
  

 

 

 

 

Influence of hydrogen on corrosion and stress 

induced cracking of stainless steel 

 

 

Ulf Kivisäkk 

 

 

Doctoral Thesis 

 

 
 

 
Division of Corrosion Science 

School of Chemical Science and Engineering 

Royal Institute of Technology, KTH 

 

 
AB Sandvik Materials Technology 

R&D 

Sandviken, Sweden 
 

 
Sandviken 2010 

 

 

 
TRITA-CHE Report 2010:10 

ISSN 1654-1081 
ISBN 978-91-7415-598-3 

 



  

Cover illustration:  
 
Hydrogen evolution during activation of a duplex stainless steel specimen before 
uniform corrosion testing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Som med tillstånd av Kungliga Tekniska högskolan framlägges till offentlig 
granskning för avläggande av teknologie doktorsexamen, fredagen den 7 maj 
klockan 10.00 i Sal F3, Kungliga Tekniska Högskolan, Lindstedtsvägen 26, 
Stockholm.  
 
Fakultetsopponent är Professor Roy Johnsen från Norges Teknisk-
Naturvitensakpelige Univeristet, Trondheim, Norge. 



  

Sammanfattning 

 
Väte är det minsta elementet i periodiska systemet. Trots detta kan väte orsaka 
stora förändringar av ett materials egenskaper. I denna avhandling har några 
aspekter av vätes inverkan på bland annat korrosion och väteförsprödning studerats 
för några material som används inom industrin.  
 
Under senare år har flera haverier för applikationer inom ”Olja och gas” inträffat. 
Dessa haverier har ofta skett på havsbotten i samband med att man applicerat ett 
s.k. katodiskt skydd för att skydda kolstål och andra låglegerade material. Katodiskt 
skydd innebär att man skyddar materialet med hjälp av offeranoder eller genom att 
en påtryckt ström blockerar de flesta korrosionsreaktionerna. Detta katodiska skydd 
resulterar i en potentialsänkning av ytan vilket gör att vatten sönderfaller till vätgas 
och syrgas. Under denna reaktion kan väte tränga in i materialet och förändra 
materialegenskaperna. En vanligt förekommande högre legerad material grupp som 
används inom dessa applikationer är duplexa rostfria stål. Duplexa rostfria stål har 
en mikrostruktur som består av ungefär lika delar austenit och ferrit och kombinerar 
bra korrosionsmotstånd med hög mekanisk hållfasthet och god svetsbarhet. På 
grund av att duplexa rostfria stål innehåller ferrit kan dessa material vara känsliga 
för väteförsprödning.   
 
De tidigare nämnda haverierna har tillskrivits en form av väteförsprödning som 
inbegriper samverkan mellan väte och plastisk deformation. I detta arbete har 
sambandet mellan lågtemperaturkryp och väteförsprödning studerats. Resultaten 
visar att för duplexa stål med en grov mikrostruktur så sammanträffar den lägsta 
lastnivån där väteförsprödning inträffar med den lastnivå där material börjar utsättas 
för krypdeformation. Det har också framkommit att för duplexa rostfria stål med en 
finkornig mikrostruktur så initieras inte väteförsprödning även om materialet utsätts 
för krypdeformation. En modell för denna typ av väteförsprödning har formulerats 
som tar hänsyn till de observerade skillnaderna i deformation mellan faserna samt 
skillnaden mellan grov- och finkornigt material. 
 
Rostfria ståls beständighet mot korrosion är ofta avhängigt av att de kan bilda en 
passivfilm, det vill säga en tunn oxidfilm som skyddar materialet i den korrosiva 
miljön. I många fall ger avsaknad av denna passivfilm höga korrosionshastigheter 
om inte legeringens bulksammansättning är korrosionsresistent i sig själv. I 
oorganiska syror såsom saltsyra och svavelsyra kan rostfria stål drabbas av jämn 
avfrätning, s.k. allmänkorrosion. Provning av allmänkorrosion sker ofta genom att 
mäta viktsförlusten efter exponering i en provlösning. Innan provningen påbörjas 
aktiveras ofta materialytan genom att avlägsna passivfilmen. Aktiveringen sker 
genom att provet utsätts för en reducerande miljö där vätgasbildning kan observeras 
på provet. I detta arbete har inverkan av två typer av aktiveringsmetoder på 
korrosionshastigheten av superduplexa stål studerats. Resultatet visar att aktivering 
kan överskugga skillnader i resultat som tidigare har tillskrivits tillsatser av koppar 
och wolfram i superduplexa stål. 
 
Daggpunktskorrosion är en korrosionsform som uppträder när gaser kondenserar och 
här kan till exempel saltsyra bildas lokalt. Detta kan resultera i en mycket korrosiv 
miljö som angriper rostfria stål. Inom ramen för detta arbete har en uppställning för 
att prova daggpuktskorrosion utvecklats, där det bildas ett kondensat med ungefär 1 
% saltsyra. Uppställningen gav korrosionshastigheter som är i samma nivå som vid 
fältprovning.



  

Abstract 
 

Hydrogen is the smallest element in the periodical table. It has been shown in 
several studies that hydrogen has a large influence on the corrosion and cracking 
behaviour of stainless steels. Hydrogen is involved in several of the most 
common cathode reactions during corrosion and can also cause embrittlement in 
many stainless steels. Some aspects of the effect of hydrogen on corrosion and 
hydrogen-induced stress cracking, HISC, of stainless steels were studied in this 
work. These aspects relate to activation of test specimens for uniform corrosion 
testing, modification of a test cell for dewpoint corrosion testing and the 
mechanism of hydrogen-induced stress cracking. 
 
The results from uniform corrosion testing of superduplex stainless steels 
indicated that there is a large difference between passive and activated surfaces 
in hydrochloric acid and in lower concentrations of sulphuric acid. Hence, initial 
activation of the test specimen until hydrogen evolution can have a large 
influence on the results. This may provide another explanation for the differences 
in iso-corrosion curves for superduplex stainless steels that have previously been 
attributed to alloying with copper and/or tungsten. In concentrated sulphuric acid, 
potential oscillations were observed; these oscillations activated the specimen 
spontaneously. Due to these potential oscillations the influence of activation was 
negligible in this acid. 
 
An experimental set-up was developed for testing dewpoint corrosion of stainless 
steels in a condensate containing 1 % hydrochloric acid. There was an existing 
experimental set-up that had to be modified in order to avoid azeotroping of the 
water and hydrogen chloride system. A separate flask with hydrochloric acid was 
included in the experimental set-up. The final set-up provided reasonably good 
agreement with field exposures in contrary to much higher corrosion rates in the 
original set-up. 
 
Relaxation and low temperature creep experiments have been performed with 
several stainless steels in this work. The aim was to understand how creep and 
relaxation relates to material properties and the relative ranking between the 
tested materials. For low temperature creep with a load generating stresses 
below the yield strength, as well relaxation at stress levels above and below the 
yield strength, the same ranking with respect to changes in mechanical 
properties of the steel grades was found. For low temperature creep with a load 
level above the yield strength, the same ranking was not obtained. This effect 
can most probably be explained by annihilation and generation of dislocations. 
During low temperature creep above the yield strength, dislocations were 
generated. In addition, low temperature creep experiments were performed for 
one superduplex stainless steel in two different product forms with different 
austenite spacing in the microstructure. The superduplex material experienced 
low temperature creep at a lower load level for the material with large austenite 
spacing compared to the one with smaller austenite spacing. Also this difference 
is influenced by dislocations. In a material with small austenite spacing the 
dislocations have more obstacles that they can be locked up against. 
 
Studies of the fracture surfaces of hydrogen induced stress cracking, HISC, 
tested duplex stainless steels showed that HISC is a hydrogen-enhanced 
localised plasticity, HELP, mechanism. Here a mechanism that takes into account 



  

the inhomogeneous deformation of duplex stainless steels was proposed. This 
mechanism involves an interaction between hydrogen diffusion and plastic 
straining. Due to the different mechanical properties of the phases in a 
superduplex stainless steel, plastic straining due to low temperature creep can 
occur in the softer ferrite phase. A comparison between low temperature creep 
data showed that for the coarser grained material, HISC occurs at the load level 
when creep starts. However, in the sample with small austenite spacing, HISC 
did not occur at this load level. Microhardness measurements indicated that the 
hydrogen level in the ferrite was not high enough to initiate cracking in the 
coarser material. The proposed mechanism shows that occurrence of HISC is an 
interaction between local plasticity and hydrogen diffusion. 
 

Keywords: 
hydrogen, corrosion, hydrogen embrittlement, stainless steels, uniform corrosion, 
activation, dewpoint corrosion, low temperature creep, plastic deformation, 
microhardness 
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1. Introduction 
 
1.1 Background 
 
Corrosion still causes high costs in industry, and surveys have shown that the 
cost may be over 3 % of a nation’s gross domestic product [1]. During my first 
years at the Corrosion Laboratory at AB Sandvik Materials Technology, I realised 
that there was a need for more fundamental-oriented corrosion research. One 
major observation was that there were limitations in the test methods and 
standards used for corrosion testing. These limitations raised questions that 
needed to be investigated further, which mainly involved suitable corrosion test 
methods for stainless steels. The test methods were related to uniform corrosion 
testing in acids and stress corrosion cracking experiments, as discussed in paper 
I and III. Furthermore, no test method was available for dewpoint corrosion in 
hydrochloric acid. Also, unexpected failures in the field occurred due to hydrogen 
embrittlement in duplex stainless steels subjected to cathodic protection [2]. 
Research was needed to study why some duplex stainless steel failed when 
experiences showed that seamless duplex stainless steels was very good and had 
no failures. 
 
Superduplex stainless steel had then been on the market for about 10 years and 
had become a work horse in many applications. Several grades of superduplex 
stainless steels were available and comparisons of test data from different grades 
had been made [3,4]. However, with uniform corrosion, it seemed that no good 
standardised test method was available. In particular, the influence of the 
activation of test specimens on the corrosion rate was not clear. As a 
consequence, wrong conclusions concerning the relative performance of the 
materials were made, as demonstrated in Paper I. Therein, the observed 
differences were attributed to alloying content rather than variances in test 
methods. Secondly, development of the first hyperduplex stainless steel was 
ongoing at that time. The aim was to develop a material for overhead condensers 
in refineries where hydrochloric acid is often condensed. However, there was no 
test method available at that time for testing this kind of corrosion. Furthermore, 
it was found that during stress corrosion cracking tests with u-bend, the results 
deviated from the design curves based on service experience and constant load 
testing [5]. This demonstrated the necessity of investigating whether the change 
in loading with time was the reason for the differences in results for the two 
types of specimens. 
 
Duplex stainless steel in combination with cathodic protection has been used for 
more than 20 year in seawater. In almost all cases, duplex stainless steel has 
been a very good material choice. However, some failures have been 
encountered relating to hydrogen-induced stress cracking, HISC, over the past 
years [2]. The potentials that are used for cathodic protection are around -1000 
to -1100 mVSCE. At these potentials, water reduction takes place on the protected 
duplex stainless steels. Atomic hydrogen will be present at the surface as an 
intermediate species during the water reduction, which can diffuse into the 
material and cause cracking.  
 
During the last decade, intensive discussions started about failures that had 
occurred due to hydrogen induced stress cracking. The causes of the cracking 
were investigated and one major observation was that plastic deformation was 
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involved [2]. At that time, no distinction between low temperature creep and 
relaxation properties was made. However, results from investigation of the 
difference between u-bends and constant load specimens indicated that low 
temperature creep and relaxation affected the material differently [Paper III]. 
Hence, studying the relaxation and low temperature creep properties of different 
stainless steels could contribute to understanding hydrogen-induced stress 
cracking in duplex stainless steels.  
 
The test methods that were used during material selection of the failed parts did 
not predict the failures [6]. In subsequent years, extensive work to define a test 
method and generate design guidelines was started. For duplex stainless steel 
subjected to cathodic protection, HISC starts to initiate at a certain load level [7-
10]. Several test programs have found that duplex stainless steels with finer 
microstructures have better resistance against HISC than coarser grained 
materials [7-9,11,12]. It appeared an austenite spacing limit, defined as the 
ferrite unit size, of 30 µm separated the duplex materials that were more 
resistant against HISC from the more susceptible [13]. In addition, all field 
failures had occurred with duplex stainless steels with coarse microstructures. It 
was obvious that an understanding of the reason for the different behaviour was 
needed. 
 
Duplex stainless steel tubing is used for flowlines and raisers that are used in 
offshore oil production. These flowlines and raisers are used subsea, and in most 
cases, they are subject to cathodic protection. Hence, hydrogen induced stress 
cracking is a possible problem. Inside a raiser, brine may be present, so chloride 
stress corrosion cracking can potentially take place. Furthermore, hydrochloric 
acid, likely with corrosion inhibitors, may be used during well stimulations. Hence, 
uniform corrosion resistance may be important in a raiser. Overhead condensers, 
as previously mentioned, are used in refineries. In refineries, the crude oil 
produced offshore is processed to products such as petrol. Sandvik Materials 
Technology produces seamless stainless steel tubing that is used in these tough 
applications. 
 
In the above mentioned issues, hydrogen is a very important aspect. In uniform 
corrosion in acids, dewpoint corrosion due to hydrogen chloride and chloride 
stress corrosion cracking, the cathodic part of the corrosion reaction is the 
reduction of hydrogen ions. During activation of test specimens, hydrogen 
evolution takes place on the surface. In developing a test method for dewpoint 
corrosion in hydrogen chloride systems, the evaporation and condensation of 
hydrochloric acid are important. Naturally, hydrogen plays an important role in 
this case. In hydrogen-induced stress cracking, the cathode reaction is the 
source of the hydrogen that enters the material and causes embrittlement, which 
leads to failure.    
 
1.2 Stainless steels 

 
Stainless steels are alloys that contain more than 12% chromium, and therefore 
have the ability to form a thin protective oxide-like layer, the passive film. The 
passive film is mainly enriched with chromium, but alloying with other elements 
such as molybdenum and nitrogen is possible. Stainless steels are often divided 
into categories based on their microstructure. The most common structures are 
ferritic, austenitic, martensitic and duplex stainless steels. The latter contains 
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both ferrite and austenite in approximately equal amounts. In figure 1, images of 
typical austenitic, ferritic and austenitic microstructures are shown. In figure 1a) 
the typical twins in an austenitic structure are shown. In figure 1b) chromium 
carbides can be seen, due to the low solubility of carbon these are often present 
in ferritic steel. Figure 1c) illustrates the dual phase structure of ferrite and 
austenite in a duplex stainless steel.  
  

   
a) Austenitic steel b) Ferritic steel  c) Duplex stainless steel 
 
Figure 1. 
Typical microstructures for austenite, ferrite and duplex steel. 
 
For stainless steel, pitting resistance equivalent, PRE, is often used as an index of 
the pitting corrosion resistance. PRE is calculated from the composition of the 
stainless steel, see (1) [14]. For an alloy that has a PRE above 40, super is often 
used as prefix, e.g., superduplex and superaustenitic stainless steels. 
 
PRE = %Cr + 3.3x(%Mo+0.5x%W)+16x%N  (in weight-%) (1) 
 
The passive film is formed when a stainless steel comes in contact with air. This 
is a process that starts instantly and the passive film grows slowly with time. 
Depending on the surrounding atmosphere, it normally results in a film 
approximately 1-3 nm thick that contains mostly iron, chromium oxides and 
hydroxides [15,16]. In contrast to oxides that are formed as corrosion products, 
the properties of the passive layer do not significantly change after the first 24 
hours unless exposed to a new environment [15,17]. A passive layer is not only 
formed in air or gaseous atmosphere but also in many liquids. 
 
1.3 Corrosion forms 
 
Stainless steels can suffer from several corrosion types if the environment is too 
harsh. Examples of such corrosion types are uniform corrosion, pitting, crevice 
corrosion, intergranular corrosion, dewpoint corrosion and environmentally-
assisted cracking. Below, three corrosion types that are relevant to this work are 
discussed.  
 
Uniform corrosion is characterised by a uniform attack over the entire surface of 
the material when exposed to a corrosive media. Because the corrosion is 
uniform, a corrosion rate can be defined, which is often expressed in mm/year, 
mils per year (mpy) or g/m2h. The most common environments where stainless 
steel suffers from uniform corrosion are strongly acidic or alkaline solutions [18]. 
In reducing acids such as hydrochloric acid and dilute or intermediate-
concentration sulphuric acid, the dominating cathode reaction is hydrogen 
evolution. 
 



 4  

Dewpoint corrosion is a corrosion type that occurs in acidic environments and is 
similar to uniform corrosion. It occurs when a gaseous phase condenses on a 
metal surface that has a lower temperature than the dewpoint of the surrounding 
gas phase. Due to evaporation, the salt concentration of the droplet increases 
with time. Hence, a more aggressive solution is formed and dewpoint corrosion 
may occur [19]. One example where dewpoint corrosion can occur is in refinery 
overhead condensers, in which hydrogen chloride can condensate inside. The 
same kind of corrosion can also be found in gas to liquid heat exchangers in 
boilers where flue gas is condensed [20]. Also, in gas systems for hydrogen 
chloride, this kind of corrosion can occur if moisture is present [21]. 
 
Environmentally-assisted cracking requires both a load and a corrosive 
environment to appear [22]. Therefore, test methods for environmentally-
assisted cracking must introduce a load or strain on the specimen. 
Environmentally-assisted cracking in stainless steels can occur in several 
environments and material combinations. Two of these combinations are chloride 
stress corrosion cracking and hydrogen-induced stress cracking in duplex 
stainless steels, HISC. The cathode reaction in chloride stress corrosion cracking 
is the evolution of hydrogen, as described later in reaction 4. In hydrogen-
induced stress cracking, the cathode reaction due to the cathodic protection 
generates atomic hydrogen that enters the material.  
 
1.4 Hydrogen in corrosion reactions of stainless steels 

 
Hydrogen is the lightest element in the periodic table, and at ambient pressure 
and temperature, is a gas with two atoms, H2. In air, the hydrogen content is 
very low, but water contains 11 weight-% hydrogen and the Earth’s crust 
contains 0.14% hydrogen, mostly as crystalline water, but also as oil and 
hydrocarbons [23]. 
 
Hydrogen can enter the metal lattice of steel interstitially as monoatomic 
hydrogen. One source of hydrogen entry in metals is hydrogen gas. The amount 
of hydrogen that dissolves is directly proportional to the square root of the 
hydrogen pressure. Another source of hydrogen is hydrogen evolution that takes 
place due to electrochemical processes in a solution. In this case, the dissolved 
amount of hydrogen in iron and nickel is directly proportional to the square root 
of the cathodic charging current density. The absorption of hydrogen on the 
surface can be described as in the reaction below [24]. 
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In a stainless steel, the hydrogen diffusion and solubility are very different for 
ferrite and austenite structures. As illustrated in Table 1, the diffusivity of 
hydrogen is much higher in a ferritic alloy than in an austenitic alloy, but the 
solubility is opposite [25]. 
 
Duplex stainless steel contains both ferrite and austenite. A typical macroscopic 
hydrogen diffusion coefficient for a duplex stainless steel is around 1.5 x 10-14 
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m2s-1 [25]. This diffusion coefficient varies with the orientation of the hydrogen 
flux relative to the austenite phase orientation. It is higher when the hydrogen 
flux is oriented parallel to the austenite and ferrite structures than when 
perpendicular [26]. 
 
Table 1.  The diffusivity and solubility for hydrogen in an austenitic and a ferritic steel  

grade [25]. 
 

Property Austenite 
Type 301 

Ferrite 
Type 29-4-2 

Diffusivity [m2s-1] 3.1 x 10-16 1.1 x 10-11 
Solubility [ppm in equilibrium with H2S(g) at 1 atm] 70.1 0.74 

    
Hydrogen affects the mechanical properties of ferrite and austenite differently. 
The ductility of ferrite is reduced significantly by hydrogen, but the ductility of 
austenite is usually unaffected. Embrittlement due to hydrogen is much more 
pronounced in ferrite than austenite. Studies of specimens precharged with 
hydrogen indicate that ferrite experiences more cracking than austenite. The 
yield and tensile strength of both austenite and ferrite are usually unaffected by 
hydrogen [27]     
 
Austenitic alloys are considered close to immune to hydrogen embrittlement, but 
ferritic alloys are susceptible to hydrogen embrittlement, at least when polarised 
to potentials below -800 mVSCE . Hydrogen increases the hardness of steels and 
hence the tensile strength. It has previously been shown that a higher hydrogen 
content level in duplex stainless steels leads to a higher intensity of hydrogen 
embrittlement [28]. Kumar and Balaubramaniam have shown that the 
microhardness is related to the hydrogen content at the same point [29]. In 
another investigation by Rodychowdhury et al., it was found that ferrite had a 
higher hardness than austenite before hydrogen charging, but the order was 
reversed after hydrogen charging. Furthermore, the difference in hardness 
increased with charging time [30]. 
  
Hydrogen is an important element in corrosion, which can be illustrated by the 
fact that corrosion played an essential role when hydrogen was discovered. In 
1671, Robert Boyle observed that a flammable gas was formed when pure iron 
was dissolved in hydrochloric or sulphuric acid. This gas was later shown to be 
hydrogen gas. However, the discovery of hydrogen is credited to Cavendish and 
his investigations on the dissolution of metals in hydrochloric and sulphuric acid 
[23]. 
 
In wet corrosion processes that are of electrochemical nature, hydrogen is very 
important. Almost all forms of wet corrosion are controlled by electrochemical 
reactions, including uniform corrosion, pitting, crevice corrosion, intergranular 
corrosion and stress corrosion cracking. Electrochemical corrosion has both one 
anode and one cathode reaction, and the corrosion reaction is the sum of the two. 
The anode reaction is the dissolution of metals (see reaction 3). Several different 
cathode reactions are possible, and three of the most common involve hydrogen. 
In acidic environments, the reactions in reactions equations 4 and 5 occurs; in 
neutral or alkaline solutions, the reaction in equation 6 occur [31]. These 
cathode reactions are the ones that take place during pitting and crevice 
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corrosion of stainless steels, which is the most common failure for stainless 
steels and is often the limiting factor for the use of this kind of material.  
 
Anode reaction:   
 
 −+ +→ xeMeMe x

 (3) 
  
Cathode reactions:      
 
 

222 HeH →+ −+
 

(4) 

 
 OHeHO 22 244 →++ −+

 
(5) 

  
 −− →++ OHeOHO 442 22  

(6) 

     
Uniform corrosion is the most common failure in chemical plants. In a German 
survey, uniform corrosion was found to be the cause of 1/3 of the failures [31]. 
For stainless steel, uniform corrosion often occurs in acidic media; therefore a 
very common cathode reaction is formation of hydrogen gas, according to 
reaction 4.  
 
Aside from being one of the most important cathode reactions in wet corrosion, 
hydrogen production also plays a role in atmospheric corrosion, even though 
oxygen reduction is considered to be the main cathode reaction in atmospheric 
corrosion [32]. Much more important is the phenomenon of hydrogen damage, a 
failure of metals caused by interaction between hydrogen and the metal. 
Corrosion due to condensing gases has been a problem for industry. The reason 
is the complexity of plants, where many different combinations of temperature, 
chemical conditions and construction features can lead to dewpoint corrosion 
[33].  
 
It should be noted that hydrogen gas cannot diffuse through a metal, but 
hydrogen atoms can. Hydrogen in a metal can cause blistering or cracking. 
Hence, in addition to be a part of the corrosion reaction, hydrogen damage can 
cause the failure of metals [31]. Several types of hydrogen damage exist and 
some of them are discussed below. 
 
Metallic materials can suffer from hydrogen environmental embrittlement in high 
pressure gaseous hydrogen at ambient temperature, but standard austenitic 
stainless steels seem to be resistant to hydrogen environmental embrittlement. 
However, these kinds of austenitic stainless steels may experience hydrogen 
embrittlement if the hydrogen content on the surface is high [34]. Over the 
years, several reviews of hydrogen embrittlement have been published [34-37]. 
Ferrite and martensite are more prone to hydrogen embrittlement than austenite. 
Duplex stainless steels contain approximately 50% austenite and 50% ferrite, 
which makes this kind of material more susceptible to hydrogen embrittlement 
than a pure austenite [27].   
 
In environments containing hydrogen sulphide in the oil and gas industry, 
several forms of hydrogen-related mechanisms exist, and environmental limits 
for different materials are covered by standards for these applications [14,38]. In 
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the same industry, some failures have occurred on cathodically protected 
martensitic and duplex stainless steels due to a mechanism that, in the middle of 
the last decade, was named hydrogen induced stress cracking, HISC [13]. To 
mitigate HISC, the industry issued design rules in a recommended practice for 
duplex stainless steels [13]. These design rules were made after several failures 
due to HISC of cathodically protected subsea components made of duplex 
stainless steels. Aside from the difficulty of retrieving and replacing these 
components, such failures can also generate negative impacts on the 
environment. 
 
Hydrogen-enhanced localised plasticity, often called HELP, hydrogen-enhanced 
decohesion and adsorption-induced dislocation emission are three major 
mechanisms of hydrogen embrittlement in metals. The detailed mechanism of 
HISC in duplex stainless steel is not fully understood. Oltra et al. has studied [39] 
the cracking mechanisms of austenite in duplex stainless steels. A transition of 
the crack propagation from the ferrite to the austenite induces localised 
microcracking of the austenitic grains, following the mechanism of HELP. The 
movement of the dislocations is enhanced by hydrogen, and the dislocations 
accumulate in front of the diffusion zone and produce a virtual obstacle. The 
fracture process results from a competition between the kinetics of dislocation 
emission and the kinetics of diffusion. At a critical level, a crack can propagate 
into the austenite. HISC can take place in the ferrite, but also be initiated as a 
result of the dislocation accumulation in the adjacent austenite phase [39]. A 
cohesive zone modelling approach to hydrogen cracking has been used to model 
HISC in a 25Cr duplex and correlate the results to HISC testing. However, the 
model does not describe the interaction between the micromechanics and 
hydrogen. Special cohesive elements that consider the transient changes in 
hydrogen are used in the model. The hydrogen fracture is modelled by reducing 
the required cohesive energy for fracture as a function of the hydrogen content. 
[40-42]   
 
2. Aims of this work 
 
The above discussed questions, where the influence of hydrogen is important, 
have been divided into three themes: 
 
• The first theme is investigation of the activation of test specimens during 

uniform corrosion of superduplex stainless steels in hydrochloric and sulphuric 
acids.  
 

• The second theme is dewpoint corrosion testing of stainless steels in a vapour 
containing 1 % hydrochloric acid. 

 
• The third theme is investigation of the mechanism of hydrogen-induced stress 

cracking of duplex stainless steels. This theme contains investigations of the 
change of loading conditions with time due to low temperature creep and 
relaxation, and investigations of the fracture surface and microhardness in 
ferrite and austenite. 
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3. Test material 
 
Table 2 shows the nominal composition or actual composition of all the 
investigated stainless steels. Most of the test material was obtained from cold 
worked and solution annealed material, in most cases from seamless tubes. In 
addition a 25Cr extruded seamless tube was used. In order to study the influence 
of the microstructures degree of coarseness, bar material of 22Cr, 25Cr and 29Cr 
were also included. Both small and large diameter bars were included for some of 
the grades, the diameter of the bar gives the coarseness of the structure. 
 
Table 2.  The nominal chemical composition in weight-% for investigated steel, for 13 Cr, 

25 Cr-Cu, 25 Cr Cu/W the actual composition are shown. 
 

Name UNS 
number 

Type Cr Si Mn P S Cr Ni Mo Cu W N 

316L S30403 Austenitic <0.03 0.5 1.3 <0.030 <0.015 18.5 10 - - - - 
304L S31603 Austenitic <0.03 0.4 1.7 <0.040 <0.015 17.5 13 2.6 - - - 
904L N08904 Austenitic <0.02 <0.5 <1.8 <0.025 <0.015 20 25 4.5 1.5 - - 
13Cr - Martensitic 0.01 0.14 0.42 0.012 <0.001 12.1 6.5 2.5 0.05 - - 
6 Mo S31254 Austenitic <0.02 <0.8 <1.0 <0.030 <0.010 20 18 6.1 0.7 - 0.20 
B66 S31266 Austenitic <0.03 - 3 - - 24 22 6 1 2 0.40 
Alloy 
28 N08028 Austenitic <0.02 <0.6 2.0 <0.025 <0.015 27 31 3.5 1.0 - - 

23Cr S32304 Duplex <0.03 <1.0 <2.0 <0.035 <0.015 22.5 4.5 - - - 0.1 
22Cr S32205 Duplex <0.03 <1.0 <2.0 <0.030 <0.015 22 5 3.2 - - 0.18 
25Cr S32750 Duplex <0.03 <0.8 <1.2 <0.035 <0.015 25 7 4 - - 0.3 
25Cr-

Cu S32520 Duplex 0.02 - 1.0 0.024 0.001 25.1 6.5 3.7 1.7 - 0.24 

25Cr- 
Cu/w S32760 Duplex 0.02 0.3 0.6 - 0.001 25.3 7.1 3.8 0.6 0.6 0.22 

29Cr S32906 Duplex <0.03 <0.3 <1.0 <0.030 <0.015 29 7 2.3 <0.8 - 0.35 

 

4. Experimental 
 
Several experimental techniques were used in this work, and the most important 
ones are briefly described below.  
 
4.1 Corrosion testing by mass loss experiments 
 
Immersion test experiments were performed in thermostatic baths, where two 
specimens were exposed in 450-ml beakers in three periods of 1+3+3 days. The 
corrosion rate was evaluated from the mean mass loss of the last two periods 
(for details see Paper I). Further specimens were tested in a dewpoint corrosion 
cell, where the mass loss was calculated after 3 days of exposure (for details see 
Paper II).  
 
4.2 Loaded specimens 

 
Stress corrosion cracking experiments were made by using constant load or 
constant strain. The constant load experiments were made using dead weight in 
a 3% sodium chloride solution at a temperature of 4 °C, in these experiments 
tensile test specimens were used. For the constant strain experiments, U-bends, 
which is a flat specimen that is bended like a U and fixed with a bolt and nut in 
the ends, were used and these were exposed in autoclaves at elevated 
temperature and pressure (see paper III). After exposure, the specimens in both 
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methods were visually examined for cracking in a stereomicroscope. Constant 
load was also used in the low temperature creep experiments, where the 
elongation with time was registered. Standard creep test machines with dead 
weight were used for this and two dial indicators were used to measure the 
elongation. In the relaxation experiments, the specimens were inserted in a 
tensile machine, subjected to 8.1 % strain and the load was registered with time. 
A slow strain rate testing machine, often called SSRT, was used for the constant 
strain experiment of 22Cr under cathodic protection. The elongation was 
increased until the set load was reached and then held constant.  
 
4.3 Cathodic polarisation 

 
During several experiments, cathodic polarisation was used through activation or 
cathodic protection. In the immersion test, activation with zinc and hydrochloric 
acid were applied. In the case of activation with zinc, the specimens were 
touched with a zinc rod until visual hydrogen evolution occurred, see Paper I and 
cover illustration. During activation with hydrochloric acid, the specimens were 
activated in boiling 26% hydrochloric acid until hydrogen evolution. The 
specimens were then rinsed in distilled water and immersed in the test solution, 
see Paper I. In the constant load and constant strain experiments for HISC, 
cathodic protection was applied by polarisation to -1050 mVSCE or less with a 
potentiostat, see Paper V. 
 
4.4 Registration of potential 
 
A potentiostat was used to register the free corrosion potential in sulphuric acid. 
During the HISC experiments a computerised logger was used to register the 
potential of the specimen versus the reference electrode. In both cases the 
reference electrodes were in a separat compartment at room temperature and 
connected to the test solution with a salt bridge.  
 
4.5 Mechanical properties  
 
In order to determine the mechanical properties of the material, standard tensile 
testing was performed. The microhardness was measured in both ferrite and 
austenite as Vickers hardness with a load of 50 g in paper V and 25 g in Paper VI. 
 
4.6  Microscopic evaluation 

 
The microstructure was investigated with light optical microscopy and the 
austenite spacing was determined for duplex stainless steels by point counting 
according to the method in DNV-RP-F112. Fractured surfaces from 
environmental-assisted cracking experiments were investigated by scanning 
electron microscopy, SEM, in order to determine the initiation sites for cracking. 
The dislocation structures in the individual phases for the specimens that had 
been subject to constant load and constant strain experiments were investigated. 
This was performed with an analytical transmission microscope, ATEM, as well as 
with an electron backscattered diffraction technique, EBSD, in SEM. 
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5. Influence of activation in uniform corrosion testing 
 
5.1 Scope of the work 
 
To demonstrate the influence of activation on the uniform corrosion test results, 
three superduplex stainless steels were studied. Before immersion testing, two 
different activation methods were used and compared with specimens upon 
which no activation was performed, activation with zinc and with hydrochloric 
acid. 
 
5.2 Experimental results 
 
Uniform corrosion data for material selection may conveniently be expressed as 
iso-corrosion curves. In these curves, a certain corrosion rate, often 0.1 
mm/year, is plotted versus the temperature and concentration of the test 
solution. The rate of 0.1 mm/year is a generally accepted corrosion rate with 
respect to uniform corrosion in service [43]. In this work, all iso-corrosion curves 
represent a corrosion rate of 0.1 mm/year. 
 
The results from the uniform corrosion experiments in Paper I strongly indicated 
that whether or not the specimen was subjected to a cathode reaction where 
hydrogen evolves, activation has large effect on the outcomes. In hydrochloric 
acid, large differences were found depending on activation. In figure 2 results 
from Paper I are shown for 25Cr and 25Cr-Cu/W with different forms of 
activation compared with iso-corrosion curves from the literature [18,4]. It is 
clear that the difference between the activated and non-activated specimens was 
significant for both grades. The activated specimens showed higher corrosion 
rates than the non-activated specimens under the more aggressive conditions. 
The more aggressive conditions were the ones with the highest concentrations of 
hydrochloric acid and/or the highest temperatures. 
 
In figure 3, the iso-corrosion curves for 25Cr-Cu/W [4,44] indicate a better 
performance in sulphuric acid than did the corrosion rates shown in Paper I. In 
figure 4, the iso-corrosion curves for 25Cr and 25Cr-Cu [45] and the results from 
immersion testing in sulphuric acid for 25Cr-Cu from earlier work are shown 
[46]. The results indicated that the iso-corrosion curve for 25Cr represented the 
corrosion resistance for non-activated 25Cr-Cu specimens fairly well.  
 
Oscillating potentials were observed for 25Cr in 90% sulphuric acid at 60 °C, as 
illustrated in figure 5 [Paper I]. During a 24-hour period, four dips in the free 
corrosion potential were observed, and the results were similar regardless of 
whether activation had been performed or not. Possible causes for oscillating 
potentials are discussed in a later section. 
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Figure 2.  
The mean corrosion rates from immersion exposures in hydrochloric acid in mm/year after 
different activations (Non, Zn and HCl), from Paper I. Two lines represents iso-corrosion 
curves from literature: the solid line 25Cr from [4] and the broken line 25Cr-Cu/W [18], 

a) 25Cr 
b) 25Cr-Cu/W  
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Figure 3.  
The mean corrosion rates of 25Cr-Cu/W [Paper I] from immersion exposures in sulphuric 
acid in mm/year after different activations (Non, Zn and HCl). Three lines represents iso-
corrosion curves from literature: the solid line 25 Cr from [18], the long broken 25Cr-Cu/W [4] 
and the short broken 25Cr-Cu/W from [44] 

 
Figure 4.  
The mean corrosion rates of 25Cr-Cu [46] from immersion exposures in sulphuric acid in 
mm/year after different activations (Non, Zn and HCl) [x]. Two lines represents iso-corrosion 
curves from literature: the solid line 25 Cr from [1] and the broken line 25Cr-Cu [45]. 
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Figure 5.    
The free corrosion potential vs. SCE for 25Cr in 90% sulphuric acid at 60°C monitored during 
24 hours, [Paper I] 
 
5.3 Influence on material selection 
 
One important question is whether the observed influence of activation, resulting 
in hydrogen evolution during the cathodic polarisation, has an influence on which 
materials are suitable in different applications. In most applications, a stainless 
steel must be in the passive state. Hence, the material should not suffer from 
uniform corrosion. Selection of stainless steels with regard to uniform corrosion 
is often made on the basis of service experience, field or laboratory testing or 
literature data. The literature data are often in the form of iso-corrosion curves. 
In literature that reports design data, the test parameters are not always 
mentioned. It is therefore not clear if activation has been performed or not. The 
influence of the lack of test details in iso-corrosion curves on material selection is 
not fully understood.  
 
Today, immersion testing is often performed to generate data for iso-corrosion 
curves, but the experimental procedure that has been used is not always 
reported [3,4,44,45,47]. There are at least two standards covering immersion 
testing for general corrosion [48,49]. However, neither standard is specially 
adapted for testing stainless steels. For instance, it is not mentioned if activation 
of the specimen has been performed or not. It has been suggested that stainless 
steel specimens should be activated to achieve results that are relevant to actual 
service conditions [43,50]. Laboratory testing for uniform corrosion can also be 
performed by using electrochemical test methods i.e., in [51-53]. However, this 
will not be further discussed in this work.  
 
The corrosion resistance of stainless steels is dependent on the ability to form a 
passive film on the surface in the environment in which it is exposed [Paper I]. 
From a technical point of view, the ability to form a passive layer in a solution 
may be important. For instance, in a real industrial situation, it is not uncommon 
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that during installation or maintenance, the passive layer is destroyed, such as 
being scratched, ground or welded. The passive layer can also be destroyed by 
unexpected changes in the process, such as sudden temperature escalations or 
circumstances resulting in more concentrated process fluids. If the passive layer 
is destroyed, the normal service condition must be such that the passive layer 
can be restored. A third problem is that the passive layer may be removed 
during service due to erosion [Paper I]. In all of these cases, a material selection 
based on non-activated and short term exposure testing may result in 
unexpected premature failure of the process equipment. 
 
To obtain corrosion rates that represent whether stainless steel is able to 
passivate in a solution, activation of the test specimen before testing can be 
used. Activation of a test specimen for immersion testing aims to remove the 
passive layer of the stainless steel. During activation, the specimen obtains a 
reducing potential [43,Paper I]. At this potential, hydrogen evolution takes place 
at the surface and the passive layer is not stable. When the passive layer is 
removed before exposure to the test solution begins, the bulk composition of the 
steel is interacting with the test solution. When the passive layer is removed and 
the specimen still has a reducing potential, a cathode reaction on the steel 
surface must take place. In most cases, this cathodic reaction is hydrogen 
formation. If material selection is based on results obtained using incomparable 
experimental methods, a non-optimal material selection may be made. This may 
result in less expensive materials being disregarded, resulting in a high cost for 
the construction. An example of this is the selection of superduplex stainless for 
service in hydrochloric acid and sulphuric acid. Therefore, activation of the test 
specimens before immersion testing is recommended, and this activation should 
be carried out until hydrogen evolution is visually observed. The hydrogen 
evolution due to the cathode reaction is a very good indication that the uniform 
test results are relevant for such applications. 
 
5.4 The influence of activation on the iso-corrosion curves 
 
A question is if activation with hydrogen evolution can explain the observed 
differences in the iso-corrosion curves in sulphuric acid and hydrochloric acid. In 
figure 2, the results are shown for 25Cr and 25Cr-Cu/W with different forms of 
activation in hydrochloric acid. Similar results were also obtained for 25Cr-Cu 
[Paper I]. It is clear that the difference between non-activated specimens and 
activated specimens is significant. The results clearly indicated that superduplex 
stainless steels have a temperature and concentration range where these alloys 
can be passive if a passive layer exists before immersion, but if the passive film 
it is not present from the beginning, the alloys are not able to passivate. The 
higher the concentration is when the passive film is formed, the more defects are 
present in the film [54]. This means that a passive film formed at high 
concentrations is probably less resistant than a film formed in air, but the 
difference is probably less at lower concentrations. This may be an explanation 
as to why specimens with a passive film formed in air had better corrosion 
resistance than activated specimens.  
 
In sulphuric acid, a similar influence of activation as in hydrochloric acid was 
present in dilute sulphuric acid, but not in concentrated sulphuric acid, see figure 
3 and 4. However, it is known that sulphuric acid changes character at a 
concentration of about 60 %. At lower concentrations, it is reducing, and at 
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higher concentrations, it is oxidising. It is noteworthy that in concentrated 
sulphuric acid, oscillation potentials were observed.  
 
For standard austenitic stainless steels, the behaviour of the corrosion potential 
in concentrated sulphuric acid has been extensively studied [55-59]. A 
mechanism for the oscillating potentials has been proposed, it is summarised 
below. 
 
Stainless steel of type 304L cannot passivate spontaneously in a range of 
concentrated sulphuric acids. If a steel sample is introduced in concentrated 
sulphuric acid, hydrogen evolution, as in reaction 4, and reduction of 
undissociated sulphuric acid takes place at Ecorr, as in reaction 7. 
 
 OHSHeHSOH 2242 488 +→++ −+

 
(7) 

 
This reduction results in active dissolution of the alloy. Ni2+ is generated and 
forms NiS. When this surface species has been formed, the cathode reaction in 
the sulphuric acid takes place on NiS (see reaction 8). This reaction results in a 
potential in the passive range and a passive film is formed on the steel surface. 
 
 OHSOeHSOH 2242 222 +→++ −+

 
(8) 

  
In the passive range, it is not possible to form NiS, and the formed NiS will 
slowly dissolve. This results in a decreased cathodic reduction area, cathodic 
current and mixed potential on the surface. This leads to a drop in corrosion 
potential. When the corrosion potential has reached the initial potential, the cycle 
restarts and the surface is again passivated. The nickel compound is not stable at 
potentials above about 23 mVSCE, but is stable below -77 mVSCE. It should be 
noted that the passive film is still formed during the drop until a potential of 123 
mVSCE. For an 18Cr-2Ni-3Mo-0.23N steel, NiS was observed after immersion in 
18.4 N sulphuric acid, and Cr rather than Ni contributed to the corrosion 
resistance [60]. 
 
The observed oscillating potentials in this work, see figure 5, seemed to be 
similar to the ones observed on austenitic Type 304 material. The minimum 
potential observed for the superduplex stainless steels was approximately -50 
mVSCE. This is similar to the potential for Type 304 steel [58]. It should be noted 
that the Ni content in 25Cr is 7 weight-%, and it is around 8-10 weight-% for 
Type 304. Hence, it is reasonable that this mechanism is also valid for 25Cr. This 
spontaneous activation due to the formation and dissolution of NiS is probably 
the reason why no influence of activation was found in concentrated sulphuric 
acid in this work. Mattsuhasi et al. has observed that below 0 mVSCE evolution of 
hydrogen on iron in 95% sulphuric acid occurs and it is expected that a similar 
reaction will take place on a stainless steel [59]. Thus, the cathode reaction is 
also very important in concentrated sulphuric acid. 
 
Since no influence of activation was found on any of the three investigated 
superduplex alloys in dilute sulphuric acid, the observed low corrosion rates are 
likely the result of a passive film, and the high corrosion rates are likely due to 
the absence of passivity. The active-passive behaviour of stainless steels in dilute 
sulphuric acid was previously shown by generating polarisation curves [61]. In 
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[62], Type 304 was studied with electrochemical impedance spectroscopy in 0.2 
M sulphuric acid from 20 to 60 ºC. It was found that the corrosion is under 
charge transfer control at 20 and 30 °C, but both charge transfer and diffusion 
controlled at higher temperatures. In active corrosion, the reaction is under 
charge transfer control, and during passivity, it is more diffusion controlled. This 
corresponds well with the immersion data from the Corrosion Handbook where 
less than 0.1 mm/year is reported at 20 °C and > 0.1 mm/year at 50 °C for 
304L [18]. This indicates that below the iso-corrosion curve, the steel is passive 
and not above. It is therefore reasonable that the influence of activation is 
different between dilute and concentrated sulphuric acid. 
 
Based on XRD studies of 22Cr duplex with different Ni contents, Potgieter et al. 
proposed that the passive film in dilute sulphuric acid consists of nickel chromate 
and chromium oxides. Hence, the process described above seems not to have 
taken place [63]. Shankar, Rao and Singhal studied the passive film on a ferritic 
steel grade, type 216L and the austenitic type 316L, and found that it was 
enriched in chromium and that no Ni was present [64].  
 
Popic and Drazic investigated the electrochemistry of chromium in deaerated 0.5 
M sodium sulphate with a sulphuric acid content in a pH range between 0.5 and 
3. They found that three different hydrogen evolution reactions can occur. The 
first is the electrochemical evolution of hydrogen gas from H+ on bare chromium, 
and the second is the reduction of H+ on an oxidised chromium surface. Both of 
these reactions form stable corrosion potentials; in the first case, with anodic 
active dissolution, and in the second case, with anodic dissolution of the passive 
layer. The third reaction that can occur according Popic and Drazic is a chemical 
reaction, which can take place at all corrosion potentials. The first reaction takes 
place on samples activated cathodically and the second on samples that have 
been passivated in air [65]. This indicates that whether or not activation with 
hydrogen evolution on superduplex steel has been performed can have a strong 
influence on the corrosion rate. This is probably the reason why non-activated 
specimens have a larger temperature/concentration interval where low corrosion 
rates exists than activated specimens have.   
 
5.5   Effect of copper and tungsten as alloying elements on corrosion in      

hydrochloric acid and sulphuric acid 
 
A question is if the observed influence of activation until hydrogen evolution can, 
to some extent; explain the differences in iso-corrosion curves, which has been 
attributed to other effects. The three investigated superduplex grades have 
similar alloying content, and the only elements that have a significant difference 
are copper and tungsten. Some experimental results in the literature indicate 
that superduplex stainless steel alloyed with copper or both copper and tungsten 
have dramatically better corrosion resistance than superduplex without these 
elements, such as 25Cr. One example is in [4], where the addition of copper and 
tungsten was claimed to be the reason for an improvement of corrosion 
resistance in hydrochloric acid and sulphuric acid for superduplex.  
 
In sulphuric acid, significant improvement has been claimed due to alloying 
superduplex with copper in the intermediate concentration range [45]. In 
reference [4], iso-corrosion curves in sulphuric acid for 25Cr and 25Cr-Cu are 
compared. However, the differences observed at intermediate concentrations of 
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sulphuric acid seem to be smaller than those of activation. The same seems to be 
the case for the claimed improvement of 25Cr-Cu/W compared to 25Cr. It should 
be noted that one of the curves for 25Cr-Cu/W in sulphuric acid does not contain 
any comparison to another superduplex grade [44]. Therefore, the effect of 
these alloying elements on uniform corrosion in hydrochloric acid and sulphuric 
acid is discussed below.  
 
The influence of tungsten has been investigated in 0.1 M hydrochloric acid, and it 
was found that tungsten had a beneficial effect [67]. Masamura and Nishimura 
studied the influence of tungsten in highly alloyed nickel-based alloys in 15% 
hydrochloric acid. They found that tungsten had half of the influence that 
molybdenum had. Duplex stainless steels exhibit high corrosion rates regardless 
of whether or not they contain tungsten or not. [67] The findings of Masamura 
indicate that substituting Mo with W and maintaining the same PRE does not 
improve the corrosion resistance in hydrochloric acid.  
 
A superduplex stainless steel alloyed with tungsten was tested in 1 M 
hydrochloric acid. At 80 °C, the results showed higher current density in the 
active peak than for a superduplex without tungsten, but the passive current 
density was similar. At 60 °C, they observed a similar current density in the 
active peak for both alloys, but lower current density in the passive region for 
the alloy with tungsten. The conclusion was that the beneficial effect of tungsten 
decreases with temperature. [68] If the influence of tungsten on the corrosion 
rate for superduplex stainless steel in hydrochloric acid is studied by immersion 
tests, the results by Kim et al. indicate that it is important to activate the 
specimens under conditions where hydrogen evolution takes place. 
 
For an 18Cr-21Ni-3Mo-0.23N alloy, increasing the copper as the alloying element 
from 0.06 to 3.2 weight percent had a large influence [69]. The addition of 
copper in 1 M hydrochloric acid for superduplex was studied by Garfias-Mesias et 
al. by polarisation curves. The results clearly showed a large improvement in the 
active region at 65 °C for superduplex with copper compared to the one without. 
However, in the passive range of the polarisation, almost no difference was 
observed between the alloys. At 40 °C, the current density in the active region 
was much lower for all of the alloys, at about 0.5 mA/cm2, so the influence of 
copper was not large [70]. The results by Garfias-Mesias correspond well to the 
results in this work. 
 
In 0.5 M sulphuric acid with 3.5% sodium chloride at 25 °C, Kim et al. studied 
the influence of tungsten in duplex steel. They found that the current density 
increased in the active range for the tungsten-containing duplex, but tungsten 
slightly reduced the current density in the passive region [69]. In concentrated 
sulphuric acid, there have been several investigations of the beneficial effect of 
copper, but others have found no or negative effects [71]. However, in the 
literature, fewer investigations have been reported concerning the effect of 
alloying with tungsten.  
 
From the literature reviewed above, it seems that the differences in the iso- 
corrosion curves between the three superduplex stainless steels can be explained 
by the use of activation or not, rather than different alloying elements. It might 
be the case that copper and tungsten may have a positive influence, but it is 
likely much smaller than the influence from activation. Hence, activation until 
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hydrogen evolution is probably the reason for the large differences observed 
between superduplex stainless steels. 
 

5.6 Conclusions 
 
Activation of test specimens until hydrogen evolution takes place can have a 
significant influence on the uniform corrosion testing of superduplex stainless 
steels. The results indicated that activation can, to large extent, explain the 
previously reported large positive effects on the general corrosion resistance in 
sulphuric acid and hydrochloric acid on superduplex stainless steels by the 
addition of Cu and W. Activation through hydrogen evolution on the surface gave 
a much larger influence on the results than did the differences in copper content, 
with the exception of experiments in concentrated sulphuric acid. The reason for 
the exception is probably that in concentrated sulphuric acid, oscillating 
potentials lead to hydrogen evolution during potential dips, removing the passive 
layer. 
 

6. Dewpoint corrosion 
 
6.1 Scope of the work 
 
To be able to study the corrosion rate of stainless steels in dewing conditions, a 
laboratory test method was developed. The condition that the developed test 
equipment should simulate is one where a final condensate with about 1 % 
hydrogen chloride is formed. 
 
6.2 Background 

 
A survey made in Sweden showed that dewpoint corrosion can occur on stainless 
steels at relatively low temperatures and concentrations when condensates from 
biofuel are formed [72]. In a waste incineration condenser, corrosion has been 
reported on superaustenitic steel [73]. The corrosion tables in [18] predict no 
corrosion at the temperature and composition of the condensate where the 
corrosion was observed. These corrosion tables are based on testing of fully 
immersed specimens that are activated before testing, as discussed earlier  
 
Some non-standardised test methods for dewpoint corrosion exist. The ones 
known to the author are either complicated or contain boilers, as do several in 
[20]. The method in [74] uses a mixture of heated hydrochloric acid and 
gasoline, which is hazardous. There have also been methods reported that are 
considered too complicated to easy facilitate in a laboratory [20].  Several 
authors have used immersion test methods for testing dewpoint corrosion, such 
as in [75-80]. Utilising field testing or service experience, as in [81,82], is 
another approach to characterising dewpoint corrosion. In [82], a test method is 
described where specimens were mounted on a rack that was placed on a cooling 
coil in a furnace. Since the temperature of the specimens was lower than the gas 
temperature, condensation took place. In the final experiment, 2 M hydrogen 
chloride was pumped into the furnace at a rate of 40 ml/h, resulting in a 
predicted level of 3.6 % hydrogen chloride. [82]   
 
Condensates at different temperatures were obtained from three waste 
incineration plants in Sweden [82]. At a temperature of 40-45 °C, a condensate 
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containing about 1% chlorides was found in many cases, and in a majority of the 
cases, the concentration of sulphate was much lower than that of chlorides [82]. 
Hence, the investigated environment can be relevant for waste incineration 
plants. Field exposures have also been made in one plant where the condensate 
had a temperature of 45 °C and a pH around 0.5, with approximate 1 % 
chlorides. Even though it was difficult to establish the exact temperature at the 
location of the rack, a comparison can be made with the results in this work. The 
corrosion rate of Alloy 28 was about 0.5 mm/year, and for Alloy B66, 0.3-0.8 
mm/year, while very high corrosion rates for the austenitic Type 317L were 
found. Field testing was also done in a plant located in Germany where a 
condensate with about 10 % hydrogen chloride at a temperature of 63-65 °C 
was found. The corrosion rate of Alloy 28 was 1.66 mm/year [82]. However, it 
should be noted that in both exposures, combination specimens with both crevice 
welds and a flat area were used. 
 
Slaiman et al. developed a cell for corrosion tests in a system of hydrochloric 
acid and gasoline (see figure 6a)) [74]. It is a circulating system where a mixture 
of hydrochloric acid and petrol is heated and evaporates. The specimens are 
located in a cooled condenser and the vapour condenses on the test specimen. 
The vapour is then brought back to test solution, and the corrosion rate is 
calculated based on the weight loss.  
 
Concentrated hydrochloric acid dissolved in water is more or less fully 
dissociated. Due to the fact that mixtures of hydrogen chloride and water are 
azeotropic, 0%, 20.2% or 38% are the only possible concentrations of hydrogen 
chloride in the gas phase when such a mixture evaporates. Therefore, it has 
been difficult to simulate an environment with water and the desired 
concentration of hydrogen chloride in steam using the set-up of Slaiman et al. 
[74]. A consequence of the azeotropy of water is that the experimental 
procedure used by Slaiman et al. cannot be used for this system.  
 
6.3 Results 
 
An approach to mixing two different vapours was used in Paper II to achieve a 
final condensate of about 1 % hydrochloric acid. This was made by introducing a 
separate evaporating flask for concentrated hydrochloric acid, see figure 6b). 
Additional water was used in the flask present in the original set-up, as 
illustrated in figure 6. It should be noted that the volume hydrogen chloride that 
is re-circulated into the flask in the loop is not high enough to evaporate the 
solution in the flask. The volume of each gas in the cell is regulated by the 
temperature of the solution, area of the solution surface and diameter of the 
tube from the flask. 
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a) Original set-up. b) Modified set-up. 
 
Figure 6. 
The original cell used for dewpoint corrosion testing by Slaiman et al. [74] and the modified cell 
developed in Paper II. 
 
The results illustrated in figure 7 demonstrate that the modification made to take 
into account the azeotropy of the system provided much lower corrosion rates 
[Paper II]. The figure shows results from specimens cooled to 40 °C. It should be 
noted that position 1 is the inlet and position 5 in the outlet of the heat 
exchanger. This means that a decreasing trend of the corrosion rates can be 
observed along the condenser.  
 

 
Figure 7. 
The corrosion rates in mm/year results from the original set up [74] and the modified set-up 
with a cooling temperature of 40°C. Position 3 was a reference specimen of Type 304 L 
except for the run in which the original set-up and Alloy 28 were used. [Paper II] 
 
The results from experiments with a modified cell that gave a return condensate 
of 1 % are shown in figure 8 [Paper II]. Specimen 3 was always a 340L 
specimen, and the scatter between the experiments was not too high, which 
indicated that the reproducibility of the experiments was rather good. The trend 
of the corrosion rate between the test materials was that the highest alloyed 
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material, Alloy B66, had the lowest corrosion rate, and the lowest alloyed, Type 
304L, had the highest. 
 

 
Figure 8.  
The results from the modified set-up for the dewpoint corrosion testing as corrosion rates in 
mm/year with a cooling temperature of 40°C. Positio n 3 was a reference specimen of Type 
304L. The return condensate is about 1 % hydrochloric acid. Results from paper A. 
 
6.4 Discussion 
 
The modification of the test set-up takes into consideration the nature of the 
reaction when the dissociated hydrogen chloride evaporates. This results in a test 
method that can test dewpoint corrosion for a system with a final condensate of 
about 1 % hydrochloric acid. The cooling temperature of 40 °C is probably below 
the dewpoint, since a vapour that contains 8.5% water and more than 50 ppm 
hydrogen chloride has a dewpoint above 40°C. The dewpoint increases with 
water and hydrogen chloride content [83]. Decreased corrosion rates were 
observed the further from the inlet the specimen was located. This demonstrates 
that higher concentrations of hydrochloric acid are likely present in the first 
condensate compared with later condensates.  
 
The results from the dewpoint cell were compared to results from immersion 
tests with the same methodology as discussed previously. However, in this case 
no activation of the specimens was performed for two reasons. The first was that 
the surface was not continuously wet, and therefore there was an opportunity to 
form a passive layer in air. The second is that it was difficult to activate the 
specimens in the dewpoint cell. The corrosion rate in the immersion experiments 
was 0.3 to 0.4 mm/year at 40 °C with 1% hydrochloric acid. The other two alloys 
had a corrosion rate of 0.0 mm/year. As illustrated in figure 6, much higher 
corrosion rates were found for all steels in the modified dewpoint cell. Even in 
position 5, where the last condensate is formed, which should have the 
condensate with the lowest concentration of acid, relatively high corrosion rates 
were observed. This demonstrates that the dewpoint cell gives results that 
cannot be predicted by immersion experiments regardless of whether activation 
is performed. 
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The cell developed in this work forms a gas phase that gives a return condensate 
of about 1% hydrochloric acid. In figure 9, it is indicated that the scatter of the 
corrosion rate of specimen 3 that was always a type 304L specimen was not too 
high. This indicated that the reproducibility of the experiment was rather good. 
Hence, a cell has been developed for corrosion testing of corrosion-resistant 
alloys at dewpoint conditions with a final condensate of 1 % hydrogen chloride. 
When the results from this work are compared to the field exposures discussed 
above the corrosion rates in those correlate well with the results from the 
modified dewpoint cell in this work. 
 
6.5 Conclusions 

 
A modified set-up for testing dewpoint corrosion in condensate containing water 
and approximately 1% hydrochloric acid has been developed. The main 
modification was to avoid evaporation of the azeotropic concentration of 
hydrogen chloride and water by introducing a separate flask for hydrochloric 
acid. The corrosion rates obtained correlated to results reported from field tests. 
 

7. Hydrogen-induced stress cracking 
 
7.1 Scope of the work 

 
Relaxation experiments were performed to explain the difference between design 
curves based on service data or constant load testing and the results from u-
bend testing. Investigation of relaxation and low temperature creep properties 
for several steel grades were made to demonstrate the difference in ranking 
between the grades. The interaction between the micromechanics and hydrogen 
diffusion in duplex stainless steel was investigated to explain the results of 
different product forms in HISC testing. 
  
7.2 Change of mechanical properties during environmentally-assisted cracking 

experiments 
 
For environmentally-assisted cracking of stainless steels, several corrosion test 
standards are available, as presented in [84-90]. Some of these standards can 
be used with different types of loading, e.g., constant load, constant strain or 
constant strain rate. Both ASTM G36 and NACE TM0177 give a variety of test 
specimens that can be used for this purpose [86,87]. In constant load tests, 
tensile specimens are often used, and in constant strain experiments, both u-
bends and c-rings can be used. In some standards [85,88] that use u-bends as 
test specimens, the u-bend geometry is defined, but in others [89,90], the u-
bend is not defined. It is therefore not obvious which loading type or specimen 
should be used in a test program [91].  
 
Over the years, test data for stress corrosion cracking in stainless steels have 
been generated, such as design curves in neutral chlorides [5]. These design 
curves were generated by compiling service experience for standard austenitic 
stainless steels, Type 304L and Type 316L, and constant load test data. In figure 
8, the results from the u-bend test program in neutral chlorides is shown as 
ratios visualised in pre-existing design curves. It should be noted that both the 
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u-bend tests and the constant load testing were performed in the same 
autoclaves.  
 
For Type 304L, the u-bend experiments in Paper III resulted in much higher 
cracking temperatures than the design curves (see figure 9). In contrast, 904L 
showed cracking in the u-bend test at temperatures near the design curve based 
on constant load testing (see figure 10). 
 

 
Figure 9.  
The results form the u-bend exposures [Paper III] for 304L in neutral chloride solutions 
shown as ratios of cracked specimens and inserted in the design curves based on service 
experiences from [5]. ● – failure, о – pass 
 

 
Figure 10.  
The results form the u-bend exposures [Paper III] for 904L in neutral chloride solutions 
shown as ratios of cracked specimens and inserted in the design curves based  on constant 
load testing from [5]. ● – failure, о – pass 
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Since the same equipment and test procedures, except for specimen type, were 
used in the work in Paper III as when the design curves were generated, the 
only assumed differences are the form of loading and that the material originated 
from different heats. However, the difference in heat is assumed to not be the 
explanation for the deviating results. In relaxation experiments included in Paper 
III, it was found that the relaxation properties for the tested materials were very 
different. For instance, the results indicated that Type 304L had a relaxation of 
25 to 35% after 100 hours, but Type 904L had only around 8%. With this 
difference in relaxation, the differences between the two test methods may be 
understood. When relaxation takes place, the load decreases with time, and 
therefore the severity of the test will decrease to a certain degree depending on 
the test material. 
  
The results in Paper III indicated that the type of loading used during chloride 
stress corrosion cracking testing of stainless steel is very important. If test data 
from constant strain specimens are used for a service condition where a constant 
load is applied, a failure may occur. On the other hand, if the service conditions 
are of the constant strain type, constant load data may be too conservative and 
a more expensive material than needed might be selected. One application in 
which standard austenitic steel grades, such as 304L or 316L, are often used at 
higher temperatures of around 100 °C is in instrument and hydraulic tubing. In 
this application, exposure to constant strain conditions is common, and no 
cracking occurs, but heat exchanger tubing exposed to a constant load suffers 
from stress corrosion cracking at temperatures as low as 40-60 °C [92,93]. This 
difference in service is in line with the findings in this work. 
 
As shown above, relaxation can occur for constant strain specimens. During a 
constant load experiment, low temperature creep may occur. Some information 
about low temperature creep can be found in the literature [7,8,94-96]. Duplex 
stainless steels can be subjected to low temperature creep, but this is dependent 
on the load level. In a guideline, it is mentioned that duplex stainless steel 
experiences “cold creep” at stresses below the yield strength of the material [97]. 
In figure 11, results from low relaxation and low temperature creep experiments 
are shown, taken from Paper IV. 
 
The reason why duplex stainless steel can experience low temperature creep at 
loads below the yield strength is that the plastic deformation is not equal in both 
phases. For the 25Cr material, a schematic stress strain curve is shown in figure 
12. This curve shows that the strength is not equal in the two phases. From the 
example in the curve, it is evident that the austenite phase has lower strength 
than the ferrite phase at small strains. Hence, even below the yield strength, 
plastic deformation of the ferrite takes place. 
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a) 

 
b) 

 
Figure 11. 
Results from Paper IV. 

a) Calculated relaxation of the load at 720 h based on the relaxation experiments at 
fixed strains at 2% and corresponding to an initial load at 90% of the yield strength. 

b) The measured low temperature creep after 720 h dead weight testing at 90% of the 
yield strength and a load corresponding to an initial strain of 2%. 
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Figure 12.  
Schematic stress strain curve for 25Cr denoted DSS in the figure, α is ferrite and γ is 
austenite [Paper V].  
 
In the low temperature creep experiments, the austenitic Type 304L had much 
less creep than the duplex 25Cr, but experienced a much higher degree of 
relaxation. An ATEM study indicated that for 304L, the number of dislocations 
decreased with time for the relaxation specimen, whereas the number of 
dislocations increased for the low temperature creep specimen (see Paper IV). 
Figure 13 shows ATEM images of the austenite phase in the duplex 25Cr 
specimens that was used in the relaxation and low temperature creep 
experiments in Paper IV. The images indicated that the number of dislocations 
had increased after the relaxation experiment. After the low temperature creep 
experiment, the images indicated that even more dislocations were present than 
after the relaxation experiment. As indicated in figure 12, at this strain level, the 
austenitic phase is probably the softer phase. Hence, the austenitic phase is the 
phase that should experience low temperature creep. 
 
Since the number of dislocations decreased for 304L after the relaxation test but 
increased for 25Cr, it is natural that 304L experienced a much larger degree of 
relaxation than 25Cr. This was also found in the relaxation experiments. The 
ranking of both materials was the opposite in the low temperature creep 
experiment. In this case, the ATEM images may indicate that the duplex has a 
higher amount of dislocations than the austenitic 304L after the creep 
experiment. If that is the case, it is not surprising that duplex grades experience 
more low temperature creep than the austenitic grades. 
 
This strongly indicates that during constant load experiments, dislocations are 
generated throughout the whole experiment if the load is above the yield 
strength. On the contrary, it is indicated that during constant strain experiments 
above the yield strength, the number of dislocations decrease with time due to 
annihilation of the dislocations. It should also be noted that the results indicate 
that the loading condition is of less importance below the yield strength. 
However, due to low temperature creep and relaxation, plastic deformation can 
take place at a load below the yield strength. 
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a) b) c) 
Figure 13.  
Dislocation structure in the austenite in 25Cr specimens tested in Paper IV as obtained through 
ATEM.  
a) before exposure 
b) after relaxation at a initial load corresponding to 2% strain 

c) after low temperature creep at load corresponding to an initial strain of 2% 
 
7.3 Hydrogen interaction during plastic deformation 

 
As has been shown above, plastic deformation on both the atomic and 
macroscopic levels takes place in service as well as in tests. Different test 
methods provide different stress and strain situations, and thereby represent 
different field situations.  When hydrogen diffusion is present during plastic 
deformation, the phenomenon of hydrogen-induced stress cracking can take 
place.  
 
Hydrogen-induced stress cracking in materials with different microstructures was 
studied in Paper V. In this paper, three samples from bar material were included, 
large and small diameter bars from 25Cr and small diameter bar from 29Cr. In 
table 3, the results are shown, as well as the results with an extruded tube of 
25Cr from earlier work [9].  
 
Table 3. Result from constant load HISC tests at 4°C, from Paper V and [9]. 
 

Materials  Material form 
 

Austenite spacing 
[µm] 

Failure load 
[% of the yield strength] 

Large diameter bar 42 ≥93 
Small diameter bar 16 No failure up to 120 

25Cr  
 

Extruded tube 10 No failure up to 130 
29Cr Bar 30 ≥120 

 
For the failed samples, the fracture mechanism was investigated with SEM in 
Paper V. The investigation showed that cracks were present at the surface. The 
cracks were larger at the surface and became narrower with the distance from 
the surface. The hydrogen concentration is higher the surface, see Paper V, than 
in the bulk of the material and this together with narrower cracks indicated that 
HISC is a hydrogen diffusion controlled process. 
 
The crack initiation was located at either the ferrite grain boundaries or at the 
phase boundaries, see Figure 14 and 15 [Paper V]. In the first case, which was 
found in the 25Cr large diameter bar with large austenite spacing, small pores or 
voids were formed with subsequent small cracks in the ferrite phase. The crack 
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initiation at the phase boundaries was found for all three of the investigated 
specimens. In this case, pores or voids were formed at the phase boundaries, 
and then small cracks were initiated in the ferrite phase. This indicated that the 
first step of HISC is the formation of hydrogen pores or voids at the phase 
boundaries. It should be noted that grain boundaries have a non-crystal 
structure that can accumulate more hydrogen than the matrix. 
 

  
Figure 14.  
Crack initiation in at pores located for at grain 
boundaries a HISC tested specimen of 25Cr 
large diameter bar, from Paper V. 

Figure 15.  
Crack initiation at pores located at phase 
boundaries in the ferrite for a HISC tested 
specimen of 29Cr, from Paper V. 

 
In table 3, it is very obvious that the resistance for 25Cr against HISC was very 
different for different product forms. Material with smaller austenite spacing had 
much better resistance than material with larger austenite spacing. As discussed 
earlier, this phenomenon has been reported earlier, and it is also acknowledged 
in the design code against HISC [13]. 
 
Low temperature creep experiments were performed, see Paper VI, on 
specimens obtained from the same 25Cr tube and samples from a large diameter 
bar of 25Cr that were HISC-tested in Paper V and [9]. Low temperature creep 
was observed for both materials, but the bar material with larger austenite 
spacing experienced much higher creep strain than the tube with smaller 
austenite spacing. In addition, the strains were much lower for the tube material. 
For the large diameter bar sample, low temperature creep was observed at 90 % 
of the yield strength, and for this specimen, the increase of hardness in the 
austenite was about 2.8 %, but 3.5 % in the ferrite, see Paper VI. The increase 
of hardness was due to deformation hardening. Together with the high number 
of dislocations in the ferrite phase, this indicates that the austenite will not 
deform further, although the ferrite creeps. Moraes et al. found that the ferrite 
was more strained than the austenite when they studied cathodic polarised 
duplex in thiosulphate solution. It was also found that the deformation had to be 
plastic to initiate hydrogen embrittlement [98]. Hence, an interaction between 
the increase of dislocations by creep and hydrogen by diffusion causes HISC in 
the large diameter bar material.  
 
For the large diameter bar 25Cr material, significant low temperature creep 
occurred at a similar load level where HISC started to appear, see table 3 and 
Figure 16. This indicated that plastic deformation by low temperature creep is a 
prerequisite for HISC. However, with the tube material, no HISC was found at 
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the load level where significant low temperature creep was observed. This 
indicated that for 25Cr at a specified cathodic polarisation, the occurrence of 
plastic deformation is not the only factor that determines whether HISC takes 
place. 
 

 
Figure 16.  
The plastic low temperature creep for 25Cr large diameter bar material during creep 
experiments in Paper VI performed at room temperature and at different percentages of the 
yield strength, Rp0.2. At the lines the austenite spacing are shown in µm. 
 
Microhardness measurements on samples after HISC testing showed that the 
ferrite was much harder than the austenite for samples with small austenite 
spacing, see Paper VI. As discussed earlier, the hardness in a point is 
proportional to the hydrogen content in that point. The microhardness was 
similar for both phases in the large diameter bar that failed at a load level at 93 
% of the yield strength (see table 4). 
 
Table 4.  
Micro hardness measurements of HISC tested 25Cr specimens, mean of triplicate indents for 
two specimens, from Paper VI. 
 

Hardness [HV 0.025] Sample 
 

Austenite spacing 
         [µm] Ferrite Austenite 

Extruded tube 13 – 16 289 260 
Small diameter bar 11 – 16 278 254 
Large diameter bar 38 – 45 297 292 

 
The results in table 4 indicate that duplex with larger austenite spacings had a 
higher hydrogen uptake in the ferrite than those with smaller austenite spacings. 
As discussed in Paper VI it has been found that for duplex stainless steel, the 
hydrogen content was significantly lower for a specimen with smaller austenite 
spacing than for a specimen with larger austenite spacing after HISC testing. 
Both specimens were obtained from the same tube that was heat treated 
differently to get different austenite spacings in the two different samples. A 
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review cites investigations indicating that higher ferrite contents increase the risk 
of HISC and that smaller ferrite/austenite grain sizes reduce the hydrogen 
diffusivity [35]. According to Havn, small grains give better resistance against 
HISC, probably due to longer diffusion paths along the grain boundaries [36]. 
Diffusion is slower in duplex than ferritic steels due to the increased diffusion 
length because of austenitic islands and trapping in the austenitic phase or at the 
austenitic phase boundaries [100]. Smaller austenite islands result in a more 
complicated and larger diffusion path than a coarser material [100]. For stepwise 
cracking during HISC, there is a close relationship between hydrogen diffusion 
and the crack propagation rate [101]. This indicates that one explanation for the 
observed difference in hardness can be that the smaller ferrite areas do not have 
enough hydrogen for the critical level to be reached in the process suggested by 
Oltra et al [39]. Hence, the accumulation of hydrogen may not be large enough 
to give the stress needed for the crack to enter the austenite.  
 
It should be noted that the investigation of the fracture surface discussed earlier 
indicated that the model by Oltra et al. is valid for the HISC specimens. Plastic 
deformation due to low temperature creep is needed for HISC to take place. The 
result of the creep is that dislocations are generated. Furthermore, there are 
indications that there is a difference in hydrogen content between a fine and 
coarse grained duplex. Hence, it may be assumed that differences in hydrogen 
content determine whether the stress concentration will be large enough to 
initiate cracking in the austenite. Consequently, no HISC takes place. 
 
The cracking process of 29Cr was somewhat different than for 25Cr. The ferrite is 
the softer phase and consequently undergoes most of the cracking. This is valid 
for all specimens after HISC-testing, except for the specimen tested at the 
highest load, 120% of the yield strength. For this specimen the hardness was 
equal in both phases. However, the cracking was also an interaction between the 
dynamic plasticity and hydrogen diffusion. It should be noted that no cracks were 
found at the lower load levels in the HISC-testing, even though ferrite is softer 
than austenite. R. Lilbacka et al. has studied the hardness of both phases of as-
received 29Cr. They found that ferrite in 29Cr is softer than austenite regardless 
of the strain [102]. The increase in hardness after HISC-testing is likely due to 
an interaction with hydrogen. It should be noted that for ordinary 25Cr, the same 
behaviour as in figure 12 was reported by R. Lillbacka et al [102]. If the load is 
below the yield strength for 29Cr, the stress concentration is likely not high 
enough for the crack to propagate. However, in this case, when cracking 
occurred, the load was 120% of the yield strength where the hardness was equal 
in both phases. It is interesting that even though the hardnesses of either of the 
duplex materials, 25Cr and 29Cr, were not the same, that HISC occurred in 
specimens where the hardness of the ferrite and austenite was similar. 
 
The dislocation structure after HISC-testing is interesting since HISC is an 
interaction between hydrogen diffusion and plastic deformation. For 22Cr bar 
material, an EBSD study was made in this work on one constant strain and one 
constant load specimen that was HISC tested. Even though the constant strain 
specimen was tested at a higher load level, it had fewer low angle grain 
boundaries than the constant load specimen, which is illustrated by fewer white 
grain boundaries in figure 17. This means that the constant strain specimen had 
fewer dislocations than the constant load specimen. It should be noted that in 
the constant load specimen, there were dislocations in both the ferrite and 
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austenite, but in the constant strain specimen, the dislocations were more or less 
only present in the ferrite. This difference is likely significant even though the 
experiments were not made at the same load level. Relaxation is probably the 
reason for the fewer dislocations in the constant strain specimen, with low 
temperature creep occurring in the constant load specimen. The constant load 
specimen cracked after 4.8 hours, but the constant strain specimen did not fail 
after 131 hours of testing. 
 
The results from the EDSB investigation indicated that the loading type could be 
important if HISC will occur. Constant strain conditions are more beneficial than 
constant load conditions due to the annihilation of dislocations. This was found 
for chloride stress corrosion cracking, as discussed above.  
 

 
 

a) Constant load specimen at 130% of the 
yield strength. 

b) Constant strain specimen at an initial load of 
110 % of the yield strength. 

 
Figure 17. 
22Cr specimens investigated in EBSD after HISC-testing in this work. Red is austenite and blue 
is ferrite. Grain boundaries in white are between 2 and 10 degrees, black higher than 10 
degrees. The black scale bar represents 50 µm. 
 
Based on the mechanism proposed by Oltra et al. in [39] and the results 
discussed above, the following mechanism for HISC of duplex stainless steels can 
be proposed: 
 
The mechanism is based on hydrogen enhanced localised plasticity and the fact 
that duplex is a two phase material. In duplex, inhomogeneous deformation 
takes place at load levels equal to or higher than the load level when low 
temperature creep occurs. These inhomogeneous deformations together with 
hydrogen entry into the material due to the cathode reaction are prerequisites 
for HISC to take place.  
 
Voids are formed at grain boundaries, either in the ferrite or at the phase 
boundaries. Cracking initiates at these voids in the ferrite when the stress is 
larger than the critical shear stress in the ferrite for cracking. There are two 
reasons why the cracking starts at these voids: increased stress concentration 
and internal pressure due to hydrogen gas formation.  
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In the case of austenite being the softer phase, plastic deformation takes place in 
the austenite first. In this case, the strength of the austenite increases faster 
than the ferrite, and the deformation hardening rate is smaller in ferrite than in 
austenite. At a certain strain the austenite will be harder than the ferrite. The 
hardness and the strength of the material increase due to the deformation and 
hydrogen.  
 
A microcrack is created in the austenite from a cleavage in the ferrite, followed 
by localised entry of hydrogen at the crack tip. The movement of the dislocations 
is enhanced by hydrogen, and the dislocations will accumulate ahead the 
diffusion zone and produce a virtual obstacle. The fracture process will result 
from a competition between the kinetics of dislocation emission and the kinetics 
of diffusion. At a critical level, a crack may start in the austenite. The normal 
stress can open the crack and a new sequence can start. 
 
For a material that has a softer ferrite phase than austenite phase, most of the 
deformation takes place in the ferrite. This means that the ferrite will always 
have a lower hardness than the austenite, and that most of the deformation 
occurs in the ferrite. Hence, a crack can propagate through the ferrite around the 
austenite. 
 
Even though plastic deformation takes place, HISC might not be initiated. For 
materials with smaller austenite spacing, the stress concentration factor is 
smaller as well as the dislocation accumulation at the phase boundaries. Second, 
the hydrogen content in the ferrite seems to be lower in fine grained materials 
than in coarser grained materials, which results in fewer dislocations and lower 
stress concentrations. For a duplex with austenite spacing smaller than a certain 
value, the stress will probably not be above the critical shear stress. Hence, HSIC 
will not take place in this material. 
 
7.4 Conclusions 

 
The ranking between different alloys with respect to relaxation and low 
temperature creep depends on the load level. Low temperature creep above the 
yield strength has another ranking that is below the yield strength and relates to 
relaxation. 
 
It has been shown that plastic deformation on both the atomic and macroscopic 
levels takes place in stress corrosion cracking specimens. Different test methods 
provide different stress and strain situations, and thereby represent different 
field situations. When hydrogen diffusion is present during plastic deformation, 
the phenomenon of hydrogen-induced stress cracking can take place.  
 
The observed differences in relaxation and low temperature creep can result in 
deviating results when stainless steel resistance against environmentally-assisted 
cracking is evaluated with different types of test specimens. A model of 
hydrogen-induced stress cracking in duplex stainless steel subject to cathodic 
protection has been formulated that takes into account inhomogeneous 
deformation of the two phases as well as the austenite spacing. 
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8. Conclusions 
 
The doctoral thesis has explored some critical issues regarding the influence of 
hydrogen on corrosion and hydrogen-induced stress cracking on stainless steels. 
The following main conclusion could be drawn:  
 
• The activation of specimens during immersion testing of superduplex stainless 

steel until hydrogen evolution takes place turns out to be of significant 
influence. The activation procedure can explain effects on uniform corrosion of 
superduplex stainless steel in sulphuric acid or hydrochloric acid, which 
previously was attributed to the addition of Cu and W as alloying elements. 

 
• In concentrated sulphuric acid, no influence of activation could be observed, 

probably due to spontaneous activation during the observed oscillating 
potentials. 

 
• A test method for dewpoint corrosion testing of stainless steels in hydrochloric 

acid has been developed, which gives results that correlate well to field 
testing. The modification takes into account the azeotrope of hydrochloric acid 
and water. 

 
• The ranking of the effect of relaxation and low temperature creep on 

mechanical properties depends on the load level. This difference can result in 
deviating results in environmentally-assisted cracking experiments due to the 
choice of specimen type. 

 
• A mechanism for hydrogen induced stress cracking of duplex stainless steels 

subject to cathodic protection has been formulated. It takes into account 
inhomogeneous deformation of the two phases as well as the austenite 
spacing. 

 

9. Further work 
 
Based on the results in this work the following further work can be proposed:  
 
Today the mechanism for oscillating potentials is rather well understood but it 
would be good to confirm that the same mechanism is present in duplex stainless 
steels. It would also be interesting to investigate whether the oscillating 
potentials will influence the results from immersion testing of superduplex 
stainless steels in concentrated sulphuric acid at elevated temperatures. 
 
It would also be interesting to investigate in more detail the reason why fine 
grained duplex stainless steels have very good resistance against HISC even 
though they experience low temperature creep. One more open question is if the 
grain size in the ferrite phase has any influence on the resistance against HISC. 
 
Furthermore, a study about the micro mechanics for slow strain rate and 
constant strain HISC specimens may be performed. The later would be 
interesting in order to gain more knowledge regarding the situation with a 
constant strain that probably is rather common in practice. 
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The observations that HISC takes place when the hardness, the strength, is 
equal in both phases after HISC testing could be investigated further in order to 
see if this has some relevance to the mechanism for HISC. 
 
From a practical point of view, more test data for the observed limitations in the 
corrosion test methods and standards would be beneficial. This should be done in 
order to be able to change the standards in order to be more helpful for the 
users. I primarily think of the inclusion of activation in uniform corrosion testing 
of stainless steels and to use relevant form of loading in environmental-assisted 
cracking experiments.  
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