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Abstract 
Mild steel is the main material of alloys in use. Approximately 20% of corrosion damage of 
metals is induced by bio corrosion. The aim of this research was to study the corrosion 
performance of mild steel and stainless steel when immersed in natural seawater. In order to 
verify the effect of the microorganisms compared to the results with the ones obtained with 
artificial seawater and sodium chloride solution. The chloride ions in salty water are some of 
the most aggressive elements in seawater. The  maximum oxygen concentration is reached at 
3,5% of sodium chloride.  
The samples are immersed in seawater, artificial seawater and 3,5 % Nacl solution. The surface 
area of the samples was 5cm2. Open circuit potential (OCP), potentiodynamic polarization and 
weight loss methods have been used to understand the corrosion behavior of the two alloys. 
Comparing the OCP of mild steel and stainless steel, it was clearly seen that the OCP of stainless 
steel is in the higher range approximately in the range of -200 mV while the mild steel is in the 
range of  ~ -500 mV. The OCP of stainless steel in seawater is ~100 mV nobler than the OCP in 
artificial seawater and NaCl solution. The corrosion behavior of stainless steel in seawater 
showed ennoblement when exposed to seawater.The corrosion rate of mild steel in seawater 
was 0,097 mm/year, in artificial seawater was 0,109 mm/year and in NaCl solution was 0,088 
mm/year. No significant difference in corrosion rate of mild steel in different solution is 
observed. The average corrosion rate of mild steel in natural seawater, artificial seawater and 
NaCl solution was 0,075, 0,089 and 0,082 mm/year respectively. There was no significant 
difference in corrosion rate of mild steel in natural seawater, artificial seawater and NaCl 
solution. It is observed that the corrosion rate from weight loss method and polarisation 
method are similar and have little variation.  The average corrosion rate of stainless steel in 
seawater, artificial seawater and NaCl was 0,0016, 0,0042 and 0,0017 respectively. There was 
no significant difference in corrosion rate of stainless steel in different solutions. However it has 
to be noted that, the deviation of data between different measurements was high. This is 
because the polarisation of stainless steel results in small active region and large passive region 
afterwards with increase in potential. It is observed that the corrosion rate calculated from two 
different methods are comparable and not significantly different. The corrosion rate of stainless 
steel is very less approximately 10 times less compared to the mild steel. 
Microscopy surface analysis showed, that there are different sort of corrosion products on the 
surface of the mild steel after immersing in the three salt solutions. The reason for this is the 
different combinations of Fe and O. The mild steel samples immersed in seawater and NaCl had 
the same green rust, this color is obtained from the Fe and O combination. After cleaning the 
mild steel in seawater and NaCl solution had all lot of little pits on the surface, mild steel in 
artificial seawater had less pits but the pits were bigger. The stainless steel samples immersed 
in all the three salt solutions had had pits on the surface. However the size of the pits on 
samples immersed in seawater and artificial seawater is large compared to the size of pits 
formed on the surface immersed in NaCl solution. For the future research more focus should be 
put on the effect of the biofilm in a corrosion process.  
 

Keyword: mild steel, stainless steel, Polarization, Open Circuit Potential , seawater, artificial 

seawater, 3,5% NaCl,  Weight loss, corrosion, Bio corrosion, corrosion rate.   
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1. Introduction 

1.1 Corrosion 
 
Corrosion was defined in 1946, by The American Electrochemical Society as “the destruction of 
a metal by chemical or electrochemical reaction with its environment”. (Chilingarian, 
Mourhatch, & Al Qahtani, 2013, p. 276).This definition is very overall and covers many types of 
corrosion. Rust or uniform corrosion is a familiar example of mild steel corrosion. Other 
examples are pitting corrosion specifically detected on aluminum and steel alloys. Also glass 
and polymers can suffer corrosion or degradation according to this definition. Corrosion, when 
mentioned in this thesis, refers to the electrochemical corrosion of metals (mild steel and 
stainless steel) that occurs in aqueous environment, according to a study of (Simillion, 2012). In 
several environments, corrosion is a natural phenomenon. Energy is needed to form metals 
from their minerals. The energy is kept inside the metal. This extra in energy is a driving 
potency for corrosion. The purest metals corrode in atmospheric conditions if there is no 
protection by their own passive layer. 
  
Metallic corrosion in aqueous environment requires of four elements to occur: 

- Anode 
- cathode 
- an electrolyte 
- a metallic path 

1.1.1 Different types of corrosion 
 
Corrosion is an electrochemical process. In these reactions, the electrons are moved from 
one species to another indirectly through the electrodes positioned in the same or different 
medium. Electrochemical corrosion contains two half-cell reactions: a reduction reaction at the 
cathode and an oxidation reaction at the anode, According to a study of (Trethewey & 
Chamberlain, 2009). For iron corroding in water with a pH 7, these half-cell reactions can be 
showed as: 
Anode reaction: 2Fe => 2Fe2+ + 4e- 
Cathode reaction: O2 + 2H2O + 4e- => 4OH- 

 
Different types of electrochemical corrosion: 

 ( general) uniform corrosion 

 Pitting corrosion 

 Galvanic corrosion 

 Soil corrosion 

 Differential aeration corrosion 

 Stress corrosion  
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1.2 Corrosion in salt environments 
 
Chloride concentration 
The chloride ions in salty water are some of the most aggressive elements in seawater. In 
seawater, the chloride concentration is regularly between 3.1 and 3.8 % per weight. The three 
factors why the chloride ions are so corrosive in seawater:  
 

 Chloride ions can react with dissolved ferrous ions to form ferrous chloride giving the 
following reactions: 
 
Fe = Fe2+ + 2 e- 

Fe2+ + 2 Cl- = FeCl2 

 
The ferrous chloride formed in this reaction can react with dissolved oxygen and 
produce ferric oxide (Fe2O3) and ferric chloride (FeCl3), which is a well-known oxidizer 
that can enhance the uniform corrosion rate and pitting corrosion.  
 

• In pitting corrosion the chloride ions can initiate the pit formation. The ions can 
penetrate the passive layer and further increase pit initiation risk. Also, chlorides can 
increase the pit growth through an autocatalytic process. Pitting corrosion is unlikely to 
happen in places where water flows. 

 
 Dissolved oxygen is also an important aspect that can stimulus the corrosively of natural 

seawater. The chlorides concentration can influence the oxygen solubility’s in seawater. 
From figure 1 can be obtained that, increasing Cl concentration the corrosion rate will 
increase. At certain point is the corrosion rate limited and decrease, since the metal is 
attacked by the Cl, the metal cannot progress in corrosion since the oxygen 
concentration for the reduction process is limited. Chloride decreases the solubility. The 
maximum concentration of oxygen can be reached at 3.5 weight percent sodium 
chloride, as shown in the figure 1:  
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Figure 1: Influence of concentration of chloride ions in the corrosion rate. 

 

Oxygen 
The pH of seawater is between 7.5 to 8.5, the oxygen reduction reaction is the main cathodic 
reaction in competition with the hydrogen reaction. Dissolved oxygen can have an important 
influence on the corrosion rate in seawater since the cathodic reaction limits the anodic 
process. Oxygen solubility is limited by chloride concentration. The maximum oxygen 
concentration is reached at 3.5% of sodium chloride (Figure 1). 
 
Temperature 
Temperature is an aspect that can affect the activation polarization and concentration 
polarization, which increase the corrosivity in most types of corrosion. The corrosion of steel in 
water will rise from 2 to 4% per 1.5°F (1°C) increasing of temperature. Seawater corrosion in 
tropical regions is higher than in arctic regions, according to a study of (Yari, 2015).  
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1.3 Steel 
 
Corrosion of metals costs the U.S. economy almost $300 billion per year at current prices. 
Approximately one-third of these costs could be reduced by broader application of corrosion-
resistant materials and the application of best corrosion-related technical practices. These 
estimates result from a recent update of findings of study Economic Effects of Metallic 
Corrosion in the United States. (Bennett, Kruger & Parker, 1978) 
 

1.3.1 Mild steel  
 
In general 
The material which is used the most in the word is mild steel. The corrosion resistance of mild 
steel is quite limited. In large sizes in marine applications, fossil fuel power and nuclear power 
plants, chemical processing, petroleum production and refining, pipelines, mining, construction 
and metal-processing equipment is mild steel used. Mild steel is the main material of alloys in 
use, both in terms of size and total price. the corrosion of mild steels is an enormous problem. 
This is the reason for the entire industries to protect mild steel against corrosion.  
 
Properties  
The researches (Quraishi & Jamal, 2000) defines mild steel as follows: Steel is considered to be 
mild steel when no minimum content is specified or required for chromium, cobalt, columbium 
[niobium], molybdenum, nickel, titanium, tungsten, vanadium or zirconium, or any other 
element to be added to obtain a desired alloying effect The compositions of mild steel are 
shown in Table 1:    
 

Table 1: Properties and compositions of mild steel. 

 

 
  

General properties  
mild steel  

 Composition of 
Mild steel 

    Element  Percentage 

Corrosion Mild steel corrodes fast, 
when it is not protected 

Copper  0.14% 

Density: 7800 – 7900 kgm-3 Manganese  0.35% 

Modules of elasticity 200 – 250 GPa Silicon  0.17% 

Yield strength 250 – 395 MPa Sulphur  0.025% 

Price:   0,4692 – 0,5247 euro per kg Phosphorus  0.03% 

  Iron  remainder 
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1.3.2 Stainless steel 304 
 
In general 
Stainless steels are iron-based alloys, stainless steel have at least around 10.5% Chromium. The 
Chromium in the steel makes a protective self-healing oxide-layer. The reason that stainless 
steel is corrosion resistance is because of the oxide layer. The self-healing of the oxide layer 
means that the corrosion resistance stays intact irrespectively of fabrication techniques. even 
though if the stainless steel surface is scratch or damaged, the oxide layer will selfheal and 
corrosion resistance will be recovered. Normal mild steels must be painted or have other 
coatings to be protected for corrosion. Any scratch of damage on the paint or coating will 
corrode the underlying mild steel. See table 2 and annex 1: specification stainless steel 304, for 
the specification and the composition of stainless steel 304 that is used for this study. 
 
Stainless steels have a wide range of properties, compared with mild steel: 
 

- more corrosion resistance 
- more cryogenic toughness 
- higher work hardening rate 
- higher hot strength 
- higher strength and hardness 
- lower maintenance 

 

 
 

 
 

 

  

General properties  
stainless steel  

 Composition of 
Stainless steel 

    Element  Percentage 

Corrosion Quite corrosion resistance Copper  0.30% max. 

Density: 7480 - 8000 kgm-3 Manganese  2.00%  max. 

Modules of elasticity 196,5 GPa Nickel 19.00% max. 

Yield strength 205 – 515 MPa Sulfur  0.030% max. 

Price:   2,3295 – 2,6829 euro per 
kg 

Phosphorus 0.045% max. 

  Silicon 0,75% max. 

  Iron  remainder 

Table 2: Properties and composition of stainless steel 304. 
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1.4 Why this study 
 
For over 50 years corrosion connected with microorganisms has been recognized. However for 
researches bio corrosion is still not completely understood. Bio corrosion, also known as 
microbiologically influenced corrosion, has to do with the effect of micro-organisms on the 
kinetics of corrosion developments of metals. A film formed by the micro-organisms on the 
metal-solution interfaces is the cause of bio corrosion. This film is known as the biofilm, see 
figure 2. Bio corrosion is an old branch of corrosion, it fits into the part of micro-organisms in 
the corrosion processes. It called bio corrosion because of the existence of living micro-
organisms. The corrosion reactions may be changed by microbial influence, particularly when 
the micro-organism adheres to metal surface forming biofilm. Parts of their metabolic 
movements such as enzymes, exopolymers, organic and inorganic acids, and compounds, for 
example, ammonia or hydrogen sulfide can affect cathodic and / or anodic reactions, this will 
cause the change in electrochemistry of the biofilm / substrate interface. The role of biofilm on 
the surface of the metal may result in deterioration of the metal. 
 

 

Figure 2: Photomicrograph of a multi-species biofilm on a stainless steel surface 

The aim of this research 
 
the aim of this research is to study the corrosion performance of mild steel and stainless steel 

when immersed in natural seawater. in order to verify the effect of the microorganisms 

compared to the results with the ones obtained with artificial seawater (microorganism-free) 

and sodium chloride solution (NaCl).  



Page | 15  
 

Effects of bio corrosion: 

 
- that approximately 20% of all corrosion damage of metals is induced by bio corrosion 

(Flemming, 1996) 
- Brennenstuhl et al. (1992) reported that bio corrosion caused a damage of 

approximately $ 55 million in stainless steel exchangers within 8 years 
- reduced speed of marine vehicles due to increased weight of bio fouling 
-  cost to burn extra fuel 
- environment impact related to increased fuel usage 
- accelerated corrosion of metals and alloys resulting in safety issues 
- A biofilm of 1 mm thickness can increase the ship hull friction by 80% weight which 

results in 15 % reduction in speed 
- 5% increase in greenhouse gases CO2, NOx and SO2 emissions 

 
The most susceptible parts of a typical ship to bio corrosion are indicated in Figure 3. Common 
hard shelled barnacles generally found on ship hulls are shown also in the figure 3 : 
 

 
Figure 3: Parts of the ship that are more susceptible to bio corrosion (or bio fouling) 
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2. Materials and methods  
 
This chapter will discuss which materials, solutions, experimental setups and methods are used 
for the research study. 

2.1 Sample preparation 
 

The surface area of the mild steel and stainless steel was around 25 × 25× 4 mm. For OCP and 
Polarization experiments, the samples were embedded  in the epoxy mold , exposing only the 
surface of the sample. The mild steel and stainless steel samples were polished with sandpaper 
using 80, 160, 320, 800, 1200 roughness. After that the polished mild steel and stainless steel 
samples were rinsed with Ethanol, washed using distilled water, dried and stored in the lab. 
After the sample preparation, the mild steel and stainless steel samples were weighted.  

2.2 Different salt solutions 

2.2.1 Sodium Chloride ( NaCl) 
 
To get a clear idea how much influence only salt water has on the corrosion of steel, in relation 
to seawater. The chloride ions in salty water are some of the greatest aggressive elements in 
seawater. Seawater contains approximately 3,5 weight percent sodium chloride solution. See, 
annex 2: specification NaCl. 
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2.2.2 Artificial seawater 
 
Artificial seawater does not contain bacteria, further artificial seawater has all the chemical 
species that also contained in seawater. The Artificial seawater formula contains mineral salts, 
some anhydrous salts that can be weighed out, and some hydrous salts that should be added to 
the artificial seawater as a solution.. In table 3 the components of artificial seawater are 
showed, and see annex 3: specification artificial seawater for more in information. 
 

 

 

 

  

Component valence Concentration (mol/kg) 

H20 -- 53.6 

Cl -1 0.546 

Na +1 0.469 

SO -2 0.528 

Mg +2 0.0282 

Ca +2 0.0103 

K +1 0.0102 

CT -1 0.00206 

B -1 0.000844 

BT -3 0.000416 

Sr +2 0.000091 

F -1 0.000068 
Table 3: Properties and composition of artificial seawater. 
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2.2.3 Seawater 
 
Seawater covers 71% of the surface of the world. This electrolyte approximates a 3,5 weight 
percent sodium chloride solution but it is much more complex, containing almost all naturally 
occurring elements,(Shifler, Tsuru, Natishhan & Ito, 2005).  In different places in the world, 
seawater can differ in chemical structure, content of salt, the content of oxygen, and pH. 
Seawater pH differs from 7,5 to 8,5. Table 4 shows the component and concentration in 
seawater . Seawater as corrosive media has been taken from Kijkduinen, see figure 4. 
 

Table 4: Properties and composition of artificial seawater. 

Component valence Concentration 
(mol/kg) 

Part of 
salinity % 

Molecular 
weight  

Concentration 
ppm, mg/kg 

Cl -1 0.546 55.03 35.453 19345 

Na +1 0.468 30.59 22.990 10752 

SO -2 0.0281 7.68 96.062 2701 

Mg +2 0.533 3.68 24.305 1295 

Ca +2 0.0104 1.18 40.078 416 

K +1 0.00997 1.11 39.098 390 

CT -1 0.00234 0.41 61.016 145 

B -1 0.00083 0.19 79.904 66 

BT -3 0.00046 0.08 58.808 27 

Sr +2 0.000091 0.04 87.620 13 

F -1 0.000068 0.003 18.998 1 

Figure 4: Seawater is taken from this spot in Kijkduinen (the red arrow). 
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2.3 Methods  

2.3.1 Weight loss 
 
Before immersion the mild steel samples in the three different solutions, the samples were 
polished and cleaned. The samples were polished till the surface was smooth and mirror-like. 
After the polishing the samples were cleaned in an ultrasonic bath filled with ethanol for 5 
minutes. The next step is to measure the weight of the mild steel samples with a balance 
METTLER AE50 Libra, This balance  measured the weight with high precision (till 0,0000 gram), 
see annex 5: specification METTLER AE50 Libra for more details . The samples are immersed in 
seawater, artificial seawater an 3,5 % Nacl solution for 1 week ( 168 hours). The salt solutions 
were sealed and kept at room temperature to avoid evaporation. After one week the samples 
were removed from the salt solutions. The samples are immersed in the ultrasonic bath filled 
with ethanol for 5 min to clean them. The samples are weighed again. From the difference of 
weight of the samples  the corrosion rate can be calculated. 
 
Using the weight loss method results the corrosion rate can be calculate with the following 
formula: 
 
CR= corrosion rate [mm/year] 
D= density [g/cm3] 
t= immersion time [h] 
W= weight loss [g] 

A= surface [cm2] 

 

 
  

Figure 5: Formula corrosion rate by weight loss. 
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2.3.2 Electrochemical setup  
 
The process of corrosion is an electrochemical process. Electrochemical process consisted of 
oxidation and reduction reactions. The released electrons from the metal (oxidation) are added 
by the components (reduction) in the corroding solution. The electron (current) in the corrosion 
reaction is a flow, the flow can be measured electronically. Thus, controlled electrochemical 
experimental method is a method to know the properties of corrosion of metal components in 
combination with different electrolyte solutions. For each metal in a solution the corrosion 
characteristics are unique. 
 
The experimental setup of a polarization measurement consists of an electrochemical cell. This 
is constituted by the electrolyte solution, a counter electrode(s), a reference electrode and a 
working electrode that is the metal sample, see annex 4: electrochemical cell setup. The 
potentiostat is the electronic instrument to measure and/or apply current and/or potential. The 
electrodes are connected to this. The reference, working a counter electrode are immersed in 
the electrolyte solution, see figure 6. An electrochemical potential (voltage) is generated 
between the different electrodes in the solution. From the potentiostat the corrosion potential 
(ECORR) is measured, by the difference in energy between the reference electrode and the 
working electrode. Electrochemical corrosion tests measure the potential and current of the 
oxidation or reduction reactions, see figure 7. By input of a constant potential in a specific time 
period on the working electrode imposes the potentiostatic. The current is plotted vs. log I 
(Amps/cm2). 
 

 
Figure 7: Electric circuit of potentiostat. 

 
  

Figure 6: Three electrode potentiostat. 
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2.3.3 OCP (open circuit potential ) 
 
What is OCP? 
A metal which is immersed in a solution, there will be an electrochemical reactions of the 
metal-solution crossing point at the surface of the metal, ensures that the metal will corrode. 
These reactions create an electrochemical potential, this test called the open circuit potential. 
The open circuit is measured in Volts ( V). 
 
Experimental details 
The OCP measurements were carried out on mild steel and stainless steel samples in seawater, 
artificial seawater and 3,5 % NaCl solution for 1 hour (3600 sec). For the OCP measurements is 
used  the following equipment: Solartron SI- 1287 Electrochemical Interface and Solartron 1218 
multiplexer. The 3,5 % NaCl solution and artificial seawater are prepared in room temperature. 
Seawater as corrosive media has been taken from Kijkduinen. The fixed rate method is used. 
The OCP curve (E (V) vs. Time (sec)) is plotted. For obtaining the measurement, the software 
ZView is used.  
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2.3.4 Polarization  
  
What is POLARIZATION method? 
A method for polarizing an electrode, where the time for each potential is constant called 
Potentiodynamic polarization. To changing the potential to the next step the current is allowed 
to become stable (R. Rosliza, H.B. Senin and W.B. Wan Nik,2008.). The potential increase 
small, this method resembles a potentiodynamic curve. The potentiodynamic measurement is 
presented by the plot E (V) vs. log I (Amps/cm2). 
 
Experiment details: 
The potentiodynamic polarization measurements were carried out on mild and stainless steel  
samples immersed in seawater, artificial seawater and 3,5 % NaCl solution for 1 hour (3600 
sec). The 3,5 % NaCl solution and artificial seawater are prepared in room temperature. 
Seawater as corrosive media has been taken from Kijkduinen, see figure 2. For all experiments 
a volume of 500ml of solution was used. The exposing area of the samples was around 5 cm2. 
This is used as working electrode. For the counter electrode is made use of a platinum mesh 
and for the reference electrode is made use of silver/silver chloride( Ag/AgCl).The initial 
potential of the scan was -0,2V and the final potential was 0,5V. Anodic and cathodic 
polarization curves were recorded. For the potentiadynamic polarization measurements is used 
the Solartron SI- 1287 Electrochemical Interface and Solartron 1218 multiplexer. For obtaining 
the measurement is the software ZView used.  
 
Obtained values: 
In addition to the polarization curve, other important data are obtained like the tafel slopes ba 
and bc, Ecor and the Icorr. From these values the corrosion rate of the tested samples can be 
calculated.  The corrosion rate depends on the cathodic (reduction) and anodic (oxidation) 
reactions.  there is a linear relationship between the corrosion rate, CR, and the corrosion 
current icorr, according to the Faraday's law. The formula for the calculation of the corrosion 
rate is: 
 
 
The corrosion rate was determine using the formula see figure 8. The corrosion current density 
icorr was calculated using the tafel plot. 

 
 
CR = Corrosion rate [m / s] 
a = atomic mass [g / mol] 
i = current density [A / m2]  
n = Number of electrons exchanged in reaction 
F = Faraday's constant (96500 C / mol) 
D = Density [g / m3] 
 

Figure 8: Formula for corrosion rate by polarization 
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Surface study by microscopy 

The corrosion on the mild steel and stainless steel surface after OCP and Polarization tests in 
seawater, artificial seawater and 3, 5 % NaCl solution was observed using optical microscope.  
 
After the electrochemical study the mild steel samples were cleaned for corrosion products by 
immersing in samples in concentrated Hydrochloric acid that contains 50 g / L SnCl2 and 20 g / L 
SbCl3 in Ice bath, until the surface is clean. The samples were then carefully washed with 
distilled water, cleaned with an ultrasonic sound bath for 5 minutes in ethanol and dried. 
 
The stainless steel samples were washed only with distilled water, cleaned with an ultrasonic 
sound bath for 5 minutes in ethanol and dried. The sample surface were observed using the 
Olympus-BX 60M computer controlled microscope, see annex 6: specification Olympus-BX 
60M microscope for more information about the microscope. Observation was carried at 
different magnifications (5 x, 10x, 20x, 50x, 100x) and images were recorded.  

3. Results and discussion 

3.1 Corrosion rate by weight loss 

 
Corrosion rate of mild steel was studied using the weight loss experiment. The weight loss of 
mild steel immersed in NaCl, artificial seawater and seawater after 1 week (168 h) duration is 
shown in table 5. From the weight loss, rate of corrosion of mild steel was calculated using the 
formula mention in Section 2.3.1. The corrosion rate obtained was converted in to the unit 
mm/year. The results are shown in the table 5. 
 

 

 

 

 

 
Table 5: Weight loss and corrosion rate of mild steel immersed in solutions for duration of 168 hours 

 
The corrosion rate of mild steel in seawater is 0,097 mm/year, in artificial seawater is 0,109 
mm/year and in NaCl solution is 0,088 mm/year. No significant difference in corrosion rate of 
mild steel in different solution is observed.  

Mild steel Weight 
before 

Weight after  Weight 
loss 

Corrosion rate 
(mm/year) 

Seawater 18,8839 g 18,8584 g 0,0246 g 0,097 

Artificial seawater 18,3644 g 18,3370 g 0,0274 g 0,109 

NaCl solution 18,2232 g  18,2016 g 0,0216 g 0,088 



Page | 24  
 

3.2 Open circuit Potential 

 
All the electrochemical measurements were done in replicates and confirmed that the 
measurements are reproducible and consistent. The most representative plot from each 
measurement is shown in the results below and the replicate measurements are attached as 
annexure, see annex 6 and 7: OCP plots mild steel and stainless steel. 
 
Mild Steel 
The OCP of mild steel in the three different aqueous solutions measure for a period of 1 hour is 
shown in figure 9 

 
 

 
 
 
 
 
 
 
 
It is 

observed that OCP of mild steel varies very little with respect to the different solutions. The 
starting and final potential of the above OCP measurements is shown in table 6. The OCP of 
mild steel in all the three solutions was moving towards the more negative potential with time 
and in the range of -550 to -475 mV.  
 
 
 
 
 
 
 
 
 
It shows that, upon exposure to the solutions the Fe from the mild steel is dissolving in to 
solution as  

Fe Fe2++ 2e- 
And the cathodic reaction takes place as 

O2+2 H2O+4e-
 4OH- 

However the reaction is not vigorous, hence only very small change in equilibrium potential 
occurs with time.   

Mild steel  
Initial 

potential 
(mV) 

Final 
potential 

(mV) 

seawater -512 V -554 V 

artificial 
seawater 

- 475 V -543 V 

NaCl solution -521 V -562 V 
Table 6: OCP values mild steel in three aqueous solutions 

Figure 9: OCP of mild steel in the three aqueous solutions 
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304 Stainless Steel 
The OCP of stainless steel in the three solutions are shown in figure 10. The OCP of stainless 
steel in all the three solutions is observed to be steady with time compared to the OCP of mild 
steel. It is because there was not much activation on the surface of the samples The initial and 
final potential values of the measurements are shown in table 7.  The OCP of stainless steel in 
seawater is ~100 mV nobler than the OCP in artificial seawater and NaCl solution. 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The increase in equilibrium potential of stainless steel in seawater is called ennoblement 
according to the study by (K.K. Turekian, 1968). When stainless steel or other metals such as 
platinum or titanium that have oxide layer on surface are exposed to seawater the free 
corrosion potential is increased. It is due to the micro-organisms present in the seawater which 
forms the bio-film on the surface. The microbial activity of the micro-organisms seems to 
increase the equilibrium potential of stainless steel. 
 
Comparing the OCP of mild steel and stainless steel, it is clearly seen that the OCP of stainless 
steel is in the higher range approximately in the range of -200 mV while the mild steel is in the 
range of  ~ -500 mV. It demonstrates the nobility of stainless steel compared to the mild steel. 
The resistance for corrosion is higher in stainless steel compared to the mild steel. The stainless 
steel has higher corrosion resistance because it has a passive chromium oxide layer on the top 
which prevents dissolution of Fe from the steel in the solution and further electrochemical 
reactions.  

Stainless steel  Initial 
potential 
(mV) 

Final potential  
(mV) 

seawater -160 V -150 V 

artificial 
seawater 

- 300 V -325 V 

NaCl solution -265 V -270 V 

Table 7: OCP values stainless steel in three aqueous solutions 

Figure 10: OCP of stainless steel in thee aqueous solutions 
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3.3 Potentiodynamic polarization measurements 
 
Polarization of mild steel and stainless samples in the anodic and cathodic direction is plotted 
as potential(volts) in x-axis Vs. current density in the y-axis (A/cm2). Such plot is called as Tafel 
plot. The x-axis is represented in logarithmic scale in order to accommodate large range of  
current values that occur during polarization.  
 
Mild steel 
The polarization of mild steel in the three aqueous solutions are given in figure 11.  The 
corrosion behavior of mild steel in artificial seawater and natural seawater is similar while in 
NaCl solution more noble corrosion behavior was observed compared to the seawater and 
artificial seawater. In annex 8: POLZ plots mild steel in three aqueous solutions is shown all the 
polarization plots  
 

 
Figure 11: POLZ mild steel in three aqueous solutions 

The Ecorr and Icorr values are tabulated in table 8. 
 
 
 
 
 
 

 

Steel  Ecorr (mV) Icorr (A/cm2) 

seawater -633,75 6,42E-06 

Artificial seawater -620,48  6,41E-06 

3,5 % NaCl - 453,48 8,01E-06 
Table 8: Mild steel values obtained from POLZ curves 
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The anodic polarization of mild steel in seawater and artificial seawater showed active 
corrosion with little reduction in current density at ~-500mV, which might be due to the 
formation of temporary passive layer, however with increase in potential, the corrosion current 
is increased. In NaCl solution, the anodic polarization showed only active corrosion. It might be 
due to the influence of other salts present in the artificial and natural seawater. The cathodic 
polarization from the OCP corresponds to the reduction of oxygen and water in solution.  
 

304 Stainless Steel 
The polarisation curves of stainless steel in the three aqueous solutions are shown in figure 12. 
The polarisation behaviour of stainless steel is more noble in seawater than compared to the 
artificial seawater and NaCl solution. The Ecorr and Icorr of the polarisation curves are given in 
table 9. In annex 9: POLZ plots stainless steel in three aqueous solutions is shown all the 
polarization plots 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The noble corroison behavior of stainless steel in seawater is due to the ennoblement of the 
alloy as discussed in the section 3.2. Polarisation in the anodic direction resulted in the passive 
layer formation in all the three solutions. However with increase in potential the passive layer is 
broken and rapid increase in corrosion current was oberved resulting in active corrosion. 
 
 
 
 
 
 

Stainless Steel  Ecorr (mV) Icorr (A/cm2) 

seawater -178,53 5,43E-08 
 

Artificial seawater -343,94  6,33E-07 
 

3,5 % NaCl - 288,56 1,85E-07 
Table 9: Stainless steel values obtained from POLZ curves 

Figure 12: POLZ stainless steel in three aqueous solutions 
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i corr 

3.4 Determination of corrosion rate from Tafel plot 
 
The corrosion rate was determined using the formula, see figure 8. The corrosion current 
density Icorr was estimated from the experimental polarization curves. The icorr was estimated 
from the Tafel slopes by intersecting the anodic and cathodic curves. An example of drawing 
the slopes on the curves and finding the icorr is shown in figure 13. 
 

  

Figure 13: POLZ curves stainless steel in aqueous solutions 
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Mild Steel 
The corrosion rate of mild steel in the three solutions calculated from the all the measurements 
are shown in the table 10. The average corrosion rate of mild steel in natural seawater, artificial 
seawater and NaCl solution is 0,075, 0,089 and 0,082 mm/year respectively. There is no 
significant difference in corrosion rate of mild steel in natural seawater, artificial seawater and 
NaCl solution. It is observed that the corrosion rate from weight loss method and polarisation 
method are similar and have little variation.   

 
304 Stainless Steel 
The corrosion current density icorr and corrosion rate of stainless steel in the three solutions is 
given in table 11. The average corrosion rate of stainless steel in seawater, artificial seawater 
and NaCl is 0,0016; 0,0042 and 0,0017 respectively. There is no significant difference in 
corrosion rate of stainless steel in different solutions. However it has to be noted that, the 
deviation of data between different measurements is high. This is because the polarisation of 
stainless steel result in small active region and large passive region afterwards with increase in 
potential. The extrapolation of tafel plot in the active region becomes narrow and results in 
deviation of icorr values.  

 

Mild 
steel 

icorr  (A/Cm2) CR (mm/year) 
Average 

CR (mm/year) 
STD 

(mm/year) 
Mild Steel-
Weight loss  

SW 

6,42E-06 0,0732 

0,0754 0,02604 0,097 4,43E-06 0,0506 

8,99E-06 0,1025 

ASW 

6,41E-06 0,0731 

0,0883 0,013965 0,109 8,81E-06 0,1005 

8,00E-06 0,0913 

NaCl 

8,01E-06 0,0914 

0,0824 0,00811 0,088 7,02E-06 0,0801 

6,63E-06 0,0756 

Table 10: Corrosion rate mild steel in three aqueous solutions 

Stainless Steel 
304 

icorr  (A/Cm2) CR (mm/year) 
Average 

CR (mm/year) 
Standard 
deviation 

SW 

5,43E-08 6,27E-04 

0,0016 0,0012 2,55E-07 2,94E-03 

9,76E-08 1,13E-03 

ASW 

6,33E-07 7,32E-03 

0,0042 0,0031 9,18E-08 1,06E-03 

3,54E-07 4,09E-03 

NaCl 

1,85E-07 2,13E-03 

0,0017 0,0008 6,28E-08 7,26E-04 

1,92E-07 2,22E-03 
Table 11: Corrosion rates stainless steel in three aqueous solutions 
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Comparison between Mild Steel and 304 Stainless Steel  
 
The polarization plots of mild steel and stainless steel in the three solutions are shown in Figure 
14. The curves of stainless steel are located at more positive potential. In general they showed 
lower current densities when compared to mild steel results. It indicates that stainless showed 
less corrosion or higher corrosion resistance compared to the mild steel. The curves of stainless 
showed a passive region during anodic polarization, which indicates the formation of passive 
layer, while mild steel showed active without any formation of strong passive layer. It is also 
clearly observed from the corrosion rate calculated for the mild steel and stainless steel. 

The Figure 14: POLZ curves mild steel and stainless steel together 
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Corrosion rates of mild steel and stainless steel 
Corrosion rates of mild steel and stainless steel are shown graphically in figure 15 for 
comparison. The corrosion rate of mild steel calculated from the two different methods, weight 
loss and polarization experiments are shown in the figure 15. It is observed that the corrosion 
rate calculated from two different methods are comparable and not significantly different. The 
corrosion rate of stainless steel is very less approximately 10 times less compared to the mild 
steel.  
 

 
Figure 15: Beam graph corrosion rate mild steel and stainless steel  
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3.5 Surface study by optical microscope 

 
The images of mild steel and stainless steel samples observed in optical microscope after 
polarization measurements are shown in table 12. The mild steel showed more uniform 
corrosion compared to the stainless steel where pitting corrosion has occurred. The mild steel 
samples immersed in seawater and 3,5% NaCl had the green/blue rust, this color is obtained 
from the Fe and O combination to form the oxide, Fe3O4.H2O. Mild steel immersed in artificial 
seawater had a red-brown color, this rust color is obtained from the Fe and O combination to 
form the oxide, Fe2O3.H2O. All the samples were almost 100 % covered with rust on the surface. 
See annex 10: all the micrographs of the mild steel samples for more micrographs of the 
samples. 
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Table 12: Micrograph mild steel and stainless steel immersed in three aqueous solutions 
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The corrosion products are formed on the surface through following reactions: 
 
When mild steel is immersed in the salt solution 

Fe  Fe2++ 2e- 
 
The electrons are consumed by the hydrogen ions from water and dissolved oxygen in the 
water  

O2 + 2H2O + 4e-
 4OH- 

 
The hydroxide ions combine with Fe2+ ions to produce iron hydroxides 

 
2Fe + O2 + 2H2O  2Fe(OH)2 

 
The Fe2+ ions further react with hydrogen ions and oxygen to produce Fe3+ ions. The Fe3+ ions 
react with hydroxide ions to produce hydrated ion oxides 

 
Fe3++3OH-

Fe(OH)3 
 

4Fe(OH)2 + O2  2H2O + 2Fe2O3.H2O 
 
Fe(OH)3 is a loose porous rust and transform into crystalline form as Fe2O3.H2O. When oxygen is 
limited Fe3O4 is formed, according to (Nimmo & Hinds, 2003). 
 
 
After cleaning the mild steel in seawater and 3,5% NaCl solution, had all lot of little pits on the 
surface, mild steel in artificial  seawater had less pits but the pits were bigger. The pits were 
spread on the surface of all the samples, but there were more pits on the edges of the samples.  
 
The before cleaning pictures of stainless steel is not shown as  stainless steel samples were 
cleaned only to remove the residual NaCl on the surface with water and ethanol. The stainless 
steel samples which are immersed in seawater and artificial seawater had almost the same kind 
of pits. There were pits spread all over the surface of the sample.  For the stainless steel 
samples which are immersed in 3,5% NaCl solution the pits were small in size compared to the 
stainless steel immersed in seawater and artificial seawater. It might be due to the fact that 
there are more chloride ions in NaCl solution whereas in seawater and artificial seawater there 
are combinations of other ions such as Br-, SO4

- etc. See annex 11: all the micrographs of the 
stainless steel samples for all the micrographs of the stainless steel samples. 
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4. Conclusion 
 

- The OCP of the mild steel in the three salt solutions shifted towards more negative 
values, indicating the activation of the surface. The OCP of 304 stainless steel is not 
shifted much in  negative direction because there was not much activation on the 
surface of the samples. It is due to the formation of chromium oxide passive layer in 
stainless steel that prevents corrosion. 
 

- The potentiodynamic polarization measurements correlate to the results from the OCP. 
The potentiodynamic polarization results of mild steel showed that in NaCl solution the 
corrosion behaviour was ~ 200mV more noble compared to the artificial and natural 
sweater. However in all the three solutions active corrosion was observed during anodic 
polarisation. 
 

- The potentiodynamic polarization results of 304 stainless steel showed in natural 
seawater the corrosion potential was noble compared to the artificial seawater and 
NaCl solution. The noble corrosion potential of stainless steel in natural seawater is due 
to the process of ennoblement that occurs due to the activity of the micro-organism 
present in the seawater. The polarisation behaviour of stainless steel in artificial 
seawater and NaCl is similar. 
 

- The weight loss experiment showed also almost the similar corrosion rates for the mild 
steel in different salt solutions. Corrosion rate of mild steel determined by the 
polarisation method and weight loss method is similar and not significantly indifferent. 

 
- There is significant difference in the corrosion rate between mild steel and stainless 

steel. The corrosion rate of mild steel is 10 times higher than the stainless steel. 
 

- Microscopy surface analysis showed, that there are different sort of corrosion products 
on the surface of the mild steel after immersing in the three salt solutions. The reason 
for this is the different combinations of Fe and O. The mild steel samples immersed in 
seawater and 3,5% NaCl had the same green/blue rust, this color is obtained from the 
Fe and O combination : Fe3O4.H2O. Mild steel immersed in artificial seawater had a red-
brown colour, this rust colour is obtained from the Fe and O combination:  Fe2O3.H2O. 
All the samples were almost 100 % covered with rust on the surface.  
 

- After cleaning the mild steel in seawater and 3,5% NaCl solution had all lot of little pits 
on the surface, mild steel in artificial  seawater had less pits but the pits were bigger. 
 

- The stainless steel samples immersed in all the three salt solutions had had pits on the 
surface. However the size of the pits on samples immersed in seawater and artificial 
seawater is large compared to the size of pits formed on the surface immersed in NaCl 
solution. 
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5. Remarks and recommendations  
 
The focus on this research was to study the corrosion behavior of mild steel and stainless steel 

immersed in three different salt solutions. The biofilm plays a role in the in the corrosion 

process. For the future research more focus should be put on the effect of the biofilm in a 

corrosion process. When the optimal concentration of the biofilm has been discovered, this can 

be used to see what the effect is of a biofilm layer on the steel and stainless steel samples. The 

microorganisms can also add to the NaCl solution and artificial seawater. After measuring the 

values of the samples in the solutions with the added microorganisms, is it possible to see what 

the correlation is between the samples with microorganism. Further is it possible to increase 

the microorganism to see how it effect on the corrosion process of the samples. In a future 

study could also be considered how certain coatings behave against bio corrosion. As mild steel 

is used a lot into the sea for example pipelines, platforms and much more industries. 
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7. Annexes 
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Annex 1: specification stainless steel 304 
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Annex 2: Specification NaCl 
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Annex 3: Specification artificial seawater 
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Annex 4: Electrochemical cell setup 
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Annex 5:  Specification METTLER AE50 Libra 
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Annex 6: specification Olympus-BX 60M microscope 
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Annex 7: OCP plots mild steel in three aqueous solutions 
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Annex 7: OCP plots stainless steel in three aqueous solutions 
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Annex 8: POLZ plots mild steel in three aqueous solutions 
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Annex 9: POLZ plots stainless steel in three aqueous solutions 
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Annex 10: All the micrographs mild steel samples  
 
Before cleaning 
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After cleaning: 
 

  



Page | 57  
 

Annex 11: All the micrographs stainless steel samples 
 

 
 


