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Abstract 
 
A part of the purpose with this thesis is to show the automotive industry that stainless 
steel is an attractive material to the next generation vehicles.  
 
Corrosion resistance of steel grades were screened and an attempt to measure coatings 
performance on stainless steels were carried out. 
 
This was made by testing has the corrosion resistance of three different steel grades, 
HyTens X, HyTens 1000 and LDX 2101, in different test procedures. Standard 
methods like anodic polarization curves, potentiostatic crevice corrosion resistance, 
stress corrosion cracking resistance in MgCl2 and CaCl2, and intergranular corrosion 
resistance were used as well as development of a new method to rank pitting 
corrosion resistance of low-allowed stainless steels. Regarding stress corrosion 
resistance LDX 2101 was superior to HyTens X and HyTens 1000. However, 
inducing crevice corrosion the HyTens X and HyTens 1000 performed better than 
LDX 2101. 
 
An investigation of the adhesiveness and degradation of oxsilan coatings on stainless 
steel compared to conventional ED-coatings (electrodeposit) steels was also made. 
Results showed that the adhesiveness of the oxsilan coatings was as good or even 
better as the ED-coating. 
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Sammanfattning 
 
Syftet med detta examensarbete var att visa fordonsindustrin att rostfritt stål är ett 
attraktivt material att använda i framtidens bilar. 
 
Korrosionsresistans av stålsorter testades samt ett försök att mäta beläggningars 
egenskaper på rostfritt stål genomfördes. 
 
Tester av korrosionsresistansen för tre olika stål sorter, HyTens X, HyTens 1000 och 
LDX 2101, har utförts med hjälp av olika testmetoder. Standard metoder så som 
anodiska polarisationskurvor, potentiostatisk spaltkorrosion resistans, resistans mot 
spänningskorrosion i MgCl2 och CaCl2 och resistansen mot interkristallin korrosion 
har alla använts. Även utveckling av en ny metod för att ranka 
gropfrätningsmotståndet av rostfria stål har genomförts. LDX 2101 har överlägset 
bäst korrosionsmotstånd vid spänningskorrosion i förhållande till HyTens X och 
HyTens 1000. Vid propagerande spaltkorrosion hade däremot HyTens X och   
HyTens 1000 bättre motstånd än LDX 2101. 
 
En undersökning av vidhäftningsförmågan och degradering av oxsilan beläggningar 
på rostfria stål jämfört med konventionella ED-lackeringar har också utförts. 
Resultaten visar att vidhäftningsförmågan av oxsilan beläggningarna är lika bra om 
inte bättre än ED-lackering. 
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1. Introduction 
This chapter presents a background to the thesis. The problem at issue is discussed 
which results in the purpose and the delimitations of the thesis. A short presentation 
of the company, Outokumpu is also made. 
 

1.1 Background 
There are over 760 millions automotives in the world today. This gives billions of 
people the freedom of moving them self from one place to another. Like all freedoms 
this has a price. There are about one million people killed every year in car accidents 
around the world and the pollution has bad effects on both our body as well as the 
environment.1 And the problem rises. The development of Asia gives more people the 
opportunity to have a car. So the automotive industry stands in front of a challenge 
where they have to manufacture cars that satisfy the conflicting demands of better 
crash safety and decreased weight.  
 
To be able to produce these vehicles of the next generation the automotive industry 
needs steels that have high strength, good ability to absorb energy at crashes, easy to 
manufacture as well as a good corrosion resistance. As a material in the car body, the 
car industries today are using carbon steel, which is primed and coated with several 
layers of lacquer to get a good resistance to corrosion.   

1.2 Outokumpu in brief 
Outokumpu is an international stainless steel and technology company. The vision is 
to be the number one producer in stainless steel. Outokumpu has 25% share of the 
stainless steel coil market in Europe, which is 8% worldwide and has an annual sale 
of 6 billion Euros. The company employs about 12 000 people in over 40 countries. 
Outokumpu is a Finish company where the Finish government almost have 40% of 
the total shareholders.  
 
Outokumpu consists of two separately managed companies, Outokumpu Stainless and 
Outokumpu technology. Outokumpu Stainless can be divided into two areas, general 
stainless, with production in Tornio, and specialty stainless, with production in 
Avesta, Nyby, Långshyttan (Kloster), and Degerfors. Outokumpu technology offers 
tailored solutions to costumers in minerals and metal processing.2 

1.3 Aim 
As a part of showing the world, that stainless steel is an attractive material for 
lightweight constructions, especially in the car industry, this thesis provide a 
screening of corrosion data for stainless grades HyTens and LDX 2101 in chloride 
laboratory environments. Further it is an introduction to measure adhesiveness of 
coatings on stainless steels.  
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2. Corrosion and corrosion prevention of stainless 
steels 
This chapter gives an overall description of corrosion mechanisms, different 
corrosion forms in stainless steels and properties of different coatings. If the reader is 
familiar with these procedures it is possible to go to chapter 3, Material tested.  

2.1 Stainless steels and their properties 
The history of stainless steel started in the beginning of the 20th century when           
H. Brearly was developing a new material for barrels to heavy guns that would be 
more resistant to abrasive wear. Chromium was among the alloying elements 
investigated and it was noticed that materials with high chromium content did not 
corrode. The first stainless steel contained 9-16% chromium and less then 0,70% 
carbon. However, it was not until after the end of World War II that the development 
in process metallurgy lead to the growth and widespread of the modern stainless 
steels.3 

2.1.1 Different stainless steel categories  
Stainless steel can be divided into six different groups: martensitic, martensitic-
austenitic, ferritic, ferritic-austenitic and precipitation hardening steel. The names of 
the five first refer to the dominant components of the microstructure in the different 
steel while the last name refers to the fact that these steels are harden by special 
mechanisms. Table summaries the compositions and properties of the different 
stainless steel groups.3 

 
Table 2.1 Composition ranges for different stainless steel categories.3  

Steel 
category 

Composition (wt%) Hardenable Ferromagnetism 

 C Cr Ni Mo Other   
Martensitic >0,10 

>0,17 
11-14 
16-18 

0-1 
0-2 

- 
0-2 

V Yes Magnetic 

Martensitic-
austenitic 

<0,10 12-18 4-6 1-2  Yes Magnetic 

Precipitation 
hardening 

 15-17 
12-17 

7-8 
4-8 

0-2 
0-2 

Al 
Al, Cu, 
Ti, Nb 

Yes Magnetic 

Ferritic <0,08 
<0,25 

12-19 
24-28 

0-5 
- 

<5 
- 

Ti No Magnetic 

Ferritic-
austenitic 
(duplex) 

<0,05 18-27 4-7 1-4 N, W No Magnetic 

Austenitic <0,08 16-30 8-
35 

0-7 N, Cu, 
Ti, Nb 

No Non-magnetic 

 
Martensitic and martensitic-austenitic stainless steels are hardenable, which means 
that it is possible to modify their properties by heat treatment. The precipitation 
hardening steels are also able to hardened by heat treatment. Steels in this third group 
need special heat treatment or thermo-mechanical treatment sequences including a 



- CORROSION AND CORROSION PREVENTION OF 
STAINLESS STEELS- 

 

 
Karin Nilsson 

 -3- 

final precipitation hardening and ageing step. Ferritic, ferritic-austenitic and austenitic 
are not hardenable. Ferritic-austenitic group are often referred to as duplex stainless 
steel. All categories of stainless steels are magnetic but the austenitic steel, which are 
non-magnetic.3 

2.1.2 Effects of alloying elements 
All alloying elements have a specific effect on the properties of the steel. It is the 
combined effect of all allying elements and impurities that determine the property 
profile of a certain steel grade. Alloying elements can be divided into ferritic-
stabilisers and austenite-stabilisers. This means that they favour the formation of 
either ferrite or austenite in the structure. The alloying elements most important to 
stainless steels are chromium, nickel and molybdenum. 
 

- Chromium (Cr) – This is the most important alloying element in stainless 
steels. It is this element that gives the stainless steels their basic corrosion 
resistance. The resistance increases with increasing chromium content. 
Chromium promotes a ferritic structure. 

  
- Nickel (Ni) – The main reason for the nickel addition is to promote an 

austenitic structure. Nickel reduces the corrosion rate but is also increasing the 
ductility and toughness of the steel. In precipitation hardening steels nickel is 
also used to form the intermetallic compounds that are used to increase 
strength. 

 
- Molybdenum (Mo) – Molybdenum increases the resistance to both general and 

localised corrosion. It increases the mechanical strength and strongly promotes 
a ferritic structure. Molybdenum also promotes the formation of secondary 
phases in ferritic, ferritic-austenitic and austenitic steels.3 

2.1.3 Mechanical properties 
The different stainless steel categories have different mechanical properties. This can 
be illustrated in stress-strain curves in figure. Martensitic steels have high yield and 
tensile strengths but low ductility while austenitic grades have low yield strength and 
excellent ductility. Somewhere in between are both ferritic-austenitic (Duplex) and 
ferritic steels. The advantage with duplex steels is their high strength, due to the 
austenitic phase, and the fairly high ductility, which is a result of the ferritic phase. 
This is illustrated in figure 2.1. 
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Figure 2.1 Stress-strain curves for some stainless steels3 

2.1.4 Precipitation and embrittlement  
Different stainless steels can suffer from undesirable precipitation, which lead to a 
decrease in both corrosion resistance and toughness. Figure 2.2 gives an overview of 
the characteristic critical temperature ranges for the different steel types. Annealing 
processes can dissolve all the precipitations.  
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Figure 2.2 Characteristic temperature ranges for stainless steels.3 

 
- 475ºC embrittlement – Martensitic, ferritic and duplex steels are steel grades 

that when heat-treated in the temperature range 350-550ºC will get a serious 
decrease in toughness. The reason of the embrittlement is the spinodal 
decomposition of the matrix into two phases of body cubic structure, � and �´. 
The first phase is very rich in iron and the second phase is rich in chromium. 

- Carbide and nitride precipitation – If ferritic steels are heated over 
approximately 950ºC they suffer from precipitation of chromium carbides and 
chromium nitrides, which causes a decrease in both toughness and corrosion 
resistance. In austenitic and ferritic-austnitic steels this phenomenon occurs 
between 550-800ºC. 

- Intermetallic phases – Steels with chromium content above 17% form 
intermetallic phases in the temperature range 700-900ºC. These phases are 
called “sigma phase” and have high chromium content and brittleness. 
Alloying with molybdenum and silicon promotes the formation of 
intermetallic phases.  
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Annealing processes can dissolve all precipitations. Re-tempering martensitic steels 
and annealing and quenching ferritic, ferritic-austenitic or austenitic steels restore the 
structure.3 

2.1.5 High strength-stainless steels 
A stainless steel is, in most cases, selected for the resistance to corrosion, but a 
stainless steel need to have the same mechanical properties (strength, ductility, high 
temperature strength etc.) as other construction materials.3 There are several 
constructions with a need for both a stainless steel as well as high strength steel, i.e. 
steels with a tensile strength over 460Mpa. There are several advantages with high 
strength steels. 
 

- Lightweight products – it is possible to produce products with a lower weight 
due to the high strength 

 
- Lower material costs – a thinner sheet metal will lower the material costs as 

well as the production costs 
 

- Higher strength – high strength steels manage higher loading and have better 
impact resistance than traditional steels. 

 
- Longer lifetime – high strength steels are more durable. 

 
- Reduced logistic costs – thinner sheet metal reduce both warehouses as 

transportation costs.4 
 

2.1.6 LDX 2101® 
LDX 2101® is a special grade duplex stainless steel, which combines the properties of 
both ferritic and austenitic steels. As a result of the duplex microstructure and high 
nitrogen content, the steel has high mechanical strength.  
 
The balanced chemical composition of LDX 2101® results in a microstructure 
containing approximately equal amounts of ferrite and austenite. The duplex structure 
results in the following characteristic properties: 

- High strength 
- Good fatigue resistance 
- High energy absorption  

 
The duplex microstructure, a high content of chromium and nitrogen gives LDX 
2101® further valuable properties: 

- High resistance to stress corrosion cracking 
- Good corrosion resistance 
- Good resistance to intergranular corrosion 

 
Greater working forces than those required for austenitic steels are usually needed for 
cold forming, due to the high proof strength of duplex material. LDX 2101® is 
suitable for most forming operations used in stainless steel fabrication. It should be 
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mentioned that the grade’s high strength, might give rise to a relatively high spring 
back.[5]  

2.1.7 HyTens 
HyTens is Outokumpu’s general generic name for stainless steels used as material in 
high or ultra high strength components. HyTens consists of HyTens X, HyTens 800, 
HyTens 1000 etc up to HyTens 2000, where the numbers denotes the tensile strength 
and X represent a variable strength that the user/customer may control in the forming 
process. HyTens X is delivered in an annealed condition and has an extreme Trip-
effect. A tensile strength of 800-1400 N/mm2 can be obtained after forming 
operations.  
 
The composition of HyTens results in a metastable austenitic structure. A high 
strength can be obtained by cold rolling without big loss in ductility. HyTens is non-
magnetic after heat treatment but will be more magnetic than general austenitic steels 
due to the martensitic phase present after cold rolling. Some of the characteristic 
properties of HyTens are: 
 

- High strength 
- High energy absorption 
- Good welding properties to both stainless steels and carbon steels 
- Great working forces are required due to the high deformation strength and 

high spring back after forming.6 

2.2 Corrosion of stainless steel 
Stainless steel are all steel that contains al least 10,5% chromium (according to 
European standard EN 10088). The chromium reacts with oxygen in the environment 
and forms a protective layer at the alloy surface. This is called passivation and is 
extremely important since the passive film provide the basic mechanism in corrosion 
resistance of stainless steel. Corrosion resistance increases fairly rapid with increasing 
chromium content to about 17% chromium. The passive film is very fine, in order to 
1.0 to 2.0 nm thick. If the passive layer is destroyed locally due to accidental damage, 
such as a scratch, the alloy has the capacity to heal spontaneously in neutral oxygen 
containing environments without impurities. 
 
In an aqueous medium, corrosion is an electrochemical reaction involving contact 
between a metal or alloy and an electrolyte. To get an electrochemical reaction it is 
necessary that an anode, that can lose electrons, and a cathode, that can accept 
electrons, is connected by an electrolyte. The corrosion process involves two 
simultaneous reactions. 
 

- In the anodic oxidation reaction a metal atom loses electrons and goes into 
solution in the electrolyte 

�� �� eFeFe 22  
 

- In the cathodic reduction, commonly oxygen reduction, an electron acceptor is 
involved in the reaction. 

 
(Acid environment) OHeHO 22 244 ��� �
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Aqueous corrosion is corrosion in liquids or moist gases at relatively low 
temperatures, less than 300 ºC. Corrosion of stainless steels can be of several different 
types, for example uniform, pitting, crevice corrosion, stress corrosion cracking, 
intergranular corrosion, galvanic corrosion or corrosion fatigue.7  
 

2.2.1 Uniform corrosion 
Uniform corrosion occurs when the whole or major parts of the passive layer are 
dissolved almost simultaneously. The corrosion propagates at a rate determined by a 
combination of the corrosive environment and the alloy composition. The resulting 
damage corresponds to a gradual loss in overall thickness with a uniform rate. 
Uniform corrosion on stainless steel primary occurs in acid environments or hot 
alkaline solutions. The aggressiveness of the environment increases with the 
temperature but is not occasionally proportional to the concentration.7 
 
Stainless steels generally show good resistance in oxidising acids, such as nitric acid, 
but are not always able to maintain the passive layer in non-oxidising acids, such as 
hydrochloric acid. Hydrochloric and hydrofluoric are environments in which the use 
of most stainless steel is limited to relatively low temperatures and concentrations.  
In strong oxidising environments the passive layer is not always stable and can 
oxidize to more soluble species. This form of uniform corrosion is called transpassive 
corrosion. 
 
The resistance to uniform corrosion is generally improved by higher alloying content, 
such as chromium and molybdenum. An exception is in strongly oxidising 
environments where higher molybdenum content is less resistance than steels without 
molybdenum. 
 
From a technical point of view, uniform corrosion can be predicted compared to the 
much less predictable localised forms of corrosion. The corrosion rate for uniform 
corrosion is often expressed as a loss of thickness per unit time e.g. mm/year. 
Stainless steels are considered to be resistant to uniform corrosion when the rate does 
not exceed 0,1 mm/year.8  
 

Figure 2.3 An uniform corrosion in an aqueous environment8 

 

 Iron 

Water Uniform 
corrosion 

Fe2+ O 
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2.2.2 Pitting corrosion 
Pitting corrosion occur when the passive layer is dissolved locally while the rest of the 
layer remains intact. Pitting starts from vulnerable areas on the surface and lead to the 
formation of cavities. A break in the passive layer may be considered as a galvanic 
cell, in which the corroding metal becomes the anode while the surrounding area with 
an undamaged passive layer becomes the cathode. The surface of the anode is small 
compared to the cathode, which results in a rapid dissolving of the steel and a cavity 
is formed.7  
 
When the metal corrodes, dissolved metal ions generate an environment with a low 
pH and chloride ions migrate into the cavity to balance the positive charge of the 
metal ions. As a result the environment inside the pit is that the environment inside 
the pit gradually becoms more aggressive and a repassivation becomes less likely. 
Pitting attacks often penetrate at a high rate and are likely to cause corrosion failure in 
a short time. Since the pitting attack is small on the surface and may be covered by 
corrosion products, an attack often remains undiscovered until it causes perforation 
and leakage.8  
 
Pitting corrosion primary takes place in neutral or acid chloride solutions and increase 
with increasing chloride concentration, increasing temperature and decreasing pH. 
Other factors that influence pitting corrosion are the presence of oxidising objects, 
such as chlorine or hydrogen peroxide, biofilm activity in natural waters and galvanic 
contact with other materials. 
 
Chloride ions can give local corrosion in severe conditions on all stainless steels. How 
well the steel resists the attacks depends on the alloying elements. Higher content of 
chromium, molybdenum and nitrogen increases the resistance. The condition of the 
surface is also of importance; a smoother surface resists pitting better than a rougher 
one.7 

 
Figure 2.4 Schematic figure of pitting corrosion7 

2.2.3 Crevice corrosion 
Crevice corrosion occurs as the name implies, in any confined spaces caused by 
components design or joints. In environments containing chlorides, crevice, such 
those fund at flange joints, are therefore the most critical places for corrosion. The 



- CORROSION AND CORROSION PREVENTION OF 
STAINLESS STEELS- 

 

 
Karin Nilsson 

 -10- 

influence of capillary forces in narrow crevices is significant and it is thus almost 
impossible to avoid the penetration of liquid into a crevice.9  
 
Oxygen and other oxidants are consumed for the maintenance of the passive later in 
the crevice just as on the unshielded surface. The supply of new oxidants is restricted 
in the stagnant solution inside the crevices and the transportation of oxygen to the 
crevice is limited. This restricts the reaction with oxygen while the dissolving of the 
metal continues and lead to an excess of metal ions in the crevice. These small 
amounts of dissolved metal ions and the migration of chloride ions into the crevice 
causes a decrease of the solution’s pH inside the crevice. This makes an activation of 
the metal surface easy. Crevice corrosion may in some cases look similar to pitting, 
but are usually wider and often similar in shape to the crevice former, due to the 
larger anodic area, see figure2.5.8 

 
Figure 2.5 Schematic figure of crevice corrosion7 

 
Since it is practically impossible to avoid penetration of liquid into a crevice, any 
equipment likely to be exposed to an environment containing chloride should be 
designed with as few crevices as possible. For example are sealing welds preferable of 
spot-welds or bolted joints. Since crevices are the most vulnerable areas to corrosion 
the resistance may be enhanced by overlay welding with a more corrosion resistance 
material or by using a higher alloyed.8 
 
Crevice corrosion primary takes place under similar conditions as pitting corrosion, 
i.e. in neutral or acid chloride solutions. The resistance in stainless steels increases 
with increasing content of chromium, molybdenum and nitrogen.7 

2.2.4 Stress corrosion cracking 
Stress corrosion cracking (SCC) involves crack formation and propagation due to the 
combined action of mechanical stress in the stainless steel in combination with a 
corrosive media. Like pitting and crevice corrosion, stress corrosion of stainless steels 
is most frequently caused by solutions containing chlorides. Most cases of SCC on 
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stainless steel occur at high temperatures over 60�C or at evaporative conditions. In 
such conditions is it possible for solutions, with low concentration of chlorides and 
oxidising species, to give rise to stress corrosion, even though the concentration is to 
low to initiate pitting or crevice corrosion. 
 
Relatively low engineering loads may provoke stress corrosion. Residual stresses 
from different manufacturing operations, such as forming, coarse grinding and 
welding, can be enough to cause failure. The residual stresses can be reduced by 
different kind of heat treatments.8 
 
The typically stress corrosion attacks are narrow and frequently branched into several 
cracks, see figure 2.4. The propagation rates of the cracks are often very high and 
failure may happen within a few days or in worst case just in a few hours.7 
 
A concentration of chlorides from evaporation on hot steel surfaces can cause stress 
corrosion cracking. The evaporation liquid may be a solution as harmless as 
freshwater or other very dilute solutions. When the solution evaporates in 
combination with tensile stress in the steel, the chloride concentrations may be high 
enough to cause stress corrosion.  
 
Steels with a ferritic or duplex (ferritic-austenitic) structure generally display a high 
resistance to stress corrosion attacks. High content of nickel and molybdenum 
increases the resistance of austenitic grades to stress corrosion cracking.8 
 

 
Figure 2.6 Photograph of stress corrosion cracking.7 

2.2.5 Intergranular corrosion 
Grain boundaries separate grains of different crystallographic orientation. 
Intergranular corrosion means preferential corrosion of the grain boundaries of a 
material. In stainless steels, intergranular corrosion may occur as a consequence of the 
precipitation of chromium carbides (Cr23C6) or intermetallic phases. The chromium 
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carbides precipitate in the grain boundaries, which result in depletion of chromium in 
the zones close to the grain boundaries due to the diffusion rate of chromium that is 
slow. Since chromium is essential for passivity, the chromium-depleted zones become 
less corrosion resistant than the rest of the matrix. In a corrosive environment the 
depleted areas may be activated and corrosion will occur in very narrow areas 
between the grains. An example of intergranular corrosion is seen in figure 2.7. 
 

 
Figure 2.7 Schematic figure of intergranular corrosion7 

 
A stainless steel, which has been heat-treated in a way that produces grain boundary 
precipitates and adjacent chromium depleted zones, it is sensitised. Sensitation may 
occur as a result of welding, or of hot forming at in inappropriate temperature.  
 
Intergranular corrosion can take place in solutions in which the alloy matrix is passive 
while the chromium-depleted zones are not. Measures to increase the resistance of 
stainless steels to intergranular corrosion caused by carbide precipitation are: 
 

- Solution annealing 
- Lowering the carbon content 
- Alloying with titanium or niobium, which are stabilising 

 
Precipitation of chromium carbides in the grain boundaries is sometimes caused by 
carbon diffusing into the surface layer of the steel. This is called carburisation and 
may take place if stainless steel components are heat treated with oil, plastic tape or 
other organic substances left on the surface.8 

2.2.6 Inhibitors effect on stainless steels 
Inhibitors are chemicals that, when added in relatively low concentrations to the 
environment, reduces the rate of a corrosive process. Which substance that acts like 
inhibitors depends on both the corrosive environment as well as the alloy. The 
effectiveness of an inhibitor depends on several different mechanisms. Some reacts 
with the chemically active species in the solution while other react with the corroding 
surface and interfere with the corrosive reaction, or form a thin protective coating. 
 

anode 
Chromium 
carbides�

cathode Depletion of 
chromium 
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Examples of compounds that act like inhibitors for corrosion of stainless steels are 
sulphates, nitrates, phosphates and carbonates. For corrosion attacks to occur, when 
these substances are present, a higher chloride concentration necessary.10 
Although inhibitors can be use to suppress corrosion in many environments, there are 
certain limitations of how this corrosion prevention should be used. It may not be 
possible to add inhibitors in all corrosive environments because they may contaminate 
the environment. Many inhibitors are also toxic and are therefore not suitable to use in 
all applications. Another limitation of inhibitors is that they generally lose the 
effectiveness when the temperature and concentration of the environment increases.11  

2.3 Passivity in stainless steels 
Passivity can be defined as a loss of chemical reactivity under certain environmental 
conditions. A simple experiment shows how the passivity works in real life, which is 
illustrated in figure, 2.8. 
 
If a piece of steel is exposed to a 70 % nitric acid concentration in room temperature, 
no reaction will be observed, [A]. Water is now add to the solution and dilute it until 
it is 1 to 1, still no reaction, [B]. There will be a violent reaction if a scratch is made, 
were iron rapidly goes out in the solution and large amounts of nitrogen oxide gases 
are released, [C]. A similar effect will occur if a piece of iron is directly immersed in 
the nitric acid without having time to form a passive film. 
 
 

 
A. Concentrated HNO3 
– No reaction 
 

B. Dilute HNO3 – No 
reaction 
 

C. Dilute HNO3 with 
scratch – Reaction

Figure 2.8 Schematic illustrations of Faraday’s passivity experiments with iron.12
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The example above demonstrates the effect the destruction of passivity. The corrosion 
rate of a metal in the passive state is very low but increases in the transition from 
passive to active state in order of 104 to 106, which result in a violent reaction. The 
experiment shows how unstable the passive state can be if it is subjected to damage in 
a corrosive environment. 
 
The experiment demonstrates that the passivity is a result from a passive film, 
approximately 30 angstrom or less in thickness.12 How a typical active-passive metal 
behaves at different potentials and currents is illustrated in figure 2.9. The examples 
[A], [B] and [C] from figure 2.8 is situated in the potentiodynamic polarisation curve 
is also shown in figure 2.9  
 
The potentiodynamic polarisation curve consists of three different areas, which 
represents the different conditions that a stainless steel can obtain.13 
  

ETR = Transpassive ptotential 
ERED = Equilibrium reduction potential 
EPP = Passivation potential 
A, B, C, D, E = Possible potential 
Ip = Passivation current density 
Ipc = Passive current density 
i1, i2, i3 = Possible current densities 
 
Figure 2.9 A schematic potentiodynamic polarisation curve in an acidic solution for 
an active-passive metal.13 
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The three areas where the metal have different behaviour is described below: 
  
Active area: The metal initially demonstrates behaviour similar to a non-passive metal 
where the dissolution rate increases dramatically.  
 
Passive area: The dissolution rate decreases to a very small value and remains 
independent of potential over a considerable potential region. This takes place just 
above the passivation potential, EPP, and is due to the formation of the passive film. 
 
Transpassive area: The metals dissolution rate increases again at strongly oxidizing 
conditions. The high dissolution rate is due to the breakdown of the passive film. 
 
The values of the passivation potential, EPP, and the current density, Ip, are of great 
importance for the resistance of corrosion. At lower values of, Ip, the material will 
passivate easier. When the temperature and the pH decrease, the current density, Ip, 
will increase and the material will have harder to passivate. 
 
There are three possible cases that may occur if a stainless steel is exposed to an acid 
solution. These cases are represented in figure 2.8 by three parallel lines, which show 
the hydrogen (cathodic) reaction, at different exchange current densities. 
 

- i1: There is only one stable intersection point, A, which is in the active area. 
This results in a uniform corrosion at a relatively high corrosion rate. 

 
- i2: The line intersect at three different points, B-C-D. All three points have 

equal rates of oxidation and reduction (the mixed potential theory). Point C is 
electrochemical unstable and will not exist in reality. Point B, in the active 
area, results in a high corrosion rate, while point D, in the passive area results 
in a low corrosion rate. Both the passive and the active state can therefore be 
stable in identical environments. 

 
- i3: In the passive area is E the only stable point. The system passivates and will 

have a very low corrosion rate. This is typical for stainless steels in neutral 
solutions at moderate temperatures. 

 
All cases are possible for stainless steels and the most desirable is off course the 
third.13 
 

2.4 Corrosion in automotives 
The corrosion protection of automotives is a problem of great economic importance, 
both from the national point of view and for the car owner. The costs due to corrosion 
of passenger cars in Sweden were estimated to be about 9 billion Swedish Crowns in 
1987. This cost has risen since then and one of the reasons is the exceptional use of 
de-icing salt on the roads that have a large effect on the corrosion. There are two types 
of corrosion on cars, cosmetic corrosion and perforation corrosion.14  



- CORROSION AND CORROSION PREVENTION OF 
STAINLESS STEELS- 

 

 
Karin Nilson 

-16- 

2.4.1 Cosmetic corrosion 
Cosmetic corrosion is applied to attack and starts at the exterior surface, usually at 
regions where the paint film is damaged. It can be distinguished from perforation 
corrosion that usually occurs on the inside while cosmetic corrosion usually occurs on 
the outside. 14 
 
Strong emphasis has been made in cosmetic corrosion testing. The test methods 
commonly include the introduction of scratches on fully painted outer body of 
automobiles and the use of accelerated cyclic testing to simulate on-vehicle 
environments.15 

2.4.2 Perforation corrosion 
Perforation corrosion of steel sheet starts at an interior surface of a body panel 
penetrates the sheet and eventually shows through, as rust at the exterior exposed 
surface is known as perforation corrosion. It often occurs at locations that are difficult 
to clean or in crevices, which collect dirt, salt and moisture.14 Perforation corrosion is 
characterized by localized corrosion and has a higher perforation rate than that in 
uniform corrosion. 
 
The testing of perforation corrosion is not as established as of cosmetic corrosion. 
This is mainly because perforation corrosion involves significantly more variables 
than cosmetic corrosion. So far, full vehicle proving ground testing has been tested 
the resistance of perforation corrosion. This is expensive and it is not possible to test a 
large number of materials or new materials. Electrochemical Impedance 
Measurements (EIM) is known to be a powerful tool for the in-situ study of the 
corrosion performance of precoated steel sheets in various environments (See section 
2.6). 15 
 
2.4.2.1 Mechanisms of perforation corrosion 
The four stages in the perforation corrosion of a crevice: 
 

1. Initiation – corrodents are supplied to the perforation sensitive area. 
 
2. Propagation – the propagation rate is influenced by swelling and cracking of 

the corrosion product which increases the gap between overlapping panels and 
provides access for corrosive solutions. 

 
3. Perforation – an actual hole is formed in the body panel. 
 
4. Deformation - rust growth deforms the original shape of the crevice.15 

2.5 Coatings on stainless steels 
For stainless steels to be attractive to the automotive industry there have to be 
coatings that have the same or better reliability as the coatings used today on 
galvanized carbon steel. Organic coatings protect metallic structures from corrosion 
by both inhibition and barrier effects. The barrier effect depends on the adhesion to 
the under-layer but also the non-conducting properties of the coating. Penetration of 
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water or ions is a major cause for loss of the barrier, which may lead to delamination 
of the coating and under-film corrosion.16  

2.5.1 Composition of organic coatings 
In general does the coating consists of four basic elements: 
 

- Binder – forms the polymeric matrix of the coating in which all other 
components may be incorporated 

 
- Pigments and fillers – improves the corrosion protection properties and 

provide the coating with almost any colour 
 

- Additives – the function are very different e.g. thickeners, UV-absorbers, anti-
fungi and so forth 

 
- Solvent – reducing the viscosity of the binder and other components to enable 

a homogeneous mixing17 

2.5.2 Properties of the barrier 
A coating provides protection by forming a physical barrier between the metallic 
substrate and an aqueous corrosive environment. These physical properties are limited 
as all organic coatings are known to be permeable water and ions to certain extent. 
When the adhesion of the coating to a metal surface is perfect there will not be any 
under-film corrosion. This is however impossible as a result of the irregularities in the 
coatings as well as one the metal surface. Loss of adhesion may be caused by 
permeated water that causes blisters. Phenomena as swelling of the coating due to 
water, the presence of voids or ions in the coating, wet adhesion problems, poor 
adhesion properties are some of the reasons why blisters are formed. These blisters 
are perfect starting places for corrosion reactions. Good knowledge of the water 
permeability gives information related to:17 
 

- Polymer structure and composition 
 
- Loss of adhesion 
 
- Under-film corrosion 

 
Figure 2.10 Initiation of a blister under an intact organic coating 
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Determination of the water content is therefore an important parameter of relevance 
for corrosion studies. When the coating absorb water it is also absorbing charge since 
water is an electric conductor. This leads to the approximation of the absorption of an 
organic coating to a parallel plate capacitor, C. 16 
 
The permeability may be described with three material constants:  
 

- Solubility, S (
3m

kg
 or %)  

- Diffusion coefficient, D (
s

m2

) 

- Permeation coefficient, P (
sm

kg
�

) 

 
Solubility 
The solubility is a measure of the maximum amount of water that can be present in 
the coating. It is expressed as kilograms per unit volume or as volume fraction:  
 

� �WaterCoatingVolume
waterpenetratedVolume

S
�

	
..

  (2.1) 

 
Diffusion coefficient 
The diffusion of water in an organic coating is a measure of the mobility of water 
molecules in the organic material. The diffusion coefficient is defined as the 
proportionality constant of the water flux, J, and the concentration gradient of water, 
c, in the coating direction, x, according to Flick’s law of diffusion:  
 

x
c

DJ





�	    (2.2) 

 
Permeation coefficient 
The permeation coefficient of water in an organic coating gives an overall indication 
of the permeability of a coating, combining S and D:  
 

���	 DSP    (2.3) 
 
where � is the specific mass of water. 
 

2.5.3 Water permeation 
The water permeation properties of an organic coating are reflections of its structure 
and composition. The structure of the binder, the temperature, presence of pigments 
and voids in the coating are factors demanding the permeability in an organic 
structure.  
 
There are three different driving forces for water permeation in organic coatings:  
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- Concentration gradients 
 
- Osmotic phenomena 

 
- Capillary forces 

 
Concentration gradients 
Flick’s law is dependent of the concentration gradients as described in equation 2.2. 
The solubility is not influenced by the magnitude of the concentration gradient.  
 
Osmotic phenomena 
Coatings are generally much more permeable to water than ions. A relationship where 
the permeability for water is several thousands times larger than for ions. The osmotic 
phenomena does not influence the diffusion, but may have a positive or negative 
effect on the water solubility of a coating depending on which side of the interface the 
concentration of a particular ion is highest. Higher concentration of ions in the 
electrolyte causes a decrease in the maximum amount of water that may be soluble in 
the coating. Higher concentrations of ions in or under the coating raise the solubility. 
This may give rise to osmotic pressures in or under the coating that creates blisters. 13 

Figure 2.11 Simplified representation of a coated system in contact with an aqueous 
electrolyte solution, indicating the possible material fluxes J. 17 
 
Capillary forces 
Attractions of water in narrow capillaries in the coatings may also contribute to the 
net transport of water into the coating. Normally the rate of transportation through 
capillaries is high compared to the normal Fickian diffusion. 17 

2.5.4 Corrosion under organic coatings 
Corrosion of metal substrates under organic coatings is a complex phenomenon. 
There are two basic mechanisms of propagation of underfilm corrosion: cathodic 
delamination and anodic undermining.  
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2.5.4.1 Cathodic delamination 
Most likely the corrosion process for stainless steels is pitting corrosion in chloride 
environment. As a result of this a separation takes place of the cathodic and anodic 
site. The cathodic reaction is where oxygen still is permeated through the coating. It is 
not known how a coating is delaminated or the extent of degradation of the coating 
depending on pitting corrosion. Figure 2.11 gives an illustration of how cathodic 
delamination may occur. 17 

Figure 2.12 The propagation of a blister due to cathodic delamination under an 
undamaged coating on a steel substrate.17  

The loss of adhesion is determined by : 

- Reaction rate of the cathodic reaction – This rate may be limited by oxygen 
permeation. There are a linear reaction between the delimination rate and the 
oxygen content in the solution. 

- Buffering actions – Many metals (Fe, Al, Zn) give hydrolyses reactions at 
higher pH during which H+ is produced and the pH is reduced.17 

 
2.5.4.2 Anodic undermining 
Classical anodic undermining comprises all mechanisms where loss of adhesion is 
obtained through the anodic dissolution of the substrate or its oxide film. In contrast 
to cathodic delamination is anodic undermining when the metal at the blister edge is 
anodic. Anodic undermining is initiated at defects of the coating or at corrosion 
sensitive sites under the coating. Once corrosive species have penetrated to the metal 
surface these sites will become active. The corrosion rate is very low at the beginning 
but rises because of the osmotic pressure. As shown in figure 2.13 the anodic areas 
are fully separated from the cathodic areas in the case of anodic undermining. Anodic 
undermining is most likely to occur for stainless steels suffering uniform corrosion i.e. 
acidic environment. 17 
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Figure 2.13 Anodic and cathodic blisters during anodic undermining under a 
coating.17 

2.6 Electrical Impedance Measurements (EIM) – Theoretical 
outline 
Electrical impedance measurements can be used as a tool to characterise the electrical 
properties of a material or a material system. The theoretical modelling of defected 
coatings and the corrosion process is extremely complicated. The complexity of the 
phenomena and the high level of interrelation between the different parameters 
disallow the impedance to be calculated from theoretical considerations. However, 
EIM measurements are frequently used to monitor changes such as degradation and 
loss of adhesion of organic coatings attached to a metal substrate. For EIM 
measurements to provide useful data, the electrochemical system cannot change 
during the measuring time. A delamination process for a coating is usually a slow 
process and the system is regarded to be in equilibrium during the EIM. See figure 
2.14. 

 
Figure 2.14 Delamination and loss of adhesion of a coating due to water permeated 
through a pore. 

= Coating 

= Anodic area 

= Cathodic area 

Adhering coating, �1 

Stainless steel, �2 
ZtotA 

�1 

�2 
ZtotB

Coating delaminated 
and loss of adhesion 

H2O 

Pore 

Delamination and 
loss of adhesion 
when: ZtotA > ZtotB 



- CORROSION AND CORROSION PREVENTION OF 
STAINLESS STEELS- 

 

 
Karin Nilson 

-22- 

 
Delamination and loss of adhesion of a coating due to water permeated through a pore 
can be measured by comparing the total impedance.  
 
The total impendance of the system is: 
 

PF
PF

Utot

R
Cj

RZ
�

�	


1

1
    (2.4) 

 
where Cpf is a function of the dielectric constant. The dielectric constants of the 
coating and the stainless steel differs, �1 � �2. When water permeable through the 
coating is the dielectric constant of the coating changing because of water 
permeabling through the coating. The total impedance after coatings degradation is 
lower than for intact a dry coating. Further, when the coating is delaminated and has a 
loss of adhesion the total impedance is lower than an adhering coating. It is therefore 
possible to compare how the total impedance changes with time and detect whether 
the coating is degraded and delaminated or not. 
  
The electrical impedance comparably is the “resistance” of a system to a perturbation 
from its steady state potential or current. 
 
The impedance Z(�) combines perturbation and response into one quantity. 
Impedance is defined as: 
 

)exp()exp()(
0

0 �� jZj
I
E

Z 		    (2.5) 

 

Figure 2.15 Representation of the impedance vector in the complex plane.17 
 
As in figure 2.15 the impedance at a single frequency can be given as a vector in the 
complex plane, where the imaginary part of the impedance, Z'', is plotted as a function 
of the real part of the impedance, Z'. As the impedance clearly is frequency 
impendent, Z is normally measured over a particular range of frequencies. 17 
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2.6.1 Equivalent circuit 
When a dry coating is exposed to an aqueous solution, water will slowly permeate the 
coating structure. By using electrochemical EIM measurements is it possible to 
determine the quantity of water in the coating at a certain time. The system can be 
compared to a plate shaped capacitor, in which the coating is the dielectric medium. 17 
A capacitor is a component that can store energy in the form of a charge separation 
when it is appropriate polarized by voltage.18 
 
Electrically this is characterised by the ohm resistance of the paint film, Rpf in parallel 
with the capacitance of the paint film, Cpf., together with the resistance between 
reference and working electrode, Ru, see figure 2.16. 17 
 

 
Figure 2.16 Electrical equivalent circle of an intact coating on a metal substrate. 
 
2.6.1.1 Nyquist plots  
The Nyquist plots are common ways of showing the capacitance of a dual layer i.e. 
the permeability of water into a coating. To be able to get information from the plots 
there are a need of some knowledge in electrical calculation and the characteristics of 
the components.19  
 
The mathematic formulas for impedance of the different components are:18 
 
Impedance of a resistor: RZ R 	    (2.6) 

Impedance of the capacitor: 
CjC

j
j

C
ZC 

�


1
)

2
exp(

1
	�	�	  (2.7) 

 
Where R is the resistance, j is the complex number, � is the radian frequency and C 
the capacitance.  
 
The impedance for the components connected in parallel is:  

Cj
RZ

�	
11

    (2.8) 

Re-written to: 
RCj

R
Z

�
	

1
   (2.9) 

To get one real and one complex fraction the expression is conjugated with the 
complex expression )1( RCj� : 
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When the resistance of the paint film, Rpf, and the capacitance of the permeated water, 
Cpf, as well as the resistance between the working and reference electrode, Ru, is taken 
into account will the expression be: 
 

2

2

2 )(1)(1 PFPF

PFPF

PFPF

PF
U CR

CR
j

CR
R

RZ



 �
�

�
�	   (2.11) 

 
From this expression is it possible to obtain one real and one imaginary fraction of the 
impedance:  
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One more re-writing gives:  
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Equation is a circle with the radius Ru/2 and the centre in (Rpf+Ru/2) from origin, 
which forms curves, called Nyquist plots, figure 2.16. 19 
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Figure 2.16 Nyquist plot of the complex impedance for the angular 
frequency 0����.15 



- CORROSION AND CORROSION PREVENTION OF 
STAINLESS STEELS- 

 

 
Karin Nilson 

-25- 

2.6.1.2 Mass of permeable water 
The capacitance of the permeable water is determined by:  
 

d
A

C 0��
	       (2.15) 

 
where � is the dielectric constant, �0 is the permittivity of vacuum, A is the area of the 
sample, and d is the coating thickness.  
 
As the relative dielectric constant of an organic coating is small compare to that for 
water does it result in a large change of capacity of the coating already at permeation 
of small amounts water.   
 
Brasher and Kingsbury has determined the volume fraction in a coating as:  
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	�     (2.16) 

 
where Ct is the capacitance at time t, C0 is the capacitance of the dry coating (usually 
obtained by extrapolation to t = 0 in continuous immersion experiments), �w is the 
dielectric constant of water, and K is the swelling of the coating (K = 1 if there is no 
swelling). 
 
The volume fraction of water is define as:  

sol

t

C
CC 0�

	�      (2.17) 

 
where Csol is the capacitance of a layer of water with the same dimensions as the 
coating. 
 
To make measurements that refer to the whole coating, the experimental arrangement 
requires the presence of an ionically conductive medium, usually consisting of an 
aqueous with some salt to make it ionically conductive. If a dry ionic liquid is put in 
contact with an organic coating, there should in principal be a flow of water from the 
coating the outer medium (at least if the ionic liquid is hydrophilic). Under these 
conditions it should be possible to measure in situ the decrease of water content as a 
function of time. 12 
 
It is possible to determine the total mass of permeated water, Mt, by a development of 
Flick’s law (equation 2.2). Assuming Flickian diffusion, the early stages of water 
permeation into a coating can be described by the semi-infinite approach:  
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where X is the concentration, XS the concentration at the surface (assumed to be the 
saturation concentration), X0 the initial concentration (assumed to be constant 
throughout the coating), erf is the error function, and � is a dimensionless group given 
by:  
 

Dt

x

4
	�      (2.19) 

 
where D is the diffusion coefficient, t is the time of immersion, and x is the distance 
from the outer coating surface. The mass flux of water ingress, MS’, is then given by:  
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The total mass of water permeated, Mt, can be obtained by integrating the mass flux 
over time. The fraction of saturation is given by the ratio between Mt and the total 
mass of water at saturation, M�: 
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    (2.21) 

 
This equation is assumed that water entrance occurs only at the outer surface of the 
coating and d represents the total coating thickness. The ratio in equation 2.17 
corresponds to the degree of saturation and is equivalent to the ratio between the 
volume fraction, �, and the saturation volume fraction, ��. 
Equations for small saturation volume fraction and for only one boundary entrance are 
given by:  
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By using this equations is it possible to estimate the amount water that the coating 
manage to permeable. 16 
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3. Material tested 
This chapter introduce the material used in this work.  

3.1 Stainless steels 
Two different steel grades were tested in the thesis. These are LDX 2101®, or the 
standard designation ASTM S32101, and HyTens, ASTM 301. The difference 
between HyTens X and HyTens 1000 are the different reductions during the rolling. 
 
The LDX 2101® and HyTens are some examples of the materials that the car industry 
is interested in due to its low cost and high strength.   
 
Table 3.1 Typical composition of the tested steels according to Outokumpu’s 
information sheet. 
 

 
The analysed composition of the stainless steel are listed in table 3.1. The material 
analyse was carried out by the chemical laboratory on Outokumpu, Avesta Works. 
See table 3.2. 
 
Table 3.2 Composition of the tested stainless steel according to material analyse. 

 

 
The difference between the typical composition and the material analyse are for 
molybdenum and manganese which were higher content in the analyzed 
compositions. 
 
Figure 3.1 shows the microstructure of [A] HyTens X, [B] HyTens 1000 and           
[C] LDX 2101. 

 

Typical composition in wt-%  Steel grade 
Micro structure C N Cr Ni Mo Other 
LDX 2101® Duplex 0,03 0,22 21,5 1,5 0,3 5 Mn 
HyTens X Austenitic 0,10 - 17 7 -   
HyTens 1000 Austenitic 0,10 - 17 7 -   

Typical composition in wt-%  Steel grade 
Micro structure C N Cr Ni Mo Other 
LDX 2101® Duplex 0,028 0,236 21,40 1,47 0,31 5,06 Mn 
HyTens X Austenitic 0,107 0,020 16,85 7,16 0,33  1,10 Mn 
HyTens 1000 Austenitic 0,097 0,023 16,91 7,16 0,33  1,09 Mn 
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A. HyTens X. Austenite and martensite (needle formed), magnified 500x  

B. HyTens 1000. Large amount of martensite, magnified 500x 

C. LDX 2101. Duplex (ferrite-austenite) structure, magnified 1000x 
 

Figure3.1 Photographs of the microstructure of HyTens X, HyTens 1000, LDX 2101 
 
The microstructures of all tested steel grades were normal. However, some martensite 
was seen for the HyTens grades at the surface, most probably due to grinding effects. 
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3.2 Coatings 
In the water permeation experiments have stainless steels with different coatings been 
investigated and compared with steel and coating used today in the car industry. 
 
Two different coatings on stainless steel and one reference-coated, carbon steel have 
been tested. Since the A and B coatings are under development for the stainless steels 
there are very little information about the differences of the coatings. The coatings for 
stainless steel will be referred to as coating A and coating B while the carbon steel 
coating will be coating C. 
 
Coating A and B are much thinner than C. It is also possible to se the phosphate film 
in coating C. Differences in the coatings can be seen in figure 3.2. 
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Steel 

 
 
 
 
 
 
 
 
 
 
 
 
 
Coating A, dry. 2 �m, 1000x 
 
 
 
 
 
 
 
 
 
 
 
 
 
Coating B, dry. <1 �m, 1000x 
 
 
 
 
 
 
 
 
 
 
 
 
 
Coating C, dry. 30 �m, 500x  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Coating A, soaked. 5 �m, 500x 
 
 
 
 
 
 
 
 
 
 
 
 
 
Coating B, soaked. 2 �m, 1000x 
 
 
 
 
 
 
 
 
 
 
 
 
 
Coating C, dry. 30 �m, 500x 
 

 
Figure 3.2 The photographs show the three coatings before and after immersion. 
Coating A and B are barley visible while coating C shows both the phosphate layer 
(dark and wavy) and coating.  

Steel 

Steel 

Steel 

Steel 

Steel 
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Coating A and B are both oxsilans® and are new products from Chemetall. Oxsilan® 
is a new nanoscale metal pre-treatment technology. It is chemically silanes, 
represented as R-Si(OX)3, where the OX typically is an alkoxy group. The R group 
can be non-functional or functional but a functional reactive organic group promotes 
adhesion of specific coatings.  
 
The hydroxy group of the siloxane compound react with the hydroxides present in the 
metal oxide layer. This forms strong covalent bonds when the siloxanes bind to the 
metal. See figure 3.3. 
 

Figure 3.3 Bonding between siloxane and metal.20 

 
Oxsilans have the properties of enhancing the corrosion resistance and increasing the 
bond strength between the metal and paint for organical-coated substrates. This type 
of coatings is also free of hazardous metals, which make them excellent from an 
environmental point of view. The coatings of oxsilanes are ultra thin compared to 
conventional techniques where phosphates have been used.  
 
When the oxsilan coatings are drying the neighbouring hydroxy groups of the 
siloxanes reacts with each other and forms a more or less cross-linked siloxane film.20 
See figure3.4. 

 
Figure 3.4 An oxsilan film after drying. 20 
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The simplicity of applying these coatings to stainless steel in production is of 
significant importance for the automotive industry. The oxsilans are applied by 
spraying, immersion, roll coater or dipping and needs a contact time of approximately 
1 second or more. The drying temperature is ambient up to 120�C but a temperature 
of about 80�C has been found preferably. The oxsilane coating leaves a transparent 
film. Another benefit is that there are oxsilans that can be applicated at both steel and 
aluminium at the same time and give good performance to both.21  
 
The coating on the galvanized carbon steel is an ED paint with a zink phosphate coat. 
This is the type of typical primer coatings used today in the automotive industy. The 
coating used in this tests is supplyed by Volvo Car Corporation.  
 
ED coatings consists of an emulsion whith a solid content of 10%. These are solid 
particles with approximately 100nm in diameter, which are electrical charged. ED 
coatings requires a conducting seed layer on the steel surface, often a phosphate film. 
When high voltage is applied between the conducting layer and the counterelectrode, 
the resist particles migrate and deposit on the seed layer to form a resist film. Since 
the resist is an insulating layer the current decreases rapidly as the resist thickness 
increases. Deposition stops when the current drops to zero.22  
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4. Experimental 
This chapter introduce the experiments performed to stainless steels. Descriptions of 
physical test performed are presented. 

4.1 Pitting corrosion in low alloyed stainless steels 
The present method used for testing pitting resistance is to determine CPT, critical 
pitting temperature by using the Avesta cell. By comparing the critical pitting 
temperature, CPT, for different alloys is it possible to rank the pitting corrosion 
resistance of them.  
 
The Avesta cell is a flush port cell where its design avoids crevice corrosion on the 
sample edges by a filter paper that is flushed with pure water. This test method 
determines the potential independent CPT by a potentiostatic technique using a 
temperature scan.  
 

 
Figure 4.1 Sketch of the design principle of the Avesta cell. 23 

 
The specimens are exposed to a 1 molar sodium chloride (NaCl) solution, initially at 
0º C. After an initial temperature stabilization period, the solution is heated at a rate of 
1º C/minute. The potential is held constant during the whole temperature scan. A 
potential of 700 mV has been found suitable for most stainless steel. The current is 
monitored during the temperature scan, and the CPT is defined as the temperature at 
which the current increases rapidly, which is defined as the temperature at which the 
current density exceeds 100 �A/cm2 for 60s. See figure 4.2. 23 
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Figure 4.2 A plot of determination the critical pitting temperature, CPT 23 [27] 
 
For low alloy grades, the concept of a critical pitting temperature has been difficult to 
determine since the CPT drops to values close to or even below freezing because of 
the high chloride content in the solution. 
 
An alternative method to rank low-alloyed steel grades in corrosion resistance is to 
undertake polarization measurements. 
 
To be able to perform an anodic polarization curve and to test the resistance to crevice 
corrosion is it necessary to determine the critical chloride concentration. The critical 
chloride concentration provides a minimum amount of chlorides for pitting or crevice 
corrosion to occur. Since there are no standard for this type of measurement they will 
follow a method developed at Outokumpu Research Center in Avesta. 
 
By using the same equipment as the Avesta cell, with the difference that the 
temperature will be constant and a continuous amount of chlorides are added into the 
initial solution, is it possible to determine the critical chloride concentration were 
pitting is initiated. 

4.1.1 Sample preparation 
The samples are of any geometry and surface finish compatible with chosen specimen 
holder according to standard ASTM G150 for the Avesta cell. In this case is the 
specimen 30×30×t mm with a surface in “as delivered” condition. The tested area is   
1 cm2. The specimens were grit to 320 mesh and passivated for at least 24 hours. All 
samples were cleaned with acetone before they were placed in the Avesta cell. 23 
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Figure 4.3 Drawing of the samples used in critical chloride testing. 23 

4.1.2 Determination of critical chloride concentration 
The testing is conducted in a 130 ml Avesta cell with a testing area of 1 cm2. See 
figure 4.3. Since there is no chloride in the solution (distillate water) at the beginning 
of the test was it necessary add a substance that increase the conductivity. In this case, 
the electrolyte was the substance Borax (Na2B4O7) solute to 0,1 M and regulated to 4 
by sulphuric acid. 
 
The cell is a three-electrode system as in figure 4.1 with the difference that the 
reference electrode is captured in a salt bridge and then brought down in to the 
electrolyte. This arrangement simplifies the testing procedure and prevents bubbles of 
air to get into the salt bridge where they can disturb the recording of the current. The 
reference electrode is of calomel type. The potential of the saturated calomel electrode 
should not be more than 2-3 mV. 
 
The chlorides were ramped into the solution to find a critical chloride concentration 
where pitting corrosion occurs, i.e. when the current rises above 100 mV according to 
the ASTM 150 G standard.23  

4.2 Anodic polarization measurements 
This test method is a procedure for conducting cyclic potentiodynamic polarization 
measurements to determine relative susceptibility to localized corrosion. An 
indication of the resistance toward initiation of localized corrosion is in this 
experiment given by the potential at which the anodic current increases rapidly. The 
higher potential before the current density rises, the less susceptible is the alloy to 
initiate localized corrosion.  

4.2.1 Sample preparation 
The sample preparation was carried out in the same way as the samples for pitting 
corrosion in low-alloyed stainless steel. Se figure 4.3  

4.2.2 Performance 
The apparatus used for anodic polarization curve are the same as those used for pitting 
corrosion in low-alloyed stainless steel tests with the difference that the potentiostat 
has the ability of making potentiodynamic measurements.  
 

30 mm 

30 mm 

Test area 
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The specimen wa fasten in the electrode holder and 130 ml electrolyte was added as 
soon as a droplet of distilled water was covering the surface of the sample. The 
electrolyte used in the Avesta cell is the critical chloride concentration for each steel 
grade, in this case 0,3 M sodium chloride (NaCl) for all three steel grades, see also 
results for critical chloride concentration, section 5.1.2. The temperature of the 
solution was brought up to 25 ± 1ºC by a controlled-temperature heater. The reference 
and counter electrode was placed in the test cell. It is important to locate the tip of the 
salt-bridge approximately 1 mm from the working electrode (the specimen). Oxygen 
was removed, to make sure that there would be an initial corrosion potential, from the 
solution by bubbling nitrogen during the whole test time. An open circuit potential 
was measured for 15 minutes before scanning of the potential. The scan rate was 
20mV/minute (1,2V/h) from the open circuit potential up to 1,2 V and then back to –
0,3 V. 
 
Localized corrosion can be identified when a rapid increase of the current occurs. The 
polarization curves are plot with the potential versus the logarithmic current density.24  

4.3 Potentiostatic crevice corrosion 
Crevice corrosion resistance was measured as propagating crevice corrosion under 
aggressive conditions. This was carried out by immersion of a crevice assembly into a 
aolution containing critical chloride concentratoin in combination with a set 
potential.25 

4.3.1 Sample preparation 
The samples were 60×60×t mm with a drilled hole, Ø 12 mm, in the centre and a 
thread hole, M2, on the top edge according to ARC’s internal test method CC3, see 
figure 4.4. The experiment was carried out on the delivery surface. All samples were 
cleaned with acetone and weight with an accuracy of 0,1 mg before they were 
assembled.26 

 

 
Figure 4.4 Drawing of the sample used in crevice corrosion tests. 26 
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4.3.2 Crevice corrosion test procedure 
The testing was preformed in a 2-liter vessel with cover containing two counter 
electrodes with dimension 30×60 mm of 254 SMO, a saturated calomel electrode as 
reference electrode, a gas flue, a potentiostat, a temperature regulator with precision 
of ±1 ºC or better. The equipment is shown in figure 4.6. 
 
 

 
 
Figure 4.5 Schematic figure of the equipment used during testing of the crevice 
corrosion resistance. 27   

A, vessel 
B, assembled specimens 
C, counter electrode 
D, liquid junction 
E, separating funnel 
F, reference electrode 
G, potentiometer 
H, heater 
I, temperature controller 
 



 - EXPERIMENTAL-
_____________________________________________________________________ 

 
Karin Nilson 

-38- 

 
All samples were weight, measured and cleaned in acetone before assembled. 
 
Two samples are assembled between plates of Teflon to create crevices on a round bar 
of 254 SMO. Bricks of titanium are placed on the outside of the outer Teflon plates 
assembled to prevent the Teflon plates to slip.  
 
The samples were put together between plates of teflon to create crevices and than 
placed into a solution containing the critical chloride concentration (sodium chloride) 
for each steel grade. The pH-value was regulated to 8 with caustic soda to get a more 
stable pH level during the experiments.  
 

Figure 4.6 Design of assembled specimens.27 
 
A voltage of 500 mV was used and the current density was measured. As long as the 
current density is at a low, constant level is the steel in the passive state. Corrosion is 
said to occur when the current density is stable over 0,1 mA. 
 
After testing were the samples cleaned in an ultrasonic acetone to remove loose 
particles. The test coupons were left to dry in air and then weight with an accuracy of 
0,1 mg. 27 

4.4 Stress corrosion cracking resistance 
With time to rupture it is possible to rank alloys considering their relative resistance to 
stress corrosion cracking. The samples were conducted to a concentrated chloride 
solutions for 500 hours or until rupture.28 

4.4.1 Sample preparation 
The specimens were cut in the rolling direction and were grit at 120 meshes on the 
edges. No grinding was made on the surfaces. The dimensions are shown in figure 4.8 
and are according to ARC’s internal test method MFK026.29  
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Figure 4.7 Dimension of the specimens. 29 
 
Even though the U-bend usually contains large amounts of elastic and plastic strains it 
is one of the most severe tests available for stress corrosion test specimens. The 
advantages are that they are simple and economical to make and use. This method is 
useful because it is able to detect differences between the stress corrosion cracking 
resistance of: 

1. Different metals in the same environment 
2. One metal in different metallurgical conditions in the same environment 
3. One metal in several environment 

 
Case 1 and 3 relate well to the research performed during this project. This and the 
fact that there are large amounts of stresses built into the sample, which accelerate the 
cracking process, makes the U-bend test suitable for this kind of project. 
 
It is desirable to keep the specimen dimension constant to be able to compare the 
specimens.30  
 
There are two different methods to stress the specimens, one- or two-stage operation. 
In this case was the two-stage method according to ARC’s internal test method SPS-1. 
Figure 4.9 shows the two-stage method. First, the specimens were bend around a 
device with a diameter of 25,4 mm. This gives the specimens an approximate U-shape 
after unloading. In order to make sure that the load in the second stage would be 
significant larger than in the first stage, the distance between the legs were measured 
to 38,1 mm before load release. During the second stage of bending, the load was 
applied until the distance between the legs was 25,4 mm. A bolt and a nut with 
insulators were used to fix the distance and the stress. The bolt and nut are made of 
Hastelloy C276 and the two insulators were made of teflon. 29 
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Figure 4.8 Two-stage method for bending the specimen. 29 

4.4.2 Test environment 
One of the problems with corrosion of vehicles depends on the de-icing salt used on 
roads during winters. Two different solutions were chosen to conduct the test, calcium 
chloride and magnesium chloride. However, the concentrations and temperatures in 
these tests are indeed to severe to correspond to a real environment. Nevertheless, the 
test method provide internal ranking regarding stress corrosion cracking. 
 
Several specimens can be tested in the same container if they are of the same material 
or of material with the same resistance to stress corrosion cracking. The specimens 
were placed in such manner so the samples did not connect with each other, the work-
holding equipment or the vessel. 28 

 
4.4.2.1 Calcium chloride  
This method is an accelerated testing method and can only be compared with other 
data from the same procedure.  
 
The equipment consists of a 3-liter cylindrical vessel of glass with a grind collar, 
work-holding fixture of teflon, condenser, heating plate, a temperature regulating 
equipment and a electrically driven pump with air.  
 
The equipment is shown in figure 4.9. The work-holding fixture shall separate and 
have a minimum connection to the specimens. 
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Figure 4.9 Photo of the arrangement of equipment for stress corrosion testing in 
calcium chloride. 28  
 
The solution consists of 40 weight-% CaCl2 × 2 H2O, 1 weight-% Ca (CH3COO) 2 
H2O and distilled water with pH 6. 
 
The vessel was heated until 100 ºC were reached and then maintained during the 
testing time. The heating plate and a thermometer regulated the temperature. Controls 
of the pH-value were conducted twice a week and regulated with calcium oxide or 0,1 
M hydrochloric acid if the pH differs from 6. 28  
 
4.4.2.2 Magnesium chloride 
This method is an accelerated testing method and can only be compared with other 
data from the same procedure. 
 
The equipment consists of a 1-liter Erlenmeyer flask with a neck, an Allihn 
condenser, a liquid-lock, bands of Teflon to fixture the samples, heating plate, a 
temperature regulating equipment. The equipment is shown in figure 4.10. 
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Figure 4.10 Photo of the arrangement for stress corrosion cracking resistance in 
magnesium chloride.31 

 
The solution consists of 45 weight-% MgCl2 × 6H2O and has a boiling point at       
155 ºC. The flask where heated until 155 ºC where reached and then maintained 
during the testing time. Adding small amounts of distilled water or crystals of 
magnesium chloride can control the concentration of magnesium chloride until the 
solution maintains the boiling temperature of 155 ºC. 
 
Three separate test should be made: one 24-hours, one 96-hours and one 500-hours. It 
is not necessary to make the longer test if both specimens have corrosion cracks after 
the previous test. 
 
The specimens will be examined regard to cracks in 20 times magnification after the 
test time.31 
 

4.4.3 Stress corrosion cracking experimental procedure 
Two specimens of each grade were tested in every environment. The stressed 
specimens were placed into the test vessels as soon as possible after bending and the 
vessels were filled with boiling solution.  
 
The temperature was kept constant by using a regulator in the case with calcium 
chloride and by controlling the concentration of the magnesium chloride in the second 
case.  
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All changes were observed during the tests. 

4.5 Intergranular corrosion testing 
The testing procedure for testing intergranular corrosion is a standard procedure,   
EN-ISO 3651-2, used for all steels before delivery to customer. 

4.5.1 Sample preparation 
The specimens were cut in the rolling direction and were grit at 120 meshes on the 
edges. No grinding was made on the surfaces. The dimensions are shown in figure 
4.12 and are according to ARC’s internal test method MFK026. The width of the 
coupons depends on the ability of the bending apparatus, in this case were specimens 
of 15 mm width used. 32 
 

Figure 4.11 Dimension of the intergranular corrosion testing samples. 32 
 

4.5.2 Experimental procedure for intergranular corrosion testing 
Only the steel grades with a maximum carbon content of 0,03% were sensitized at 
700º ± 10º C. The oxide scale due to sensitizing is removed by grinding at 180 mesh 
or bate in room temperature in a mixture containing 50 volume parts hydrochloric 
acid, 5 volume parts nitric acid and 50 volume parts water. The mixture should be 
heated to 50º - 60º C to obtain better effect. 
 
The equipment consists of a 1-liter Erlenmeyer flask with an Allihn condenser. The 
samples are placed in the flask, covered with splint of copper (electrolytic copper) 
whereupon the solution is added. 
 
The solution consists of 100 g CuSO4 × 5H2O dissolved in 700 ml distilled water. 100 
ml H2SO4 is added and the solution is diluted further with 1000 ml distilled water. 
The solution is heated to boiling and remains boiling during the whole experiment 
that is 20 hours. Several samples can be processed at once but there is a need of 8 ml 
solution per cm2 experimental area. 
 
After boiling are the samples bend 90º and examined in 10 times magnification to 
investigate possible cracks.33  
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4.6 Detection of coating degradation or adhesion loss 
Electrochemical impendance measurements (EIM) have shown to be a powerful 
technique in the evaluation of the performance and degradation of commonly used 
coating systems.34  

4.6.1 Sample preparation 
The dimensions of the samples are of minor importance as long the samples cover the 
test area of 10 cm2 and the place around the cell allows to be connected to the 
potentiostat by an alligator clip. 

4.6.2 Experimental procedure 
This technique is based on a single-sine technique in which a single frequency small 
amplitude sine wave is applied to the cell and the response is measured. A frequency 
response analyser (FRA) is used to generate the excitation waveform and to analyse 
the response. A FRA determines the impedance of a test cell by correlating the cell’s 
response with two synchronous reference signals, one in phase with the sine wave and 
the other phase shifted by 90º. A simplified schematic of a FRA is shown in figure 
4.12. 
 

 
Figure 4.12 Simplified schematic of frequency of a frequency response analyser 
(FRA).35 
 
A potentiostat is used to control the potential. It provides a high input impedance to 
enable measurements to be made in systems with impedance of up to 1010 ohms. 
Frequences of 1 Hz and multipels of 50 Hz should be avoided to make sure that the 
surrounding environment do not interupt the measurements.  
 
The sample is placed in the testing cell and conducted to FRA and the potentiostat. 
The test cell is barrel a of 254 SMO covered with teflone on the outside and in the 
bottom to isolate the barrel, which also works as a counter electrode. In the base of the 
teflone barrel and in the base of the 254 SMO barrel is two insulations placed to 
prevent the system from leaking electrolyte. The specimen and the cell are fastening 
together in a clamp. The measurements are made with two electrode system where the 
test barrel is the counter electrode and the specimen is the working electrode. Two 
times a day was the measurements conducted. Figure 4.13 shows the test cell.35 
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Figure 4.13 Photo of the arrangement of equipment for detecting of coating 
degradation. 
 
The general approach of EIM usually includes two steps. First, recording of the 
impedance spectra in a wide frequency range as a funcion of the exposure time to the 
corrosive environment. Second, Analysing EIM data based on a equivalent circuit 
model. The performance of the coating is evaluated according to magnitudes of the 
parameters in the equivalent circuit and their change with time.  
 
The coated steel samples were exposed in an electrochemical cell with a round 
stainless steel 254 SMO plate serving as the counter electrode. The exposed coating 
area was 10 cm2. The EIM data were obtained using a potentiostat and frequens 
response analyzer (FRA), which were controlled by a personal computer. An 
alternating current (AC) signal amplitude of 0,01 V were used in a frequency range 
between 10 kHz and 200 mHz. 34 

4.6.3 Environment 
To be able to examine if there are any difference between the permeation and the 
adhesiveness when the samples are corroding or not, two different electrolytes were 
used. 
 
A neutral electrolyte containing 1 % sodium sulphate (Na2SO4) was used when testing 
the permeation of a non-corroding system. When the opposite, a corroding system, 
was examined, the critical chloride concentration, 0,3 M sodium chloride, was used. 

4.7 Adhesiveness 
One way to rank different paint and varnishes is to measure their adhesiveness. In this 
work it was carried out by an empirical test procedure to evaluate the performance of 
coatings, according to standard ISO 2409. This is a standard dealing with the 
sampling and testing of paint and varnishes. All samples were cut thorough the 
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coating in a lattice pattern and then exposed to an adhesive tape, which removed 
flaked portions of paint film.  

4.7.1 Sample preparation 
The dimensions of the panels are of minor importance as long as there is a possibility 
to conduct test at three different positions, with at least 5 mm distance between each 
other, on the panel. Recommendations according to the International standard ISO 
2409 are dimensions of 150 × 95 mm with a thickness no less than 0,25 mm. All 
panels should be flat and free from distortion. 

4.7.2 Experimental procedure 
The coatings were testes in both dry and wet conditions. In dry conditions, the test 
was conducted on a dry clean coating. To be able to get a wet condition, the samples 
were soaked in distilled water for 192 hours to be sure that water had permeated the 
coating. After permeation the samples were wiped off to be dry on the surface and the 
test was conducted.  
 
The test was carried out using a cutting tool with dimensions according to the 
standard. It is important that the tool has defined shape and that its edges are in good 
conditions. The tool used in this experiment has six cutting edged 2 mm apart and 
with 30º edges. The tool can be seen in figure 4.14. 
 

 
Figure 4.14 Photograph pf the crosscutting tool. 

 
The coated test panels should bee dried and tested at room temperature (23 ± 2ºC) and 
with a relative humidity of 50 ± 5%. By using the tool should a lattice pattern with 6 
cuts in each direction with a overlapping at 90º. See figure 4.15. 
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Figure 4.15 Dimensions and experimental procedure of the specimen. 

 
The specimens were brushed with a soft brush five times backwards and five times 
forward along both diagonals of the lattice pattern and then taped up with an adhesive 
tape made for this purpose. The cut is examined, using normal vision, and classified 
according to a six-step classification. Table 4.1 shows the classification, according to 
ISO 2490.  
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Table 4.1 The chart is listing the different classifications for cross-cut tests.36 

Classification Description Appearance of surface of cross-
cut areas from which flaking 
has occurred 

0 The edges of the cuts are 
completely smooth; non of the 
squares of the lattice is detached 

 
1 Detachment of small flaked of 

the coating at the intersection of 
the cuts. A cross-cut area not 
distinctly greater than 5 % is 
affected 

 

 
2 The coating has flaked along the 

edges and/or at the intersections 
of the cuts. A cross-cut area 
distinctly greater then 5 %, but 
not distinctly greater then 15 % is 
affected 

 

 

3 The coating has flaked along the 
edges of the cuts partly or wholly 
in large ribbons, and/or it has 
flaked partly or wholly on 
different parts of the squares. A 
cross-cut area distinctly greater 
than 15 %, but not distinctly 
greater than 35 % is affected 

 

 

4 The coating has flaked along the 
edges of the cuts in large ribbons 
and/or some squares have 
detached partly or wholly. A 
cross-cut area distinctly greater 
than 35 %, but not distinctly 
greater than 65 % is affected. 

 

 
5 Any degree of flaking that cannot 

even be classified by 
classification 4. 

 

 
This test method is an empirical test procedure for assessing the performance of a 
coating of paint or varnish on the adhesion of the coating to the substrate. However, 
this procedure must not alone be regarded as a means of measuring adhesion as 
such.36  



 - RESULTS-
_____________________________________________________________________ 

 
Karin Nilson 

-49- 

5. Results 
This chapter conclude the experimental results.  

5.1 Pitting corrosion resistance in stainless steels 

5.1.1 Method development, critical chloride concentration 
Since there is no accepted standard method in testing the resistance of corrosion in 
low-alloyed stainless steel today, one of the specifications in this diploma work, was 
an attempt to develop a method for ranking between HyTens X, HyTens 1000 and 
LDX 2101. 
 
The critical chloride concentration for HyTens is lower than 1 molar sodium chloride 
in room temperature so it is not possible to use the common way of ranking the 
resistance of corrosion, which is the ASTM 150. In the ASTM method the chloride 
concentration is held constant while the temperature is ramped until the current rises. 
By this method is it possible to rank stainless steels with different compositions. 
However it is most suitable for higher alloyed stainless steel grades. The idea of the 
new method is to hold the temperature constant and increase the chloride 
concentration continuously, and to monitor the chloride concentration when the 
current rises.  
 
5.1.1.1 Electrolyte 
The electrolyte does not contain any chlorides at the start of the experiments and by 
that no or very low conductivity. So there is a need of finding an electrolyte, which 
has conductive properties but no effect on the corrosion process. 
 

Distilled water with sulphuric acid, pH4 
Distilled water has no or very low conductivity so by lowering the pH to 4 it was 
possible to obtain some conductivity.  
 
Since distilled water has a very low conductivity even when sulphuric acid is added is 
it difficult to get a sufficient conductivity. This results in different outcomes of the 
tests. When the conductivity is to low is it not possible to get contact between the 
electrodes. This results in uncontrollable curves. An example of the situations of 
sufficient conductivity and insufficient conductivity is given in figure 5.1a and 5.5b.  



 - RESULTS-
_____________________________________________________________________ 

 
Karin Nilson 

-50- 

Figure 5.1a. Graph showing an experiment where there has not been contact between 
the electrodes. 
 

Figure 5.1b. Graph showing an experiment with good conductivity and contact 
between the electrodes in distilled water. 
   

0,1 M Borax (Na2B4O7 × 10 H2O) 
Borax has a very high conductivity, which makes it suitable to use even at low 
concentrations. A concentration of 0,1 M has been chosen since the conductivity and 
solubility were satisfying. The pH-value of 0,1 M borax are approximately 9,4. This 
high pH acts like an inhibitor and depresses the corrosion process. The chloride 
concentration needed for a corrosion reaction has increased compare to the 
experiments made with distilled water and sulphuric acid.  
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0,1 M Borax (Na2B4O7 × 10 H2O) and sulphuric acid, pH 7 
To get a method closer to reality, the pH value was decreased by using sulphuric acid 
down to 7. Even tough sulphate acts like an inhibitor is it better than adding an acid 
containing chlorides, which would affect the corrosion reaction further. 
 
5.1.1.2 Chloride concentration 
The amount chlorides in the electrolyte was determined by the rate of the pump, time 
and concentration sodium chloride added to the solution. 
 

Flow of chlorides 
The rate of the pump was controlled so that the volume of electrolyte did not rise over 
the volume of the cell and caused an overflow. A flexible tube of 2 mm has been 
used. The pump has been calibrated by measuring the flow at two different pump 
rates. Se table. The flow rate was linear as presented in figure 5.2.  
 

Table 5.1 Correlation between pump rate and flow. 
Pump rate Volume [ml] Time [s] Flow [ml/s] 
90 4,0 500 0,008 
45 4,0 1000 0,004 

 

Figure 5.2 Diagram illustrating the correlation between pump rate and flow. 
 

Concentration sodium chloride 
The concentration of sodium chloride added to the electrolyte has an effect on the 
corrosion reaction. Not only on the time to corrosion but also on the corrosiveness of 
the solution. Start solutions with 2 and 4 molar sodium chloride have been used in 
these experiments.  
 
HyTens X and HyTens 1000 reacted differently to higher concentrations of sodium 
chloride than LDX 2101 because of the lower alloying content. The 4-molar sodium 
chloride solution “chocked” the steel when added to the electrolyte. This resulted in a 
rapid, sometimes as quick as a few seconds, aggressive corrosive reaction. In some 
cases this “chock” resulted in a short time of repassivation behaviour, as shown in 
figure 5.3xx after approximately 1000 s.  
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Figure 5.3 Graph showing a test where a too high concentration of chlorides has 
been added. There is a corrosion attack because the current rises immediately after 
the chlorides are added.  
 
For Hytens X and HyTens 1000 it was not possible to use a 4 molar sodium chloride 
solution because of the chocking effect. In return it was possible to use a 2 molar 
solution, which provided better results. 

5.1.2 Critical chloride concentration 
The different samples have been tested according to the method described above. A 
corrosion attack was defined when the current exceed 1 mA/cm2. At least three tests 
with similar results were conducted to confirm that the method is useful and the 
highest chloride concentration was defined as the critical chloride concentration. All 
samples were tested in the Avesta cell. After the current exceeded 1 mA/cm2 the test 
data were summarized in graphs together with the chloride amount in the vessel 
during the test time. The sample with the highest critical chloride concentration was 
decided to be the final critical chloride concentration. By this assumption is it certain 
that the chloride concentration will cause corrosion in other tests as long as the 
conditions are the same. 
 
5.1.2.1 HyTens X 
The critical chloride concentrations for HyTens X are listed in table 5.2. 
 

Table 5.2 Critical chloride concentration for HyTens X. 
Sample Critical chloride concentration [M] 

HyTens X – 1 0,32 
HyTens X – 2 0,22 
HyTens X – 3 0,29 
HyTens X – 4 0,34 

 
The average value of all tests has a critical concentration of 0,29 M Cl-. 
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Graph in figure 5.4 presents an example of the current and chloride concentration for 
the sample with the highest chloride concentration, HyTens X - 4, is shown in figure 
5.4. All graphs and photos of the samples are shown in Appendix A. 
 

Figure 5.4 The critical chloride concentration for HyTensX (0,34 M Cl-). 
 
5.1.2.2 HyTens 1000 
The critical chloride concentrations for HyTens 1000 are listed in table 5.3. 
 

Table 5.3 Showing critical chloride concentration for HyTens 1000. 
Sample Critical chloride concentration [M] 

HyTens1000 – 1 0,18 
HyTens1000 – 2 0,23 
HyTens1000 – 3 0,21 

 
The average value of the critical concentrations is 0,205 M Cl- and the highest, and 
also the value decided to be the chritical chloride concentration is 0,23 M Cl-. 
Graph showing the current and chloride concentration for the sample with the highest 
chloride concentration, HyTens1000 - 2, is shown in figure 5.5. All graphs and photos 
of the samples are shown in Appendix A. 
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Figure 5.5 The critical chloride concentration for HyTens1000 (0,23 M Cl-). 
 
5.1.2.3 LDX 2101 
The critical chloride concentration is listed in the table 5.4 below. 
 

Table 5.4 Critical chloride concentration for LDX 2101. 
Sample Critical chloride concentration [M] 

LDX2101 – 1 0,19 
LDX2101 – 2 0,23 
LDX2101 – 3 0,22 

 
The average value of the critical concentration is 0,205 M Cl- and the value decided to 
be the critical chloride concentration is 0,23 M Cl-. 
 
Graph showing the current and chloride concentration for the sample with the highest 
chloride concentration, LDX2101 - 2, is shown in figure 5.6. All graphs and photos of 
the samples are presented in Appendix A. 
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Figure 5.6 The critical chloride concentration for LDX2101 (0,23 M Cl-) 

5.2 Anodic polarization curve 
With the anodic polarization curves it is possible to rank the three steel grades 
according to the break through potential and the passivation potential. The break 
through potentials for HyTens X, HyTens 1000 and LDX 2101 are presented in   
figure 5.7.  
 

Figure 5.7 Break through potential for HyTens X, HyTens 1000 and LDX 2101. 
 

The repassivation potential are listed in table 5.5. Breakthrough potential and 
repassivation potential for all samples are shown in Appendix B. Notable is how the 
corrosion potential for HyTens X scatter between 0,45 V and 1,1 V. LDX 2101 did 
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not suffer from breakthrough and no corrosion and repassivation potential was 
therefore able to measure.  
 
Table 5.5 Re-passivation potential for HyTens X, HyTens 1000 and LDX 2101 in 0,30 
M NaCl. 

Steel grade Re-passivation potential [V] 
HyTens X 0,05 

HyTens 1000 0,01 
LDX 2101 - 

 

5.3 Potentiostatic crevice corrosion 
All three steel grades started to corrode as the potential of 500 mV was applied. A 
logger that showed the potential during the experiments verified this. This was also 
seen through the test vessel when all tests had discoloured electrolyte soon after test 
start. All samples were immersed for 24 hours 
 
All specimens where weight and measured before and after the test. Table 5.5 shows 
the results of crevice corrosion resistance test. 
 

Table 5.6 Results of potentiostatic crevice corrosion. 
Steel grade Visible crevice attacks Maximum depth 

[mm] 
HyTens X – 1a 6 
HyTens X – 1b 9 

0,574 

HyTens X – 2a 16 
HyTens X – 2b 12 

0,89; corrosion through 
the sample 

HyTens 1000 – 1a 2 
HyTens 1000 – 1b 2 

0,420 

HyTens 1000 – 2a 9 
HyTens 1000 – 2b 3 

0,560 

LDX 2101 – 1a 18 
LDX 2101 – 1b 18 

0,99; corrosion through 
the sample 

LDX 2101 – 2a 12 
LDX 2101 – 2b 11 

0,99; corrosion through 
the sample 

 
Three samples, two of LDX 2101 and on HyTens X, had corrosion attacks through the 
sample. One of the HyTens 1000 sample had almost invisible crevice corrosion on 
one face and the maximum depth was therefore not able to measure.  
 
The corrosion rate is measured in weight loss per square meter and hour. The HyTens 
grades had large corrosion attacks on the edges while LDX 2101 only suffered from 
crevice corrosion. Weight loss and observations during the crevice corrosion 
resistance experiments are listed in table 5.7. 
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Table 5.7 Weight loss and observation during crevice corrosion resistance 
experiment. 

Steel grade Weight loss 
[g/(m2h] 

Other observation 

HyTens X – 1a 
HyTens X – 1b 

3,59 Some edge 
corrosion 

HyTens X – 2a 
HyTens X – 2b 

6,71 Severe edge 
corrosion 

HyTens 1000 – 1a 
HyTens 1000 – 1b 

0,75 Barley any edge 
corrosion 

HyTens 1000 – 2a 
HyTens 1000 – 2b 

8,95 Severe edge 
corrosion 

LDX 2101 – 1a 
LDX 2101 – 1b 

3,92 Barley any edge 
corrosion 

LDX 2101 – 2a 
LDX 2101 – 2b 

3,13 Barley any edge 
corrosion 

 
Photographs of all samples are shown in Appendix C. 

5.4 Stress corrosion cracking resistance 

5.4.1 Documentations during experiments 
The samples were examined through the test vessel during the experiments.  
All changes were documented and summarised in table 5.8. 

 
Table 5.8 Observations during the stress corrosion experiments. 

Grade Sample Temp 
[ºC] 

Solution Exposure 
[hours] 

Visible damage 
during exposure 

Other 
observations 

1 100 450 � 50 
2 100 

Calcium 
chloride 500 

Some general corrosion, no 
cracks 

Very light green 
transparent solution 

3 155 24 

LDX 
2101 
 

4 155 
Magnesium 
chloride 24 

Some black deposits, cracks No change in the 
colour of the 
solution 

1 100 16 
2 100 

Calcium 
chloride 16 

Cracks are initiated and 
propagated during one hour  

Very light green 
transparent solution 

3 155 24 

HyTens 
X 

4 155 
Magnesium 
chloride 24 

Some black deposits, cracks 
during one hour 

No change in the 
colour of the 
solution 

1 100 16 
2 100 

Calcium 
chloride 16 

Small cracks are initiated 
after 15 hours, high crack 
propagation 

Very light green 
transparent solution 

3 155 24 

HyTens 
1000 

4 155 
Magnesium 
chloride 24 

Some black deposits, cracks 
during one hour 

No changes in the 
colour of the 
solution, but small 
areas with black 
coating on the 
vessel 

 
When testing the specimens in calcium chloride the solution was changing from a 
transparent to a very light green solution. Some general corrosion was visible 
observed on the samples exposed the longest time (LDX 2101). 
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The small amounts of black deposits were observed on the surface on the samples 
tested in magnesium chloride. These precipitations were most probably of corrosion 
products.  

5.4.2 Sample examination 
After the experiments the specimens were examined visually and at low magnification 
up to 20x. There was no need for higher magnification due to the large size of the 
cracks. Photographical documentation can be seen in Appendix D. 
 
Specimens tested in calcium chloride had a longer crack initiating time than those 
tested in magnesium chloride. LDX 2101 had no cracks after 450 ± 50 hours while 
HyTens X and HyTens 1000 showed distinct cracks after 16 hours.  
 
All specimens tested in magnesium chloride showed cracks after 24 hours. LDX 2101 
has smaller cracks while both HyTens X and Hytens 1000 had cracks that resulted in 
fracture. 

5.5 Intergranular corrosion testing 
The results from the intergranular corrosion tests are presented in table 5.9. No 
cracking by intergranular corrosion was observed on any of the specimens tested 
according to standard EN-ISO 3651-2. Photographical documentation can be seen in 
Appendix E. 
 

Table 5.9 Results from the Strauss tests 
Grade Sample Sensibilized Time Result Other 

observations 
1 LDX 2101 
2 

Yes, 700 ºC 
 

30 min No cracks Some general 
corrosion 

1 HyTens X 
2 

- - No cracks  

1 HyTens 1000 
2 

- - No cracks  

5.6 Detection of coating degradation or adhesion loss 
Degradation of coating A, B and C were tested in two electrolytes, 1 % sodium 
sulphate (NaSO4) and critical chloride concentration, 0,3 M sodium chloride (NaCl). 
The degradation of the coatings were analysed by the difference in total impedance at 
different times. The best response in differencies of the total impedance was provided 
in the lowest frequency area measured. Results from tests with 1 % sodium chloride 
are presented in table 5.10.  
 

Table 5.10 Results from EIM measurements with 1 % sodium sulphate electrolyte. 
Coating ����impedance [Hz], 

NaSO4, between 
2 and 168 hours 

A 0,052 
B 0,428 
C 0,024 
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The difference of the total impedance in table was measured after 168 hours and 
compared to the total impedance at 2 hours, at 100 Hz for oxsilan coating A and B, 
and at 1000 Hz for ED coating C. It was impossible to measure at the same 
frequencies for the oxsilan coatings and ED coating due to the different coating 
properties as for example thickness and the coating respons in the frequency intervall.  
 
The degradation of coating B is remarkable. This is shown in figure 5.8 where the 
total impedance after 2, 64, 168 and 240 hours are plotted verses frequency, between 
100 Hz and 10 kHz. 
 

Figure 5.8 The total impedance of coating B in 1 % NaSO4 after 2, 64, 168 and 240 
hours. 
 
The total impedance decreased with time, especially at low frequencies and in the 
beginning of the measurements.   
 
Results from the EIM measurements with 0,30 M sodium chloride are presented in 
table 5.11. 
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Table 5.11 Results from EIM measurements with critical chloride concentration,     
0,3 M sodium chloride. 

Coating �impedance [Hz], 
NaCl, between 1 

and 72 hours 
A 0,410 
B 0,294 
C 0,064 

 
The differences in total impedance were highest for coating the oxsilan coatings A 
and B while ED-coating C had a smaller difference. Measurements were conducted 
after 1 and 72 hours and at 100 Hz for coating A and B, and at 1000 Hz for coating C.  
 
The specimen with coating B showed after measurements crevice corrosion between 
the coating and the stainless steel. Figure 5.9 shows a photograph of the corrosion.  
 

 
Figure 5.9 Crevice corrosion under coating B. 

 
Appendix F include graphs of the degradation for all coatings in sodium sulphate and 
sodium chloride. 

5.7 Adhesiveness 
The results of the crosscut test before and after immersion are presented in table 5.12. 
No loss of adhesion where seen in any of the samples according to standard ISO 2409. 
The results were independent whether the coatings were dry or if water have 
permeated trough the coating. Photographical documentation of samples and the 
crosscuts can bee seen in Appendix G. 
 

Table 5.12 Result of the adhesiveness before immersion in water. 
Coating Crosscut Result Other observation 

1 0 
2 0 

A, dry 
(HyTens 1200) 

3 0 

The coating are thin and there are not a regular 
crosscuts 

1 0 
2 0 

B, dry 
(HyTens 1200) 

3 0 

The coating are thin and there are not a regular 
crosscuts 

1 0 
2 0 

ED, dry 
(carbon steel) 

3 0 

Regular crosscuts and easy to see the lattices 
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Table 5.13 Result of the adhesiveness after immersion in water. 
Coating Crosscut Result Soaking 

time [h] 
Other observation 

1 0 
2 0 

A, wet 
(HyTens 

1200) 3 0 
192 

The coating are thin and there are not a 
regular crosscuts 

1 0 
2 0 

B, wet 
(HyTens 

1200) 3 0 
192 

The coating are thin and there are not a 
regular crosscuts 

1 0 
2 0 

ED, wet 
(carbon steel) 

3 0 
192 

Regular crosscuts and easy to see the lattices 
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6. Discussion 
This chapter is a discussion of the results and the continuing of the work. 
 
This thesis presents a screening of the corrosion resistance in different corrosion 
mechanisms on HyTens X, HyTens 1000 and LDX 2101. A study of possible coatings 
in automotive applications was also made. To make stainless steel an attractive 
material in the next generation vehicle, adhesion of coatings used in the automotive 
industry is an issue of interest. 

6.1 Pitting corrosion in low alloyed stainless steels 

6.1.1 Method development 
There is a problem with pitting corrosion tests in low-alloyed stainless steel since 
there is no standard test methodand therefore no easy way of ranking these steel 
grades. 
 
The demands on the electrolyte for testing the critical chloride concentration are 
several. The solution should be absolutely chloride free at the start of the experiment, 
there should not be an inhibiting environment and the conductivity of the electrolyte 
needs to be on a certain level. 
 
By just lowering the pH of distilled water with sulphur acid to get a small 
conductivity is not enough. The differences of the test results are to wide to make it a 
good electrolyte and the conductivity was sometimes to small which lead to data that 
was immeasurable.  
 
The conductivity rise when adding 0,1 M borax to the solution and so did the pH. By 
lowering it with sulphuric acid to a neutral environment it was possible to lower the 
inhibiting effect of borax. Still it should be mentioned that both a high pH and 
sulphate are inhibitors to stainless steels. That is one reason to reflect whether borax is 
the right solution to use to rise conductivity of the electrolyte.  
 
The concentration of the sodium chloride added to the electrolyte and the 
homogeneity of the surface of the steel are also of importance to get a functional 
method. A too high concentration seams to chock the steel and a corrosion attack 
starts immediately. An explanation may be small cavities or other irregularities that 
are exposed to such high concentrations of chlorides will start to corrode and do not 
have the possibility to re-passivate while the high chloride concentration remains. 
This occurs at the same time as other parts of the test area have a much lower 
concentration chlorides. The chlorides do not have time to mix up in the electrolyte 
before a corrosion reaction occurs. If the concentration of chlorides is lower on these 
vulnerable parts the steel is passivated and there is no pitting corrosion initiated. The 
material of LDX 2101 seems to be more homogeneous and the critical chloride 
concentration can be decided with higher concentration of sodium chloride. This is an 
advantage since the volume of the solution added to the electrolyte will not be close to 
the maximum allowed due to the risk of overflow. HyTens X was the grade with most 
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scattered results when exposed to a higher chloride concentration. This steel is 
probably the grade with the most irregular material, compared to the other two. 
  
The method used when deciding the critical chloride concentration contains an 
electrolyte containing 0,1 M borax pH regulated to 4 by sulphur acid in which a 
solution of sodium chloride was continuously pumped into. When testing HyTens X 
and HyTens 1000 a chloride concentration of 2 M sodium chloride was used. Since 
LDX 2101 is more durable a chloride concentration of 4 M sodium chloride was used.  
One advantage with a critical chloride concentration is the possibility to rank low-
alloyed steel grades without the ASTM G 150 standard. This is due to the fact that the 
critical pitting temperature will be below or close to zero degrees if the alloying 
content is to low. Those experiments are not possible to perform since the flow of 
distilled water freezes. The possibility to use the critical chloride concentration in 
other corrosion tests, like crevice corrosion resistance tests and corrosion resistance of 
coated steels, is another advantage. 
 
A negative effect of critical chloride concentration by using this test method at this 
stage might be that the test results do not seem to be ranked in the same way as if the 
materials were tested according to ASTM G 150 due to a large scattering in the 
results. For example, occasionally, HyTens X showed a higher critical chloride 
concentration than LDX 2101, which might be a consequence of the critical chloride 
concentration test method. 
 
Earlier investigations have showed that HyTens X and HyTens 1000 form martensite 
during grinding in the sample preparation. Since martensite is more sensitive to 
corrosion than austenite is it possible that the sample preparation affected the results. 

6.1.2 Critical chloride concentration 
The critical chloride concentration of all steel grade was decided to be 0,3 M. HyTens 
1000 and LDX 2101 shows almost identical critical chloride concentration. The three 
test results for these both steel grades have a significant small range and a clear 
critical chloride concentration. HyTens X on the other hand shows more disperse 
results. The highest critical chloride concentration is 0,34 M and the lowest is 0,22 M. 
Because of the large differences was an average calculated contrary the other steel 
grades where the highest result has round to the closest tenth. Since HyTens X and 
HyTens 1000 have the same compositions these result was expected to be as similar 
as HyTens 1000 and LDX 2101 are.   

6.2 Anodic polarization curve 
Both HyTens 1000 and LDX 2101 showed reproducible breakthrough and re-
passivation results in both their experiments while HyTens X scattered. LDX 2101 
did not reach a breakdown potential with the critical chloride concentration as 
electrolyte. When performing the pitting resistance experiments with critical chloride 
was the potential over 700 mV for a longer time before breakthrough than the anodic 
polarization experiment. This might be an explanation why LDX 2101 do not have a 
breakthrough potential. 
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The scattered breakthrough results of HyTens X indicates, together with the scattered 
results from the critical chloride concentration tests, that HyTens X might be a 
material with irregularities, some parts with high resistance to corrosion and some 
with lower resistance. Therefore has the lower breakthrough potential been accounted 
for as the breakthrough potential in this case. The re-passivation potentials of   
HyTens X is also scattering similarly to the breakthrough potential. 
 
HyTens 1000 shows some higher breakthrough potential than HyTens X, which also 
was expected after the pitting resistance results. There is a big difference between the 
HyTens and LDX 2101 in breakthrough even if the critical chloride concentration did 
not differ. This is another disadvantage with pitting resistance by using critical 
chloride concentration method. LDX 2101 is superior to the HyTens considering 
breakthrough and re-passivation potential. 

6.3 Potentiostatic crevice corrosion 
Since crevices are among the most vulnerable areas on a vehicle is this an important 
corrosion test. Inside the foot of the doorway on cars it is common with dirt and de-
icing salts which forms crevices and high chloride concentration. When the critical 
chloride concentration is combined with crevices, which always are vulnerable, the 
corrosion attack starts immediately. However the test results are from propagating 
crevice corrosion during 24 hours and so not account for the time to initiation.  
 
Both LDX 2101 and HyTens X had samples with corrosion through the specimen in 
the crevices while HyTens 1000 did not. It should be noticed that the specimens of 
HyTens 1000 were thicker (1,6 mm) but still the deepest attack was less than for the 
other steel grades.  
 
One of the HyTens 1000 specimens had less crevice corrosion attacks than the other. 
This may be a result of different pressure from the crevice makers. The specimen with 
most crevice attacks is also suffering from large amounts of corrosion on the edges. 
Of all specimens tested are HyTens 1000 – 1 the specimen with the highest corrosion 
rate (8,95 g/m2h) even though there were other samples with more crevice attacks, 
most likely due to the large amount of corrosion on edges. 
 
LDX 2101 were the samples with most crevice corrosion attacks. It was also the steel 
grade, which had the most severe attacks with corrosion through both samples. It 
should also be mentioned that LDX 2101 was free from corrosion on the edges so the 
corrosion rate can be related directly to the crevice corrosion. 
 
HyTens X had, as in the case with HyTens 1000, one specimen with more severe 
crevice corrosion attacks and one with less. The samples also had large amounts of 
corrosion on the edges therefore is the corrosion rate a combination of both the edge 
corrosion as well as the crevice corrosion. The HyTens X samplesresults are placed 
between HyTens 1000 and LDX 2101, where HyTens 1000 seems to be most 
resistance to crevice corrosion. However, the effect of cathodic protection on the 
HyTens 1000 due to the edge corrosion was not investigated. 
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6.4 Stress corrosion cracking resistance 
The environment used in the experiments was chosen to be chemically corresponding 
to environments that automotives are exposured to in reality but at higher temperature 
and more aggressive conditions. Calcium chloride and magnesium chloride are both 
compounds in salt used on roads to decrease the problem with slippery roads. The 
high concentration of chlorides and high temperatures are factors that makes this 
experiments far more aggressive than the reality on our roads, where the 
concentration probably are not saturated and the temperature never rise to the high 
testing degrees. The stress corrosion tests are a method of ranking the different steel 
grades on the resistance toward stress corrosion cracking and should not be seen as a 
reality test. 
 
LDX 2101 manages stress corrosion conditions better than the HyTens samples. 
There are no cracks after 400 hours in calcium chloride while both HyTens X and 
HyTens 1000 have cracks all ready after 16 hours. HyTens X have large brached 
cracks while HyTens 1000 have smaller cracks on the stressed section. This 
difference might be a result of different rolling. HyTens 1000 are hard rolled and 
HyTens X has a variable strength that changes during forming. This might have lead 
to a higher part of martensite in the steel, which are more sensitive to corrosion in 
calcium chloride. 
 
When the steels are exposed to magnesium chloride have all steel grades problem. All 
have cracks after 24 hours, but there are differences in the size of the cracks. LDX 
2101 have large branched cracks but they have not lead to fracture as in the case of 
both HyTens X and HyTens 1000. 
 
LDX 2101 was the steel grade most resistant to stress corrosion cracking of the tested 
materials and is preferable if there are risk for stress corrosion and high chloride 
concentration, for example in fastspända parts close to the road. 

6.5 Intergranular corrosion testing 
Intergranular corrosion testing is a test method that have sprung from the time when 
there where a higher risk for the costumer to get steel with a carbon content that was 
to high. 
 
This test has been made to be sure that the steel passed the delivery test. No cracking 
was expected and no cracking was observed. 
 
Today is this test method not of as great importance as it was when the carbon content 
in stainless steel was higher and there could be a risk of depletion of chromium in to 
the grain boundaries, which could cause intergranular corrosion. 

6.6 Detection of coating degradation or adhesion loss 
The coating system today used on carbon steel is excellent as long as is intact but as 
soon as a scratch is made and the bare metal is in an aqueous environment is a 
corrosion attack initiated. One advantage with stainless steel is the corrosion 
resistance even if the coating would be destroyed. 
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6.6.1 Coating degradation in sodium sulphate   
Both coating A and C had similar impedance difference while coating B had the 
largest degradation. The degradation was about as large during the first 64 hours as 
during the remaining time until 240 hours. Coating A and B were the coatings with 
highest amount of water due to the large swelling. This lowers the impedance of the 
coating, which results in degradation. 
 
Coating B is the thinnest coating and this might be a reason why the impedance 
difference is the largest. This was probably due to the thin coating 

6.6.2 Coating degradation in sodium chloride 
ED-coating C had the lowest degradation while the both oxsilan coatings had large 
degradation. The impedance difference was largest for coating A and somewhere in-
between A and C for coating B. Coating B was the only specimen with a corrosion 
attack. Chlorides were probably penetrating through the coating and a crevice 
corrosion attack was started. That is probably due to the thickness compare to coating 
B. 
  
The ED coating, C, is a system that is well suited to the automotive industry. Coating 
A is the only of the oxsilan coatings that could compete with the ED coating. Both 
coating A and B are primers. How their properties change when a larger lacquer is 
applied was not examined in this thesis. Results from such investigation could show a 
different result compared to an ED coating than the results in this work. 

6.7 Adhesiveness 
The adhesiveness is excellent for all three coatings. The oxsilan coatings have such 
low thickness that the crosscutting tool has difficulties to leave a lattice with 25 
squares. The accuracy of the tool is to low compare to the thin coating which makes 
small differences in the height of the tool’s peaks play great importance. When 
measuring the ED-coating is this accuracy not of importance because the coating is 
much thicker. The tests are not comparable due to the different lattices but give an 
indication of how the adhesiveness is. 
 
The three steels all have the same adhesiveness in dry condition. After being soaked 
in distilled water for 192 hours is the adhesiveness still without delamination. There 
could be seen that the ED-coating were closer to delamination than the oxsilans but 
still so good that it was ranked 0.  

6.8 Further investigation 
The method of testing low-alloyed stainless steels by using critical chloride 
concentration needs further development. There might be other solutions that is better 
to rise the conductivity than 0,1 M borax. Test of HyTens ought to be made using a 
larger testing area to investigate the irregularity of especially HyTens X.  
 
Corrosion resistance test conducted under the same condition that the automotive 
industry use today could be of interest. To show how attractive stainless steel is for 
the automotive industry there is a need of being able to compare material used today 
with stainless steel.  
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Adhesiveness and degradation of coatings on stainless steel are of great importance 
since they have to be as good or even better than the ED coatings used today. The ED 
coating system has been developed over decades and has excellent properties 
concerning adhesiveness and degradation. For stainless steel to compete with this is 
there a need of more knowledge. Test conducted during longer times and with other 
electrolytes would be of interest.  



 - CONCLUSIONS-
_____________________________________________________________________ 

 
Karin Nilson 

-68- 

7. Conclusions 
 

�� HyTens X showed scattered results in corrosion resistance compared to 
HyTens 1000 and LDX 2101 

 
�� The hardrolling to HyTens 1000 seems to improve the corrosion resistance 

compared to HyTens X. 
 
�� HyTens 1000 shows less severe corrosion attacks than LDX 2101 in 

generating crevice corrosion 
 

�� LDX 2101 is a better in applications with risk of stress corrosion cracking due 
to residual tensile stresses than HyTens 1000 and HyTens X 

 
�� Oxsilan coatings on stainless steels have as adhesion as ED-coatings 
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Figure A1.  HyTens X, T=25ºC, 2 M NaCl, pump rate 31, C[Cl]C=0,32 M  
 
 

Figure A2.  HyTens X, T=25ºC, 2 M NaCl, pump rate 31, C[Cl]C=0,22 M 
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 Figure A3.  HyTens X, T=25ºC, 2 M NaCl, pump rate 31, C[Cl]C=0,29 M 
 
 

 Figure A4.  HyTens X, T=25ºC, 2 M NaCl, pump rate 31, C[Cl]C=0,34 M 
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 Figure A5.  HyTens 1000, T=25ºC, 2 M NaCl, pump rate 31, C[Cl]C=0,18 M 
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Figure A6.  HyTens 1000, T=25ºC, 2 M NaCl, pump rate 31, C[Cl]C=0,23 M 

HyTens 1000 - 1

-0,001
0,000
0,001
0,002
0,003
0,004
0,005
0,006
0,007
0,008
0,009

0 2000 4000 6000 8000

Time [s]

C
ur

re
nt

 d
en

si
ty

 
[A

/c
m

2]

-0,05

0,05

0,15

0,25

0,35

0,45

C
hloride 

concentration [M
]

Current
C[Cl]



 - APPENDIX A- 
 
 

Karin Nilson 
-iv- 

  
 

Figure A7.  HyTens 1000, T=25ºC, 2 M NaCl, pump rate 31, C[Cl]C=0,23 M 
 
 

 Figure A8.  LDX2101, T=25ºC, 4 M NaCl, pump rate 31, C[Cl]C=0,19 M 
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Figure A9.  LDX2101, T=25ºC, 4 M NaCl, pump rate 31, C[Cl]C=0,23 M 

 
 

LDX2101 - 3

-0,0005

0,0000

0,0005

0,0010

0,0015

0,0020

0,0025

0,0030

0 1000 2000 3000 4000 5000

Time [s]

C
ur

re
nt

 d
en

si
ty

[A
/c

m
2]

-0,05

0,00

0,05

0,10

0,15

0,20

0,25

0,30

C
hloride 

concnentration [M
]

Current
C[Cl]

 
Figure A10.  LDX2101, T=25ºC, 4 M NaCl, pump rate 31, C[Cl]C=0,22 M 
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Figure B1. HyTens X - 1 
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Figure B2. HyTens X – 2 
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Figure B3. HyTens X- 3 



 - APPENDIX B- 
 
 

Karin Nilson 
-ix- 

-0,5 0 0,5 1,0
10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

E (Volts)

I (
A

m
ps

/c
m

2 )

 
Figure B4. HyTens X – 4 
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Figure B5. HyTens 1000 - 1 
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Figure B6. HyTens 1000 – 2 
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Figure B7. LDX 2101 - 1 
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Figure B8. LDX 2101 – 2 
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Table B1. Breakthrough and repassivation potentials for HyTens X, HyTens 1000 and 
LDX 2101. 
Sample Breakthrough potential [V] Repassivation potential [V] 
HyTens X – 1 1,1 0,1 
HyTens X – 2 1,1 0,1 
HyTens X – 3 0,45 0 
HyTens X – 4 0,45 0,02 
HyTens 1000 – 1 0,55 0,01 
HyTens 1000 – 2 0,55 0,01 
LDX 2101 – 1 - - 
LDX 2101 – 2 - - 
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Figure C1. HyTens X – 1a 
 
 

 
 
Figure C3. HyTens X – 2a 

 
 

 
 
Figure C2. HyTens X – 2a 
 
 

 
 
Figure C4. HyTens X – 2b 
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Figure C5. HyTens 1000 – 1a 
 
 

 
 
Figure C7. HyTens 1000 – 2a 

 
 

 
 
Figure C6. HyTens 1000 – 1b 
 
 

 
 
Figure C8. HyTens 1000 – 2b 
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Figure C9. LDX 2101 – 1a 
 
 

 
 
Figure C11. LDX 2101 – 2a 

 
 

 
 
Figure C10. LDX 2101 – 1b 
 
 

 
 
Figure C12. LDX 2101 – 2b
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Figure D1.  LDX 2101, T=100ºC, calcium chloride, 400 hours 

No corrosion cracks. 
 
 

 
Figure D2. LDX 2101, T=155ºC, magnesium chloride, 24 hours 

  Large branched cracks. 
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Figure D3 HyTens X, T=100ºC, calcium chloride, 16 hours 

Several large branches cracks. 
 
 

 
Figure D4 HyTens X, T=155ºC, magnesium chloride, 24 hours (cracks after1,5  

hours) Fracture due to stress corrosion cracks. Several smaller, 
branched cracks on the stressed section. 
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Figure D5.  HyTens 1000, T=100ºC, calcium chloride, 16 hours 

  Small cracks on the stressed section 
 
 

 
Figure D6. HyTens 1000, T=155ºC, magnesium chloride, 24 hours (cracks after 40 

minutes) Fracture due to stress corrosion cracks. Several smaller, 
branched crack
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Figure E1. LDX 2101, sensibilized at 700ºC, 

 No ckracks. 

 
Figure E2. HyTens X, no sensibilization 

No cracks 

 
Figure E3. HyTens 1000, no sensibilization 

No crack
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Figure F1. Oxsilan coating A in 1 % NaSO4 

 
 
 

Figure F2. Oxsilan coating B in 1% NaSO4 
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Figure F3. ED-coating C in 1% NaSO4 

 

 

 

 
Figure F4. Oxsilan coating A in 0,3 M NaCl 
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Figure F5. Oxsilan coating B in 0,3 M NaCl  
 
 
 

Figure F6. ED-coating C in 0,3 M NaCl
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Figure G1, Oxsilan coating A before 
immersion 
 

 
Figure G3. Oxsilan coating B before 
immersion 
 

 
Figure G5. ED-coating before 
immersion 

 
 

 
Figure G2. Oxsilan coating A after 
immersion 
 

 
Figure G4. Oxsilan coating B after 
immersion 
 

 
Figure G6. ED-coating after 
immersion 

 




