanol. This is expected to remove up to 
99 % of dust particles on the surface of the equipment. 
 
After preparation, 250 ml of the 10%AA electrolytic was added in a 400 ml beaker, which was 
then sealed with a lid with three holes. Two of the three holes were covered with a parafilm to 
hinder dust integration. 

3.3.2 Sample Preparation 
The metal sample had one of its surfaces polished with a grinding machine, so that the 
oxidation layer could be removed. The dimensions of the sample were then measured using 
a caliper and noted. Afterwards, the sample was placed in a bottle containing acetone and 
was placed in an ultrasonic bath with a tweezer for 2-3 min. When the bath was done, the 
sample was dried with a hairdryer and placed in a new bottle containing benzine, which was 
then subjected to the ultrasonic bath for 2-3 min. After the ultrasonic bath and drying of the 
sample, a precision scale was used to weigh it. The weight was noted. After weighing the 
sample, parafilm was used to isolate the sides which had not been polished, and tape was 
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added to make sure that the parafilm stayed in place during the experiment. 
 
The electrode was cleaned. It was then attached so that it made contact with the polished 
surface of the sample. Both the sample and the electrode were then cleaned and placed in 
the beaker. A metal ring was placed in the beaker and the sample's positions were adjusted 
so that it was in the center of it. The ring and the sample were then submerged well below 
the surface level of the electrolyte. 

3.3.3 Electrolytic Extraction 
The beaker was placed in a fume hood with the necessary equipment for the electrolytic 
extraction process. The current was set to 50 mA and the coulomb meter to zero. Every ten 
minutes the values for the voltage, current and number of coulombs were noted. When 500 
C had been reached the experiment was ended. More information about the parameters is 
shown in table 3. The noted time were plotted against the coulomb values, as shown in  
figure 4. A straight line indicated that the experiment was stable and could therefore be used 
for filtration. 
 
Table 3: The table shows the main parameters used for the electrolytic extraction for both samples. 
The dissolved weight due to the EE is also shown. 

Sample SP2 SP4 

Electrolyte 10%AA 10%AA 

Coulomb (C) 500 500 

Current (mA) 50-32 50 

Voltage (V) 4.2-3.2 4.4-3.3 

Sides exposed to EE 1 1 

Area exposed (mm2) 78.5 137 

Dissolved mass (g) 0.0818 0.0895 
 
The parameters for both samples were very similar. Both samples used the 10%AA 
electrolyte. In SP2 the total dissolved mass was 0.0818 g and in SP4 0.0895 g. In both 
experiments only one side of the sample was exposed to the electrolyte. 
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Figure 4: Coulomb values plotted against time for electrolytic extraction. A straight line indicates that 
the experiment was stable. 
 
When the electrolytic extraction was ended the beaker was removed from the fume hood. 
The sample was removed and the area which had been exposed to the experiment was 
cleaned using methanol. It was then placed in the ultrasonic bath for 10 s to remove any 
loose particles. All the equipment, except the beaker containing the electrolyte, was cleaned 
three times each in water, distilled water and methanol. The beaker containing the electrolyte 
was then placed in an ultrasonic bath for 15 s. Necessary equipment for the filtration process 
was set up before the filtration began. The electrolyte was slowly and evenly poured into the 
filtration set up. When most of the electrolyte had passed through the electrolyte, methanol 
was sprayed along the edges to ensure that no particles from the electrolyte were lost in the 
filtration. The filtration was then ended. A plastic ring which would be used to store the film 
filter was prepared. The film filter was moved from the filtration equipment to the plastic ring, 
it was kept horizontally during the whole process to ensure that the particles on the film filter 
would not be displaced. Remaining equipment from the filtration process was cleaned three 
times in water, distilled water and methanol. An example of a typical NMI found on the film 
filter is shown in figure 5. 

 
Figure 5: Typical NMI on the film filter 

3.4 Materials Used in SEM Observations 
A list of the materials used for the SEM analyzation: 
Scanning electron microscope (SEM) with energy dispersive X-ray microscopy (EDS), 
computer with program for SEM analysis, sample, Al-plate, carbon tape, film filter, 1 tweezer. 
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3.5 Method for SEM Observation 
Both the film filter and the metal samples were analyzed using an SEM with energy 
dispersive X-ray spectroscopy (EDS). A triangle was cut from the film filter and carefully 
attached to an aluminum plate with carbon tape using a tweezer (see figure 6). The sample 
was then put in an SEM for analyzation. Using the SEM with EDS, the surface of the filter 
was scanned and divided into two main regions: top and bottom (the surface of the metal 
samples were not divided into specific regions). Many images of the overall surface of the 
film filter was taken at a magnification of 500x. Particles of interest, such as clusters or 
irregularly shaped inclusions, were investigated using greater magnification (up to 8000x). 
Points on the chosen areas (clusters, particles) could then be evaluated by the present 
elements at that point (see figure 7a and 7b). 

 
Figure 6: Image of how the film filter was prepared for the SEM analysis [5]. 

 

 
Figure 7a: NMI on film filter.      7b: Energy dispersive X-ray spectroscopy. 

3.6 Measurement of Inclusions 
In order to determine the pitting rate of the inclusions, the area of the inclusions and their 
pitting hole needed to be measured. This was done with a software called ImageJ. Firstly, 
the SEM picture was opened in the software. After that, the Set Measurement box was 
opened so that the relevant measurements could be selected, i.e. Area. Before the 
measurements could begin, the scale needed to be set. In the bottom right corner of the 
SEM pictures, there is a scale reference bar. By using the Straight-Line tool, a line could be 
drawn over the reference bar. After that, the scale could be set by going to Analyze and Set 
Scale. In this box, the known reference distance was typed in.  
 
The area of the inclusions and pits were measured by using the Freehand Selection tool. The 
inclusion that was to be measured was encapsulated by the drawing tool and then measured 
by pressing CTRL + M (see figure 8a). After that, the same process was done for the pit 
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surrounding the inclusion (see figure 8b). In some cases, there would be several inclusions in 
the same pit. If the inclusions were separate, each inclusion would be measured separately 
and then their areas would be summed up. If the inclusions were instead clumped together, 
then the area of the entire cluster would be measured instead. 
 

 
(a)      (b) 

Figure 8: Shows how the freehand drawing tool is used to measure the area of the inclusions and the 
pit. (a) Highlights the inclusions; (b) Highlights the pit. 
 
To calculate the pitting ratio (K), the following equation was used: 

𝐾𝐾 = 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝
𝐴𝐴𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖

  
Where Apit is the area around the pit and Aincl the area of the inclusion. 
To calculate the diameter of the inclusions, the area of a circle formula was used: 

𝑑𝑑 = �𝐴𝐴𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖
𝜋𝜋

  

To figure out how many inclusions there were on each sample, one can calculate how many 
inclusions there are per area of the sample (Na), which is done by using this equation: 

𝑁𝑁𝑎𝑎 =
𝑛𝑛𝑖𝑖
𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜

 

Where ni is the number of inclusions and Aobs is the total observed area. 
 
The aspect ratio of the inclusions could also be determined in ImageJ. It is calculated by 
dividing the length of the inclusion with its width. Unfortunately, not all inclusions have a 
simple shape, such as a circle or an ellipse. In cases where the length or width is not 
consistent, the length or width was obtained by taking the average of a longer part and a 
shorter part (see figure 9). If there were multiple inclusions clumped together, then the aspect 
ratio was calculated for the entire cluster. 

Eq. 1 

Eq. 2 

Eq. 3 
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Figure 9: A demonstration on how the aspect ratio could be calculated from an uneven shape. 
The yellow line is the length and the green lines are the width. 
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4. Results 

4.1 Classification Tables 
The classifications were made by analyzing the spectroscopy data obtained from the SEM 
for the two samples SP2 and SP4. For SP4, both the data from the film filter and the metal 
surface was used. For SP2 only the metal surface was analyzed. Two different main types of 
inclusions were found on SP2 and four main types on SP4. These main types are presented 
in table 4 and 5. 
 
Table 4: A classification table for the different inclusions found on sample SP2. Only the metal surface 
of the sample was analyzed. 

Type SEM Image Surface           Composition (weight percentage) 
 
  Ti          Nb           O          Al            S          N 

Ratio 
Nb/Ti 

Size 
(μm) 

1 
 

TiNb-N  
 

 
Metal  

  
50-63    5.4-9.9        -        0-0.52        -         8-28 

 
0.1-0.2 

 
4- 5  

2 
 
AlTi-N(Nb)  

 

 
Metal  

 
7.7-40    1-1.9          -       1.8-24          -        0-20 0.1 

 
< 5  

 
In sample SP2 two main types of inclusions were found. Type 1 (TiNb-N) inclusions were in 
the size range of 4-5 μm. These inclusions mainly consisted of Ti, Nb and N in the ranges 
50-63 wt% Ti, 5.4-9.9 wt% Nb and 8-28 wt% N. Found type 2 (AlTi-N(Nb)) were all smaller 
than 5 μm. They were mainly composed of Al, Ti, N, and Nb in the ranges 1.8-24 wt% Al, 
7.7-40 wt% Ti, 0-20 wt% N and 1-1.9 wt% Nb. Type 2 inclusions contained a wider range of 
elements than type 1. 
 
Table 5: A classification table for the different inclusions found on sample SP4. Type 4 was only found 
as parts of clusters on the film filter. It can be assumed that type 3 was also a part of clusters on the 
film filter. 

Type SEM image Surface           Composition (weight percentage) 
 
   Ti           Nb         O        Al          S          C          N 

Ratio 
Nb/Ti 

Size 
(μm) 

1 
 
NbTi-C(S) 
(Cluster) 

 

 

 
Metal 
----------- 
 
Film filter 

 
29-40     27-50      -        0-0.13   0-14.2     5.2       13    
------------------------------------------------------------------------ 
 
1.6-40     0-47     0-21     0-1.6     0-17      6-38       - 

 
 0.9-1.3 
---------- 

 
0-1.2 

 
10-39 

2 
 

NbTi-C  

 

 

Metal 
 
------------ 
 
Film filter 

 
7.5-3     42.5-62      -         0-1         -         0-16       - 
------------------------------------------------------------------------ 
   
22-32     35-51   1.8-14   0-0.06      -        11-20      - 

 
0.3-1.8 
---------- 

 
1.6 

 
3-15  
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3 
 
TiNb-C(N) 

 

 

 
Metal 
------------- 
 
Film filter 

 
55-84      2.5-23         -          -          -    2.1-15   1.7-9.4  
------------------------------------------------------------------------ 
 
  No types found     

 
0.1-0.3 
---------- 

 
6-9 

4 
 
NiCr-Mo  

 

 

 
Metal 
------------- 
 
Film filter 

 
2.9-3.5   2.2-4.1        -      0.2-0.8     -    3.3-4.7       - 
--------------------------------------------------------------------- 
 
  No types found 

 
0.8-1.2 
---------- 

 
<2.5 

 
Four main types of inclusions were found in sample SP4. Type 1 (NbTi-C(S)) inclusions are 
clusters and were found in the size ranges 10-39 μm. Type 2 (NbTi-C) inclusions were found 
in the size ranges 3-15 μm. The inclusions were found on both the film filter and metal 
surface. Type 3 (TiNb-C(N)) inclusions were found in the size ranges 6-9 μm. These 
inclusions were only found on the meal surface. Type 3 inclusions are very similar in 
composition to SP2s inclusion types. Type 4 (NiCr-Mo) inclusions were all smaller than 2.5 
μm. 

4.2 NMIs Distribution 
The number of inclusions per area (Na) were calculated for each of the types found on both 
samples. Their distribution and numbers are shown in table 6. 
 
Table 6: Displays the distribution of the different types of inclusions found on both samples and the 
amount of inclusions per area. "Nitrides" refers to TiNb-N and AlTi-N(Nb) for SP2 and TiNb-C(N) for 
SP4. 

Sample NbTi-C Nitrides NiCr-Mo 

SP2 - 100 % - 

SP4 ~30 % ~3 % ≳66 % 

NA (SP2) - ~45 NMIs/mm2 - 

NA (SP4) ~194 NMIs/mm2 ~17 NMIs/mm2 ~424 NMIs/mm2 

 
All inclusions that were found on SP2 were nitrates and there was estimated to be around 45 
NMIs/mm2 on SP2's surface. The most common type of inclusions found on SP4 were NiCr- 
Mo, being greater than 66 % and nitrides were the least common at around 3 %. The total 
amount of inclusions found on SP4 is noticeable higher than SP2, at around 635 NMIs/mm2.  
 
The inclusion type NbTi-C(S) that was found on the film filter from SP4 was unable to be 
found on the metal surface. One reason for this may be that the inclusions dissolved during 
the electrolytic extraction, either fully or partially, so that they got loose and disappeared 
when the sample was cleaned. 

4.3 Effect on Pitting 
The pitting ratio (K) was calculated from both samples metal surface. To analyze how the 
size of the inclusions impacted the pitting for each of the types, the K value were plotted 
against the theoretical diameter of the inclusions, shown in figure 10. Since no NbTi-C(S) 
were found on the metal surface, it is not present in the figure. 



 

15 

 

 
Figure 10: Displays the k-value vs diameter for different types of inclusions. The indicator "ii" refers to 
a collection of two inclusions in the same pit. 
 
From figure 10, there is no apparent correlation between size and pitting. This seems to be 
true for all the types of inclusions found on both samples, including the special case of NbTi- 
C - ii. NiCr-Mo inclusions were omitted from the figure, because no observed NiCr-Mo 
inclusions had any pitting around them. 
 
Figure 10 can also be used to illustrate how dangerous the different types of inclusions are. 
The higher the pitting ratio is, the more dangerous the inclusion is. The groups present in the 
figure help clarify the danger of the inclusions. Group 1 consists all inclusions which have a 
pitting ratio which is less than 2. Group 2 inclusions have a pitting ratio between 2-5. Group 3 
inclusions have a pitting ratio higher than 5. From the figure, only NbTi-C inclusions are 
present in group 2 and 3. The ranges of the pitting ratio for each inclusion type, except NbTi- 
C(S), is presented in table 7. 
 
Table 7: The range of pitting for the different types of inclusions found on SP2 and SP4. 

Inclusion Type Pitting ratio range 

TiNb-N  1 - 1.8 

AlTi-N(Nb) 1 - 1.9 

NbTi-C 1 - 12.5 

TiNb-C(N) 1 - 1.8 

NiCr-Mo 1 
 
The NbTi-C inclusions had the largest pitting ratio range which varied between 1-12.5. 
Most of the inclusions which exhibited pitting were inclusions with both Ti and Nb. 
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4.4 Morphology Impact on Pitting 
In order to investigate if the shape of inclusions affected the pitting, the aspect ratio of the 
Inclusions was calculated. Since only inclusions that had a pitting ratio over 2 were NbTi-C 
inclusions, only they were investigated. In table 8, the inclusions are separated into different 
shapes based on their aspect ratio. An inclusion is considered globular if the aspect ratio is 
less than 1.5 and elongated when it is above 2.5. Between these values, the inclusions are 
not quite globular or elongated, so they are considered "irregular". 
 
Table 8: Displays the amount of inclusions observed, the average pitting ratio with the standard 
derivation and highest value for the different shapes of the NbTi-C inclusions. The lowest pitting ratio 
were 1 for all shapes. 

Shape Nr. of Observed NMIs Average Pitting Ratio Highest Pitting Rate 

Globular 29 2.9 ± 2.5 10.5 

Irregular 19 1.7 ± 0.9 4.7 

Elongated 13 4.0 ± 3.8 12.5 
 
The table shows that most of the NbTi-C inclusions are globular in shape, with 29 inclusions 
observed, followed by irregular and elongated shapes, with 19 and 13 inclusions observed, 
respectively. The average pitting ratio for the globular inclusions 2.9 ± 2.5, the irregular 
inclusions have 1.7 ± 0.9 and elongated have 4.0 ± 3.8. 

4.5 Comparison of Main Results Between Stainless Steels and Nickel-
Based Superalloys 
Table 9 is a comparison between the different studies. It lists which inclusion type had the 
largest pits and which had the overall highest pitting effect. 
 
Table 9: A comparison from the study which was done on nickel-based superalloys and this study. 
Material SP4 Previous Study 

Largest pitting ratio 
value and type of NMIs 

NbTi-Carbides  
Pitting ratio: 12.5 

TiNb-Nitrides  
Pitting ratio: 5.2 

NMIs which had the overall 
largest effect in corrosion 

NbTi-Carbides CrMoTi-Carbides 

 
Inclusions containing both Nb and Ti were found to have the largest pitting ratios for both 
nickel-based alloys. In SP4, NbTi-carbides had the largest pitting ratio (12.5). In the previous 
study, TiNb-nitrides had the largest pitting ratio (5,2) The NMIs which had overall largest 
pitting effect for both samples both contained Ti and were carbides.  
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5. Discussion 

5.1 Can Electrolytic Extraction Be Used for the Evaluation of the Effect 
Inclusions Have on Corrosion? 
Electrolytic extraction is a possible technique for evaluation the of the effect of inclusions on 
corrosion. There are several reasons for this. One reason is that EE does not dissolve the 
present inclusions. This makes it possible to filter the electrolyte and collect the inclusions on 
a film filter for further analyzation. Another reason which makes EE useful is that it is a 
relatively fast process (takes only a couple of hours) compared to other corrosion tests which 
can take days to complete. 

5.2 How Do Different Types of Inclusions Affect the Pitting Corrosion in 
the Samples? 
In figure 10, we can see that the NbTi-C inclusions are the most common type of inclusion 
and have a dangerously high pitting rate. We can also see that it is widespread in its effect 
on corrosion, having a pitting ratio that range from 1 to 12.5. The nitrides from both SP2 and 
SP4 seem to have a neutral effect on corrosion with a pitting rate less than 2. As mentioned 
in 4.3, no observed NiCr-Mo inclusions had pitting around them. Interestingly, in both our 
result and from the previous study, the NMIs with the highest pitting rate contains Nb and Ti. 
Although the previous study had nitrides, while we had carbides instead. 

5.3 How Does the Size and Morphology Affect the Pitting Ratio of the 
Inclusions? 
From figure 10, we can see our hypothesis was wrong and that the size of the inclusions 
does not have any apparent effect on the pitting ratio, since there is no linear or exponential 
connection between the pitting ratio and size of the inclusions. 
 
As for the morphology, from the results in table 8, we can see that the elongated inclusions 
have the highest average pitting. However, we can also see that the standard deviation for 
both the globular shapes and elongated shapes are very high. This is not unexpected, as our 
numbers of inclusions are quite low, with only 13 elongated inclusions for example. It is also 
known from figure 10 and table 7 that the overall spread of the pitting ratio is very high, with it 
ranging from 1 to 12.5. This gives us a result that is not accurate enough to draw any 
conclusions from and means that we cannot say if our hypothesis is correct or wrong. 

5.4 Which Sample Had the Overall Highest Pitting? 
Our results show that SP2 only has nitrite-type inclusions, which as we discuss in 5.2, are 
not particularly dangerous for pitting. SP4 was the only sample that contained NbTi-C 
inclusions, which in our study was the only type of inclusion to have a pitting ratio over 5. 
While NbTi-C inclusions only make up roughly 30 % of the total amount of inclusions per 
area for SP4, it is still around 194 NMIs/mm2, which more than four times the total amount of 
inclusions per area for SP2 (45 NMIs/mm2). From this data, we can conclude that SP4 
should a higher pitting rate than SP2.  

5.5 Environmental Aspects 
As mentioned in the introduction of this report, oil spills can cause large environmental 
effects on the sounding biological environment in which they leak. They not only heavily 
pollute the area around the leak, but also lead to many animals dying due to the oil covering 
them in a film which does not allow oxygen to pass through. Therefore, the understanding of 
NMIs and how to minimize their effect on corrosion is very important. As it will allow the 
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possibility of developing new materials or improving current ones, that have a much longer 
lifespan against corrosion. This in turn will lead to less oil spills which highly damage the 
environment. 

5.6 Sources of Error 
As mentioned in 4.2, one of our main type, NbTi-C(S), had probably dissolved from the metal 
surface during the electrolytic extraction. NbTi-C(S) is not unique with this behavior, as any 
type of inclusion can dissolve in the same way. The other types of inclusions are still present 
on the metal surface, however, so it is impossible to tell how many of them we could have 
lost during the electrolytic extraction. 
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6. Conclusion 
The two samples differ widely in the results. The following conclusions could be drawn from 
this research: 

• Electrolytic extraction can be used for the evaluation of the effect of NMIs had on 
corrosion. 

• Only one of the six different types of inclusions found on both samples were 
dangerous, that being the NbTi-C inclusions found on SP4. 

• The size of the inclusions had no effect on the pitting they caused. 
• Because of the very widespread data regarding the pitting ratio of the NbTi-C 

inclusions, it was impossible to draw any conclusions if the shape had any impact on 
the pitting ratio. 

• SP4 had the higher overall pitting. 
• There are a few similarities in results with the previous study: Both having Ni and Ti 

inclusions with the highest pitting ratio and both having Ti-based carbides as the type 
that had the highest overall pitting effect.  
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7. Future Work 

7.1 Grain Boundary Corrosion 
Not many inclusions were found on grain boundaries in our results. However, it is known that 
grain boundary diffusion can be one main cause of corrosion, as the areas around the grain 
boundaries are depleted. It would be interesting to further study the effects which it has on 
corrosion and what effects main elements have on it (which elements are more likely to 
precipitate, etc.). 

7.2 Morphology 
From our attempt to see if the morphology had an impact of corrosion, we could not draw any 
conclusions from our data. However, previous research done on this topic show strong 
evidence that morphology does impact corrosion resistance, partially the elongated shape 
which precipitates near grain boundaries and weakens them. It is an interesting and 
important area that should be studied further. 

7.3 Comparison of Different Methods 
There are many different types of ways to test corrosion depending on what environment 
(high temperature etc.) the test should take place in. It would be of interest to study the 
different methodologies for corrosion and compare them. 
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