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Abstract 

Corrosion place a high cost on the society and selecting the wrong materials in certain 

environments may have catastrophic consequences. When selecting materials there is also the 

different manufacturing methods to consider and there might be a difference in corrosion 

resistance depending on the way the material is manufactured. Also even high grade stainless 

steels like super duplex may suffer from corrosion in a specific environment. 

The scope of the thesis compares the manufacturing methods solution annealing and cold 

straining on a super duplex stainless steel, and the potential effect on stress corrosion cracking 

and pitting resistance. Earlier research indicates that there might be some uncertainties regarding 

this, and the amount of research in this field was lacking compared to studies on austenitic 

stainless steels. 

The objective of this thesis was to develop a test setup using modified versions of the ASTM 

G36 and G44 standards testing on as received super duplex stainless steel bolts (UNS S32760) of 

both solution annealed and cold strained quality.  

Tensile testing was performed to determine the elongation at yield, and hence being able to 

determine the percentage of yield for the experiments. The results of the testing were surprising, 

as the Young’s modulus was around 50 % less than what was expected, due to testing with a 

threaded bar instead of a smooth. All of the experiments were performed with the bolts stressed 

to 100 % of offset yield. 

For the alternate immersion testing, a test jig was designed and used during the whole 

experiment which was executed over a time period of 936 hours. This setup used magnesium 

chloride instead of sodium chloride which was specified in the standard to examine if this would 

accelerate stress corrosion cracking or pitting corrosion. The results from this experiment 

showed that the solution annealed bolts seemed to exhibit a higher pitting resistance than the 

cold strained bolts. Also this experiment indicates that this type of experiment may take too long 

time to be effective. Four 316L bolts were also tested in the alternate immersion testing and 

exhibited obvious pitting as expected. 

The results however must be considered with caution as only two solution annealed bolts and 

two cold strained bolts were tested. It is therefore not possible to conclude on this matter. In 

regards to stress corrosion cracking, no cracks were discovered at 10X magnification, but further 

metallographic testing should be performed to verify that no cracks are present. 
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The heated immersion testing in magnesium chloride was performed at 90℃ instead of 155℃ as 

specified in the standard. An initial test performed for 316 hours produced fracture in the two 

solution annealed and two cold strained bolts that were tested. No pitting was observed at 10X 

magnification. 

A second heated immersion test was performed for 156 hours and this test may indicate that 

there is higher stress corrosion cracking resistance in the solution annealed bolts compared to the 

cold strained. There was however only two bolts of each type tested in this experiment as well, 

so it is not possible to conclude without further experiments. No pitting was observed with 10X 

magnification on any of the bolts. 

The final results indicate that solution annealed bolts exhibits a higher resistance in regards to 

both stress corrosion cracking and pitting corrosion. Further testing needs to be performed 

however to verify this as there a low number of specimens tested.  
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1 Introduction 

1.1 Background 

For new constructions today there is a lot of discussion on what materials to use on the bolts for 

example in subsea or topside environments where the materials are exposed to chlorides. Risk of 

corrosion makes the initial choice of materials crucial in order to avoid having to replace the 

bolts before the expected lifetime or failure. Regarding corrosion there is many different 

parameters that need to be evaluated as corrosion is very environment specific. A material may 

be ideal for one specific environment while in another one it may fail after a very short time. The 

potential cost of choosing the wrong material is huge and the decisions should therefore be 

evaluated with focus on results from research and experience. 

As well as having different materials to select from, there is also the possible effect of different 

manufacturing methods affecting the stress corrosion and pitting resistance. The motivation for 

this thesis is to evaluate if there is a difference in stress corrosion resistance and pitting 

resistance between cold strained and solution annealed bolts in super duplex stainless steels 

based on the manufacturing method. Also testing the bolts in as received condition might give 

valuable information in regards to the standard test specimens that are usually used for testing. 

1.2 Scope of work 

The focus of this thesis is to compare the stress corrosion resistance and the pitting resistance of 

super duplex stainless steel (SDSS) bolts that have different manufacturing methods. One type of 

bolts have been solution annealed (SA) while the other are cold strained (CS). There has also 

been performed testing on an austenitic stainless steel to compare the results and to verify the 

test setup. 

Also to be able to determine that the bolts are in yield when tested, tensile testing were 

performed.  

The layout of this thesis is therefore the following. 

 An overview of super duplex stainless steels (SDSS)  

 A summary of the corrosion mechanism that are relevant 

 Review earlier studies and theory on the subject 

 Evaluate and choose parameters to perform experiments according to 

o Procure / design / construct equipment for the experiments 

 Perform experiments 

o Tensile testing of the bolts  
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o Torqueing of bolts 

o Create test jig 

o Immersed testing with heating 

o Alternate immersion testing 

1.3 Limitations of the thesis 

Some simplifications are done in this thesis including use of commercial grade chemicals as 

opposed to laboratory grade chemicals, and also the use of tap water instead of laboratory grade 

distilled water. 

The experiments are performed according to modified standards as it was not easily available 

laboratory equipment to reach all the requirements defined in the standards with the given 

dimensions of the specimens used in the testing. Also the experiments are performed directly on 

the bolts in as received condition instead of producing test specimens according to the standards. 

The time schedule was also limited as when all the parameters were determined and the test 

setup was ready, it was only around 2 months left available for testing. 

It was evaluated to perform hydrogen induced stress corrosion (HISC) testing, but this was not 

possible in the short timeframe of the experiments.  

1.4 Method 

A standard outline of the project was created to obtain an outline to help during the pre-study. 

This highlighted the important aspects and defined the main chapters and subchapters.  

To keep track of the progress a Gantt diagram was used, and this was updated regularly to 

identify the progress. Some tasks were also defined in a work breakdown structure (WBS) to 

further aid with the planning. 

The experimental part of this thesis required a lot of planning.  A pre-study was performed on 

what parameters and the amount of testing required.  

Materials and other equipment needed to be purchased or procured for the test setup, and 

machining of the required components had to take place afterwards.  

There was also the building and programming of the test jig for the alternate immersion tests 

which needed to be constructed.  
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2 Theory  

2.1 Duplex Stainless Steels 

Stainless steels is the name of a family of steels consisting of minimum 10,5 % chromium. There 

are several different grades of stainless steels and the five basic families are [1]: 

 ferritic  

 martensitic 

 austenitic 

 duplex  

 precipitation hardened  

Sorting into families by microstructure is due to the similarities of the mechanical and physical 

properties of each type of microstructure. The precipitation hardened family is based on the type 

of heat treatment performed [1]. 

The modern DSS can be divided into groups according to their corrosion resistance as shown in 

Table 1. The corrosion resistance is measured according to the empirical relationship between 

the additions of chromium, molybdenum and nitrogen. This number is defined as the pitting 

resistance equivalent number (PREN) and larger numbers indicate better corrosion resistance [2]. 

The equation for calculation the PREN is given in (1). The effect of the different alloy materials 

regarding the corrosion resistance is discussed in more detail in subchapter 2.2. 

 𝑃𝑅𝐸𝑁 = %𝐶𝑟 + 3.3 × %𝑀𝑜 + 16 × %𝑁 (1) 
 

Table 1: Overview over the different duplex steels [3] 

Description Weight % Cr Weight % Mo PREN 

Lean duplex    19 – 24,5 0,1 – 0,8 21 – 28 

Molybdenum - containing lean duplex 19 – 25 0,3 – 2,0 27 – 34 

Standard duplex 24 – 27 0,8 – 3,5 33 – 38 

Super duplex 24 – 30 1,5 – 5,0 38 – 43 

Hyper duplex 26 – 33 3,0 – 5,0 49 – 53 

The first generation of stainless steel was developed almost hundred years ago [4]. While the 

first grades were ferritic and austenitic steels, it was discovered that introduction of ferrite into 

austenitic steels resulted in better castability, and also increased the mechanical properties. This 

combination of the ferritic and austenitic microstructure became known as duplex (double or 
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twofold) steels due to the steels consisting mainly of two phases. In effect they combine the 

toughness and weldability of the austenitic steels, with the strength and corrosion resistance of 

the ferritic steels [5]. 

DSS’s were developed to increase the resistance to chloride stress corrosion cracking (SCC) that 

the austenitic stainless steels in the 300 series were susceptible for. Also by reducing the level of 

nickel as well as obtaining higher strength, the material costs were reduced [6]. One alloy that 

was specifically designed for increased chloride stress corrosion resistance was the 3RE60 (UNS 

S31500) developed by Sandvik in the 1950s [4]. The forerunner to the modern 25 Cr DSS, and 

later the super duplex stainless steels (SDSS) was Ferralium. This was deliberately added 

nitrogen, which reduced the problems with cracking during casting and welding by producing 

more ductile welds [4].  

There has been a great interest in DSS due to the attractive service properties and the excellent 

cost versus properties ratios in the oil and gas, chemical industry, pulp and paper industry and 

other industries. In the early 1980s the DSS had established itself as a common engineering 

material [7]. Even if the production of DSS is only about 1 % compared to the carbon steel 

production as seen in Figure 1, these materials have been getting a lot of interest [8]. SDSS 

represents about 10 % of the total DSS production [8]. 

 

Figure 1: Stainless steel worldwide production compared to flat carbon steel [8] 

The SDSS are usually defined as having a PREN above 40. They were developed for the 

Norwegian sector of the North Sea to meet alloy compositions [2]. As these materials contain a 

high amount of chromium, molybdenum and nitrogen, they offer high pitting and crevice 

corrosion resistance. 
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2.2 The role of alloying elements in SDSS 

Understanding the effect of the different alloying elements is crucial when SDSS are 

manufactured. The role each element has in the total composition is important for the 

microstructure and again the corrosion resistance and the mechanical properties. Also the 

interactions between the major alloying elements are complex. Obtaining the correct levels of 

each alloying element is crucial to achieve a stable duplex structure that responds well to 

fabrication and processing [3]. The main alloying elements and their properties are discussed 

next. 

2.2.1 Chromium 

Stainless steels are dependent on a passive surface film of chromium oxide to resist corrosion. 

The minimum level of chromium required is 11 % and there also need to be oxygen present to 

form this layer [5]. This is due to the fact that the passive range is extended which furthers 

reduces the general corrosion as can be seen in Figure 2.  

 

Figure 2: Effect of alloying elements on the anodic polarization curve [7] 

This film is self-healing in air at room temperature and it is crucial that this passive film is 

maintained for the steel to maintain the corrosion resistance. Also the corrosion resistance 

increases with increasing chromium content. As chromium is a ferrite former, this means that 

adding chromium promotes the body-centered cubic (BCC) structure of iron. The higher the 

chromium contents are, the more nickel is necessary to form an austenitic or duplex structure [3]. 

There is however a limit to how much chromium that can be added, as the beneficial effects of 

very high levels is negated by the enhanced precipitation of intermetallic phases such as the 
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sigma phase [7]. As seen from equation (2) and (3), equations have been derived to quantify the 

elemental effects. 

 
𝐶𝑟𝑒𝑞 = %𝐶𝑟 + %𝑀𝑜 + 0,7 × %𝑁𝑏 

 

(2) 

 𝑁𝑖𝑒𝑞 = %𝑁𝑖 + 35 × %𝐶𝑟 + 20 × %𝑁 + 0,25 × %𝐶𝑢 (3) 

These equations need to be balanced to obtain the wanted percentage of ferrite / austenite 

balance [7]. 

2.2.2 Carbon 

Carbon is an important alloy element to consider for stainless steels. DSS are limited to 

0,02 –  0,03 % carbon content. If the carbon content is higher than 0,03 %, carbide precipitation 

in the form of chromium carbide may occur [5]. When chromium carbide is formed it depletes 

areas of chromium from the matrix below the critical amount, and in effect stops the chromium 

oxide forming. The depleted zones will then act as anodes and the rest of the oxide coated 

material as cathodes [5]. Quenching the material from 1000 ℃ will negate the carbide 

precipitation. However if the material is reheated by for example welding, carbide precipitation 

may occur on the grain boundaries. The material is then said to be sensitized which is dangerous 

in regards to corrosion as the chromium content is lowered. This makes the material susceptible 

to intergranular corrosion if not corrective measures as reheating is taken [5]. Several issues have 

occurred with austenitic stainless steels due to sensitization. Today however both AISI 316 and 

AISI 304 austenitic steels can be acquired with carbon content below 0,03 % and are assigned as 

AISI 316L and AISI 304L. 

2.2.3 Molybdenum 

Molybdenum is a ferrite former and increases the resistance against pitting corrosion. If there is 

18 % or more chromium added, adding molybdenum becomes three times as efficient as 

chromium additions in regards to pitting and crevice corrosion. This also is evident in the PREN 

equation where molybdenum has a coefficient of 3.3 [3]. Also according to Trethewey and 

Chamberlain [5] it has been shown that highly alloyed steels containing molybdenum are more 

resistant to SCC. The reason molybdenum increases the pitting and crevice corrosion resistance 

is that it suppresses active sites via formation of an oxy-hydroxide or molybdate ion [7]. As with 

chromium, there is an upper limit where adding more molybdenum enhances the sigma 

formation. According to Gunn [7] this is around 4 %, while a minimum limit is set at 3 % to 

avoid crevice corrosion. 
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2.2.4 Nitrogen 

Nitrogen increases the pitting and crevice corrosion resistance and also increases the strength of 

the material. As chromium and molybdenum, nitrogen increases the passive potential and it has 

also been suggested that molybdenum and nitrogen has a synergistic influence on pitting 

characteristics [7]. Nitrogen is a very cheap alloying material and a strong austenite former, and 

can be used to replace some of the nickel content in regards to austenite stabilization [3]. This 

results in improved toughness in nitrogen-bearing DSS due to the greater austenite content and 

less intermetallic content. The reason there are less intermetallic phases is due to the fact that 

nitrogen delays the formation of intermetallic phases such as sigma and chi [3]. Nitrogen also 

increases the resistance to crevice corrosion, which is due to nitrogen altering the crevice 

solution chemistry [7]. According to Gunn [7], both carbon and nitrogen strengthens the ferrite 

and austenite by dissolving at interstitial sites in the solid solution. However as carbon increases 

the risk of sensitization, nitrogen is preferred.  

2.2.5 Nickel 

The main role of nickel as an alloy element is to control the phase balance. Nickel is an austenite 

stabilizer that promotes a change in the crystal structure of stainless steel from BCC (ferritic) to 

face-centered cubic (FCC) (austenitic). It stabilizes austenite according to equation (3). The 

amount of nickel is therefore dependent on the chromium content, and in a DSS it is 

approximately 7 %. As nitrogen, the nickel delays the formation of detrimental intermetallic 

phases, but it is not as effective as nitrogen [3]. As with both chromium and molybdenum, too 

high nickel content may enhance the formation of intermetallic phases. It will accelerate the 

alpha prime formation, which is an intermetallic phase in ferrite that causes embrittling [7]. In 

regards to corrosion it extends the passive range as chromium and molybdenum. 

2.2.6 Manganese 

According to Gunn [7], the ability of manganese as an austenite stabilizer is debated, especially 

at the levels normally found in duplex alloys. Manganese additions increase the abrasion and 

wear resistance and also the tensile properties without loss of ductility. Too high content of 

manganese may also significantly decrease the critical pitting temperature. This is likely caused 

by the manganese sulphide inclusions that may act as initiation sites for pits. But for normal 

levels, adding both manganese and nitrogen will increase the pitting resistance [7]. 
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2.2.7 Copper 

Copper additions are beneficial in certain environments like boiling 𝐻𝐶𝑙 by reducing the crevice 

corrosion rates. The maximum of copper content is limited to 2 % as higher contents reduce the 

hot ductility and can lead to precipitation hardening [7]. 

2.2.8 Tungsten 

Tungsten has been added to duplex alloys up to 2 % to improve the pitting resistance, by 

extending the passive potential range. Also tungsten increases crevice corrosion resistance in 

heated chloride solutions [7].  

2.3 Microstructure of SDSS 

The microstructure of the SDSS is controlled by the alloying elements. In the modern raw 

material the balance between ferrite and austenite should be 50 50⁄  for the optimum corrosion 

resistance, especially SCC resistance [1]. However it is generally accepted that the favourable 

properties of SDSS can be achieved with both ferrite or austenite in the 30 − 70 % range [3]. 

Figure 3 shows three different microstructures; ferritic, duplex and austenitic. By adding nickel 

which is an austenit stabilizer it clearly shows the transformation in the microstructure from 

ferritic, to duplex and finally to austenitic.  

 

Figure 3: Different microstructures of steel [3] 

The microstructure consists of a mix of roughly 50 % FCC austenite islands in 50 % BCC ferrite 

grains. This structure is achieved by having control of both the chemical composition and the 

annealing temperature. 

There are different phase diagrams like Schaeffler diagrams available that show different phases 

at different temperatures and nickel and chromium additions [7]. To get an accurate result 

however, a computer program called Thermocalc, which calculates the phase equilibria over a 

range of temperatures, is used. Figure 4 shows a calculated phase diagram for a SDSS alloy. 
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Figure 4: Thermocalc isopleth diagram showing the composition of a SDSS alloy at the dotted line [7] 

The sigma and chromium nitride are intermetallic phases which will occur at different 

temperatures, depending on temperature, rate of cooling and the weight percent of the different 

alloying elements [7]. From these diagrams the temperatures when the different phases are stable 

can be determined.  

2.3.1 Secondary phases 

There are several undesirable secondary phases that occur in DSS during heat treatment. The 

phases may have an effect on both the mechanical properties and corrosion resistance, which 

again means they should be evaluated and checked for thoroughly. Usually time-temperature 

transformation (TTT) diagrams are used to show the heat treatment versus the rate of cooling [7]. 

Figure 5 shows a TTT diagram with three different SS solution annealed at 1050℃ .The effect of 

quenching in regards to avoiding the detrimental secondary phases are obvious. The study of the 

secondary phases is performed either via a scanning electron microscope (SEM) or a 

transmission electron microscopy (TEM). 

 

Figure 5: TTT diagram showing three different duplex steel grades 2205 (DSS), 2304 (lean DSS) and 2507 (SDSS) [3] 
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Modern manufacturing of DSS today have been designed to retard the formation of these phases. 

However if they are formed, the only way to remove them is solution annealing followed by 

quenching [7]. 

Sigma Phase 

The high chromium content in SDSS means that the sigma phase is very common. The high 

amount of molybdenum will also increase the temperature range where the sigma phase is stable 

[9]. The sigma phase which is rich in both chromium and molybdenum will affect both hot 

ductility and room temperature ductility. In effect it is a hard embrittling precipitate [7]. 

The precipitation of the sigma phase usually occurs at triple junctions or at ferrite / austenite 

phase boundaries at the temperature range of 600 − 1000 ℃ [7]. Also the presence of sigma 

phase will decrease the pitting resistance due to the depletion of chromium and molybdenum 

from surrounding areas [3]. 

 

Figure 6: Microstructure of a SDSS SAF 2507 (UNS S32750) aged for 10 min at 850 ℃. 𝜎 phase is shown at ferrite / 

ferrite phase boundaries and secondary austenite is visible in bright contrast between the primary austenite and ferrite 

(SEM) [9] 

Secondary austenite 

Secondary austenite (𝛾2) can form very quickly as the decomposition of ferrite to austenite can 

occur over a wide temperature range [9]. This is due to the fact that the duplex is quenched from 

a higher temperature where the equilibrium fraction of ferrite is higher [9]. The secondary 

austenite formed at the ferrite / austenite phase boundaries has low chromium content, especially 

when 𝐶𝑟2𝑁 precipitates are present. This means that these areas are more prone to pitting [9].  

Chromium nitride 

Chromium nitrides can be found both as 𝐶𝑟𝑁 and 𝐶𝑟2𝑁. As nitrogen has become more used as 

an alloying element these nitrides are important to consider. During solution annealing the 

nitrogen solubility in ferrite is high. When quenching however the solubility drops, and 

intergranular precipitation of needle shaped 𝐶𝑟2𝑁 occurs [7]. When 𝐶𝑟2𝑁 is formed at 
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austenite/ferrite phase boundaries, it has an impact on the pitting corrosion resistance according 

to Nilsson [9]. 

Alpha prime 

The secondary phases that forms at the lowest temperature range (300 − 525℃), is called alpha 

prime. These are the cause of the 475℃ embrittlement which may occur in ferritic and duplex 

SS. According to Gunn [7] there has been some conflicting evidence as to the nature of this 

embrittlement, as alpha prime may precipitate together with 𝐶𝑟2𝑁 where the needlelike 𝐶𝑟2𝑁 is 

interspersed within a film of alpha prime.  

2.3.2 Summary of secondary phases 

Table 2 shows a summary of the secondary phases that can be found. As discussed these phases 

have a negative impact on both the corrosion resistance and the mechanical properties in regards 

to embrittlement.   

Table 2: A summary of properties of some of the secondary phases present in SDSS [7] 

Phase Composition (%) Form. range (℃) Lattice type Preferred location 

Cr Ni Mo 

Sigma 30 4  7   600 - 1000 Tetragonal Inter ferrite/aust. 

Secondary Austenite 27,4 8,7  4 650 - 900 FCC Intra-ferrite 

Chromium nitrides 72 6  15 700 - 950 Cubic Intra-ferrite 

Alpha prime 65 2,5  13 300 - 525 BCC Intra-ferrite 

2.4 Mechanical properties of DSS and SDSS 

The mechanical properties of DSS are exceptional, and their room temperature yield strength is 

more than double of standard austenitic stainless steels [3]. The ultimate tensile strength is also 

very high with an elongation above 25 % [7].  

The background for these properties is that several simultaneous mechanisms take place [7]. 

 Interstitial solid solution hardening (C, N) 

 Substitutional solid solution hardening (Cr, Mo, Ni, etc.) 

 Strengthening by grain refinement due to the presence of two phases 

 Possible hardening due to the formation of secondary austenite (𝛾2) 

 Strengthening due to ferrite, since, for a similar composition these phases are harder than 

the austenitic structure 
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 Strain induced by differential contraction of the two phases on cooling from annealing 

temperatures 

It is also important to consider the rolling direction of the material. The mechanical properties of 

wrought DSS are highly anisotropic. This means that the properties heavily depend on the 

orientation of the test sample [3]. As the material is rolled the grains will become elongated. The 

strength is therefore higher perpendicular to the rolling direction than in the rolling direction [7]. 

The anisotropy also increases as the plate thickness decreases [7].  

Maximum and minimum hardness is also required in some standards. Normal solution annealed 

DSS have no problems being within these (approx. 277 - 321 HBW). Cold straining and / or 

intermetallic precipitation however will have an impact on the hardness [7]. This is also shown 

in Figure 7. 

 

Figure 7: Time-temperature-transformation (TTT) diagram for SAF 2507 (UNS S32750 SDSS) with a curve 

corresponding to 27J impact toughness indicating rate of embrittlement [9] 

The downside with the excellent mechanical properties of DSS is that machining will take more 

time and the wear and tear on the machining tools will be higher than with austenitic SS. 
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2.5 Corrosion theory 

2.5.1 Background 

There are several sources for what corrosion costs the society. According to Trethewey and 

Chamberlain [5], a number that is frequently used is around 4 % of a country’s gross national 

product (GNP). Also Ahmad [10] reports the figures of 3 – 5 % of a country’s GNP and that 

appropriate corrosion prevention measures could have saved 35 % of this cost. Corrosion has an 

impact in a lot of different ways and the six major reasons are listed below [5]: 

 Lost production due to failure or shutdown 

 High maintenance cost 

 Environmental and customer regulations 

 Loss of product quality due to contamination from corrosion 

 Higher fuel / energy costs due to leaks from corroded piping 

 Increased stocks of spare parts 

Prevention of corrosion is therefore important and the different forms of corrosion need to be 

considered when choosing materials. 

2.5.2 Basics of corrosion mechanics 

According to Trethewey and Chamberlain [5] a fundamental definition of corrosion is described 

as: 

Corrosion is the degradation of a metal by an electrochemical reaction with its 

environment. 

To understand corrosion the basic principles of thermodynamics form the foundation. 

The first law of thermodynamics [5]: 

 Energy cannot be created or destroyed 

A variation of the second law of thermodynamics [5]: 

Heat will not flow of its own accord from a cold place to a hot place 

In a corrosion perspective, this energy comes from the chemical energy of a reaction.  

A common way to explain corrosion is via the mixed potential theory proposed by Wagner and 

Traud in 1938 [10]. This theory separates the oxidation and reduction reactions in corrosion and 

states that the total oxidation rates equal the total reduction rates [2]. 
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Corrosion occurs when a chemical process is made possible by a net release of free energy that 

goes across a metal or electrolyte interface [5].This free energy is defined by Faraday as the 

work done in the corrosion process in terms of the potential difference and the charge transported 

as shown in equation (4) called Faraday’s Law. This energy difference manifests as an electrical 

potential, which against means a tendency for corrosion [5].  

 ∆𝐺 = (−𝑧𝐹) × 𝐸 (4) 

Where: 

∆𝐺  The work done 

𝑧  The number of electrons involved in the corrosion reaction 

𝐹  The Faraday constant (96494 coloumbs per mole) 

𝐸  The potential measured in volts 

Further work by Nernst defines the potential according to equation (5). 

 𝐸 = 𝐸0 −
𝑅𝑇

𝑧𝐹
𝑙𝑛

[𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠]

[𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠]
 (5) 

Where: 

𝐸   The standard cell potential (Volt) 

𝐸0   The cell potential at a given temperature (Volt) 

𝑅   Universal gas constant (8.3143 𝐽 𝑚𝑜𝑙−1𝐾−1) 

𝑇   Temperature (Kelvin) 

𝑧   Valence electrons (no unit) 

[𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠]  Concentration of product (𝑚𝑜𝑙/𝑙𝑖𝑡𝑒𝑟) 

[𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠]  Concentration of reactants (𝑚𝑜𝑙/𝑙𝑖𝑡𝑒𝑟) 

The Nernst equation defines the non-equilibrium potential caused by the reaction for a given 

temperature and concentrations of the products and reactants [5]. 

In a corrosion cell four essential components needs to be present; anode, cathode, electrolyte and 

connections. All these components can be present by just having one piece of metal in an 

electrolyte as individual areas of the metals can act as anodes and cathodes due to differences in 

material or the electrolyte [5]. Multiple reactions will occur and if we consider when iron 

corrodes in a dilute acid we get the following equations [10]: 
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𝐹𝑒 → 𝐹𝑒2+ + 2𝑒− (oxidation at anode) (6) 

 
2𝐻+ + 2𝑒− → 𝐻2 (reduction at cathode) (7) 

 
𝐹𝑒 + 2𝐻+ → 𝐹𝑒2+ + 𝐻2 (total reaction) (8) 

Equation (6) shows the oxidation of iron as it is exposed to the acid, equation (7) the formation 

of hydrogen gas and (8) the total equation. Using the Nernst equation at standard conditions 

(25 ℃) for this chemical process (
𝑅𝑇

𝐹
= 25,693 𝑚𝑉) will give equation (9). By further including 

the valence electrons z as two and setting the concentration of [𝐻+] and [𝐻2] as 1 𝑀 gives 

equation (10).  Finally inserting the iron ions concentration at 1 M produces equation (11). 

 
𝐸 = 𝐸0 −

0.05916

𝑧
𝑙𝑜𝑔

[𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠]

[𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠]
 

 

(9) 

 𝐸 = 𝐸0 −
0.05916

2
log [𝐹𝑒2+] 

 
(10) 

 𝐸 = 𝐸0 −
0.05916

2
log[1] = 𝐸0 (11) 

This means that the measured potential difference is the electrode potential under standard 

conditions, and that it is given by 𝐸0. As equation (6) is an oxidation reaction and equation (4) is 

larger than zero it indicates a spontaneous reaction. By using the electrochemical series [5], it 

will give a standard reduction potential of iron as 𝐸0 =  −0.44𝑉 which gives ∆𝐺 > 0. This 

agrees with the fact that iron dissolves spontaneously in acid. 

2.5.3 Corrosion kinetics 

As it is now clear how corrosion is a tendency of a system to corrode, the flow of current also 

needs to be considered. When the corrosion reaction is not in equilibrium, current will flow, and 

the relationship between the potential and this current flow is important to understand [5]. 

However, using only current in ampere would not account for the fact that a larger surface would 

corrode more than a small one [5]. This is accounted for by using current density as ampere per 

area. A positive or negative value of this current density will determine which way the current 

flows. Showing a variation of equation (6) in (12) and (13), it indicates this flow of current 

where 𝑖𝑎 is the anodic current and 𝑖𝑐 is the cathodic current. 

 𝐹𝑒
𝑖𝑎
→ 𝐹𝑒2+ + 2𝑒− (12) 

 𝐹𝑒2+ + 2𝑒−

𝑖𝑐
→  𝐹𝑒 (13) 
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When equilibrium arises we have that 𝑖𝑎 = 𝑖𝑐 and this current cannot be measured as there is no 

net current flow.  

2.5.4 Passive layer 

The corrosion properties of a DSS are defined by the ability to maintain the passive layer in the 

given environment it is to operate. This state in which the stainless steel has a very low corrosion 

rate is called passivity [2]. Passivity is usually described by a polarization curve which is shown 

in Figure 8. 

 

Figure 8: A polarization curve for a stainless steel in a sulfuric acid solution and also showing the pitting potential 

decreasing as the chloride concentration is increasing [2] 

Several thresholds are defined, as well as the effect of chlorides on the passive region. 

𝐸𝑡   Transpassive potential, defines the end of the passive region and where gaseous 

oxygen evolves by electrolysis of water. This is the onset of the transpassive 

region 

𝐸𝑝   Pitting potential, defines a sudden increase in current density due to breakdown of 

the passive layer in chloride containing environment 

𝐸𝑝𝑝   Primary passivation potential; defining where the active-passive transition begins 

𝐸𝐶𝑂𝑅𝑅   Corrosion potential, the compromise potential of the anode and cathode 

𝑖𝑝𝑎𝑠𝑠   Passive current density; defining the minimum current to maintain the film in the 

passive range. Corrosion rates are usually very low in this region. 
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This means that the passive potential is defined between 𝐸𝑝𝑝 and 𝐸𝑝.The passive layer as shown 

in Figure 9, shows how it is both repaired and broken down. In the case of (a) and (a’), the metal  

ion (M) is captured by the passive layer and it is bridged together with the hydroxyl (𝑂𝐻−) 

groups [2]. This means the layer is repaired and the corrosion resistance is maintained. In the 

case of (b) and (b’) the environment contains chloride (𝐶𝑙−) ions, which has replaced some of 

the water molecules (𝑂𝐻2). The bridging is then not possible which again causes a breakdown of 

the film.  

These sites with a missing layer will be initiation sites for pitting corrosion [2]. 

 

Figure 9: The passive layer is repaired in a’, while destroyed in b’ [2] 

Metallurgical factors also needs to be considered on the metal on which the passive layer forms 

or is broken down on, as these are as important as the chemistry of the environment. As 

discussed earlier, the metal consists of several different alloying elements, secondary phases, 

carbides, nitrides etc. which will influence if the passive layer is able to maintain itself or not [2]. 

2.6 Corrosion of SDSS 

The three most applicable types of corrosion for this thesis in regards to SDSS are pitting, 

crevice and SCC.  

2.6.1 Pitting corrosion 

Pitting is a form of localized corrosive attack that produces pits [2]. Metals with passive films are 

more susceptible to this type of corrosion. It is characteristic that these pits only form on small 

areas while the bulk of the surface is not affected, meaning the weight loss caused by this type of 

corrosion is minimal, but the result of the attack may cause major failures [10]. 

Conditions for pitting are listed below [10]: 

 Breaks in the passive film or defects / injuries / lack of homogeneity in the metal surface 

 Presence of halogen ions like 𝐶𝑙− 
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 Stagnant conditions, no circulation of the electrolyte will increase the pitting 

The mechanism of pitting [2]: 

Pitting initiation 

Breaks in the passive film are attacked and metal is dissolved as an anode while the rest 

of the surface acts as a cathode where oxygen forms into hydroxyl groups.  

Pitting propagation 

Accumulation of positive metal ions in the pit will cause a self-stimulating and self-

propagating effect known as hydrolysis. The presence of 𝐶𝑙− and 𝐻+ ions will stop the 

metal from repassivating as seen in Figure 10 and the pH will become very low in the pit.  

Pitting termination 

When the pitting process has been ongoing for a while, the metal is perforated and the 

reaction is terminated. 

 

Figure 10: Illustration of the pitting mechanism [2] 

The condition of the surface is important and heat treatment and cold working may have an 

impact here. The degree of cold work and environmental contamination like dust and salt 

particles will also have an effect [10]. Also grain size, inclusions and precipitation of secondary 

phases has an influence on the surface properties [7]. 

As discussed earlier, in a SDSS the addition of chromium and molybdenum will increase the 

pitting resistance, and the PREN is used to rank the pitting resistance of a given alloy. 

To determine the severity of the pits the common weight-loss method is of little use. 

Examination of the pits can be performed according to ASTM G46 which is described in chapter 

3.1.3. 
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2.6.2 Crevice corrosion 

Crevice corrosion is a form of localized corrosion that may occur within crevices or at shielded 

surfaces where a stagnant solution is present [5].  An important condition in regard to crevice 

corrosion is the formation of a differential aeration cell.  

Crevice corrosion is highly associated with the geometry of structures such as riveted plates, 

gaskets, threaded components or depositions of sand or other particles [5].  

The mechanism according to Trethewey and Chamberlain [5] can be described in the following 

steps: 

 Corrosion initially is uniform over the surface and inside and outside of the crevice 

 Consumption of dissolved oxygen results in the diffusion of more oxygen from 

electrolyte surfaces which are exposed to the atmosphere. There will be a lack of oxygen 

inside the crevice and the generation of hydroxyl ions will diminish. 

 Production of excessive positive ions in the gap causes negative ions to diffuse into the 

crevice, and it the presence of chloride complex ions will be formed between the metal 

and chloride ions with water as shown in Figure 11. This will reduce the pH in the 

crevice and cause hydrolysis which again prevents the re-passivation. 

 

Figure 11: The Fontana-Green mechanism of crevice corrosion [5] 

For stainless steels the crevice corrosion resistance can be related to pitting corrosion resistance. 

The critical crevice temperatures are roughly proportional to the critical pitting temperatures, 

however lower [7]. 
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Testing for this type of corrosion is very difficult as the experimental parameters like surface 

condition, the material of the crevice formers like glass or plastic, and crevice width is very hard 

to control, which means that this type of corrosion will not be a high focus in this thesis. 

According to Gunn [7] it has been shown that SDSS grades are more resistant to crevice 

corrosion compared to 6 % superaustenitic alloys according to the fact that SDSS are more 

resistant to hydrochloric acid. 

2.6.3 Stress corrosion cracking  

SCC is when there is a failure due to the combined effect of stress and a chemical attack [10].  

Conditions for SCC [10]: 

 Susceptible metal 

 Specific environment 

 Tensile or residual stress 

There are also different types of SCC classified according to if the environment contains 

chloride, sulfide or is caustic. This thesis will focus on chloride induced SCC. Other factors that 

will increase the risk of SCC is elevated temperature with high oxygen contents, high tensile 

stress compared to yield and presences of crevices or deposits [7]. 

An important feature of SCC is that it is much unexpected. Materials may fail in environments 

where they should be suited at stress levels below its normal fracture stress with little to no 

indication before failure [5]. Other important features that are of interest [5]:  

 Alloys are more susceptible than pure metals  

 Even if a metal is highly ductile, the SCC cracks will appear brittle. 

 It is usually possible to define a threshold stress where SCC will not occur 

DSS steels are all superior to the austenitic SS in regards to SCC, but they may suffer from SCC 

given high enough chloride concentration [7]. For austenitic alloys it also depends on the cation 

available with 𝑀𝑔 > 𝐶𝑎 > 𝑁𝑎 in increasing order of aggressivity. This means that a solution of 

𝑀𝑔𝐶𝑙2 is more aggressive in regards to SCC compared to a 𝑁𝑎𝐶𝑙 solution [7]. 

The mechanism in which SCC works is complex and heavily dependent on environment and the 

type of material / alloy.  It is generally accepted that there is no single mechanism for SCC [5]. 

Tables of alloy types in certain environments have been developed, but this is not a complete list 

as some combinations are still unknown. However it gives a good indication for a wide range of 

alloys [10]. Careful consideration needs to be taken when using these tables. This is due to the 
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fact that for example chloride levels due to seawater evaporation are hard to determine, and 

evaporated seawater may also deposit the aggressive 𝑀𝑔 cations [7]. 

The cracking will generally occur in surface irregularities, corrosion pits or at the grain 

boundaries if these contain impurities. Further cracking is determined by the electrochemistry in 

the pit. In the pits the 𝑝𝐻 is of values as low as 2. This accelerates the dissolution process and 

also indicates that hydrogen is an important aspect in SCC [5]. The formation of a pit is therefore 

often the initiation phase of cracking. When the cracking begins, common fracture mechanics 

come into play.  The crack growth will however not be examined in the experiments in this 

thesis, so this is not discussed further. 

There have been several instances where chloride caused SCC has caused failure in the roof 

construction of swimming pools. Two types of mechanisms have been proposed for these 

failures. One considers the fact that a low 𝑝𝐻 chloride rich environment develops, while the 

other one considers that even higher chloride levels may be obtained at certain relative 

humidities [2]. There have been few studies on cases where solid salt deposits have been built up 

at lower relative humidities so it is not known how this affects SCC. 

Due to the fact that DSS consist of both ferrite and austenite they have an advantage compared to 

austenitic steels. The ferrite will protect the austenite against SCC as ferrite has a lower 

corrosion potential in an acified crack solution [7]. Meaning that when a crack in the austenite 

reaches ferrite, the mixed potential inside of the crack is depressed and the austenite is protected 

[7]. 

In DSS the cracking preferably occurs in the ferrite phase which is not expected due to the fact 

that ferritic steels are known for their increased resistance against this type of corrosion 

compared to austenitic steels. However the reason for this is that the ferrite in the duplex steel 

contains approximately 3 % nickel, compared to normal ferritic steels which are usually very low 

on nickel. The nickel therefore makes the DSS susceptible to SCC [7]. Figure 12 shows typical 

cracking in duplex steels in the ferrite and through both phases. 
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Figure 12: Examples of crack propagation where a) is showing cracking through the ferrite (500X) and b) is showing 

cracking through both phases (400X) [7] 

2.7 Manufacturing methods of the materials used for the experiments 

There are several methods used in the industry to enhance the properties of metals. In this thesis 

the two different processes used to obtain the required properties are solution annealing and cold 

straining. The two different manufacturing processes used for the materials in this thesis are 

described next.  

2.7.1 Solution annealing  

Solution annealing is a high temperature heating process performed on steels to avoid 

precipitation of intermetallic phases [1]. The purpose of this treatment is to keep the casting at a 

given temperature and time, long enough to bring the carbon in the steel into a solid solution. By 

quenching the steel in a specified medium, the carbon will be locked in the solid solution. Both 

the holding time and temperature depends on the material quality and the thickness of the 

casting. For SDSS it is very important to control the parameters to avoid intermetallic phases as 

discussed earlier. 

2.7.2 Cold straining 

Strain hardening is defined as the phenomenon where a ductile metal becomes harder and 

stronger as it is plastically deformed [11]. The reason this process is called cold straining or cold 

working is due to the fact that most metals strain hardens in room temperature. The change of 

mechanical properties is caused by dislocations, meaning linear defects in the lattice of atoms in 

a crystal [12]. Dislocations move under the influence of mechanical stress because of the 

shearing process that occurs when it is strained. During plastic flow the dislocations multiply and 

again their mutual interactions hinder their motions [13].  
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As seen in Figure 13, the effect of deforming the material increases the yield strength, but as a 

result it has a shorter elongation before fracture after the treatment. 

 

Figure 13: Stress-strain diagram showing the elastic strain recovery and strain hardening. Initial yield (𝛔𝐲𝟎) and yield 

(𝛔𝐲𝟏) after releasing the load D is shown [11] 

The effect of cold work in regards to ultimate tensile strength (UTS) for different SS is shown in 

Figure 14.  

 

Figure 14: The effect of cold work in regards to UTS for several different SS [7] 
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2.8 Corrosion testing on SDSS in regards to SCC and pitting in chloride environments 

Several earlier studies on SDSS and DSS in regards to SCC and pitting resistance have been 

reviewed to find the most suitable method of testing. 

The influence of temperature and chloride concentration on the pitting resistance of a DSS was 

researched by Dong et al. [14]. The alloy was 2205 (DSS) and the environment was sodium 

chloride and iron chloride. The pitting experiments were performed according to the ASTM G48 

[15] standard. 

 The pitting resistance decreased when either the temperature or chloride concentration 

were increased.  

 𝐼𝑐𝑜𝑟𝑟 increases linearly with the concentration of 𝑁𝑎𝐶𝑙  

 Higher temperature and concentrations alter the shapes of the pits 

Jin [16] studied the chloride induced SCC for a SDSS with different test methods. The ASTM 

G36 [17] standard for boiling magnesium chloride at 155℃ was modified and it was decided to 

use calcium chloride instead due to the fact that magnesium chloride represents a too severe 

environment. As discussed earlier the type of cation highly affects the corrosion mechanism. A 

drop evaporation test was also used with droplets of sodium chloride at a concentration of 0,1𝑀 

being applied at 6 drops/min. Finally an autoclave test were performed with oxygen content at 8 

parts per million (ppm) and a pressure at 100 bar. The conclusions of this work were: 

 SDSS steels possess a much higher SCC resistance than the austenitic AISI 304 or AISI 

316 

 Due to the mild nature of calcium chloride compared to magnesium chloride, calcium 

chloride is not deemed practical for lab testing due to the long lead time before fracture 

as 500 hours is not enough to time to develop SCC for highly alloyed SS. 

Mietz and Isecke [18] discussed different test methods and the method of loading the specimens. 

There are three different methods for loading and they are classified as:  

 Constant total elongation 

 Constant load 

 Slow strain rate 
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When constant load is used, the SCC sensitivity can only be assessed according to the following 

criteria: 

 Fracture: yes / no 

 Cracks: yes / no 

 Depth and amount of cracks 

Spaehn [19] did extensive work on SCC and corrosion fatigue cracking on several materials 

including the DSS UNS 32205. The experiments were performed in boiling magnesium chloride 

(35 %) at 125℃ . The threshold stress for SCC was examined and compared with an austenitic 

SS 18Cr-9Ni. Also the effect of surface treatment in regards to SCC resistance was experimented 

on. Conclusions from this research: 

 The threshold stress for SCC for an austenitic SS was about one third of the DSS 

 A cathodic protection potential is found and this potential is similar for DSS and 

austenitic SS. A potential above −0,12𝑉 decreased the resistance significantly in regards 

to SCC for both materials. 

 The sigma phase lowered the resistance against anodic SCC. 

 The surface treatment alters the SCC resistance. DSS that was pickled after grinding 

exhibited higher resistance than DSS that was only grinded and not treated. 

2.9 Earlier studies on the manufacturing methods impact on corrosion resistance 

There have been performed earlier experiments which have focused on the fact that the 

manufacturing method may affect the corrosion resistance in regards to both pitting and SCC for 

DSS. However the main focus has been to assess the difference of pitting corrosion between 

solution annealed and cold strained material, and there seem to be little available research on the 

difference in regards to SCC resistance. Also there is little research performed on SDDS, whil 

the austenitic steels like AISI 304 or AISI 316 have received a lot of attention. Some of these 

earlier studies are discussed in this chapter.  

2.9.1 Research on the effect of cold work on pitting corrosion resistance 

As mentioned earlier the pitting resistance is measured by the PREN. A study performed by 

Rosso, Peter and Suani [1], focuses on the pitting resistance for solution annealed (SA) material 

versus cold strained (CS). Testing has been performed on diameters ranging from 14.3 - 47.62 

mm. The alloy that was used for the experiments were the UNS S32760 SDSS. Four samples of 

both SA and CS material were tested and compared. The results show that both types of 

treatments give an acceptable PREN > 40, with the SA PREN being 41.48 and the CS PREN 
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being 41.39. There was a difference in the mechanical properties however, but this was most 

likely caused by the fact that the parameters for the SA were not optimized. These intermetallic 

phases, like sigma, then caused the material to be below the acceptance criteria in regard to the 

mechanical properties. 

Work performed by Phadnis et al. [20], aimed to compare cold rolled (66 %) and heat treated 

AISI 304 in regards to the passive film. By analyzing the potentials and analyzing the film by X-

ray photoelectron spectroscopy the differences was established. The main findings of this study 

are listed below. 

 Rolled material shows a constant open circuit potential of −0.188 𝑉 while the heat 

treated is oscillating around −0.254 𝑉 

 Pitting potential of the rolled material was 0.25 V while it was 0.09 V in the heat treated 

 The passive current density was 0.9 × 10−6 𝐴 𝑐𝑚2 for the rolled material while 

1.5 ×  10−5 𝐴 𝑐𝑚2 for the heat treated. 

 Re-passivation of the pit occurred at 0.085 𝑉 in the rolled material while not at all in the 

heat treated material. 

 The passive film formed on the rolled material is richer in chromium compared to the 

heat treated material. This is due to enhanced diffusion through the oriented grains in the 

rolled material. 

Research on pitting corrosion resistance on CS AISI 316L with varying degree of nitrogen was 

performed by Mudali et al. [21]. The results showed that cold working up to 20 % enhanced the 

pitting resistance while a sudden decrease in pitting resistance were observed at 30 % and 40 % 

cold work. The main results from this study: 

 Increased nitrogen content from 0.05 % to 0.22 % significantly decreased the pitting 

corrosion resistance of AISI 316L. 

 Cold work from 0 − 20% increased the pitting resistance and this was more significant 

when the nitrogen content increased as well.  

 Cold work from 30 − 40% decreased the pitting resistance and the decrease was higher 

with increasing nitrogen content. 

A study performed by Peguet, Satpati and Muthe [22], on AISI 304 and AISI 430 also aims to 

determine the influence of cold work on the pitting corrosion resistance. According to Peguet et 

al. [22], earlier studies in this field are not conclusive if the pitting potential is higher or lower 

with CS compared to SA material. This is also true for the re-passivation. The conclusion of this 

research is the following: 
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 It may not be the strain induced martensite that is the main factor governing the 

sensitivity to corrosion. 

 The highest pit dissolution is found at 20 % CS. 

 The re-passivation ability decreases as the as the CS rate increases. 

Renton, Elhoud and Deans [23] performed research on the corrosion behavior of a SDSS in 

regards to plastic deformation.  As duplex steels contains two phases the cold work affects 

duplex steels in another way than the single phase austenitic steels. Work performed by 

Johannsson and Oden [24] discuss the load sharing between the austenite and ferrite in DSS. 

This shows that comparing the CS studies for austenitic stainless steels may not be applicable for 

DSS. The conclusions from Renton et al. [23] were: 

 Cold work of 4 − 16 % plastic strain has positive effect on the pitting potential for a 

SDSS, and two critical levels of plastic strains at 8 and 16 % were detrimental for the 

pitting potential. 

 Plastic deformation of austenite and ferrite develops in a nonlinear fashion with 

increasing plastic strain. 

 The nonlinear relationship between pitting potential and plastic strain is caused by the 

changing surface area ratio of the cathodic austenite and the anodic ferrite which affects 

the strength of the galvanic couple between them. 

Work performed by Elhoud, Renton and Deans [25] focuses on the manufacturing variables such 

as cold work, heat treatment and surface condition and their effect on the corrosion resistance. 

This work must been seen in context with the study performed by Renton et al. [23] as the 

authors are the same. The conclusions from Elhoud et al. [25] support Rentons et al. [23] work. 

 Cold work improved the pitting resistance of the polished sample until a certain critical 

amount of plastic strain (approx. 15 %). 

 The samples that were not polished and maintained their surface defects had increasing 

pitting resistance with increasing cold work, but had a critical level at 8 % plastic strain. 

The pitting resistance also decreased after 16 % like the polished samples. 

It is obvious from these studies that there are many variables affecting the pitting corrosion 

resistance and that there still is research to perform. Conflicting results and small sample sizes 

also suggest that no definitive conclusion can be taken. The research however seem to agree that 

a degree below 15 – 20 % is beneficial for the pitting resistance, but the surface condition of the 

material also needs to be considered for this to hold true. 
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2.9.2 Research on the effect of cold work on stress corrosion cracking resistance 

Research performed by Takizawa et al. [26] looks into different types of DSS’s to determine the 

effect of cold work in regards to the SCC resistance. The materials have ferrite contents at 23, 

51, 61 and 80 % which is obtained by adjusting the amount of nickel. The experiments were 

performed in boiling magnesium chloride and the times to failure were logged at the different 

amounts of cold work. The specimens were u shaped and bend to apply stress. The conclusions 

from this work are: 

 The susceptibility of SCC was lowest for the sample which contained 51 % ferrite 

compared to the others. 

 Extended time held at the SA temperature made the ferrite and austenite grains coarser 

and as a result the material became more susceptible to SCC. Especially the ferrite grain 

diameter had an effect in regards to cracking and increasing the size of the grains gave a 

remarkable effect on the SCC susceptibility. 

 After cold working the SCC susceptibility became higher for the high in ferrite content 

materials, while it became lower for the materials high in austenite. The material 

containing 51 % ferrite remained pretty stable. 

Mietz et al. [18] also performed research on the cold works influence on SCC resistance of a 

austenitic stainless steel of the type 1.4529 (UNS N08926/N08367) and a DSS of the grade 

1,4462 (UNS S31803/ S32205). The experiments were performed with u-bent specimens with 

saturated 𝑀𝑔𝐶𝑙2 salt spots. The conclusion of these experiments: 

 No indication is found in regards to that cold work increases the SCC susceptibility 

 Cold straining at both 5 % and 20 % showed no significant difference in SCC 

susceptibility compared to SA material 

Work performed by Bauernfeind et al. [27] on austenitic SS’s in chloride media uses constant 

load and slow strain as well as testing in boiling magnesium chloride solution. Four different 

degrees of cold work were used between 14 − 50 %.  Conclusions of this work: 

 Cold work does not have an effect on the threshold stress for SCC initiation. 

 As the cold work highly enhances the mechanical properties the relative relationship 

between threshold stress and yield stress however shows a sharp decline with higher 

amount of cold work. 

In the work of Leonard et al. [28] the effects of severe cold work on the microstructure and SCC 

resistance is looked into. Anomalous microstructure was created in the specimens by making a 
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groove. The test environment was chloride with Na cations and the stress applied was at yield.  

The main findings: 

 No SCC was found associated with the damage microstructure except for one instance. 

 Chloride induced SCC was observed for the areas with the highest damage to the 

microstructure. 

 The surface defects are very important to control or repair in order to avoid later SCC 

from damaged microstructure due to cold working. 

The consensus from the research in this field suggests that the effect of cold work has no effect 

on the SCC resistance. There is however very few studies specifically for DSS or SDSS. 

2.9.3 Research on the effect of temperature and chloride concentrations on stress corrosion 

cracking resistance 

A summary of earlier studies on SCC resistance for DSS by Manchet, Fanica and Lojewski [29], 

gives a good overview of what to expect from different load setups and chloride concentrations. 

Analyzing the results from testing with different concentrations of chloride and loading setups 

they compiled the results into a graph shown in Figure 15. The blue line indicates a chloride 

concentration of approximately 26 %. It clearly shows the relationship between temperature and 

chloride concentration. Also fracture happens at very high chloride concentrations above 40 %. 

The constant load and strain tests were performed until fracture or 720 hours . 

 

Figure 15: Summary of several studies on a SDSS with varying temperature and chloride concentrations [29] 

According to Bernhardsson quoted in Gunn [7], the super duplex alloy UNS S32750 is immune 

to SCC in a 3 % 𝑁𝑎𝐶𝑙 solution up to 250 ℃ . The tests were performed for 1000 hours. 

However duplex alloys will suffer from SCC given a high enough chloride concentration [7].  
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Johansson and Prosek [30] investigated SCC for a lean DSS according to G36 [17], and all the 

specimens failed within 24 hours. The cracks were through the whole thickness and there were 

also no signs of pitting attacks.  
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3 Testing 

3.1 Standards  

According to todays practice the only corrosion testing performed on bolts delivered according 

to NORSOK M-630 [31] is the ASTM G48 Method A [32]. 

There are several standards for SCC and a good summary can be found in the ASTM G30 

standard [33]. Based on earlier research the ASTM G36 [17] and ASTM G44 [34] standards are 

the basis for the experiments in this thesis.  

Also to review the results in regards to pitting there are several options. In this thesis the ASTM 

G46-94 [35] was used to some extent for the visual inspection. The SCC results were determined 

according to the criterion of fracture or no fracture. 

The parameters for the experiments are discussed in chapter 3.6.  

3.1.1 ASTM G36 Standard practice for evaluating Stress-Corrosion-Cracking Resistance of 

Metals and Alloys in a Boiling Magnesium Chloride Solution 

The ASTM G36 [17] standard describes SCC testing of metals in a boiling magnesium chloride 

solution. It is applicable to SS and alloys of wrought, cast and welded quality and the 

susceptibility of the materials to chloride stress corrosion is determined by this standard. 

Important aspects of this standard: 

1. Careful examination should be performed to differ between pitting and stress corrosion 

2. The specimens should be prepared according to ASTM G1 [36] and ASTM G30 [33] 

3. Use of glass foundations when submerged to avoid any direct contact between the test 

specimens and the heating source. 

4. Reagent grade chemicals and  water should be used for preparing the test solution 

5. The solution should be changed every 7 days 

6. Loss of water by evaporation will lead to a large increase in the boiling point. This may 

accelerate the SCC, and it is therefore important to minimize the loss of water through 

evaporation by adding water during the testing. 

7. Safety precautions need to be taken when heating magnesium chloride. Use gloves and 

eye protection when handling magnesium chloride. 
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3.1.2 ASTM G44, Standard Practice for Exposure of Metals and Alloys by Alternate 

Immersion in Neutral 3,5 % Sodium Chloride Solution 

The ASTM G44 [34] standard describes the alternate immersion method which can be used for 

different metals and alloys. It can also be used for several different corrosion tests like SCC, 

uniform, pitting, intergranular and galvanic corrosion. 

The purpose of this method of testing is that the test is specimen immersed for a given period 

before drying in air. By having a cycle of 10 minutes submerged and 50 minutes in air drying, 

the specimen will accumulate salt in certain areas like crevices or surface defects. After a while 

the concentrations of salt will be very high on localized spots, which again can induce SCC or 

pitting due to the passive layer being broken down. A typical test period for a 3,5 % sodium 

chloride (𝑁𝑎𝐶𝑙) solution is 20-90 days depending on the resistance of the alloy to corrosion in 

the test medium.  

Important aspects of this standard: 

1. Careful examination should be performed to differ between pitting and stress corrosion 

2. The time it takes from the test specimen is fully immersed or removed from the solution 

shall be maximum two minutes. 

3. The mechanism used to immerse and take out the specimen from the solution should not 

contain any materials than can contaminate the test solution. 

4. Make sure the rate of drying is equal for all the test specimens and that the drainage of 

the specimens does not affect each other 

5. If two different materials are tested, use separated test solutions 

6. Refill with water regularly to keep a constant volume of the test solution 

7. The solution should be changed every seven days 

8. Relative humidity of the surrounding air should be kept at 45 ± 10 % and the 

temperature should be maintained at 27 ± 1 ℃. 

3.1.3 ASTM G46 Standard Guide for Examination and Evaluation of Pitting Corrosion 

The ASTM G46 [35] describes different methods for examination and evaluation of pitting 

corrosion. In short there are several methods, both destructive and nondestructive and their 

different applications. For this thesis the simplest visual inspection will be performed. This 

requires a magnifying glass, good lightning and a steel brush. Important aspects of this standard 

are listed below: 
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1. Examine the surface with a magnifying glass before cleaning any of the corrosion 

products away. Also take pictures to compare it to the cleaned surface. 

2. Clean the surface with a steel brush according to G1 [36] and also look for undercutting 

pits. 

3. Use a microscope at 20X for a more detailed examination .  

4. Determine the size, shape and density of the pits. 

5. To more accurately count the pits, a plastic grid with 3 or 6 mm squares can be used. 

3.2 Properties of bolted assemblies and necessary considerations 

The most common way to determine the preload of a bolt is to specify the torque required. The 

typical equation for this is described by Dahlvig, Christensen and Strømsnes [37] in equation 

(14) and (15).  

When torqueing a bolt, the friction and pitch in the threads (𝑀𝑣) needs to be considered, and 

when a sufficient load has been achieved, the friction against the surface (𝑀𝑠) will also 

counteract the torque. Therefore the sum of equation (14) and (15) will give the total torque for 

the desired load in the bolt. 

 𝑀𝑣 = 𝐹 ∗
𝑑2

2
∗ tan ((

𝜇

cos (𝛼)
) + (

𝑃

(𝜋 ∗ 𝑑2)
)) (14) 

 𝑀𝑠 = 𝜇′ ∗ 𝐹 ∗
𝑠 + 𝑑ℎ

4
 (15) 

The input required for these equations are determined from the type of bolt in question. The 

middle diameter (𝑑2), the pitch (𝑃), the angle of the threads (𝛼), and the width across the flats 

(𝑠) can easily be found for a given bolt. Also the diameter of the hole is determined and should 

be readily available. 

The required input is then the required force (𝐹) that the bolt should be torqued at, and two 

friction coefficients, 𝜇 for the threads and 𝜇′ between the surface and bolt head or nut. 

According to Dahlvig et al. [37], the values of these coefficients are: 

𝜇 = 0,18 − 0,35   without lubricant 

𝜇 = 0,14 − 0,26   with lubricant 

𝜇′ = 0,19 − 0,35   without lubricant 

   𝜇′ = 0,08 − 0,18   with lubricant 

As seen in appendix A the variation of friction will have a great impact on the required torque 

for a given force. In this thesis lubricant is used, but if one considers max and min values of 
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friction with lubricant for a given force of 10 𝑘𝑁 on a ½ inch bolt, the max torque is 295,7 𝑁𝑚, 

while the minimum torque is 130,7 𝑁𝑚. This shows that relying on friction for the experiments 

in this thesis is not reliable and that a different method should be chosen. 

In the case of gaskets or in cases where the flange or plate where the bolt is going through is thin, 

the deformation of the gasket, plate, washer or flange also needs to be considered.  

Using a tensile testing machine to determine the strain at yield is a good method to determine the 

elongation at yield which again can be measured when torqueing the bolts. The downside of this 

method is that it is a destructive testing method. Also measuring elongation at a high accuracy 

may be difficult, meaning it will be beneficial to have the bolts as long as possible. 

Another method to determine the torque at yield could be to use a load cell, like for example a 

tensile testing machine as hold back while tensioning the bolts to the required force. This could 

be achieved by having a plate with a hole in the same material as the flange, as well as having 

the same surface properties. Then the required torque for a given force could be determined for 

this actual case with the same surface properties and lubricant that are to be used in the 

experiment. This would presumably give an accurate torque for the given materials and the 

lubricant. However as there was limited time available, and this method would require extra 

machining, this method was not chosen. 

A fourth method to determine the yield in the bolts is to use strain gauges. Then the strain can be 

measured accurately while torqueing the bolts. This will require a clean and smooth surface 

when fixing the strain gauges.  

The final method that was considered was using a hydraulic tensioning system. This system will 

prestress the bolt at the desired force by jacking it up against the surface. Friction between the 

surface and in the threads can then be ignored. This is however not easily attainable equipment 

and requires competent personnel and hydraulics. 

A summary of methods to determine that the bolts are stressed at a certain limit with advantages 

and downsides can be found in Table 3. 
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Table 3: Summary of methods for determining stress in a bolt 

Method Advantages Downsides 

Use torque from tables Easy, fast, nondestructive High uncertainty in regards to 

friction 

Tensile testing machine Accurate, standard procedure Need to manufacture holders, 

time consuming, need access 

to tensile testing machine, 

destructive 

Determine the torque for the 

given friction from lubricant 

and surface 

Accurate Need machining of 

components, not straight 

forward, method needs to be 

established, destructive 

Strain gauges Accurate, nondestructive Need high accuracy when 

fixing strain gauges, need 

smooth surface, access to 

strain gauges and other 

accessories 

Hydraulic tensioning  Accurate, nondestructive Expensive equipment, need 

access to hydraulics and 

competent personnel  

The chosen method will therefore need to consider the following: 

 Access to a laboratory / equipment 

 Access to workshop for machining 

 Amount of specimens available in regards to destructive testing 

 The surface geometry of the bolts and the bolt length 

An interesting aspect in regards to bolted assemblies is where the fracture will occur. There are 

three different cases to consider as shown in Table 4.    

Table 4: Fracture modes for bolt and nut [38] 

Relationship between bolt and nut strength Place of failure 

Nut stronger than bolt At the root of the bolt threads 

Bolt stronger than nut At the root of the nut threads 

Nut and bolt equal strength At the pitch line 

It is preferred that the fracture will occur in the bolt rather than the nut, as the bolt shaft in many 

cases can be inspected, while a fracture in the nut may be unnoticeable.  So for the scenarios 

where the nut is stronger or of equal strength as the bolt, this can be achieved by enough thread 
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engagement. This consideration however needs to account for the fact that the load distribution 

in the threads is not uniform. As the first thread will take a higher percentage of the load than the 

next, the maximum height of the nut is usually around one diameter for carbon steel [37]. The 

equation to calculate the strength of the threads is given in (16) and (17). The threads will fail by 

shear and not tension, so this is based on the shear strength (𝑆𝑢) of the nut and bolt [38]. 

 
𝐹 = 𝑆𝑢 × 𝐴𝑡𝑠 

 
(16) 

 
𝐴𝑡𝑠 = 𝜋 × 𝑛 × 𝐿𝑒 × 𝐷𝑠𝑚𝑖𝑛 × (

1

2𝑛
) + 0.57735 × (𝐷𝑠𝑚𝑖𝑛 + 𝐸𝑛𝑚𝑎𝑥) 

 

(17) 

When the test materials (see chapter 3.4) arrived, it became obvious that tensile testing was the 

most efficient and accurate method to establish the elongation at a given stress. The studbolts 

were fully threaded which excluded the use of strain gauges. Also there were enough specimens 

to allow for destructive testing. Determining the torque for the given surfaces and lubricant were 

deemed to complex compared to the readily available tensile testing machine at Hydro Karmøy 

Aluminium R&D. The availability of a hydraulic tensioning system was also investigated, but it 

was found that it would not be possible in the given timeframe. Also the flange that was 

delivered to serve as a test jig had a thickness of 36 mm which allowed for easy measuring of 

elongation while torqueing as the bolts were around 74 mm. 

3.3 Tensile testing 

The purpose of obtaining the stress-strain curve is to be able to determine the elongation when 

the bolts are at a certain stress level. By analyzing the graph produced by the tensile testing 

machine, the strain at yield is determined. Then by measuring the length of the bolts when 

torqueing, one can easily tighten the bolt to the wanted stress level. As there was a small quantity 

of studbolts available for all the experiments, the goal was to use as few bolts as possible for this 

destructive testing method. To simulate the scenario of the bolts when mounted on the flange, the 

length of the gap between the holders were set at the flange thickness which is 36 mm. This is 

shown in Figure 16. To ensure that the bolts would get minimum friction while mounting them 

in the holders the lubricant Gleitpaste was used. The MSDS for this lubricant can be found in 

Appendix B. This grease contains silver, and from earlier experiences from offshore personnel 

this grease works well with SS.  
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Figure 16: Sketch of the holder setup with the bolt mounted 

The results from the tensile testing are logged as tensile stress versus strain. To be able to 

determine the Young’s modulus which is the gradient, the equation for the linear part of the 

curve was found by use of Excel. This was offset 0.2 % to be able to find the offset yield and the 

corresponding strain. An example of this procedure is shown in Figure 17 for the first test on 

316L. 

 

Figure 17: Linear part of the stress-strain curve 

This linear offset yield was plotted in the stress strain curve and the offset yield point was found 

together with the strain at this given point as shown in Figure 18. It also shows that the slope for 

the start of the curve is not linear, which is caused by the tolerance in the threads of the holders.  
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Figure 18: Offset yield stress and strain determined from the curve 

An interesting result was discovered when tensile testing the bolts. The Young’s modulus was 

significantly lower than what was expected. In the case of SDSS the Young’s modulus was 

logged as 85 – 98 GPa which does not agree with the expected 199 GPa [39]. There were no 

available literature to explain this, but it was obvious that the threads in some way were 

responsible for this.  

An ANSYS analysis was performed and while it did not produce the same results as the tensile 

testing in regards to elongation it agreed with the fact that the Young’s modulus changed when 

the force increased. It did not however produce the same Young’s modulus as the tensile testing. 

The setup for the ANSYS analysis is shown in Figure 19. 

 

Figure 19: ANSYS setup for verifying the tensile results 
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Figure 20 shows that the deformation is different in the outer part of the threads compared to the 

inner part of the thread, and this might explain the lower Young’s modulus experienced in the 

tensile testing.  

 

Figure 20: ANSYS result that shows the difference of deformation in the outer and inner parts of the threads 

3.3.1 The use of tensile testing test results for the experiments 

To account for the fact that the measuring is performed directly on the total bolt length, while 

only the middle part of the bolt between the nuts is strained, the elongation ∆𝑘 (shown in Figure 

21) is calculated as shown below in equation (18): 

𝜀𝑦𝑖𝑒𝑙𝑑 =
∆𝑙

𝑙0
=

∆𝑘

𝑘0
 

∆𝑘 = 𝜀𝑦𝑖𝑒𝑙𝑑 × 𝑘0 

∆𝑘 = 𝜀𝑦𝑖𝑒𝑙𝑑 × ((𝑘0 + ∆𝑘) − ∆𝑘) 

∆𝑘 = 𝜀𝑦𝑖𝑒𝑙𝑑 × (𝑇 − ∆𝑘) 

 ∆𝑘 =
𝜀𝑦𝑖𝑒𝑙𝑑 × 𝑇

1 + 𝜀𝑦𝑖𝑒𝑙𝑑
 (18) 

Where: 

 𝜀𝑦𝑖𝑒𝑙𝑑   Strain at yield 

 ∆𝑙   Elongation during the tensile testing 

𝑙0   Initial length before tensile testing 
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∆𝑘   Elongation from torqueing the bolt 

𝑘0   Theoretical initial length before torqueing the bolt during assembly 

𝑇   Thickness of flange and distance between the holders during tensile testing 

𝐾0   Initial length of bolt 

This means that the total length of the bolt after torqueing is defined as equation (19): 

 𝐾1 = 𝐾0 + ∆𝑘 (19) 

 

Figure 21: Sketch of tensile testing and assembly of bolt and flange 

By calculating the strain at yield from the tensile testing results the percent of yield in the bolt 

during torqueing can be controlled. 

Also this means that the length between the holders in the tensile testing should be equal to the 

thickness of the flange (T). 

3.4 Test materials 

This chapter describes the test materials used for the experiments and their dimensions and 

conditions. A summary of the chemical composition and the mechanical properties can be found 

in Table 5and Table 6. 

3.4.1 SDSS flanges 

To avoid any galvanic corrosion in the test jig, it was decided to use flanges of SDSS UNS 

S32760 material quality. A total of six flanges were delivered from SFF, but only three were 

modified and used for the testing. Having the bolts and flanges in the same material is also 

beneficial when heating the materials as the thermal expansion is similar. The flanges material 
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certificate is attached as appendix C and they are manufactured and delivered according to 

Norsok M-630 MDS 54 [31]. 

The flanges were received in used condition from SFF AS, and were cleaned with acid in an 

ultrasonic cleaner. Before and after pictures can be seen in Figure 22. The flanges had holes of 

25,5 𝑚𝑚 which did not fit the ½ inch bolts that were delivered, meaning that machining had to 

be performed. Details for this are discussed in chapter (3.6.2). 

 

Figure 22: Before and after picture of flanges after cleaning and machining 

3.4.2 Solution annealed (SA) bolts (D60)  

The bolts were received in new condition from Ome Metallurgica via Tools Randaberg, and 

manufactured according to NORSOK M-630 [31] and ASTM A1082 / A1082M [40]. A total of 

16 bolts were delivered in the SA condition. The alloy was a SDSS of the type UNS S32760 and 

they were delivered with a 3.1 material certificate (MDS) which can be found in appendix D. 

The SA bolts are specified as L001 in the MDS 

The specification is given as: 𝐴𝑁𝑆𝐼 𝐵16.5 ½ ×  70 𝑃 13 𝑈𝑁𝐶 2𝐴. This specification indicates a 

diameter of ½ inch, a threaded length of 70 𝑚𝑚 with 13 threads per inch (TPI) and unified 

coarse (UNC) threads of tolerance class 2. The length of the bolts was measured to be 

around 74,1 𝑚𝑚.  

The heat code is stamped on each SA bolt as 75 and the heat treatment is solution annealing 

performed at 1125 ℃ with quenching in water. The bolts were tested for corrosion with the 

ASTM G48 Method A [32] with acceptable results and a weight loss of 0,027 𝑔 𝑚2⁄ . Also no 

intermetallic or other detrimental phases are observed. 
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3.4.3 Cold strained (CS) bolts (D59) 

The bolts were received in new condition from Ome Metallurgica via Tools Randaberg, and 

manufactured according to NORSOK M-630 [31] and ASTM A1082 / A1082M [40]. The alloy 

was a SDSS of the type UNS S32760 and they were delivered with a 3.1 MDS which can be 

found in appendix D. A total of 16 bolts were delivered in the CS condition and the CS bolts are 

specified as L003 in the MDS 

The specification is given as: 𝐴𝑁𝑆𝐼 𝐵16.5 ½ ×  70 𝑃 13 𝑈𝑁𝐶 2𝐴. This specification indicates a 

diameter of ½ inch, a threaded length of 70 𝑚𝑚 with 13 TPI and UNC threads of tolerance class 

2. The length of the bolts was measured to be around 74,0 𝑚𝑚. The heat code is stamped on 

each CS bolt as 94 and the heat treatment by solution annealing is performed at 1100 ℃ with a 

heating up time at 4,5 hours and a holding time of 2,5 hours before quenching in water. 

According to the cold straining procedure from the Ome Metallurgica, the maximum cold 

deformation is set at 10 %. Also, according to the procedure the maximum yield for topside 

studbolts is 970 𝑀𝑃𝑎, while studbolts for subsea use should have a maximum yield of 900 𝑀𝑃𝑎 

[41]. The supplied bolts have an offset yield of 1004 MPa which means they cannot be used for 

either topside or subsea.  

The bolts were tested for corrosion with the ASTM G48 Method A [32] with acceptable results 

and a weight loss of 0,089 𝑔 𝑚2⁄ . Also no intermetallic or other detrimental phases are 

observed. 

3.4.4 Solution annealed nuts (for both D59 and D60) 

The nuts were received in new condition from Ome Metallurgica via Tools Randaberg, and 

manufactured according to NORSOK M-630 [31] and ASTM A1082 / A1082M [40]. The alloy 

was a SDSS of the type UNS S32760 and they were delivered with a 3.1 MDS which can be 

found in appendix D. A total of 32 nuts were delivered and the SA nuts are specified as L002 in 

the MDS. Having only a total of 32 nuts and 32 SDSS bolts may force reuse of the nuts if all the 

bolts are to be tested. 

The specification is given as: 𝐴𝑁𝑆𝐼 𝐵18.2.2 − 𝑇𝑎𝑏. 10 ½ 𝐶 22,22 𝐻 12,8 𝑃 13 𝑈𝑁𝐶 2𝐵. This 

specification indicates a diameter of ½ inch, a nut height of 12,8 𝑚𝑚 with 13 TPI and UNC 

threads of tolerance class 2.  It is also stated that the nuts have been pickled and passivated. 

The heat code is stamped on each nut as 502 and the heat treatment is solution annealing 

performed at 1100 ℃ for 3643 seconds with quenching in water for 702 seconds. 
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The nuts were tested for corrosion with the ASTM G48 Method A [32] with acceptable results 

and a weight loss of 0,02 𝑔/𝑚2. Also no intermetallic or other detrimental phases are observed. 

3.4.5 B8M Cl. 2 bolts (CS) 

The bolts were received in new condition and manufactured according to ASTM A320/A320M – 

15a [42] in the quality B8M cl. 2, and they were delivered with a 3.1 MDS which can be found 

in appendix E. Class 2 means the bolts are cold strained. This material is equivalent to AISI 

316L and is referred as such for the rest of this thesis. 

The specification is given as: 𝑆𝑇𝑈𝐷𝐵𝑂𝐿𝑇 𝐵8𝑀 𝐶𝐿. 2 ½" 𝐿75 𝑚𝑚. This specification indicates a 

diameter of ½ inch, a threaded length of 75 𝑚𝑚 with 13 TPI and UNC threads of tolerance class 

2. The length of the bolts was measured to be around 79,7 𝑚𝑚.  

The heat code is stamped on each bolt as 6D and the heat treatment is carbide solution annealing 

before strain hardening. 

No information is given in regards to microstructure, degree of cold straining or ASTM G48 

testing in the MDS. 

3.4.6 B8M nuts 

The bolts were received in new condition and manufactured according to ASTM A194/A194M – 

16 [43] in the quality Gr. B8M, and they were delivered with a 3.1 MDS which can be found in 

appendix E  

The specification is given as: 𝐻𝐸𝑋 𝑁𝑈𝑇 ½" 𝐺𝑟.  8𝑀. This specification indicates a diameter of 

½ inch and the height of the nut is measured to be 12,2 𝑚𝑚.  

The heat code is stamped on each bolt as S and the heat treatment is carbide solution annealing. 

No information is given in regards to intermetallic phases or ASTM G48 testing in the MDS. 

Also there is no information in regards to yield. Only that the proof load is given as 11350 pound 

force in the material certificate. However the minimum offset yield (𝑅𝑝0.2) according to ASTM 

A194 [43] is 80ksi or 551,6 MPa. 
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3.5 Summary of test materials 

The chemical composition of the test materials is listed in Table 5, and the mechanical properties 

can be found in Table 6. 

Table 5: Chemical composition of the different test materials in weight % 

Part Cr Mo Ni N Cu Mn C W PREN 

SDSS Flanges 25,19 3,77  6,76 0,26 0,56 0,68 0,016 0,63 41,79 

SDSS SA bolts 25,55 3,47  7,50 0,26 0,56 0,58 0,023 0,54 41,16 

SDSS SA nuts 25,36 3,62  7,03 0,23 0,56 0,53 0,019 0,54 41,00 

SDSS CS bolts 25,60 3,50  7,20 0,26 0,58 0,60 0,024 0,54 41,23 

316L bolts 16,60 2,00 10,00 0,03   0 1,72 0,027   0 23,74 

316L nuts 16,85 2,02 10,10 0,03   0 1,81 0,023   0 24,06 

 

Table 6: Mechanical properties of the different test materials 

Part 𝑅𝑝0.2 

(MPa) 

𝑅𝑚  

(MPa) 

Elong.  

(%) 

ROA 

(%) 

HBW 
a 

Fer. cnt.  

(%) 

Heat 

Code 

SDSS Flanges 638 827 31,4 57,5 254 52 32 

SDSS SA bolts 662 877    42,0 84,0 278 55 75 

SDSS SA nuts 581 814 45,1 87,5 266 55 502 

SDSS CS bolts 
b
 588 830    47,0 80,0 254 52  

SDSS CS bolts      1004   1075 23,4 77,1 N/A 52 94 

316L bolts 655 775 32,5 68,4 277 N/A 6D 

316L nuts 552
c 

N/A N/A N/A 281 N/A S 

a 
Maximum hardness listed 

b
 Before cold straining 

c
 Minimum value from ASTM A194 
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3.6 Test setup 

The parameters for the tensile testing and the torqueing are discussed as well as the building and 

design of the test jig. Also the parameters for the corrosion aspect of the experiments which were 

based on the G36 [17] and G44 [34] standards will be determined. It was decided to perform 

experiments in two different setups. One test setup is based on G36 [17] with heated magnesium 

chloride and the other one based on G44 [34] with alternate immersion. However some 

parameters from these standards have been altered due to the equipment that was available, and 

to try and accelerate the testing due to limited time available. Also to verify the alternate 

immersion setup four 316L bolts were tested. 

3.6.1 Tensile testing setup 

The tensile testing was performed at Hydro Aluminium Karmøy R&D with a tensile testing 

machine of the model Zwick 1475 that had a capacity of 10 𝑡𝑜𝑛𝑛𝑒𝑠. One initial test was 

performed at the laboratory at UIS with a tensile testing machine capable of 250 𝑘𝑁 to verify the 

test setup. 

To ensure that the tensile testing was performed in a safe way it was important that the holders 

for the bolts were able to take the load when the bolts fractured. The easiest way of ensuring this 

was to find a material with higher or equal UTS as the nuts.  

Calculations were performed to ensure that the SA nuts and holders would be able to withstand 

the load from the CS bolts when tensioned to UTS. Equation (16) was used with the shear 

strength taken as 0,6 of the UTS according to Von Mises. Calculations are attached in appendix 

F. The length of the thread engagement would be longer in the case of the holder. Also the outer 

diameter of the holders was important so that they would fit in the tensile testing machine. The 

thickness of the flange where the bolts are to be mounted is 36 𝑚𝑚 so the gap between the 

holders is also set at 36 𝑚𝑚.  

The design parameters for the holders were therefore: 

 Cylinder shaped 

 Maximum outer diameter 30 𝑚𝑚 and maximum length of cylinder to be 100 𝑚𝑚 

 Hole with ½ inch UNC threads with 13 tpi 

 Minimum thread engagement in the holder to be 20 𝑚𝑚 

 Material with UTS higher than the SA nut which is 814 𝑀𝑃𝑎 

The material chosen for the holders was S165M, which had UTS of 985 MPa. The MDS is 

attached as appendix G. Olufsen Skipsservice manufactured them at no cost according to the 
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fabrication drawing that can be found in appendix H. The finished manufactured holders 

assembled with a bolt in the tensile testing machine are shown in Figure 23. 

 

Figure 23: Holders with a bolt mounted in the tensile testing machine 

As the extensometer is not suited to be placed on the threads, as they are sloped, they are placed 

on each holder as shown in Figure 23. However in test 4 in which the threads were machined, the 

extensometer was placed directly on the bolt shaft. 

According to Table 6, the offset yield point for the materials is known. This means that the 

theoretical strain at yield is possible to calculate. 

From Hooke’s law we have that: 

 𝜀 =
𝐸

𝜎
 (20) 

Where E is the Young’s modulus, 𝜀 is the strain and 𝜎 is the tensile stress. 

The Young’s modulus is not specified in the MDS, but sources give them as 199 GPa for UNS 

S32760 [39], and 193 GPa for 316L [44] at room temperature.  

Since the strain at the offset yield point is 0, 2 % this needs to be added to the strain found from 

equation (20). Detailed calculations are attached as appendix I. The theoretical elongation at 

yield is listed in Table 7 for the length of 36 mm. 
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Table 7: Theoretical strain and elongation 

Material Offset yield point 

(MPa) 

Offset yield strain Theoretical el. at 

offset yield (mm) 

316L   655  0,0054 0,194  

SA SDSS   662  0,0053 0,192  

CS SDSS 1004  0,0071 0,254  

3.6.2 Torqueing of bolts 

It was decided to perform the experiments on the as received condition of the bolts. As the bolts 

received were ½ inch diameter, they would not fit in the holes already in the flanges. Machining 

was performed to be able to use them. It was decided to have four holes drilled in each flange 

with a diameter of 13,5 𝑚𝑚. The hole should be as wide as possible to allow for the fluid to 

surround the bolt, but too big of a hole would not be practical when tightening the nut, so 13,5 

mm was decided as ideal.  

Vision of the bolts after they had been torqued was also important, meaning a slit was cut on the 

edge of the flange. The width of this slit was set at 6 mm so that it gave enough vision without 

removing too much material under the nut. However in retrospect, the slit could have been wider 

if it had not gone all the way from top to bottom, and left enough material underneath the nut. 

Also the edges of the slit were chamfered and grinded to avoid a sharp edge underneath the nut 

that could increase the friction. The machining was performed by Mecan, at short notice and at 

no cost, according to the fabrication drawing found in appendix J. Three flanges were machined 

and available for the experiments. Figure 22 shows the flanges after machining. 

As discussed earlier, the amount of stress applied to the bolts is directly affecting the time it 

takes to initiate SCC. Therefore it was decided to torque the bolts to 100 % of yield. The 

calculations performed earlier showed that the SA nuts would be able to take the load even from 

the CS bolts in yield.  

To determine the elongation at yield, the equation (19) was used. The strain values used in this 

equation were from the results from the tensile testing. As the elongation was very small a 

micrometer was used to measure the length, and as the torque were performed in short 

increments, measuring was done between each torqueing.   

It was also decided that the lubricant would be the same as for the tensile testing, e.g. Gleitpaste. 

Even though the Gleitpaste contains silver, the potential of SDSS and silver is so close that 
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galvanic corrosion is not found problematic. The silver will also be encapsulated in the grease, 

and all excess grease is cleaned with an electro cleaner. 

3.6.3 Preparation of magnesium chloride test solutions 

As the test solution was chosen to be magnesium chloride some parameters regarding 

concentration and mixing needed to be determined. Magnesium chloride was chosen for both the 

immersed heating and the alternate immersion as the Mg cation is more aggressive as discussed 

earlier.  

Since there was no laboratory grade magnesium chloride available, the magnesium chloride used 

for the testing was acquired from Felleskjøpet in the form of magnesium chloride hexahydrate. 

This means that for each magnesium chloride molecule there are six water molecules. The MDS 

can be found in appendix K. The added water is tap water and not lab grade water as specified in 

the standard. 

There are two temperatures that will be applied for these experiments: 

 Room temperature at 23 − 27 ℃  

 Heated solution of a temperature of 90 ℃ 

The solubility for magnesium chloride is [45]: 

 54,3 𝑔 per 100 ml water at 20 ℃ 

 72,6 𝑔 per 100 ml water at 100 ℃ 

Since the temperature is slightly above 20 ℃ , extra magnesium chloride hexahydrate needs to be 

added until it precipitates to verify that the solution is saturated. This also means the 

concentration in reality will be slightly higher than calculated. Detailed calculations for the 

concentrations can be found in appendix L. Table 8 shows the details of the test solutions used.  

Table 8: Test solutions with magnesium chloride 

 Added quantity Concentration 

 𝑀𝑔𝐶𝑙2 ∙ (𝐻2𝑂)6 Water Total volume 𝑀𝑔𝐶𝑙2 𝐶𝑙− 

20 ℃ 116 gm 38,35 gm 119 mL 35 wt. % 26 wt. % 

100 ℃ 155 gm 18,00 gm 120,3 mL 42 wt. % 31 wt. % 

From this table the test solutions were mixed. It was obvious through trial and error that mixing 

smaller batches was the easiest as the magnesium chloride hexahydrate consisted of big crystals 

that needed a lot of stirring to fully dissolve. Also for the heated solution it was found easiest to 

incrementally add magnesium chloride hexahydrate as the temperature increased. 
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3.6.4 Setup for immersed test with heating (G36) 

It was obvious that performing experiments with boiling magnesium chloride was difficult with 

the given circumstances, especially since the bolts are tested in as received condition instead of 

preparing test specimens according to G1 [35] and G30 [33]. A modified version of G36 [17] 

will be applied in this thesis. The experiments were performed in an empty office at DeepOcean. 

The design criteria for this setup were: 

 Room enough to handle the flange assembly with dimensions being 80𝑚𝑚 𝑥 Ø160𝑚𝑚 

while being fully immersed in magnesium chloride solution 

 Obtain as high temperature as possible 

 No metal must come in contact with the test solution and flange assembly 

 Safe during use over a period of approx. 1 month 

 Being able to remove the assembly for inspection 

Several different ways of doing this were evaluated. However when it came to obtain at 

temperature of 155℃, all of the available methods came short. As it was not possible to just use 

a metal container and heat it up due to galvanic corrosion and pollution of the test solution, 

something else was needed. Also most normal water heaters like heating coils and similar were 

made of metal, and also not safe to leave in the test solution for longer periods of time. Available 

aquarium heaters for use in for example a glass or plastic container were only able to maintain at 

temperature of maximum 36 ℃. 

The best solution to reach a high temperature was to use a slow cooker. This can maintain a 

temperature of 90 ℃ , as well as deemed safe to operate for longer periods of time. However, as 

no suitable place for it was found to have the slowcooker operating at night time, it was decided 

to use alternating heating. In effect that means the assembly will be heated for 16 hours to a 

steady temperature of 90 degrees and kept at room temperature for the remaining 8 hours.  As 

the inner container is of ceramics, there is no risk of pollution or galvanic corrosion. It also 

comes with a lid, which stops most of the evaporation.  

To avoid direct contact between the ceramic container and the flange assembly in regards to heat 

exchange, a glass plate was placed on the bottom of the container. Also when the flange 

assembly was in the container, roughly 2 liters of solution was required to keep the assembly 

fully submerged. Ropes were attached to the assembly to allow for removing the assembly for 

inspection. See Figure 24 for the setup. 
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Figure 24: Setup for immersed testing with the left showing the solution at room temperature and the right one showing 

the temperature at 90 ℃ 

As seen from Figure 24, the solution solidifies at room temperature due to the lower solubility. 

The failure criterion is fracture in regards to SCC, and for the pitting resistance a visual 

inspection will be performed. 

3.6.5 Setup for alternate immersion testing (G44) 

To try to accelerate the SCC a modified version of the G44 [34] is applied. The bolts are tested 

in as received condition and on the same bolt assembly as described earlier.   

The design criteria are given from the G44 [34] for most of the parameters. However to be able 

to accelerate the SCC a test solution of magnesium chloride is used instead of the recommended 

3,5 % sodium chloride solution. Due to the fact that the alternate immersion runs on an interval 

of 10 minutes in the solution and 50 minutes in air, an automatic test jig needed to be designed 

and constructed. To be able to verify the test setup, bolts of 316L were also tested in this jig. As 

the test solution should not contain more than one alloy, there needs to be two containers of test 

solution. In the case of 316L the flange was still SDSS so there might be a risk of galvanic 

corrosion. The experiments were performed in an empty office at DeepOcean. 

Design criteria for jig and environment: 

 Automatic and reliable setup 

 Be able to run for a long period of time, approx. 2 months. 

 Maximum time to fully immerse specimens 2 minutes 

 Run parallel tests 

 Maintain a relative humidity of approximately 35 − 55 % 

 Maintain a temperature of 27 ℃ 

 Take the load of the flange assembly which is 6 kg 
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Several methods were evaluated to obtain the necessary requirements. However it became 

obvious early on that programming of some sort was required to have the test jig be fully 

automatic. In regards to the environmental conditions the humidity and temperature needed to be 

controlled. As the weight of the bolt assembly was 6 kg it also limited the options regarding the 

test setups. This meant that something more heavy duty was required. The following test setup 

was there for decided on. 

By acquiring a second hand electrical linear actuator shown in Figure 25 that could maintain the 

weight and was fast enough to fully submerge the test specimens within two minutes, allowed 

for constructing the test jig. The actuator came with a remote control which had in and out 

direction controls. Also the specification on the actuator gave the pull load as 300 kg and the 

push load as 700 kg. The easiest way would then be to mount the actuator in the vertical position 

which meant that it would be lowering the bolt assembly when going in the out direction and 

lifting the assembly when going in the in direction. 

The remote control functions by pushing the in or out button for 29 seconds to fully extend or 

retract the shaft. Also the shaft of the actuator can extend for 31 cm so this needs to be taken into 

account in regards to the height of the jig when building the frame on which the actuator will be 

mounted. 

 

Figure 25: Electrical linear actuator with specifications 

As the lifting device was settled, it needed to be programmed to automatically lower and lift the 

bolt assembly at the given interval of 10 minutes in the test solution versus 50 minutes in air. 

To be able to control the in and out directions on the remote control separately, one relay for 

each function as well as a programmable card was required. The card chosen was Arduino, due 

to its simplicity in regards to programming.  The Arduino card was then connected via USB to 

upload the code and to a 12 V power supply.  
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A part list for the setup: 

 Electrical linear actuator of the model CAFM 1074-1  

 Relay card of the model Songle Relay  

 Arduino UNO 3 rev 3  

 Power supply of the model Mascot 12-30 V DC 

The sketch program for Arduino was used and the following parameters were coded: 

 Turn on relay 1 for 29 seconds, which makes the actuator fully extend 

 Turn off relay 1 and delay for 10 minutes 

 Turn on relay 2 for 29 seconds, which makes the actuator retract 

 Turn off relay 2 and delay for 50 minutes 

 Loop this indefinitely 

As the Arduino code had problems with delays longer than 300.000 milliseconds, the delay was 

divided in to smaller portions of delay. There was some inaccuracy during testing of the setup, 

but it was only 30 seconds off the total sync in seven days, so this was not an issue in regards to 

the testing. The full code can be found in appendix M. 

 

Figure 26: Overview of Arduino setup 

Figure 26 shows the main setup. The power supply provides 12 V to the Arduino card. The 

micro USB is for uploading the code to the Arduino, and the remote control is connected to the 

relays. Relay 1 controls the out direction, while relay 2 controls the in direction. 
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Figure 27: Close up of wiring 

Figure 27 shows the connections between the Arduino and the relays. The wiring is setup in the 

following way: 

 Blue wire  Supplies 5 V from the Arduino to the relays 

 Brown wire  Ground between the Arduino and the relays 

 Green wire  Pin 6 on the Arduino to relay 1 

 White wire  Pin 7 on the Arduino to relay 2 

After the programming and initial testing was performed, the jig for this was constructed. A 

frame work of four 36 𝑚𝑚 ×  68 𝑚𝑚 was connected by a 50,8 𝑚𝑚 ×  152,4 𝑚𝑚. It was 

bolted together to be able to easier move it. The jig was covered by plastic to increase the 

relative humidity in the air within. Also it was setup for parallel testing where one flange 

assembly consisted of four 316L bolts while the other assembly has 2 CS and 2 SA SDSS bolts. 

This is show in Figure 28 and the test solution for each bolt assembly is therefore separated. The 

black container was also filled with water to increase the humidity. The two plastic containers 

held approximately four liters each of test solution. Securing the bolted assemblies with rope 

ensured that no contamination by any metal would occur in the test solution. 
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Figure 28: Framework with actuator and bolt assemblies 

The failure criterion is fracture in regards to SCC, and for the pitting corrosion a visual 

inspection will be performed. 

3.6.6 Processing of results 

According to G46 [35], a visual inspection of the bolts after testing will be performed. However 

as there was not a microscope easily available an inspection jig was created to be able to magnify 

and photograph the results. This homemade microscope was created by turning the lens of a web 

camera (PS3 eye) upside down as seen in Figure 29. When this wide angle lens is switched the 

other way it will work as a powerful magnifying glass with the benefit that it can save and store 

pictures and videos of the results. The light arrangement was made out of LED strips to get as 

bright light as possible when taking pictures. According to the scaling of pictures taken, the 

magnification is approximately 10X. The fact that most of the pitting occurred in the thread roots 

also made it hard to obtain a larger magnification without machining the threads away with the 

current setup. This will of course not give a detailed view of the very small pits, but the ones 

around 0,5 𝑚𝑚 were easily identifiable. Counting the pit density and depth was difficult and not 

included due to the crude nature of the microscope as well as the thread geometry made it 

difficult to get a detailed inspection of the side of the threads. 
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Figure 29: Inspection jig for visual inspection of bolts 

3.7 Experimental 

Several experiments are performed in this thesis: 

 Tensile testing of AISI 316L, SDSS SA and SDSS CS bolts 

 Torqueing of AISI 316L, SDSS SA and SDSS CS bolts 

 Alternate immersion on four AISI 316L, two SDSS SA and two SDSS CS bolts 

 Immersed heating testing  

o Test 1: two SDSS SA and two SDSS CS bolts 

o Test 2: two SDSS SA and two SDSS CS bolts 

The actual testing took place from 15
th

 of April till 6
th

 of June. Details regarding the different 

experiments are described in the next subchapters. 

3.7.1 Tensile testing 

The testing was performed at Hydro Aluminium Karmøy R & D center with assistance from 

competent personnel. Also one initial test was performed in University of Stavanger’s workshop. 

The tensile testing machine measured the stress versus the elongation and the output was a text 

file that could be imported in Excel for post processing. As there were some uncertainties in 

regards to how the studbolts would react to tensile testing, the initial tests were performed on the 

cheaper 316L bolts to verify the setup. 
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A tensile testing machine of the model Zwick 1475 with a capacity of 10 kN was used for the 

experiments at Hydro, and a tensile testing machine with 25 kN of the model Instron 5900 series 

was used at UIS. The holders that were manufactured were able to fit in both tensile testing 

machines. 

The following test procedure was prepared and used during testing: 

1. Grease the section of the bolts going into the holder with Gleitpaste lubricant 

2. Assemble the holders and the bolts together with a gap of 36 mm and make sure that the 

bolt has entered an equal length in each holder 

3. Safely secure the assembly in the tensile testing machine 

4. Place extensometer on each holder 

5. Input on diameter is set at 10,823 mm based on tensile area 0,92 𝑐𝑚2 [37] 

6. Monitor the stress-strain curve to fracture 

7. Save the results 

8. Test another bolt of the same type 

9. Compare the results of the two tests 

a. If small variation stop testing  

b. If  high variation test another bolt of the same type 

10. Compare the results and take the average of the test values 

11. Determine the strain from the curve at yield 

12. Calculate the elongation required for yield 

A total of four 316L bolts, two SA SDSS bolts and two CS SDSS bolts were tested. One of the 

316L bolts had the threads machined off to check for the effect of threads versus no threads. In 

this case the extensometer was placed directly on the bolt shaft instead of on the holders. 

3.7.2 Torqueing of bolts 

The torqueing of the bolts was performed at the DeepOcean offshore base at Killingøy with 

assistance from DeepOcean personnel. The flanges are prepared and ID accordingly. 

 Flange 1: 316L:1, 316L:2, 316L:3, 316L:4 

 Flange 2: SA:1, SA:2, CS:1, CS:2 

 Flange 3: SA:3, SA:4, CS:3, CS:4  

 Flange 4: SA:5, SA:6, CS:5, CS:6 
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The torqueing of the bolts were performed in a work bench where the flange was locked in place. 

The equipment required to tighten the bolts were a torque wrench (max. 300𝑁𝑚), wrench, 

micrometer and grease. 

To avoid any excess friction in the threads and between the nut and the flange, the grease used 

was Gleitpaste as in the tensile testing.  All excess grease was cleaned off with an electro cleaner 

spray and pressured air when the torqueing was finished. 

The length after torqueing was determined from the tensile testing results. As each bolt had a 

different initial length, the bolts were torqued to different final lengths as well. In Table 9 the 

different test numbers and their specifications are listed. The final length column contains the 

final length the bolts should theoretically have after torqueing with the given elongation at yield 

obtained in the tensile testing. 

Table 9: Identification and specification on the bolts 

Material Test no. Initial length (mm) Elongation at yield (mm) Final length (mm) 

316L 316L:1 79,19 0,35 79,54 

 316L:2 79,11 0,35 79,46 

 316L:3 79,14 0,35 79,49 

 316L:4 79,09 0,35 79,44 

SDSS  SA:1 74,10 0,33 74,43 

 SA:2 74,39 0,33 74,72 

 SA:3 73,96 0,33 74,29 

 SA:4 74,16 0,33 74,49 

 SA:5 74,10 0,33 74,43 

 SA:6 74,05 0,33 74,38 

SDSS CS:1 74,08 0,39 74,48 

 CS:2 74,15 0,40 74,55 

 CS:3 74,12 0,40 74,52 

 CS:4 74,22 0,40 74,62 

 CS:5 74,21 0,40 74,61 

 CS:6 74,20 0,40 74,60 
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The following test procedure was used for the torqueing: 

1. Secure the flange in the work bench so it is not able to move during torqueing 

2. Grease the bolt and the surface of the nut that are laying against the flange with 

Gleitpaste lubricant 

3. Assemble the bolt and nuts on the flange 

4. Mark and log the position and material of the bolt in question 

5. Measure the initial length of the bolt with a micrometer 

6. Find the final length of the bolt from Table 9 

7. Start torqueing with a low initial value as the friction in both the threads and between the 

nut and the flange is uncertain 

8. Measure and increase the torque as required 

a. Increase the torque gradually (2 –  5 𝑁𝑚), with smaller and smaller increments 

when close to the final length. 

9. When the final theoretical length has been achieved proceed to the next bolt 

a. The next bolt of the same material can however be torqued with an initial higher 

torque as the torque at yield is determined on the first test. However it should still 

be started minimum 20 Nm below this torque due to uncertainty regarding friction 

on each bolt 

10. Clean the surface with electro cleaner and pressured air to remove all excess grease on 

the threads and surfaces 

3.7.3 Immersed test in heated magnesium chloride 

The immersion testing was performed at an empty office at DeepOcean. A slowcooker of the 

model Coline was used, and this was able to maintain 90 ℃ on average.  

The following test procedure was used: 

1. Prepare the test solution according to appendix L for 100 ℃ 

2. Place a glass plate on the bottom of the slow cooker to isolate between the bolt assembly 

and the ceramic pot 

3. Add a rope to the bolt assembly to allow for lifting  

4. Place the bolt assembly in the ceramic pot 

5. Pour the test solution into the pot 

6. Turn on the device 

7. The device is turned on for ideally 16 hours and off for 8 hours each day 
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8. Inspect visually four times every day by lifting the bolt assembly out of the solution and 

gently torque the nut with a wrench 

9. Add water if evaporation occurs 

10. Change the test solution if corrosion products develop, or once a week 

11. Change test solution between each test 

The criterion for success or failure was fracture or no fracture in regards to SCC. Pitting will be 

evaluated by visual inspection. 

3.7.4 Alternate immersion 

The alternate immersion testing was executed using the test jig designed and constructed for this 

thesis. The main goal of this thesis is to compare the SDDS CS and SA bolts, however for the 

alternate immersion a bolts assembly with four 316L bolts were also tested to verify the setup.  

The testing was performed in an empty office at DeepOcean and the temperature was kept 

constant at 27 degrees. Also the relative humidity was originally only 10 − 15 % in the office. 

Wrapping the jig in plastic increased this to a relative humidity at 25 − 27 %. 

The following test procedure was used: 

1. Prepare the test solution according to appendix L for 20 degrees 

2. Add extra magnesium chloride hexahydrate until precipitation 

3. Pour the test solution into two separate containers 

4. Prepare the bolt assemblies for testing by attaching a rope to each one 

5. Secure the bolt assemblies to the horizontal spreader beam attached to the actuator 

6. Turn on the device 

7. The device is running uninterrupted for the whole duration of the experiment 

8. Inspect every day by visual examination and try to unscrew the bolts by hand 

9. Add water regularly if evaporation occurs 

10. Change the test solution if corrosion products develop, or once a week 

The time available for the immersed testing was 39 days or until fracture. The criterion for 

success or failure was fracture or no fracture in regards to SCC. Pitting will be evaluated by 

visual inspection. 
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3.8 Results 

3.8.1 Tensile testing 

The tensile testing results were surprising as the Young’s modulus was logged as below half of 

what was expected of the given material quality. This also causes the elongation to be longer 

than what was expected. This effect was encountered in the tensile testing machine at both UIS 

and Hydro Aluminium Karmøy R&D. A total of eight bolts were tested in the tensile testing 

machine, and the average of the tests were used when torqueing the bolts. It should be noted that 

it was not possible to stress the SDSS CS bolts to fracture due to the max capacity of the tensile 

testing machine only being 10 𝑡𝑜𝑛𝑛𝑒𝑠. To establish the effect of the threads, one specimen (Test 

4) was machined down to 5,7 𝑚𝑚 in diameter and the extensometer was placed directly on the 

shaft instead of the holders. A summary of the results is presented in Table 10, and the average 

values and input for torqueing is listed in Table 11. 

Table 10: Summary of tensile testing results 

Test ID Material Elongation (%) 0,2 Yield (MPa) E modulus (GPa) 

Pre-test UIS 316L N/A N/A 71,4 

Test 1  316L 1,016 702,5 86,1 

Test 2 316L 0,973 680,5 88,0 

Test 3 316L 0,619 395,0 93,1 

Test 4
a
 316L 0,704 760,5              150,8 

Test 5 SA SDSS 0,943 699,7 94,2 

Test 6 SA SDSS 0,934 717,0 97,7 

Test 7 CS SDSS 1,240 885,3 85,1 

Test 8 CS SDSS 1,002 703,7 87,7 

a 
Test 4 is machined to a diameter of 5,7 mm 
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Table 11: Average values from tensile testing 

Material Elongation (%) 0,2 Yield (MPa) 0,2 Yield (MPa) 

from MDS 

Elongation at 0.2 Yield to 

be used for testing 
b
(mm) 

316L
a
 0,994 691,5 655 0,3545 

SDSS SA 0,938 708,4 662 0,3347 

SDSS CS  1,121 794,5 1004 0,3991 

a 
Only test 1 and 2 were used for the average for 316L 

b
 Elongation is based on a length of 36 mm according to equation (19) 

 

By comparing the elongation of the theoretical elongation using the yield from the MDS, it is 

clear that the elongation is higher in the experiments. This is caused by the fact that the tolerance 

in the threads will cause a delay before the linear part of the gradient occurs. And as the Young’s 

modulus is lower than expected this affects the slope of the stress-strain curve, which again 

means the elongation will be higher. The testing is performed by torqueing the bolts with a nut 

on each side of a flange, meaning the delay caused by the threads will also occur during 

torqueing of the bolts. Also the theoretical values use the Young’s modulus from available 

literature, while the testing produced significantly lower Young’s modulus. A comparison of the 

theoretical and experimental values is listed in Table 12. 

Table 12: Comparing theoretical elongation versus elongation from experiments 

Material Theoretical el. at 

offset yield (mm) 

Elongation from 

experiments (mm) 

Deviation (%) 

316L 0,194 0,3545 55 % 

SA SDSS 0,192  0,3347 57 % 

CS SDSS 0,254  0,3991 64 % 

Figure 30 shows the test specimens after testing and the stress-strain curves for each test can be 

found in appendix N. 
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Figure 30: Bolts after tensile testing 

3.8.2 Torqueing of bolts 

The results from torqueing the bolts were as expected and there were no problems in regards to 

tearing of the threads. Of course there might be some small errors when measuring, as the bolts 

did not have machined ends and it was difficult to measure on the exact same spot after each 

torque increment. There were also a few occurrences of where increasing the torque gradually 

produced very little elongation, before the final torqueing pulled it too far.  

Five bolt assemblies were prepared for testing and referred to as: 

 Flange 1: 316L:1, 316L:2, 316L:3, 316L:4 

 Flange 2: SA:1, SA:2, CS:1, CS:2 

 Flange 3: SA:3, SA:4, CS:3, CS:4  

 Flange 4: SA:5, SA:6, CS:5, CS:6 

The results from the tensile testing were used and the final lengths and the required torque values 

can be found in Table 13. 
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Table 13: Measured values during testing 

Material Test no. Initial length 

(mm) 

 Final length 

(mm) 

Final measured length 

(mm) 

Torque required 

(Nm) 

316L 316L:1 79,19 79,54 79,53 142 

 316L:2 79,11 79,46 79,47 130 

 316L:3 79,14 79,49 79,50 135 

 316L:4 79,09 79,44 79,47 142 

SDSS  SA:1 74,10 74,43 79,44 150 

 SA:2 74,39 74,72 74,72 172 

 SA:3 73,96 74,29 74,31 155 

 SA:4 74,16 74,49 74,51 150 

 SA:5 74,10 74,43 74,67 140 

 SA:6 74,05 74,38 74,40 145 

SDSS  CS:1 74,08 74,48 74,50 215 

 CS:2 74,15 74,55 74,56 210 

 CS:3 74,12 74,52 74,51 215 

 CS:4 74,22 74,62 74,61 210 

 CS:5 74,21 74,61 74,66 215 

 CS:6 74,20 74,60 74,62 210 

3.8.3 Immersed test in heated magnesium chloride 

The results from the immersed testing setup were a success in terms of provoking SCC. The first 

experiment, test 1, however had some issued. The visual inspection that was performed two 

times a day meant that the assembly was lifted out of the magnesium chloride and checked 

visually. This could only be done when the solution had been heated for around 4 − 6 hours, as 

the solution solidified when cooled. Also the grease between the nut and the flange functioned as 

an adhesive that secured the nut to the flange. The magnesium chloride did also not fully 

dissolve in some cases, due to the alternate heating, so this worked as an adhesive as well. When 

the flange was lifted out of the solution the magnesium chloride cooled off in the air and formed 

a film on the whole surface. It was when the whole assembly was retracted from the solution and 

cleaned in tap water, meaning the magnesium chloride and grease loosened up, that the fractures 
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were discovered in test 1. This means that the exact moment of fracture is impossible to 

determine for test 1, and the results only show that all the bolts experienced failure in this test. 

When test 2 was initiated, a better inspection system was developed to determine the time of 

fracture. This was performed by torqueing each nut with a wrench gently by hand four times a 

day when the solution had liquefied. This also prevented the same degree of salt buildup that 

occurred in test 1. 

In regards to alternate heating, it was not possible to maintain the 16 hours on, 8 hours off 

interval. However the heating cycles were documented for each test. It also needs to be taken 

into account that when turning the slowcooker off, the ceramic bowl preserved the heat for some 

time after. Meaning that when it was only turned off for 8 hours it was still lukewarm in the 

morning when turned on again. This means the average temperature for the whole test period is 

somewhere between 23 − 90 ℃ . 

Test 1 results 

The heating cycle was logged and is presented in Table 14. 

Table 14: Details on heating and cooling for heated experiment test 1 

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Total 

Heating (h) 6 12 0 16 16 15 16 24 16 12 10 11 8 4 166 

Cooling (h) 18 12 24 8 8 9 8 0 8 12 14 13 16  150 

               316 

Pitting was not observed on any bolts by visual inspection at 10 X. 

The results from test 1 showed fracture in both CS bolts and in one of the SA bolts. The other SA 

bolt had a crack in both nuts however and the largest crack went all the way through to the inside 

of the nut. The fractures appear as brittle as expected from SCC. Also all the fractures are at 

approximately 45 degree angles. The surface of the fractures is of a dull grey color. Pictures with 

details are shown in Figure 31, Figure 32 and Figure 33. 
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Figure 31: Details of SA bolts from test 1 of immersed testing at 90 ℃  

 

Figure 32: Details of CS bolts from test 1 of immersed testing at 90 ℃ 
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Figure 33: Details of the fractures. a) showing the surface of the fracture (10X), b) showing the crack in the nut for SA:1 

(10X), c) the surface of the fracture for SA:2 and d) showing the surface of the fracture for CS:2 

Test 2 results 

For test 2, the amount of heating and cooling is logged before fracture and shown in Table 15 

Table 15: Results from immersed heating test 2 

Bolt ID Heating (h) Cooling (h) Total time in 

solution (h) 
Fracture 

SA:5 33 15 48 YES 

SA:6 100 56 156 NO 

CS:5 29 8 37 YES 

CS:6 44 15 59 YES 

Pitting was not observed on any bolts by visual inspection at 10 X. 

Both of the CS bolts and one SA bolt fractured after a short time in the solution. However the SA 

bolt (SA:5) that fractured was torqued to 120 % of yield according to the calculations as too 
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much torque was applied. The other SA bolt (SA:6) did not show any signs of cracking after 156 

hours in the test solution. 

The resulting fractures are shown in Figure 34. The deformation in SA:5 occurred when trying to 

torque the bolt with a wrench and it suddenly gave in at a small amount of force. 

 

Figure 34: Details of CS bolts from the immersed testing at 90 ℃ 

Figure 35 shows the SA:6 bolt which did not fracture in test 2. 

 

Figure 35: Progress pictures of the SA:6 bolt with hours in the test solution 

The SA:6 bolt was examined with a visual inspection with 10X magnification and no cracks or 

pits were observed. 
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3.8.4 Alternate immersion testing 

The results from the alternate immersion were as expected with obvious pitting on the 316L bolts 

while there was significantly less pitting observed on the SDSS bolts.  

In regards to SCC, none of the tested bolts in 316L or SDSS quality experienced fracture in the 

alternate immersion testing. One of the 316L bolts had a crack from the top of the thread going 

towards the root. If this is due to SCC or if it was already there before the corrosion testing is not 

possible to determine without further detailed examination. Determining micro cracks by use of 

for example metallographic was not possible in the short time frame after the testing was 

finished as there was limited access to a laboratory.  

The alternate immersion experiment was terminated after 936 hours, which again means that the 

bolt assemblies have been dipped in test solution 936 times. The test jig worked exceptionally 

well and had no issues running for the whole experiment. 

316L results 

For the 316L bolts the pitting gradually increased and Figure 36 shows the progress over time. 

The last picture in Figure 36 shows the bolt after it had been removed from the flange and 

cleaned in tap water.  

 

Figure 36: Progress pictures of the 316L bolts alternate immersion experiment for 936 hours 

As seen from Figure 37, where the corrosion products have been cleaned away with a plastic 

brush and water, the pits are clearly visible. As the 316L bolts were mainly used to verify the 

setup, a more detailed investigation of the pits in regards to density etc. was not performed. 

Pictures of the pits at 10X are shown in Figure 38. 
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Figure 37: 316L bolts from alternate immersion testing after cleaning 

 

Figure 38: a), b), c) and d) showing pits at the root of the threads at approx. 10X. Picture e) shows a crack going from the 

top of the thread towards the root and f) shows the root before the experiment. 
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SDSS SA and CS results 

Only minor corrosion products were observed during the testing as shown in Figure 39. However 

after around 500 hours, there were a few pits that started producing corrosion products in the CS 

bolts. The worst case of pitting is shown in the last picture in Figure 39 at the top of the shaft of 

CS:4. 

 

Figure 39: Progress pictures of the SDSS CS:4 bolt in the alternate immersion experiment for 936 hours 

The CS bolts had obvious pitting with corresponding corrosion products. Visual inspection of the 

SA bolts did show any pitting on the surface at all. The pits are either too small for the 10X 

magnification to pick up or non-existing.  

 

Figure 40: The SDSS bolts after alternate immersion testing for 936 hours 
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Figure 40 shows the SDSS bolts after the testing and before cleaning. The two major pits were 

found, one at the middle of the shaft of CS:3 as indicated with the red box, and one on the top of 

the shaft at CS:4 shown in the last picture of Figure 39. A detailed view of the two major pits on 

the CS bolts are shown in Figure 41. 

 

Figure 41: Details of the pitting on the CS bolts. a) shows the pit on the top of the bolt (CS:3) on the side of the thread and 

b) shows the pit in the center of the bolt (CS:4) at the root of the thread 
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4 Discussion 

4.1 Tensile testing and torqueing of bolts 

During the tensile testing it became obvious that this method might have some inaccuracies.The 

offset yield was however determined and they were above the minimum values in the MDS in 

regards to the 316L and the SA SDSS bolts. However the results from the CS SDSS bolts did not 

match the MDS and were significantly lower than expected. This might be caused by the limited 

capacity of the tensile testing machine as it had only 10 𝑇𝑒 capacity so the CS bolts were not 

pulled to fracture. This lack of capacity might have caused the yield to be appear lower and 

thereby also causing the elongation at yield to be less. In effect this means that there is a 

possibility that the elongation used in the corrosion testing might be lower than it should be for 

the CS bolts. And hence the percentage of yield might be less than 100 %.  

It was also obvious that the holders had some spring effect, meaning that some elongation is 

caused due to the tolerance in the threads. By looking at the stress-strain curves this effect 

occurred in all the tests at varying degree, but for test 4 where the bolt was machined down to a 

smaller diameter and the extensometer was placed directly on the bolt shaft, this effect was 

eliminated also indicating that the threads affect the Young’s modulus.  

Also for test 4 an expected Young’s modulus was registered at 151 MPa. The Young’s modules 

for the other tests were all below half of what literature states it should be. As this happened at 

two different tensile testing machines something with the setup or some unexpected effect causes 

this. Nothing was found in the literature to explain this phenomenon. An ANSYS analysis was 

performed to try and replicate the effect using frictionless constraints. This agreed with the fact 

that the Young’s modulus was altered when threads were present when increasing load was 

applied. 

However when assembling the bolts on the flange they are in the same setup as for the tensile 

testing, with the holders being replaced with nuts. There is of course more thread engagement in 

the holders, but as discussed earlier there is limited value of having a very long thread 

engagement as the first threads take most of the load. There might be some inaccuracy in regards 

to the elongation at yield caused by these effects, but it was decided that these values were 

accurate enough to use for torqueing the bolts for the corrosion experiments. Also the strain from 

the testing was higher than the theoretical strain, meaning the bolts in theory should be torqued 

to yield or higher, at least for the SA bolts, which needs to be considered when analyzing the 

results from the SCC testing. 
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The torqueing of the bolts had no issues but seeing as the length of the stressed part of the bolts 

was only 36 mm, there is a higher risk of inaccuracy. It would have been ideal to have bolts 

delivered with a higher length causing the elongation to be higher and again it would be easier to 

measure. Also measuring with a micrometer, on a surface that is not machined will have caused 

some inaccuracy as it is hard to hit the exact spot when measuring between the torqueing 

intervals. 

In retrospect tensile testing with measuring the resulting elongation may not be as accurate as 

expected. This is due to the uncertainties in regards to both the Young’s modulus and the risk of 

error when measuring the elongation, especially when the lengths of the bolts are as short as for 

the ones used in these experiments. If possible, acquiring only partly threaded bolts and using 

strain gauges on the smooth part of the shaft may be a better solution to exactly measure the 

strain when torqueing. 

4.2 Immersed test with heating 

This experiment had some issues in regards to not having the ability to be switched on for the 

whole test. As the method of alternating heating between approximately 23 − 90 ℃ was used, 

the magnesium chloride solidified when cooled as it was supersaturated at room temperature. 

The next heating cycle therefore had a thick crust above the magnesium chloride solution for the 

first hours of the next heating cycle which prevented inspection.  

The improved inspection regime for test 2 was very successful. There is of course impossible for 

this method to exactly determine the time of fracture, but it was determined it would be good 

enough in regards to not disturbing the test solution too much. 

In regards to the difference of the SCC resistance for SA compared to CS, one of the SA bolts 

(SA:6) seemed to show a very high resistance to SCC compared to the two CS bolts and the 

other SA (SA:5) bolt tested. It was discovered that the SA:5 bolt had been torqued at a stress 

level approximately 120 % of yield, which is probably the reason for this bolt fracturing earlier 

than SA: 5 which was torqued to 100% of yield. This shows that torqueing while measuring 

elongation is difficult, when a small increase in torque can suddenly produce a lot of elongation 

due to a sudden decrease in friction. However as there are a limited amount of bolts tested, as 

well as the testing has been performed on as received materials instead of test specimens 

according to a standard, there are a lot of variables that may affect the results.  

As discussed earlier the torqueing of the bolts may not have been as accurate as expected. And in 

the case of the CS bolts where the offset yield is 1004 𝑀𝑃𝑎 and the UTS is 1075 𝑀𝑃𝑎, a small 

error in the torqueing may be crucial. This makes the CS bolts a lot more sensitive to errors in 



75 

 

torqueing compared to the SA bolts which has a difference of 215 𝑀𝑃𝑎 between offset yield and 

UTS. 

The surface properties and the micro structure is very important in regards to SCC resistance, 

and there might be some minor difference in each test specimen  The environment in the testing 

is also very severe and adjusting either the temperature or chloride concentration could have 

been beneficial when comparing SA against CS to extend the time of testing. With such an 

aggressive environment it was hard to determine the exact time of fracture without inspecting the 

specimens at a very high frequency, which again would disturb the test solution and potential 

pitting and SCC initiation. 

It is also important to acknowledge the fact that the material cost of testing directly on the as 

received bolts is very high compared to making small test specimens from for example a plate. 

To better determine the exact time of fracture some modifications can be implemented: 

 Varying the three main variables one by one or together 

o Temperature 

o Chloride concentration 

o Stress levels 

 A built in load cell in the flange that would register the exact moment when the load is 

relieved and fracture occurs 

4.3 Alternate immersion testing 

The test setup worked as intended and was very reliable. The humidity was increased after some 

modifications to the jig. The required relative humidity requirement of minimum 35 % was not 

possible with the current setup, and it was kept steady around 24 − 26 %. This might have had 

an effect as the relative humidity is important to develop a corrosive environment. Also at the 

start of the experiment there were some issued with supersaturated test solutions. This caused a 

thin film of magnesium chloride to form on the surface of the solution. Every time the specimens 

were dipped a new layer of salt was formed on the whole flange. After a few days long stalactites 

were formed as seen in Figure 42. This was handled by adding a small amount of water while 

stirring. 
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Figure 42: Supersaturated test solutions produced stalactites 

The pitting on the 316L bolts were as expected with serious pitting and corrosion products. No 

fractures occurred meaning all the 316L bolts passed the alternate immersion test criterion in 

regards to SCC. One crack however was found in one of the 316L bolts, but as the bolts were not 

visually inspected at 10X before the testing it is not possible to conclude that this came from the 

testing. It was not possible to determine if there are any other cracks with 10X magnification, 

meaning that metallographic testing needs to be performed to further investigate the degree of 

cracking.  

In the case of comparing SDSS SA against CS bolts, the CS bolts had obvious pitting with 

corrosion products compared to the SA bolts which did not have any pits that visual inspection at 

10X magnification could discover. Both the SA and CS bolts exhibited high resistance against 

pitting compared to the 316L bolts after 936 hours which was as expected. 

This test exchanged the recommended sodium chloride described in G44 [34] with magnesium 

chloride for the test solution, but it is difficult to determine the significance of this without 

further examination of the bolts in regards to cracks.  

In regards to SCC, this method does not seem very applicable for lab testing as the time aspect 

might be an issue.  

There are several things that could accelerate the experiments. Increase the magnesium chloride 

concentration by heating the test solution would provide a more severe environment. Also 

increasing the relative humidity by using an air humidifier could be a possible enhancement for 

the testing. In regards to the stress levels, the bolts were torqued to 100% of the offset yield. 

There is of course the option to stress the bolts to above yield, but this would not be 

recommended unless there is a very accurate method used. 
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As the number of bolts tested were so few it is possible that minor differences in the test 

specimens used will skew the results in one or the other direction, meaning that it is impossible 

to conclude that the pitting resistance is higher for SA compared to CS bolts. The magnification 

used to visually inspect the pits was only 10X. This means that in theory the CS bolts may have 

produced a few larger pits while the SA bolts may have produced a lot of smaller ones that can 

only be detected with metallographic testing or with a SEM / TEM. This however seems 

unlikely. 

This test however showed an indication of higher resistance to pitting in the SA bolts compared 

to the CS bolts. 

4.4 Further work 

As there was not enough time to performing experiments on a high number of bolts, further work 

should continue testing too see if the results can be recreated. Especially the immersed testing is 

easy to setup and works well for a lab environment in regards to the time aspect. With better 

equipment and more specimens, the indications of a higher pitting and SCC resistance of the SA 

bolts compared to the CS bolts could be confirmed or not. 

It would also be interesting to test regular standard specimens in the same environment that has 

been used in this thesis to compare the difference on testing directly on a bolt compared to a 

standard specimen. 
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5 Conclusion 

This thesis has been performed using modified standards, which again can make it hard to 

compare the results directly to earlier research. Also the testing was performed directly on the 

bolts in as received condition compared to earlier research that use standard test specimens. 

However the setups of the test equipment and the actual experiments have been documented so it 

should be possible to recreate the results or use the information gained from this thesis to do 

further research on the subject. To provide a definite conclusion on the experiments is not 

possible due to the amount of specimens tested and the extra variable coming from not 

performing the experiments in a laboratory with the proper equipment for logging, lab grade 

chemicals and using the parameters set in the standards. However some recommendations for 

further research are provided as well as the experience gained from this thesis. 

The tensile testing of the bolts provided an unexpected result for the Young’s modulus, and this 

should be investigated with more testing if the method of measuring elongation to determine the 

stress level is to be used again.  

The alternate immersion testing setup worked flawlessly and using an Arduino card to control 

the system was relatively easy to set up in regards to the coding. Also the alternate immersion 

experiment provided some expected results with the 316L bolts exhibiting a high degree of 

pitting. The SDSS SA and CS bolts did exhibit a difference in pitting resistance. The CS bolts 

had clearly visible pits while the SA did not show any signs of pitting. This should be 

investigated further as only two of each type of bolts was tested and this is not enough to provide 

a definite conclusion. Also earlier research shows that there is not any difference between pitting 

resistance for SA or CS material, so the results from the experiments performed in this thesis 

might be an anomaly.  

Only one crack in the 316L bolt was found by visual inspection at 10X of the bolts from the 

alternate immersion testing. However this does not mean that micro cracks are not present 

meaning further examination of the bolts needs to be performed to assess the effect on SCC from 

the alternate immersion testing. 

The immersed heating experiment was successful in regards to provoking SCC. In test 1 all of 

the specimens experienced fractures. In test 2 which was more closely supervised, it showed an 

indication that the SA bolts have a higher resistance in regards to SCC compared to the CS bolts. 

But as with the alternate immersion testing, too few specimens were tested to conclude on this 

and further testing needs to be performed. 
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In regards to pitting, there were no pits on either the SA or CS bolts in the immersed heating 

tests that could be discovered with 10X magnification.  
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Appendix A: Torque calculations 
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Appendix B: MSDS Gleitpaste 
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Appendix C: MDS SDSS Flanges 
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Appendix D: MDS SDSS bolts and nuts 
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Appendix E: MDS 316L bolts and nuts 
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Appendix F: Calculations on nut and holder 
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Appendix G: MDS S165M holders 
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Appendix H: Holder manufacturing drawing 
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Appendix I: Calculations on theoretical strain 
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Appendix J: Flange manufacturing drawing 
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Appendix K: MSDS Magnesium chloride 
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Appendix L: Magnesium chloride solutions 
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Appendix M: Arduino code 
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Appendix N: Stress-strain curves from tensile testing 
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Test 1 316L 
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Test 2 316 L 
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Test 3 316L 
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Test 4 316 L 
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Test 5 SDSS SA 
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Test 6 SDSS SA 
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Test 7 SDSS CS 
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Test 8 SDSS CS 
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