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Abstract

Super Duplex Stainless Steel Surfaces and their Effects
on Marine Biofouling

Adrian Falk

Some of the world’s most ancient, but still viable, organisms have since the 
beginning of maritime caused problems for the industry. The problems affect both 
the longlivety and efficiency of ships which is caused by the mere presence of 
organisms attached to the ship hulls. The organisms, called biofoulers, causes 
problems with longlivety related to moisture and crevice corrosion which break 
down the hull material. The problem regarding efficiency of the ship is related to 
the added hydrodynamical resistance that the biofoulers cause. To limit fouling in 
the marine industry, paint poisonous to the biofoulers is applied to prohibit growth. 
Until recent the paint seemed to be a long-term solution but severe damage to the 
sea life has been traced to the use of antifouling paint. This master thesis aims on 
exploring one putative solution to the problems related to biofouling. In a maritime 
perspective, advanced stainless steels are modern materials with use limited to 
fittings and certain high strength parts. However, in 2014 a small ship constructed 
completely in super duplex stainless steel 2507 was launched. Immediately the 
longlivety of the ship increased by several times. The approach was that no 
antifouling paint was necessary, but biofoulers will grow on the now non-poisonous 
surface. Surprisingly, in some areas of the ship the biofoulers adhered seemed to 
detach when driving the ship in certain speeds. This lead to the initiative to examine 
this mechanism further in the form of this master thesis. The master thesis was
held at Sandvik Materials TechnologyAB. The main hypothesis was that adhesion of 
biofoulers will decrease with decreasing surface roughness. Few studies on the 
subject stainless steel, biofouling and surface roughness have been performed.
Even fewer studies on stainless steel with metallic surface coatings and biofoulers 
have been performed why another hypothesis was driven: There are surface 
coatings which will affect growth and adhesion of biofoulers.
22 different stainless steel 2507, 3207 and 316L surface setups were produced by 
either polishing, coating, bending or magnetizing. Plates were analysed before
being immersed in natural seawater in Brest, France for 70 days. After 70 days, the 
plates were taken up and two major tests were performed at site; fouling amount 
rank analysis and barnacle adhesion strength measurements. SEM and GDOES were 
used in the post-experment analysis. No sign of corrosion on the plates were found. 
The data was processed and results were obtained: Maximum corrosion potential, 
surface roughness, barnacle adhesion strength and biofouling has quite strong or 
strong correlations. The lowest barnacle mean adhesion strength was measured to 
0.02 MPa. In practical, based on experimental formulated formulas, the low 
adhesion barnacles would detach in a water flow of 11 m/s.
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Superduplexa Rostfria Stålytor och deras  
påverkan på Marin Påväxt  

 
Adrian Falk 

Ett av de största och mest akuta miljöproblemen enligt flertalet rapporter rör havets 
ekosystem som är i rubbning. Flertalet havsbottnar är utdöda och fiskar har således svårt att 
reproducera sig. Utfiske är ett problem som kan stävjas genom att direkt införa fiskeförbud 
men miljöfarliga gifter som hela tiden söndras ut i naturen är en svårare nöt att knäcka. En 
betydande bov i dramat är de giftiga färgerna som används inom sjöfarten och marinindustrin. 
Färgerna används som barriär mot korrosion men främst för att begränsa vattenorganismers 
tillväxt på bland annat fartygens skrov vilka annars skulle orsaka en mycket hög 
bränsleförbrukning. Skulle de färgerna förbjudas så skulle en annan sida av miljön drabbas 
hårt eftersom att färgerna hämmar korrosionen av fartygsmaterial och ökar effektiviteten i 
framdriften av fartygen. Att helt sluta med sjöfarten och därmed reducera både globala 
uppvärmningen och utsöndringen av gifter är att anse som ett ickealternativ. Ett stopp av 
sjöfarten skulle drabba världspopulationens välfärd och tillväxt, åtminstone i en överskådlig 
framtid. Problemen med den globala uppvärmningen orsakad av sjöfarten är på väg att lösas 
med nya bränsletyper men ännu finns det inga presumtiva lösningar på giftproblemet. I 
Sverige har problemen med en förgiftad Östersjö vuxit sig stora. Därför orsakade familjen 
Rosén (SSY) stor glädje för Östersjöns anhängare när de presenterade en möjlig väg kring 
problemen med miljöfarliga båtbottenfärger. Glädjen spred sig till den milda grad att de fick 
av Energimyndigheten ett bidrag att bygga en första båtprototyp. Prototypen skulle bevisa att 
de med moderna rostfria stål, superduplext rostfritt stål, kunde klara av att använda båten helt 
utan bottenfärg. Det var år 2014 som prototypen sjösattes och till viss grad uppfyllde målet, 
detta genom att polera det superduplexa rostfria stålet som i sin tur medförde att merparten 
bottenbeväxningen lossnade vid färd genom vattnet.  

Adrian Falks examensarbete är ett initiativ från stålforskningen på Sandvik och båtindustrin 
(SSY) som ämnar att bena ut ett och annat gällande genomförbarheten i tekniken som kan 
komma att lösa båtbottenfärgsproblematiken. Examensarbetet handlar om att ta fram ett flertal 
stålytor av kvalitén SAF 2507 superduplext rostfritt stål och experimentiellt undersöka vilka 
ytparametrar som är styrande när det kommer till marin tillväxt och dess avlägsnande. I stort 
behandlades ytorna på två sätt, slipning och ytbeläggning. De slipade ytorna slipades och 
polerades till olika ytjämnhet. De belagda ytorna belades med metalliska ämnen med hjälp av 
förångning. Därtill testades magnetisering för att undersöka hur det påverkar tillväxt samt att 
böja provet för att framkalla skillnader i ytspänning för att undersöka dess påverkan på 
tillväxt och potentiell spänningskorrosion. För att uppnå marin påväxt i verklig miljö så 



sjösattes alla ytor vid Institut de la Corrosion i Brest, Frankrike, Under de 70 dagarna som 
ytorna befann sig i havsvattensbassängen mättes temperatur, syrehalt, pH-halt och 
korrosionspotentialen. Korrosionspotentialen kan användas till att mäta organismers aktivitet 
på ytorna och det visade sig att korrosionspotentialen till viss del var sammankopplad med 
ytjämnhet och marin påväxt. De belagda ytorna visade sig a störst påverkan på mängden 
marin påväxt, en orsak till det tros det bero på en ytreaktion där de belagda ämnena avspjälkas 
från ytan och att de ämnena begränsar organismernas tillväxt. Det kan alltså diskuteras hur 
miljövänliga dessa ytor egentligen är då de eventuellt fungerar på samma sätt som de giftiga 
färgerna. Mer positivt var det med de ytorna med finest ytjämnhet som till viss grad visade 
låg marin påväxt. En del av finaste ytorna saknade helt påväxt av havstulpaner. Havstulpaner 
anses vara det största problemet med marin påväxt då deras fundament, ett cement, sätter sig 
som limp å ytorna och orsakar både högre bränsleförbrukning och spaltkorrosion. Dessa 
tulpaner kan övervinna giftiga färger och är svårare att tvätta bort än den övriga marina 
påväxten. Därför undersöktes vidhäftningsstyrkan hos havstulpanerna. Det visade sig att 
vidhäftningen starkt beror på ytjämnheten på ytan som havstulpanera befinner sig på. Den yta 
med finast ytjämnhet uppvisade en sjuvvidhäftningsstyrka nära 0,02 MPa för havstulpaner. 
Med hjälp av tidigare studier utförda av Larsson et al. beräknades det att den vidhäftningen 
motsvarar att havstulpanerna släpper greppet om en superduplex rostfri skrovyta när ett fartyg 
färdas genom vattnet med en fart om cirka 22 knop. Examensarbetet resulterade alltså i att 
man nu vet mer om ytjämnhetens påverkan på marin tillväxt och dess vidhäftning samt att 
man nu kan börja med större utprovningar av skrovytor tillverkade av superduplexa rostfria 
stål som kan komma att klara sig utan bottenfärg.  
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1. INTRODUCTION 
1.1 BACKGROUND AND PURPOSE 
Several industries, for example food, pharmaceutical and marine industries, suffer from 
biofouling and bacterial growth. In the food industry and pharmaceutical industry stainless 
steels of various surface grades are used to minimize problems regarding bacterial growth and 
biofouling. The stainless steel surface is sustainable and easy to clean. However, in the marine 
industry poisonous antifouling paint is used to avoid biofouling. This method has resulted in a 
polluted sea environment. In the Swedish Östersjön the fish has become too poisonous to eat, 
partly because of antifouling paint [1]. The biofouling industry has an annual turnover of 20 
billion US$ [2]. It would be a tremendous saving for both the industries and for the 
environment if the use of antifouling paint could be replaced with anything more sustainable.  

In this master thesis, a hypothesis is that parts of the technique used in food and 
pharmaceutical industries can be transferred to the marine industry. Some non-academic 
experiments have been performed by Swedish Steel Yachts AB (SSY). In the experiments, the 
ship's underwater bodies, which usually are covered with antifouling paint, have been replaced 
by mirror polished super duplex 2507 stainless steel. SSY’s small scale experiments showed 
that during the summers of 2014-2016 in Swedish Östersjön, use of mirror polished super 
duplex stainless steel, SAF 2507, can be a good competitor to antifouling paint.  

1.2 AIM 
To characterize correlations between different super duplex stainless steel (SAF 2507) 
surfaces and biofouling growth and adhesion.   

2. DELIMITATIONS  
Only super duplex stainless steel with different treatments are studied. Only sea organisms, 
called biofoulers, are regarded. Adhesion measurements are only performed on sea barnacles. 
Plates are immersed in the coast of north west France 
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3. PREVIOUS WORK 
3.1 ANTIFOULING 
Plenty of research on how to manage the problems caused by biofoulers has been performed, 
the antifouling research area is enormous. Yet no general elucidation has been reached on 
stainless steel surface characteristics and biofouling. However, conclusions have been drawn 
regarding corrosion or depassivisation in both artificial and natural sea water caused by 
biofoulers. Messano et al. [3] calls the phenomenon biocorrosion. During immersion of steel 
in sterilized seawater they found serious crevice and pitting corrosion beneath the barnacle A. 
amphitrite on 316L steel grade. They did also find shallow corrosion pits on 904L and 45011 
steel grades.  The largest steel exposure program, The MAST II Programme [4] showed that 
duplex steel grades are resistive to corrosion after 6000 h of immersion in the sea located 
outside Genoa (Italy), Cherbourg (France), Brest (France), Kristineberg (Sweden) and 
Trondheim (Norway). However, even if no specific corrosion was found, small areas of 
depassivated surface were noticed. An interesting point of view on corrosion or 
depassivisation beneath biofoulers is that the surface changes which could affect the adhesion 
of biofoulers. But according to a study performed by Callow et al. [5] no evidence of chemical 
bond to the stainless steel surface can be found.  

Density of settled barnacles has been reported to be influenced by surface roughness [6]. 
Vedaprakasha et al. showed that a higher Ra

2 and lower Sm
3 correlate with higher population of 

barnacles [7]. Stainless steel with copper as an alloying element can be heat treated in a way to 
form copper precipitations. Stainless steel with copper precipitations has performed well as an 
anti-biofilm material [8] but there is a lack of results regarding its barnacle adhesion 
properties. Massimo E.M studied magnetic fields and plant growth, showing that a magnetic 
field can enhance the growth process [9].  

Early research with various metallic coatings on steel has been performed. In 1922 Adamson 
performed seawater experiments is steel was coated with copper and lead but the study never 
passed through the experimental stage [10]. Solid alloys' fouling in seawater was studied and 
compiled by U. S Naval Institute in a basic research manner in the 1950's. Many solid alloys 
were listed on how likely they are to suffer from biofouling. Copper, tin, zink and nickel 
alloys are common in the list of alloys least likely to foul [11]. It was concluded that it is not 
the alloyed element itself that will prevent fouling but the dissolved metal oxides near surface. 
Further research on metallic coatings on stainless steel is absent. 

More advanced engineered surfaces and fouling has been studied. Tesler et al. coated AISI 
304 stainless steel with nano-porous (SLIPS – slippery liquid-infused porous surfaces) 

                                                 
1 2507 but with W and Cu added to the chemical composition. 
2 Explained in 4.3.1. 
3 Explained in 4.3.5. 
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tungstite (TO tungsten oxide). The TO-coated AISI 304 was immersed into exposure of green 
algae Chlamydomonas reinhardtii for 8 days. A great number of algae had grown on the 
surface after the 8 days but after pulling it trough and out of the water, 90% of the attached 
algae biofilm was detached [12]. Why and how the biofilm detached was not thoroughly 
concluded in the article.   

3.2 SURFACE ROUGHNESS AND ADHESION  
Raman et al. observed that adhesion of barnacles on 316L was so great that detachment of 
barnacle Amphibalanus Reticulatus was not possible without damaging the barnacle shell [13]. 
It must be considered that the surface roughness of the 316L steel was not measured and that 
the barnacle together with its cement was dried before detachment attempts was performed. 
Other studies show correlations between material, surface roughness, biofouler settlement and 
adhesion strength. A study made by Vedaprakasha et al. shows strong positive correlation 
between surface roughness and adhesion [7]. The correlation between barnacle adhesion and 
the mean interval between irregularities Sm was very strong. Garcia et al. showed that adhesion 
of biofilm on 316L increases with surface roughness [14].  
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4. THEORY 
4.1 STAINLESS STEEL AND CORROSION 
There are many kinds of stainless steel. They vary in grade and area of use. Despite the 
differences there are a few similarities. One important similarity is the presence of chromium. 
Chromium oxidizes on the surface of stainless steels creating a passive layer. The thickness of 
the passive layer containing Cr-oxides and Fe-oxides is typically 15-50 Å thick [15]. When 
immersed into natural seawater, observations of the passivation layer show that the layer 
thickness nearly doubles [16], [17]. The explanation is that in natural seawater a biofilm 
containing microorganisms is formed on the surface. The biofilm has a catalytic effect on the 
oxygen reduction [18], [19]. This phenomenon is called microbial influenced corrosion, MIC.  

4.1.1 CORROSION POTENTIAL  
When steel is immersed into seawater a corrosion potential Ecorr emerges. The corrosion 
potential is situated between the equilibriums of the potential of the anodic metal dissolution 
and the cathodic oxidant reduction. More illustratively the Ecorr potential is represented by the 
intersection between the reaction currents of anodic and cathodic reactions, which is illustrated 
in Figure 4.1. 

 
Figure 4.1 - - Principal diagram of corrosion potential versus corrosion current 



…………………………………………………………………………………………………. 

5 
 

Where Eca is the equilibrium potential of the cathodic reaction, Ean is the equilibrium potential 
of the anodic reaction. The curves that intersect is the current curves of the cathodic and 
anodic reactions. 

In artificial and sterile environments used in laboratories for corrosion tests the open circuit 
corrosion potential for immersed stainless steel (316) is situated around 100-200 mV/SCE 4 
[4]. In natural seawater, the corrosion potential reaches open circuit corrosion potentials of 
300-450 mV/SCE [18] after a few days, which is illustrated in Figure 4.2. A higher corrosion 
potential corresponds to a much higher risk of corrosion in natural seawater than in artificial 
and sterile seawater. 
 

 
Figure 4.2- Principal diagram of open circuit potential of stainless steel immersed into natural seawater. 

 

4.1.2 SUPER DUPLEX STAINLESS STEEL 
Super duplex stainless steels have a well-documented corrosion resistance in natural seawater 
[4]. A super duplex steel is a duplex steel with higher chromium (>25%) [20]. Hyper duplex 
stainless steel can be useful where super duplex suffers from pitting corrosion. Problems with 
pitting corrosion can appear when the surrounding acidity or/and chloride concentration are 
too high. High temperature is also a pitting corrosion promotor. Pitting resistance equivalent 
number, PREN, is a term, a dimensionless number used for comparing theoretical pitting 

                                                 
4 Using a SCE reference electrode. (Saturated Calomel)   
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corrosion resistances between steels. The PRE-number can be calculated with equation 4.1: 
 

𝑃𝑅𝐸𝑁 = 1 ∗ %𝐶𝑟 + 3.3 ∗ %𝑀𝑜 + 16 ∗ %𝑁 
 

 
(4.1) 

 
Where super duplex SAF 2507 and hyper duplex SAF 3207 HD have minimum PRE-numbers 
42.5 respectively 50. Which can be compared with offshore grade 316L stainless steel which 
has a PRE-number around 25 depending on composition. 

Duplex is a term explaining the iron-phase composition of the steel, usually 50% austenitic 
FCC (face centered cubic) and 50% ferritic BCC (body centered cubic) content. Hence the 
ferrite content, a duplex steel will respond to magnetic fields which ordinary austenitic 
stainless steels will not. Duplex steels have residual micro stresses shared between the two 
iron phases due to differences in thermal expansion. When cooling from the 1020 ˚C hot 
dissolution process used when fabricating the material down to room temperature the 
difference in thermal expansion coefficient multiplied by the temperature change will result in 
approximately 500 MPa tensile stress for austenite and 500 MPa compression stress for ferrite. 
The duplex composition enhances the strength, crack resistance and corrosion resistance [21].  

4.1.3 CALCULATING RESIDUAL STRESSES IN DUPLEX STAINLESS STEEL 
Stresses in the iron phases ferrite and austenite can calculated by measuring the atomic plane 
distances and comparing them to plane distances for the phases at rest. A correlation between 
strain and plane distances follow equation 4.2: 

  
 𝜀𝜓 =𝑑𝛷𝜓−𝑑0

𝑑0
 

 

 
(4.2) 

Where εψ is the strain in ψ direction on a surface, dΦφ is the plane distance at an angle Φφ 
relative to the surface and d0 is the non-stressed plane distance. To perform calculations using 
equation 4.2 one must know the precise non-stressed plane distance, hence equation 4.3 is 
useful instead.  
 

 𝜎∅ =  𝐸
(1 + 𝑣)𝑠𝑖𝑛2𝜓 (𝑑𝜓 − 𝑑𝑛

𝑑𝑛
) 

 

 
(4.3) 

Equation 4.2 can be used to calculate stress in one given direction by measuring distances in 
the normal plane with its respectively stress directions. σΦ is the stress in Φ-surface direction, 
E is young's modulus, v is Poisson's number, dψ is the plane distance in angle ψ relative to the 
surface normal vector, dn is the plane distance in the surface normal direction. Plane distance 
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measurements can be performed with x-ray diffraction in different angles ψ in the Euler space. 
Plots with the measured distances against sin2ψ can be made and examples of that is shown in 
Figure 4.3 and Figure 4.4. 

 
Figure 4.3- XRD Austenite mode plane distance 
measurement of SAF 2507 plate in planar state 

 
Figure 4.4 - XRD Ferrite mode plane distance 
measurement of SAF 2507 plate in planar state 

Assuming that there is no stress at sin2ψ = 0, dn=d, the curve gradients in Figure 4.3 and 
Figure 4.4 can be used to calculate the stress with equation 4.4. 

 𝜎∅ =  𝐸
(1 + 𝑣) 𝑘 

 

 
(4.4) 

Where k is the gradient of the curves in Figure 4.3 and Figure 4.4. This method of calculating 
stress is called the sin2ψ method. 

4.1.4 FORCED STRESS 
Whenever a plate is bent, plastic or elastic, stresses occur in the material, in this case called 
added stress. This can cause or enhance various types of well-known corrosion. A 
combination between added stress and biofouler situated on the surface could imply 
difficulties for the material with both stress cracking corrosion and crevice corrosion. A 
theoretical general value of stress can be derived using equation 4.5. 

 𝜎 = 𝐸𝜀 
 

 
(4.5) 
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Where E is Young's modulus and ε is the relative strain. The relative strain can be expressed to 
fit an elastic bent plate with equation 4.6 where the strain is relative to the plate in relaxed 
state.  

 𝜀 = ∆𝑥
𝑥 = 𝑡 𝜋𝛼𝑎

360 

 

 
(4.6) 

Where αa is the starting angle of the arc in the bent plate relative to the plane plate and t is the 
thickness of the plate. This is illustrated in Figure 4.5. 

 
Figure 4.5 - Plane plate and bent plate 

4.2 BIOFOULING 
4.2.1 BIOFILM AND BIOFOULERS 
Living microorganisms are to be found in any non-sterilized water, even in drinking water 
[22]. The microorganisms attach to surfaces in water and form a colonization containing a 
small part microorganisms and a major part polymer slime which is produced by the 
microorganisms. This colonization is called a biofilm [23].  Apart from the biofilm a 
numerous other macro- and microorganisms will inhabitant the immersed surface. Depending 
on geographical and seasonal parameters different organisms will attach. This master thesis 
will mainly concentrate on organisms in the French north west coast. The process of adhesion 
to the surface varies with the type of organism. Algae Enteromorpha is a common algae, 
before turning into a surface attached algae it is a swimming spore making its primary 
adhesion to the surface by producing secretion. The secretion cures and a final adhesion of the 
algae has been established [5], [24]. Barnacle is another type of organism living on seawater-
immersed surfaces. A barnacle starts as a cyprid larvae finding the surface, first stage of 
adhesion is engaged when the larvae start producing a settlement cement. This cyprid grows 
into an adult barnacle in three stages; spat, small and large juvenile, which all produces a 



…………………………………………………………………………………………………. 

9 
 

strong settlement cement and which causes the adhesion to be finalized [25]. The tensile 
strength of barnacle cement varies from 0.2 [26] to 35 MPa [27] which depends on the species, 
growth stage and environmental factors. However, for detachment of barnacles, tensile 
strength of porous structures does not correspond well with shear adhesion situations in this 
master thesis. 

4.2.2 BARNACLES AND SHIP’S HULL RESISTANCE 
Barnacles will grow and populate under water surfaces such as ship hulls. The population of 
barnacles will result a in an enhancement of the hydrodynamic resistance, drag, of ships [28]. 
Removal of adhered barnacles and other biofoulers on ship hulls in an industrial scale is 
performed by a cleaning process. Cleaning can be performed by mechanically brushing or 
scraping the surface. This cleaning process is time and money consuming hence it would be 
preferable if this process will autonomously be performed while driving the ships through 
water. 

4.2.3 BARNACLES IN HYDRODYNAMICAL PRESSURE 
Water streaming around the barnacle will cause a pressure on the barnacle which relates to the 
added drag, illustrated in Figure 4.6. 

 
Figure 4.6 – Barnacle on a surface with surrounding stream. 

The lift and drag forces acting on barnacles and biofoulers can be expressed as in the 
equations 4.7 and 4.8 [29]. 

 𝐹𝐿 = 0.5𝐶𝐿𝜌𝐴𝑝𝑣𝑒2 
 

 
(4.7) 
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𝐹𝐷 = 0.5𝐶𝐷𝜌𝐴𝐹𝑣𝑒2 

 

 
 
(4.8) 

Where FL is the lift force, CL is the lift coefficient, ρ is the density of the fluid, Ap is the projected 
area and ve is the fluid velocity near the barnacle. FD is the drag force, CD is the drag coefficient and AF 
is the frontal area. If the pressure will cause lift and drag forces that are greater than the 
adhesion strength of the biofouler, the biofouler will release [29].  CL and CD will depend on 
the stream pattern surrounding the biofouler. The biofouler will experience lower fluid flow 
near surface than in the free stream due to the existence of the turbulent boundary layer. This 
is related to the Reynold’s number Re expressed in equation 4.9. 

 𝑅𝑒 = 𝜌𝑣𝐿
𝜇  

 

 
(4.9) 

Where 𝜌 is the density of the fluid, v is the velocity of the fluid, L is the characteristic length 
of the object and µ  is the dynamic viscosity of the fluid. Laminar flows exist where the 
Reynolds’ numbers are small. A laminar flow will result in a higher pressure on the barnacle. 
Consequentially, a thin boundary layer is desirable and can be obtained with smooth surfaces.  

4.3 SURFACE CHARACTERISTICS 
Surface roughness can be presented in various ways. It depends on how the measurements of 
the surface are treated numerically. Surface height and depth measurements, yi, are deviations 
from a given surface base line Ob. Measurements using a vertical scanning interferometer 
apparatus a large number of measurements n can be done. An illustration of a surface 
measurement with some of the measurements performed is shown Figure 4.7. 
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Figure 4.7- Principal diagram of a surface measurement. 

 

4.3.1 ROUGHNESS AVERAGE 
Roughness average – Ra, can be calculated using equation 4.10. 

 
𝑅𝑎 =  1

𝑛 ∑ |𝑦𝑖|
𝑛

𝑖=1
 

 

 
(4.10) 

 

4.3.2 ROOT MEAN SQUARE ROUGHNESS 
Root mean square roughness – Rq or Surface RMS, can be calculated using equation 4.11. 

 

𝑅𝑞 =  √1
𝑛 ∑ 𝑦𝑖

2
1𝑛

𝑖=1
 

 

 
(4.11) 

 



…………………………………………………………………………………………………. 

12 
 

4.3.3 MAXIMUM HEIGHT OF THE PROFILE 
Maximum height of the profile – Rt is measured between the lowest valley and highest peak. 
 

4.3.4 AVERAGE DISTANCE BETWEEN THE HIGHEST AND LOWEST DEVIATIONS 
Average distance between the highest and lowest deviations in each sampling length – Rz is 
calculated using equation 4.12. 

 
𝑅𝑧 =  1

𝑠 ∑ 𝑅𝑡𝑖

𝑠

𝑖=1
 

 

 
(4.12) 

Where s is the number of sampling lengths, Rti is the Rt at the i:th measurement. 

4.3.5 AVERAGE DISTANCE BETWEEN IRREGULARITIES 
Average distance between irregularities – Sm, is calculated using equation 4.13. 

 
𝑆𝑚 = 1

𝑛 ∑ 𝑆𝑖

𝑛

𝑖=1
 

 

 
(4.13) 

Where Si is the measured distance between irregularities with aspect to the surface base line 
Ob.  
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5. HYPOTHESIS  
The theoretical and literature study together with some own conclusions lead down to a 
number of hypothesizes on how to limit biofouling and limit biofoulers' adhesion to the super 
duplex stainless steel surface. Potential correlations between corrosion potential, V/SCE, 
biofouling amount and barnacle adhesion will be examined. 
 
The testing will be separated into two sections, one for different surface roughness and one for 
different surface coatings. Magnetized and elastically bent plates will also be tested. 

5.1 CORROSION POTENTIAL  
Corrosion potential will follow the theory, when a biofilm is growing on the surface, the 
corrosion potential will increase each day until the passivation layer is sufficiently grown. The 
corrosion potential will be higher or more severe with increasing surface roughness due to 
more openings, cracks and caves which satisfies corrosion due effects similar to crevice 
corrosion. Corrosion will be more severe for the bent plates due to potential stress corrosion. 
Some cases of microbial induced corrosion will appear.  
 
5.2 BIOFOULING 
Biofouling will increase with increased surface roughness due to more openings, cracks and 
caves, which satisfies biological settlement. Some of the coated plates will contain elements 
that will suppress biofouling. A magnetized plate will promote biofouling, 
 
5.3 BARNACLE ADHESION 
The barnacle adhesion will increase with increased surface roughness due to more openings, 
cracks and caves, which will provide a greater surface area for the cement to bound to. Some 
of the coated plates will contain elements that will weaken the adhesion of adhered barnacles. 
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6. EXECUTION 
6.1 LIST OF MATERIAL 
The material line-up is shown in Table 6.1. To protect interests of Sandvik Materials 
Technology AB the roughness values have been translated to a length unit L.U by multiplying 
hidden constants which normalizes to 1 for Plate 1. 
 
Table 6.1- List of material. Surface Grade is a given name. A1, A3, E2: SAF 2507 direct from different roll batches, A2: 3207 
direct from roll, MP1, 2, 3, 4: machine polished grade 1,2, 3 and 4. 

Plate ID  Qty Material 
Material 
Origin t [mm] 

Surface  
Grade 

Surface  
coating 

Ra 
[L.U] 

Rq 
[L.U] 

Rz 
[L.U] 

Rt 
[L.U] 

Sm 
[L.U] 

1 2 SAF 2507 Sandvik 1.6 A1 - 1.00 1.00 1.00 1.00 1.00 

2 2 SAF 3207 HD Sandvik 1.6 A2 - 2.27 2.82 1.94 1.70 na 

3 2 2507 Outokumpu 3 MP1 - 0.08 0.06 0.05 0.09 0.77 

3b* - 2507 Outokumpu 3 E2 - 6.51 5.00 1.55 1.40 na 

5 2 2507 Outokumpu 1.78 MP2 - 0.04 0.04 0.06 0.08 1.48 

6 2 2507 Outokumpu 1.78 MP3 - 0.10 0.09 0.09 0.10 0.63 

7 2 2507 Outokumpu 1.78 MP4 - 0.37 0.29 0.15 0.20 0.85 

5b.6b.7b** - 2507 Outokumpu 1.78 MP3 - 0.06 0.05 0.03 0.04 0.84 

9 1 SAF 2507 Sandvik 1.6 A1 Sn 0.98 0.85 0.92 0.92 0.93 

10 1 SAF 2507 Sandvik 1.6 A1 Cu 0.92 0.89 1.04 0.98 0.96 

11 1 SAF 2507 Sandvik 1.6 A1 Ag 0.94 0.85 0.83 0.73 1.05 

12 1 SAF 2507 Sandvik 1.6 A1 Ti 0.96 0.92 0.95 0.96 0.96 

13 1 SAF 2507 Sandvik 1.6 A1 Ce 0.86 0.79 0.92 0.90 1.04 

14 1 SAF 2507 Sandvik 1.6 A1 Co 0.94 0.96 0.97 1.12 1.06 

15 1 SAF 2507 Sandvik 1.6 A1 Ni 1.00 0.88 0.93 0.84 1.02 

16 1 316L Sandvik 1.6 A1 C 1.00 0.90 0.88 0.84 1.10 

19 1 SAF 2507 Sandvik 1.6 A1+Magn. - 1.00 1.00 1.00 1.00 1.00 

20 3 SAF 2507 Sandvik 1.6 EP1 - 1.24 1.11 0.82 0.74 1.77 

21 3 SAF 2507 Sandvik 1.6 EP2 - 1.06 0.92 0.62 0.63 1.47 

22 2 SAF 2507 Sandvik 0.7 A3 - 1.24 0.58 0.33 0.33 0.74 

 
The surface grade is only a given name. 

  
* - 3b is the backside of plate 3. 
** - 5b is the backside of plate 5, 6b is the backside of plate 6, 7b is the backside of plate 7. 
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6.2 MATERIAL PREPARATION 
6.2.1 PLATES 1 AND 2 
Plates 1 and 2 are samples from cold rolled SAF 2507 and SAF 3207 HD coil. Some 
insufficient pickling is suspected after a visual inspection. 

6.2.2 SURFACE TREATMENT  
Plates 3, 5, 6 and 7 were mechanical sanded and polished at Outokumpu Pressplate AB. A 
compilation of the sanding and polishing steps are shown in Table 6.2.  

Table 6.2 - Polishing steps of plate 3, 5, 6 and 7 

Plate ID Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 

3  180k  320k  1000k  360k  500k  800k Al2O3 

5 180k 320k 1000k 360k 800k Al2O3  - 

6  180k  320k 1000k - - - - 

7  180k  320k  1000k  360k  800k - - 

 

Where ###k represents the grade of the sanding paper and the Al2O3-stage uses textile pads 
with a Al2O3-paste. The third stage uses a finer paper, which is a Outokumpu process-related 
interstage. 

6.2.3 SURFACE COATING DEPOSITION   
Plates 9, 10, 11, 12, 13, 14, 15 and 16 were PVD, physical vapor deposition, coated at a 
chamber pressure of 2 x 10-5 mbar. Using an electron beam activation at a deposition rate 
between 6 and 14 Å/s. Coated layer thickness were measured using several same-spot-GDOES 
analysis and illustrated in Figure 6.1-8. The graphs in the figure are averages of three 
measurements to reduce any impact of varying coating coverage. As can be seen, coatings are 
porous and do not reach 100% mass concentration. Substrate alloying elements (iron, chrome 
and nickel etc.) are representing the missing mass concentrations. 

 
Figure 6.1 - GDOES measurement of Sn on plate 9 

 
Figure 6.2 - GDOES measurement of Cu on plate 10 
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Figure 6.3 - GDOES measurement of Ag on plate 11 

 
Figure 6.4 - GDOES measurement of Ti on plate 12 

 
Figure 6.5 - GDOES measurement of Ce on plate 13 

 
Figure 6.6 - GDOES measurement of Co on plate 14 

 
Figure 6.7 - GDOES measurement of Ni on plate 15 

 
Figure 6.8 - GDOES measurement of C on plate 1 
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6.2.4 MAGNETIZATION   
Plate 19 were magnetized to a permanent field of 1.2 x 10-3 Tesla at Magnetfabriken AB. 

6.2.5 SURFACE TREATMENT  
Plates 20 and 21 were electrolytical polished by Calamo AB in warm HF/HNO3 mix for 15 
and respectively 30 minutes.  

6.2.6 DIMENSIONING THE STRESSES IN ELASTIC BENT PLATE 22 
Stresses in the iron phases ferrite and austenite were calculated by measuring the atomic plane 
distances. Measurements was performed on a small plate with thickness of 0.195 mm. The 
relationship between stresses in planar plate and elastic deformation bent plate using 0.195 
mm plates was then linearly scaled up to the real case were a 0.7 mm thick plate was used. 
Measurements was performed using a Bruker D8 x-ray diffraction apparatus and applying the 
sin2ψ method were several plane distance measurements was performed at different angles ψ 
in the Euler space. The distances were then plotted against the sin2ψ angle as shown in chapter 
Appendix 1, chapter 12.1. Results of stress calculations are shown in Table 6.3. 

Table 6.3 - Stress calculations of Bent and Planar plate. The bent plate was measured on the convex side. 

State Phase Direction 
dhkl average 

[Å] 
σ11 [MPa] 

Bent Ferrite Rolling 1.176 134  

Bent Ferrite Transverse 1.176 -56 

Bent Austenite Rolling 1.279 856 

Bent Austenite Transverse 1.278 485 

Planar Ferrite Rolling 1.176 -362 5 

Planar Ferrite Transverse 1.176 -165 6 

Planar Austenite Rolling 1.279 428 7 

Planar Austenite Transverse 1.279 370 8 

 

A comparison between the bent and planar results gave that the added surface stress on the 
convex side for ferrite and austenite was approximately 496 MPa respectively 428 MPa in the 
rolling direction.  

The calculated theoretical added stress on the convex side when bending the 0.195 mm plate 
was 370 MPa. On the concave side however, the theoretical stress will be reduced by 370 

                                                 
5 Mean value of two measurements 
6 Mean value of two measurements 
7 Mean value of two measurements 
8 Mean value of two measurements 
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MPa. To reach similar stress levels in the real experiment with a plate thickness of 0.7 mm, an 
arc length of 310 mm and a versine of 63 mm was implemented in the rolling direction of the 
plate and held by a fixture. Expected approximated surface stresses are presented in Table 6.4. 

Table 6.4 - Expected surface stresses on Plate 22. 

Side Phase Direction Stress [MPa] 

Convex Ferrite Rolling 40 

Convex Ferrite Transverse 235 

Convex Austenite Rolling 830 

Convex Austenite Transverse 770 

Concave Ferrite Rolling -760 

Concave Ferrite Transverse -165 

Concave Austenite Rolling 30 

Concave Austenite Transverse -30 

 

6.3 SURFACE CHARACTERIZATION 
All samples were analysed in a vertical scanning interferometer, Veeco NT9100. Three 
measurements on each plate were performed. The mean value of the three measurement is 
presented in Table 6.1. Photography from interferometer measurements are found in Appendix 
2, chapter 12.2. 

6.4 TEST PROCEDURE 
6.4.1 IMMERSION INTO SEAWATER 

Plates were immersed in to a natural sea water basin, see Figure 6.9, for 70 days at Institut de 
la Corrosion in Brest, France. 30 plates were used in the test, the 2507-plates with different 
types of surface roughness were doubled to increase the statistic confidence. Water 
temperature was measured during the tests and is presented in Figure 7.1. The pH-value was 
8.0 – 8.1 and the dissolved oxygen varied between 7.5 – 8.5 ppm, no table or table for pH and 
dissolved oxygen are available. 
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Figure 6.9 - Photograph of the experimental setup basin at Institut de la Corrosion in Brest, France. 

Corrosion potential [V/SCE] measurements was performed using a titanium electrode and a 
reference electrode9. Measurements were done two times per hour on plates 1, 3, 9, 10, 11, 13, 
20 and 21. A correlation analysis by regression between corrosion and surface parameters of 
the non-coated plates was performed.  

6.4.2 ANALYSIS OF FOULING COVERAGE AND BARNACLE ADHESION 

An optical analysis on the amount of fouling was performed using the human eye. 
Photographs were taken. A rank system was introduced were the plate ranked #1 had the least 
amount of fouling and the plate ranked 20 had the most amount of fouling. A correlation 
analysis by regression between foul rank, surface parameters and corrosion of the non-coated 
plates was performed. Another correlation analysis by regression between adhesion strength 
and surface parameters together with foul rank was also performed. 

The barnacle shear adhesion strength was measured in similar way to the ASTM-standard 
D5618 on Barnacle Spats. A Lutron FG-5000 force gage with a circular rubber tip was used to 
peel of the barnacle from the surface. The highest value read from the force gage was used as 

                                                 
9 Saturated Calomel electrode 
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the force required to peel of the barnacle, the accuracy of the force gage was 0.01 N. Ten 
barnacles from each plate were measured. Each Barnacle Spats’s cross sections was measured 
using a digital Tolland caliper with 0.01 mm accuracy. The barnacle’s base plates hade the 
shape of an ellipsoid which implied on two cross section measurements. The measurements 
were used to calculate the base plate area.  The adhesion strength in MPa was calculated using 
the base plate area and equation 6.1.  

 

Where F is the force required to peel of the barnacle and A is the area of the ellipsoidal shaped 
barnacle base plate. 

6.4.3 POST EXPERIMENT ANALYSIS 

The samples were dried and sent back to Sandviken. To examine the coating’s layer thickness 
after the immersion-test the thickness was measured again using multiple same-spot-GDOES 
analysis. Before performing the analysis, each plate sample was cleaned with and ultrasonic 
cleaner. The analysis was performed on three spots to reduce any impact of varying layer 
porosity. 

SEM with EDS-analysis was performed on some of the interesting areas of plate 1 and 
backside of plate 6. Samples were cut and prepared by cleaning using an ultrasonic cleaner. 
Due to the risk of particles leaving the surface and thereby destroying the SEM, only plates 
with small remains of biofilm and barnacles was studied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 𝜏𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ = 𝐹
𝐴  [𝑀𝑃𝑎]  

(6.1) 
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7. RESULTS 
7.1 CORROSION POTENTIAL AND FOULING 
Sea water temperature during tests as a function of time is shown in Figure 7.1. 

 
Figure 7.1- Water temperature during the test performed in Brest. 

Results from the V/SCE potential measurement are presented in Figure 7.2.  

 
Figure 7.2 - V/SCE potential measurement curves for plates 1, 3, 9, 10, 11, 13, 20 and 22. 
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To obtain potential curves with less day-and-night fluctuations each curve from Figure 7.2 was 
faired using a 250-degree polynomial adaption and presented Figure 7.3. 

 
Figure 7.3- Floating average V/SCE potential measurement curves using a 250-degree polynomial, plates 1, 3,9, 10, 11, 13, 
20 and 22. 

A V/SCE corrosion potential for stainless steel immersed in natural seawater is to be above 0.2 
V [4] in order to be classified as evidence of a present sufficient biofilm covering the surface. 
Adapting this interpretation on the corrosion potential measurements, Table 7.1 ranks the 
plates that could undergo a sufficient biofilm coverage for a certain amount of days. 
Table 7.1 - Comparison of days with V/SCE below 0.2 V. The numbers are derived from the floating average curves in Figure 
7.3. 

Plate 
Days with 

V/SCE < 0.2 V 
1 10 
3 59 
9 39 
10 37 
11 70 
13 62 
20 39 
22 35 

 
 

To obtain an absolute value of corrosion potential which can be numerically analysed and 
compared with other results, the V/SCE potential curves were integrated to obtain an area 
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under the curve, this will give a sense of and comparable amount of V/SCE potential during 
the 70 days of measurement, also a maximum V/SCE potential of each measured plate was 
noted and presented in Figure 7.4. 

 
Figure 7.4 – Integrated area under curve (I.A) and Maximum V/SCE Potential measured on plates 1, 3, 9, 10, 11, 13, 20 and 
22. 3 & 3b* refers to that both sides of plate 3 were measured. The I.A values are scaled x 10-5 in order to be visually 
compared with the maximum V/SCE value. 

Correlation analysis by regression between integrated area under curve (I.A) and maximum 
V/SCE potential and surface parameters of the non-coated plates is presented in Table 6.1. 

Table 7.2 - Correlation analysis result between I.A and maximum V/SCE potential and surface parameters. 

 
Correlation  Significance P-value Confidence Correlation 

 
Ra 0.05 0.3322 66.8% Weak 

 
Rq 0.05 0.3115 68.8% Weak 

I.A V/SCE Rz 0.05 0.0127 98.7% Strong 

 
Rt 0.05 0.0593 94.1% Quite Strong 

 
Sm 0.05 0.4295 57.0% Weak 

 
Ra 0.05 0.1473 85.3% Quite Strong 

 
Rq 0.05 0.1598 84.0% Quite Strong 

Max. V/SCE Rz 0.05 0.9627 3.7% None 

 
Rt 0.05 0.8136 18.6% None 

 
Sm 0.05 0.8940 10.6% None 

 

-0.2

0

0.2

0.4

0.6

0.8

1

Plate 1 Plate 3 &
3b*

Plate 9 Plate 10 Plate 11 Plate 13 Plate 20 Plate 22

Integraded V/SCE
Potential [V/s] x 10^5
Maximum V/SCE
Potential [V]



…………………………………………………………………………………………………. 

24 
 

The optical analysis result is presented in Table 7.3, the coated plates are renamed and 
concealed to protect interests of Sandvik Materials TechnologyAB. Photography of each plate 
are found in Appedix 3, chapter 12.3. For an illustrative purpose, a comparison of two plates 
with different foul rank are presented in Figure 7.5 and Figure 7.6, however, the difference is 
difficult to illustrate in photography due to the plate’s different shininess. In reality, the 
difference was more obvious. 

 
Figure 7.5 - Photograph of plate with low amoiunt of 
fouling. 

 
Figure 7.6 - Photograph of plate with higher amount of 
fouling.

 
Table 7.3 - Optical fouling ranking analysis for all plates in the test. 

Plate ID  Rank 

Coated 1 1 

Coated 2 2 

Plate 6 3 

Coated 3 4 

Coated 4 5 

Coated 5 6 

Coated 6 7 

Plate 3 8 

Coated 7 9 

Plate 5b, 6b, 7b 10 

Coated 8 11 

Plate 7 12 

Plate 5 13 

Plate 20 14 

Plate 21 15 

Plate 3b 16 

Plate 19 17 

Plate 2 18 

Plate 1 19 

Plate 22 20 

Were rank 1 corresponds to least amount of biofouling and 20 corresponds to the largest 
amount of biofouling.  
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Comparison of maximum V/SCE and foul rank is presented in Figure 7.7. 

 
Figure 7.7 - Maximum V/SCE vs foul rank for the plates used in the corrosion potential measurements. Each foul rank value 
on the x-axis is derived foul rank result of each plate. The dotted line illustrates a trend (increase) in maximum V/SCE with 
increasing (as in worse) foul rank. 

Results from the correlation analysis by regression between foul rank, surface parameters of 
the non-coated plates together with maximum corrosion V/SCE potential and the integrated 
area under V/SCE curve of all potential measured plates are presented in Table 7.4. 

Table 7.4 - Foul rank vs surface parameters and corrosion potential V/SCE. 

Foul Rank vs: Significance P-value Confidence Correlation 

Ra  0.05 0.0130 98.7% Strong  

Rq 0.05 0.0170 98.3% Strong  

Rz 0.05 0.0290 97.1% Strong  

Rt 0.05 0.0390 96.1% Strong 

Sm 0.05 0.7330 26.7% None 

Max. V/SCE 0.05 0.2281 77.2% Quite Weak  

I.A V/SCE 0.05 0.4084 59.2% Weak 
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Figure 7.9 - In close photograph of barnacles. 

Figure 7.8 – Photograph of seaweed and barnacles. Figure 7.10 - Photograph of barnacles. 

7.2 BARNACLE ADHESION 
Barnacles in the stage of Balanus Glandula Spat or Small Juvenile were found the plates 
nearly all plates. The non-coated Plates 3, 5, 6, and the Coated 4 plate had biofouling but 
nearly no sign of any barnacles. In Figure 7.8 and Figure 7.9 photography of barnacles are 
presented.
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Adhesion results of the non-coated plates are presented in Figure 7.11-15.  The adhesion 
results of the coated plates are presented in Figure 7.16.

 
Figure 7.11 - Adhesion strength of Barnacle Spats plotted 
against Ra. The dotted line represents a trend line. 

 
Figure 7.12 - Adhesion strength of Barnacle Spats plotted 
against Rq. The dotted line represents a trend line. 
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Figure 7.13 - Adhesion strength of Barnacle Spats plotted 
against Rt.The dotted line represents a trend line. 

 
Figure 7.14 - Adhesion strength of Barnacle Spats plotted 
against Rz.The dotted line represents a trend line.

 
Figure 7.15 - Adhesion Strength of Barnacle Spats plotted 
against Sm.The dotted line represents a trend line. Note 
that two data-points are missing due to the value Sm not 
available for all plates. 

 
Figure 7.16 - Adhesion strength of Barnacle Spat on 
coated plates. The reference is Plate 1 which has about 
the same surface roughness as the coated plates.
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Results from the correlation analysis by regression between adhesion strength on non-coated 
plates and surface parameters and foul rank are shown in Table 7.5. 

Table 7.5 - Adhesion strength vs surface parameters of the non-coated plates. 

Adhesion 
Strength vs Significance P-value Confidence Correlation 

Ra 0.05 2.43425E-07 100.0% Very strong 

Rq 0.05 0.000154938 100.0% Very strong 

Rz 0.05 0.21549954 78.5% Quite weak 

Rt 0.05 0.592574145 40.7% Weak 

Sm 0.05 0.138487065 86.2% Quite weak 

Foul Rank 0.05 0.000148214 100.0% Very Strong 

 

 

7.3 POST-IMMERSION ANALYSIS OF COATED SURFACES 
Results of the GDOES analysis are presented in Figure 7.17-24. The coatings are porous, 
remaining percentages of the mass concentration consists of substrate alloying elements. 

 
Figure 7.17 - Sn layer thickness on plate 9 by GDOES 
analysis, pre- & post-immersion. 

 
Figure 7.18- Cu layer thickness on plate 10 by GDOES 
analysis, pre- & post-immersion. 
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Figure 7.19 - Ag layer thickness on plate 11 by GDOES 
analysis, pre- & post-immersion. 

 
Figure 7.20 - Ti layer thickness on plate 12 by GDOES 
analysis, pre- & post-immersion.

 
Figure 7.21 - Ce layer thickness on plate 13 by GDOES 
analysis, pre- & post-immersion. 

 
Figure 7.22 - Co layer thickness on plate 14 by GDOES 
analysis, pre- & post-immersion. 
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Figure 7.23 - Ni layer thickness on plate 15 by GDOES 
analysis, pre- & post-immersion. 

 
Figure 7.24 - C layer thickness on plate 16 by GDOES 
analysis, pre- & post-immersion. 

 

 

7.4 SEM / EDS ANALYSIS 
In Figure 7.25 and Figure 7.26 a) and b) second respectively back scatter electrons at 20 kV 
viewing of remaining biofoulers is presented. Due to charging effects the extracted mages are 
blurry and not very balanced. In c) and d) EDS-spectrum and EDS-mapping show 
concentrations of sulphur, silicon, calcium and oxygen as well as carbon which is evidence of 
organic compounds. 
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Figure 7.25 – Plate 1. a) SE @ 20 kV image shows crack with organic compounds. b) BSE @ 20 kV where dark areas 
represent light non-metallic elements. c) EDS spectrum of an area with proposed organic compound. d) EDS-mapping 
showing concentrations of O, Si and Ca.. 

 
Figure 7.26- Plate 6b. a) SE @ 20 kV image show remaining barnacle baseplate intersection. This barnacle did not peel of 
completely and thereby leaving cement on the surface. b) Same area, BSE @ 20 kV where dark areas represent light non-
metallic elements. c) EDS spectrum of the whole area, thus the lower concentrations of Si, O and C than in Figure 7.25. d) 
EDS-mapping showing concentrations of O, S, Ca and Si. 
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Plate 1 and 6 have different surface roughness. To examine how the barnacle cement can root 
on the surface, cross sections of plate 1 and 6 were made and observed. In Figure 7.27 a 
comparison of two typical plate-barnacle intersections are viewed. During the production of 
the cross section, the barnacle cement cracked and fell off due to the cutting tools which made 
it difficult to obtain perfect views of an intersection, only some remains of barnacles are 
present in the cross section. As observed, the plate 1 contains larger cracks and openings, 
possible for the barnacle to adhere. Plate 6 lacks of these cracks. 

 

 

 

 

                                                                           c)       c) 

                                                     
 

Figure 7.27 - SEM image SE detector @ 20 kV. a) Cross section of plate 1. b) Cross section of plate 6. c) Remaining’s of a 
barnacle. 
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8. DISCUSSION 
8.1 CORROSION POTENTIAL AND FOULING 
The V/SCE potential measurement’s day-and-night fluctuations in Figure 4.1 can be explained 
by difference in oxidation during day and night, higher potentials were measured during night. 
The dissolved oxygen measurements have not been correlated with the corrosion potential due 
to lack of oxygen measurements during night. Another supporting observation of higher 
activity in darkness is that on the bent Plate 22, the biofouling was more intense on the 
shadow sides - the sides that never faced direct sun- or daylight. A decrease in potential is 
observed for all plates during day 30 to 50 which can be explained by change in the overall 
environment in the basin. The dramatic increase of V/SCE potential occurs at different rate at 
different occation depending on which plate that is observed. The V/SCE potential raise is 
explained by increased biofilm activity. A biofilm is said to be active when V/SCE raises 
above 0.2-0.3 V [4]. However, the definition of corrosion potential and biofilm coverage 
seems to be not totally agreed upon since there is biofouling on Plate 11 which never reached 
daily mean potential over 0,2 V. This phenomenon is further confirmed in the weak 
correlation between the I.A and maximum V/SCE potential and foul rank presented in Table 
7.4. In case of plate 1, raise of corrosion potential above 0,2 V occurs after 10 days, an 
explanation could be the fact that plate 1 was not satisfactory pickled in the rolling process 
resulting in an oxidized surface, pickling is a critical process where oxides on the surface are 
cleansed. The bad pickling of plate 1 was not discovered when analysing the surface 
roughness but it was noticed when first visual inspection was performed. An oxidized surface 
promotes biofilm settlement, a thesis which was further confirmed in an interview with 
Iversen the corrosion expert. 
 
The bent Plate 22 is the only plate which V/SCE-potential behaviour can be explained by 
corrosion. However, no corrosion on the Plate 22 was found, corrosion was only found on the 
badly cut threaded rod fixture holding the bent shape of Plate 22. The composition in the rod 
must have been changed or contaminated with some non-stainless metal in the cutting process, 
the corrosion can be observed in Appendix 12.4. The fact that the Plate 22 was bent could 
have implied some stress corrosion, but corrosion of the threaded rod hindered analysis of the 
stress corrosion factor.  
 
The plate that showed the lowest V/SCE potential was the Coated 1 plate. The Coated 1 plate 
did also perform best in the foul rank test. The remaining coated plates did not perform any 
different in the V/SCE potential measurements compared to the non-coated plates. The 
correlation analysis between maximum and integrated V/SCE potential and surface parameters 
show a weak to quite strong correlation depending on which surface parameter is observed, 
meaning that the surface roughness can affect the corrosion but not in a statistically satisfied 
manner. The correlation despite its weakness can slightly confirm the hypothesis 5.1. 
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Results from the correlation analysis between foul rank and surface parameters of the non-
coated plates shows high confidence in the hypothesis that the rank of settled biofoulers 
correlates with surface roughness parameters. But there is a notation to this conclusion. The 
ranking system does not quantify the amount of settled biofoulers, only a ranking from 1-20 
instead of true quantified numbers such as biofouling weight per square centimetre. If a 
weighing method would have been applied in this test, the numerical correlation analysis 
would be more correct. Hence further testing using a weighing method should be performed to 
draw sharper conclusions. A reason why the weighing method was neglected in the current 
tests is the required wetness of the plates. The weighing method is performed with dry 
biofoulers, to perform the adhesion tests the barnacles must be alive which means wet and 
fresh out of water. Separating the fouling measurements and adhesion test would have been 
better. Another notation to the foul rank test is that fouling on coated plates was not controlled 
via a double, hence the result is difficult to be classified as a result without any trace of 
randomness. The non-coated plates did have doubles which means that the results of foul rank 
on the non-coated plates can be treated as a more true result than in the case of the coated 
plates. However, to perform a statistically satisfied fouling test, a high number of plates should 
be used and the test should incorporate a weighing method or similar. The foul amount results 
should go through an ANOVA analysis. ANOVA analysis requires a larger collection of plates 
than the amount used in this thesis. Consequentially, the foul rank result in the current in this 
thesis should be treated as a guidance to future more substantial tests.  
 
8.2 ADHESION OF BARNACLES 
The adhesion strength tests went well besides that the barnacles were not fully developed into 
adult Barnacle Juvenile, instead Barnacles Spat or Small Juvenile were found. The reason for 
this could be explained by three different causes. The natural sea water basin affected the 
natural sea life more than expected, the water temperature was too low, the Barnacles Spat 
and Small Juvenile needed more time to develop into Barnacle Juvenile or a combination of 
the three. The size of the barnacles did affect the adhesion tests, the barnacles were very small 
causing numerical readings to be near the accuracy range of the force gage. Despite the size of 
barnacles, results could be presented and they are rewarding the hypothesizes.  
 
Results of the correlation analysis show that there is a correlation between adhesion and 
surface parameters of the non-coated plates. Adhesion strengths correlate well with earlier 
studies on other “easy-to-remove-barnacle or self polishing” materials: In a study by Oliviera 
et al. a compiled table of barnacle adhesion to slippery silicone is presented containing 
barnacle adhesion strengths situated around 0.1-0.2 MPa [30], which is near the adhesion 
strength results in this test. A more surprising result is that low adhesion strength correlates 
with low foul rank. A smooth surface inhabits fewer places to grow on and more difficult to 
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hold onto if a barnacle is situated. Contrary, in the case of coated plates the foul rank does not 
correlate with the barnacle adhesion strength. For instance, the plate Coated Plate 1 had the 
best foul rank and the lowest V/SCE potential but not the weakest barnacle adhesion strength. 
An exception is plate B which performed well in foul rank and had a low barnacle adhesion 
strength.  
 
Another interesting result is that Plates 3, 5 and 6 together with the Coated 4 plate had plenty 
of biofouling (green algae, sea weed etc.) but did not show any stage of barnacles! A theory is 
that the pre-stage to barnacle larvae prefers rough surfaces. Vedakrapasha et al. refers to a lock 
and key mechanism needed for the larvae to stick on to the surface [7], a mechanism which 
should be more facilitated on a rough surface.  
 
Can the adhesion strength of barnacles in this thesis be applied to a real-world situation? Yes: 
By using equations 4.7 and 4.8 a relationship between the forces implied by the force gage’s 
stylus and mean flow velocity around the barnacle can be derived. However, the calculations 
require lift and drag coefficients which are non-trivial to obtain, hence the constants CD = 
0.53, CL = 0.33 were borrowed from an earlier study performed by Schultz et al. 
[31].  Furthermore, Schultz et al. performed a full-scale test of a boat’s flow velocity profile 
caused by the boundary layer near surface. When the boat travelled in water at a speed of 11 
m/s the mean flow velocity 1 mm from the surface was 8 m/s. The measurements took place in 
the aft of the boat where the boundary layer is more substantial than near the bow. Using 
Schultz et al.’s coefficients and flow speed, calculations on barnacle forces could be done. The 
input and results from calculations are presented in Table 8.1. 

 
Table 8.1 - Input and results from barnacle shear force calculations 

Variable / 
Coefficient Value Unit 

CL 0.33 - 

CD 0.53 - 

U 1000 kg/m3 

Ap 0.000001 m2 

U2  64 m2/s2 

FL 0.01056 N 

FD 0.01696 N 
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Using Newton’s third law of motion a relationship between the forces can be presented as in 
equation 8.1. 
 𝐹𝐿

𝐹𝐷
= tan 𝜃  

(8.1) 
 
 
Where T is the angle of the resulting force FR. But neither FR or FL was tested in the adhesion 
tests. FD however acts in the same direction as the force, F, required to peel of the barnacles in 
the adhesion test which varied from 0.01 N up to 0.45 N, lower than 0.01 N could not be 
measured with the force gage used. An estimation is that the theoretical value of  
FD = 0,017 N assimilates well with the force needed to peel of the barnacle from the smoothest 
surfaces in the adhesion test. This estimation results in a conclusion that the through-water 
speed of a boat needs to be at least 10 m/s (20 knots) to remove barnacles from a surface with 
a Ra-value of 0.06 length units. These calculations do scale with change in barnacle size since 
both the cross section facing flow and the base plate cross section grows with the square, the 
relation stays intact.  
 

8.3 POST-IMMERSION ANALYSIS OF COATED SURFACES 
The decrease in layer thickness after immersion is evidence of an ion reaction, corrosion or 
mass loss taking place on the Ag-, C-, Co-, Cu-, Sn- and Ti-surfaces. An interesting 
observation is that these layers performed quite good in the foul rank – exactly how good is 
Sandvik-classified information. The silver layer managed to avoid V/SCE potential in 35 days 
which should imply a very low or none biofilm activity during these days. The silver layer 
seems to have been exposed to severe corrosion or some form of anodic reaction since the post 
experiment GDOES analysis show a 90 % degradation of weight percentage. From start, the 
layer thickness was just 10 atomic layers thick which imposes a very shallow and speckled 
layer measured in the post experiment GDOES. 

The antifouling-ability of the coated surfaces could perhaps be explained by the consuming 
process which cleaves metal ions which are be poisonous for the organisms [32]. Another 
theory is that the reduction in layer thickness is a result of the washing process performed 
before the GDOES analysis. The Ce- and Ni-surfaces sustained after immersion. Nickel is a 
good adherer and is stable in corrosive environments [33]. Cerium form a stable oxide and has 
corrosion resistance in salt water for a limited time period near or equal to aluminium oxide 
[34]. 
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9. CONCLUSIONS 
x The corrosion potential has a weak correlation to surface roughness. In this master 

thesis the super duplex 2507 steel managed to evade from microbial induced corrosion 
during the 70 days of testing. However, some of the corrosion potential measurements 
show values that are expected when having a biofilm on the surface. The maximum 
corrosion potential is strongly related to the foul rank. 

 
x Biofouling has a strong correlation to the surface parameters. This study shows that 

deposition of certain metals on the surface can prohibit biofouling to a certain grade. 
Biofouling has some correlation to surface roughness, where the finest surfaces 
managed to stay away from developing small barnacles. It was not possible to draw 
conclusions of impact of on the magnetized or bent plates on biofouling. 
 

x The barnacle adhesion has a strong correlation to surface roughness but only some 
correlation to biofouling rank. Two of the coated surfaces showed a great impact on 
barnacle adhesion. 

 

10. FUTURE WORK 
As mentioned in the discussion, despite the hypothesizes mainly being confirmed, the number 
of samples are to be doubled and ANOVA-analysed in order to really confirm the results. A 
more quantitative foul amount method, such as weighing should also be introduced into the 
future tests. A more detailed study on finer surface roughness, below 0.03 µm, could be 
interesting to explore. In this master thesis, the barnacles on the finest surfaces did not grow at 
all. The small size of barnacles made it difficult to achieve reliable force measurements on the 
weakest adhesion strengths, since the accuracy of the force gage was near the force applied. 
Therefore, a longer time or another immersion location is needed for the barnacles to grow in 
size and population in order to achieve more reliable force measurements 
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12. APPENDICES 
12.1 APPENDIX 1 
Surface stress measurements. 

 
 

 

 

 
Plane plate transverse to rolling direction (Ferrite). Plane plate in rolling direction (Ferrite). 
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Plane plate transverse to rolling direction (Ferrite). Plane plate in rolling direction (Ferrite). 

 

 

 

 

 

Plane plate transverse to rolling direction (Austenite). Plane plate in rolling direction (Austenite). 
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Plane plate transverse to rolling direction (Austenite). Plane plate in rolling direction (Austenite). 
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Bent plate transverse to rolling direction (Ferrite). Bent plate in rolling direction (Ferrite). 

 

 

 

 

 
Bent plate transverse to rolling direction (Austenite). Bent plate in rolling direction (Austenite). 
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12.2 APPENDIX 2  
Interferometer photography. Please note that the height scale is exaggerated 1000 times to 
reveal differences between the plates. Sample size is 2 x 2.5 mm. 

  
Plates #1 and #19 Plate #2 

 

  
Plate #3 side A Plate #3 side B 

 

  
Plate #5 side A  Plate #6 side A 
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Plates #5, #6 and #7 side B  Plate #7 side A 

 

 

  
Plate #9  Plate #10 

 

 

  
Plate #11  Plate #12  
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Plate #13  Plate #14  

 

 

  
Plate #15  Plate #16  

 

 

  
Plate #20  Plate #22  
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Plate #22   
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12.3 APPENDIX 3 
Photography of plates after 70 days of immersion. Beware of any optical illusions such as 
large pits, these are a result of the camera, light and the plate´s shininess. 

  
Plate #1 ex.1  side A Plate #1 ex.1 Side B 

  
 

  
Plate #1 ex.2  side A Plate #1 ex.2 Side B 
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Plate #2 ex. 1  side A Plate #2 ex.1 Side B 

  
 

  
Plate #2 ex.2  side A Plate #2 ex.2 Side B 

 

  
Plate #3 ex.1  side A Plate #3 ex.1 Side B 
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Plate #3 ex.2  side A Plate #3 ex.2 Side B 

 

  
Plate #5 ex.1  side A Plate #5 ex.1 Side B 

 

  
Plate #5 ex.2  side A Plate #5 ex.2 Side B 
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Plate #6 ex.1  side A Plate #6 ex.1 Side B 

 

  
Plate #6 ex.2  side A Plate #6 ex.2 Side B 

 

  
Plate #7 ex.1  side A Plate #7 ex.1 Side B 

 



…………………………………………………………………………………………………. 

53 
 

 

  
Plate #7 ex.2  side A Plate #7 ex.2 Side B 

 

  
Plate #20 ex.1  side A Plate #20 ex.1 Side B 

 

  
Plate #20 ex.2  side A Plate #20 ex.2 Side B 
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Plate #20 ex.3  side A Plate #20 ex.3 Side B 

 

  
Plate #21 ex.1  side A Plate #21 ex.1 Side B 

 

  
Plate #21 ex.2  side A Plate #21 ex.2 Side B 
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Plate #21 ex.3  side A Plate #21 ex.3 Side B 

 

  
Plate #22 ex.1  side A Plate #22 ex.1 Side B 

 

 

  
Plate #22 ex.2  side A Plate #22 ex.2 Side B 
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Plate #22 ex.2  side A Plate #22 ex.2 Side B 

 

 

 

  
Plate 10 side A Plate 10 Side B 

         
                   Plate 9 side A                 Plate 9 Side B 
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Plate 11 side A Plate 11 Side B 

 

 

  
Plate 12 side A Plate 12 Side B 
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Plate 13 side A Plate 13 Side B 

 

 

  
Plate 14 side A Plate 14 Side B 
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Plate 15 side A Plate 15 Side B 

 

 

  
Plate 16 side A Plate 16 Side B 

 

  

  
Plate 19 side A Plate 19 Side B 
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12.4 APPENDIX 4 
Miscellaneous photography 

  

Corrosion on the fixture rod for plate #22. Sea weed and Barnacle Spat located on plates. 
 

  

Sea weed and Barnacle Spat located on plates. Sea weed and Barnacle Spat located on plates. 
 

 

 

 


