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Abstract  
Duplex stainless steel (DSS) that developed in the 1930’s is a type of steel that consists of both 
austenite and ferrite phases in an almost equal proportion. It inherits properties of both ferritic 
and austenitic stainless steel and so it has good mechanical and corrosion resistance properties 
that makes it suitable material in different industries with aggressive environment. There are 
different approaches that used to evaluate the susceptibility of stainless steels to pitting corrosion 
like Pitting Resistance Equivalent Number (PREN) and electrochemical methodologies. In this 
study, focus is on the potentiodynamic (AL 101 5170) and potentiostatic (ASTM G150) test 
methods as laboratory evaluations in which standard DSS (2205) is exposed to the different 
chloride concentrations 0.1 M and 1 M respectively. In these methods parameters like Pitting 
Potential (Ep) and Critical Pitting Temperature (CPT) can be measured respectively and used to 
predict the susceptibility of DSS to pitting corrosion. DSS owes its good corrosion resistance to 
the oxide film that protects the metal from corrosion. Pitting can be initiated as a result of any 
heterogeneities on the metal surface which act as a passive film defect like non-metallic 
inclusions and intermetallic precipitations such as sigma phase when metal is exposed to 
aggressive environment and high temperature. The aim of the present work is to make a 
comparison between two electrochemical methods besides finding how inclusions and 
microstructure can have impact on their results and on pitting corrosion. The results of the 
experiment shows that there is a positive linear relation only in longitudinal direction between 
CPT and Ep. Also, among two test methods only ASTM G150 can detect sigma phase existence 
(<3%). Based on investigations in this experiment, inclusion characteristics such as number 
density and composition has compatible results in both methods so that samples with big size 
inclusions (>8 µm) have negative effect on corrosion resistance and in terms of composition, 
samples with nitride inclusions has lower CPT and Ep compared with those with only oxide or 
oxide/sulfide inclusions. It is also discovered that phase arrangement is not the same in all 
specimens that produced by different production methods and samples with finer phases have 
higher CPT values in both longitudinal and transvers directions. However, this shape of 
microstructure only affect the Ep in longitudinal directions but not transvers.  
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Abbreviations: 
 
Abbreviation               Explanation 
DSS                              Duplex Stainless Steel 
CPT                              Critical Pitting Temperature 
CPP                              Critical Pitting Potential  
Ep                                 Pitting Potential 
Eb                                 Breakdown Potential 
ASTM                          American Society for Testing and Materials 
AL                                Alfa Laval 
UNS                             Unified Numbering System 
BS EN                          British Standard European Norm 
WE                               Working Electrode 
CE                                Counter Electrode 
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1. Introduction  
 
1.1. Background  
The first generation of duplex stainless steels (DSS) dates back to early thirties in Sweden and 
France as a result of improvement of sensitivity to intergranular corrosion of austenitic stainless 
steels with 0.08-0.10% carbon [1]. The second generation of DSSs came in late 1970s with 
nitrogen alloying and because of the demand for higher strength corrosion resistance stainless 
steel with high fabricability in offshore oil and gas industry [2]. Before duplex stainless steels, 
austenitic and ferritic steels were the most common types and still have a wide range of 
applications. However, their strength, toughness and corrosion resistance are not as much as for 
DSSs [2][3]. Also, higher nickel content of austenitic stainless steel makes its price higher than 
duplex stainless steels and ferritic one [2][4].  

Generally, steel is considered as stainless when it contains more than 10.5% chromium and less 
than 1.2% carbon [5]. In this case, there is a possibility of formation of a protective Cr-based 
self-healing passive film on the surface [5][6]. DSS is a family of stainless steel grades 
containing approximately 21-32% Cr with both an austenitic and ferritic phases which are in 
almost the same proportion at room temperature (figure 1) The balance volume fraction between 
these two phases depends on the alloying composition and the heat treatment [2][3][7][8]. 
 

 

 

 

 

 

 

Fig 1: Etched microstructure of Duplex Stainless Steel under LOM, darker areas show ferritic and 
brighter show austenitic phases 
 

The mixed microstructure of gamma-austenitic (ϒ) and delta-ferrite (δ) phases can provide both 
properties of hard ferrite and relatively more ductile austenite at the same time [7][8]. Thus, the 
combination of these phases results in steel to be harder than the single-phase austenitic stainless 
steel and more ductile than single-phase ferritic stainless steel [8]. Duplex correspond to a 
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favorable combination of mechanical properties and corrosion resistance so that they have good 
strength, corrosion resistance, especially in aggressive environment which contains chloride ion 
(Cl-), good toughness, good weldability in thick sections and can cause to produce lighter 
structure [5][2][7][3][4].  

The modern DSSs is divided into five groups, lean DSS, molybdenum containing lean DSS, 
standard DSS, super DSS and hyper DSS [2]. One of the most common duplex family is standard 
duplex stainless steels, with commercial code of 2205 (UNS S31803, EN 1.4462) [3][7]. It is 
named according to their chromium content for the first two digits and nickel content for the 
second two digits. Generally, DSSs are used in applications that require a high mechanical 
resistance in severe corrosive environments, thus they can be used in various industries such as 
pulp and paper, marine, oil and gas, power plants, also in chemical and desalination plants 
[2][4][9][10]. These types of aggressive environments will increase the risk of localized 
corrosion [13]. Pitting corrosion as the fundamental form of localized corrosion can be a useful 
way of predicting other forms of localized corrosions. There are several models describing the 
pitting corrosion in stainless steel. Pitting corrosion starts as a result of passivity breakdown due 
to chloride ion diffusion and/or around small inhomogeneities on the surface like inclusions or 
precipitates that can have a micrometer or sub-micrometer scale [3][11][12]. Obtaining deeper 
knowledge of the electrochemical activity in pitting corrosion in micrometer scales would help to 
improve the understanding of the mechanisms behind localized corrosion that finally leads to the 
development in stainless steels production. 

There are several approaches that used to evaluate the susceptibility of stainless steels to pitting 
corrosion, which are classified into: Pitting Resistance Equivalent Number (PREN) and standard 
electrochemical methodologies [13]. In this study, focus is on the laboratory evaluations in 
which some parameters can be used to predict the susceptibility to pitting corrosion like Critical 
Pitting Temperature (CPT) and Critical Pitting Potential (CPP) which is also called Ep.  

Generally, a good resistance against localized corrosion like pitting and crevices in duplex family 
strongly related to the function of key alloying elements like chromium, molybdenum and 
nitrogen, and in some grades, tungsten as the most beneficial elements which is defined in 
specific empirical formula (1) [2][13][13] called PREN: 

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

If tungsten is added into the metal, the PREN number will be calculated by the new formula (2) 
including tungsten effect: 
 
PREN= wt% Cr + 3.3 wt% (Mo + 0.5 W) + 16 wt% N                    (2) 
 
Historically, PREN is the concept which was first introduced by Lorenz and Medawar1 in 1969 
[13] which is the common way of ranking of materials in terms of resistance against pitting 



3	  
	  

corrosion [10]. The higher number of PREN shows the higher pitting and crevice resistance of 
stainless steel. In fact, PREN as an index provides a qualitative method for predicting the 
susceptibility of stainless steels and nickel-base alloys to pitting corrosion and relates the pitting 
resistance of stainless steels to its composition in a corrosive solution containng chloride ions 
[13][16]. PREN that achieved by the compositional parameters does not take into the account the 
role of microstructure constituent like inclusions in initiation of localized corrosion [5] as well as 
the variation in surface metallurgy such as in duplex stainless steel that there is a variation in 
ferrite and austenite ratios. Thus, PREN calculation is only a way for a rough comparison 
between different stainless steels but not rank them in an accurate way [7][13].  

In order to have steel ranking, electrochemical methods for measuring CPT and Ep provide more 
reliable results than PREN. The Ep is the minimum anodic potential at which the stable 
propagation of pit occurs and it is usually expressed as Ep [8]. In the same way, the CPT is the 
lowest potential independent temperature, below which pitting does not occur and above that 
stable propagating pitting occurs [14][49][7][2]. For both parameters Ep and CPT, the more 
noble value shows the less susceptible material to pitting corrosion [3][42]. There are some 
standards test methods providing procedures to evaluate the susceptibility of stainless steel to 
pitting corrosion through determining these parameters like AL 101 5170 and ASTM G150 
[14][13][15]. AL 101 5170 is a potentiodynamic internal procedure in Alfa Laval since 1980 in 
which the Ep is measured [15]. ASTM G150 is an electrochemical potentiostatic test method by 
which resistance to pitting corrosion is measured accurately without interference from crevice 
corrosion and the CPT will be obtained [2][14].  
 

1.2. Alfa Laval in brief 

Alfa Laval Company was founded in 1883 by Gustav de Laval. It started its activities as a 
company specialized in separators for dairy applications. However, today, Alfa Laval is an 
international company and world leader within the key technology areas of heat transfer, 
separation and fluid handling with approximately 16000 employees around the world and the 
products that are sold in more than 100 countries. The main steel types that are used in the 
company’s products are standard duplex, super duplex and martensitic stainless steel [16]. 

Materials and Chemistry Center (MACC) in Alfa Laval is a laboratory established within the 
company in 1912 to serve production of separators in Stockholm city. Today, MACC has two 
laboratories one in Tumba focusing on standards and tests related to separators and the other in 
Lund that works with heat exchangers. This center with three main focusing areas consisting 
metals, chemistry and polymers has significant role in product development by providing 
qualified support, fulfilling corporate needs regarding material standards, hygiene and the 
environment. MACC is involved in the Product Lifecycle from product development step to after 
sale to make the performance of Alfa Laval’s products better. It also act as an internal 
consultants within material and chemistry related issues.  
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1.3. Purpose and the Aim  

The purpose of this project is to make a comparative study between two standardized 
electrochemical methods for investigation of the corrosion resistance of standard duplex stainless 
steel (2205). This comparison is based on the need for replacing conventional internal test 
method for pitting corrosion (AL 101 5170) [14] with the international one (ASTM G 150-99) 
[15] which is well-known and acceptable by all Alfa Laval’s customers and suppliers.  Also, in 
this project the influence of microstructure and inclusions in pitting corrosion and subsequently 
their effect on parameters like critical pitting temperature (CPT) and pitting potential (Ep) in 
duplex stainless steel were investigated. 
 

2. Theory 
2.1. Pitting Corrosion in Stainless Steel 

Stainless steels owe their corrosion resistance to the natural formation of adherent thin oxide film 
on steel surface, typically 1–3 nm thick [6]. It has a low ionic permeability that leads to a drop in 
the kinetics of the anodic dissolution rate of steel to a very low level [3]. Also, the passive film 
has an electronic conductivity that renders the reduction of oxygen [17]. Although duplex 
stainless steel family has higher resistance against corrosion than the other types of stainless 
steels, they still suffer from localized corrosion in the form of pitting and crevice [18]. This 
happens when breakdown in the protective passive film occurs locally in specific condition and 
accelerating dissolution of metal will occur [19]. Stainless steel typically shows pitting corrosion 
in a neutral aqueous solution environment which contains as little as 1mM chloride [19].  

Pitting corrosion is one of the dominant forms of localized corrosion in which corrosion occurs 
in a limited area on the steel as a result of breakdown of the protective passive film on the metal 
surface and consequently the hole or cavities will form in it [10][19][20]. Pits are small and 
narrow with minimal metal loss. Apart from metal loss, it can also be dangerous by acting as 
stress risers, fatigue strength reducer and the initiation site for stress corrosion cracking 
(SCC) [10][11] which consequently cause sever failure in steel product in service. In general, 
understanding and accurately predicting of when and where pitting corrosion initiation occur is 
difficult mainly first, because of the small scale in both pit initiation site besides the possibility 
of being covered by corrosion products. Second, initiation events are relatively scarce and 
stochastic in nature that makes the situation extremely dynamic in which simultaneously 
complex chemical changing will happen [2][19-22]. The shape of pit is a deep hole with only 
small orifice at the surface as can be seen in the following figure (2): 
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Fig 2: Different shapes of pits in metal cross sections [10] 

Another special shape of pitting corrosion is lace-cover pit. Its formation has the same 
mechanism as the other pit except that the pit will growth back to the surface of the metal on 
which pit originated from and form a new hole that causes short circuiting of the IR drop and 
passivation of metal around the new cavity [23]. The repetition of this phenomenon can lead to 
formation of lace-like pattern of some holes around the first pit. The outer part of lace-cover pit 
on the metal surface is smooth while the inner side is completely rough [23]. The figure (3) 
shows a lace cover pit: 

 

 

 

 

 

 

 

 

 

Fig 3: Lace Cover pit shape in DSS observed by SEM 

 

2.2. Mechanism of Pitting Corrosion in Stainless Steel 

The mechanism of pitting corrosion in stainless steel is generally divided into three steps 
[21][24][25][26]: Initiation preferentially at weak point of passive film through the breakdown of 
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the protective film, metastable propagation, and stable propagation. In the initiation step which is 
unstable the local breakdown of the passivation oxide layer at the surface defects and inclusions 
occur. In fact, the sudden collapse of the protective oxide film, causes the exchange of more 
dilute electrolyte out of pit area with the acidic pit electrolyte which can return the pH to its 
original value.  Metastable stage is the stage in which spontaneous repassivation of steel will take 
place in which small pits form but cease to grow. A stable pit propagation reaches when the 
spontaneous repassivation no longer happens. Pit as one type of localized corrosion will nucleate 
above a critical potential in which the chloride ion supply in the pit can be sustained and 
repassivate at lower potential below the critical one [21][27]. This critical potentials are not the 
same for different pit initiation stages [26]. Also, pitting corrosion will only occur in the 
presence of aggressive anionic species, especially chloride content solution [20][27]. 
 
 

2.2.1. Pit Initiation 

There is still debate concerning the initiation of pitting corrosion, but in general there are two 
approaches [13]. The first one which is called “Priori” emphasizes on the inherent microscopic 
defects on the metal surface like grain boundaries, inclusions, and scratches. The other called 
“Posteriori” assumes an induced heterogeneity after the metal has been placed into the corrosive 
medium. In this regard, the way that pit can be initiated in DSS will be explained by the role of 
chloride ion as posteriori model as well as non-metallic inclusions and metal matrix 
microstructure as priori model.  

 
2.2.1.1. Chloride Role in Pitting Initiation 

Several studies have been done to investigate the corrosion behaviour of duplex stainless steels 
in chloride environment and based on the role of chloride in pitting initiation [13][17][28]. In the 
solutions containing Cl-, these anions penetrate through the passive film without destroying of it 
and when it reaches the metal surface, dissolution of metal will start [29]. Many scientists 
support this idea [30][31][32]. According to Hoar’s study [30] the breakdown of anodic passivity 
at and above a critical anodic potential is caused by field-stimulated anion that entry into the 
passivating film at specific points that increases the conductivity of the contaminated film. 
Fromhold and Noh [32] presented a model about the conductivity of the passive film in presence 
of inhomogeneity like chloride ion. They determine how the passive layer conductivity can be 
affected by introduction of point defects such as vacancies, interstitials such as a chloride ion, as 
well as impurities, and by extended defects such as dislocations as well as grain boundaries 
which leads to lowering in activation energy barrier and subsequently increase in motion of 
charged particles. Olsson [6] in his studies on austenitic and duplex stainless steels found out that 
anion chloride presence in the electrolyte through adsorbing on the metal surface or 
incorporating in the passive film can decrease the film stability and cause pit formation. 
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Strehblow et al. [33] explained three scenarios about how chloride can have the role in localized 
film dissolution that includes adsorption that results in dissolution of local film, penetration of 
anions in the film that causes weakening of the oxide bonds, and film break down at defects like 
cracks and dislocations. Souto et al.[17] studied the passivation and the resistance to pitting 
corrosion of duplex stainless steel in neutral and alkaline buffered solutions, with and without 
chloride ions. He found that the presence of NaCl can increase the electrodissolution of metal 
through the passive layer. Their results were based on the presence of Cr and Ni in the alloy. 
Also, according to the investigation done by Ahmad et al. [28] on corrosion resistance of duplex 
stainless steel in sea water the role of chloride content and temperature in corrosion of DSS was 
studied. It was found that at 25 °C, duplex stainless steel showed good corrosion resistance in 
chlorinated and unchlorinated sea water, but at higher temperature, 50 °C, it failed to resist. 

 
2.2.1.2. Non-Metallic Inclusion Role in Pitting Corrosion:	  

In stainless steel pitting can be initiated from metallic inhomogeneities like Inclusions [12][22] 
[24][26][34-37]. All of the above models for explaining the stainless steel corrosion and 
passivity breakdown are just considered the pure metal without looking at the role of 
microstructure and non-metallic inclusions (NMI) in pitting formation. However there are some 
investigations done on the function of inclusions in pitting initiation. Among all studies on the 
role of inclusion, most of the investigations [3][19][36][37][39] consider sulfide inclusion like 
MnS as a main subject of study due to the great pitting susceptibility of the this type of 
inclusions in conventional stainless steels (austenitic). Their investigations explain the 
mechanism of how dissolution of MnS in austenitic stainless steel can be the initiation point for 
pitting corrosion in different acidic and chloride content environments.  

Improvements in desulfurization technology have enabled the production of stainless steels with 
low sulfur content. Therefore, the impact of other NMIs than MnS, such as oxides and nitrides, 
on the pitting corrosion of stainless steel have become more important. However, a few authors 
investigate how oxide and nitride can be an initiation site for pit formation. Wagner et al. [34] in 
1970 found that pits can be initiated at both oxide and sulphide inclusions. Baroux [26] studied 
on two austenitic stainless steels (304) with different types of inclusions (MgO and Cr2O3-MnO) 
immersed in NaCl containing neutral aqueous solutions. In his studies he found that pit 
preferentially initiated on non-metallic inclusions or inclusion/metal matrix interface. Also 
according to his studies different types of oxide inclusions does not have the same potential to be 
a starter point for pit formation as stainless steels with MgO was much more corroded than the 
one with Cr2O3-MnO. Baker et al. [34] studied the role of oxide inclusions in pit initiation on the 
stainless steel with 18.6% Cr and 9.7% Ni in a solution of mixture of 0.5M H2SO4 + 0.5M 
NaCl+ 0.08% H2O2. They found the pit formation from metal matrix interface at complex oxide 
of Al/Ti/Mn/Cr. Baker and his group considered the role of anions especially chloride in 
breakdown of the metal passivity at the oxide inclusion/metal interface. Their studies show that 
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this breakdown occur because oxide inclusions on metal matrix surface are electrically inert and 
has higher resistance to electric field compared to metal. This causes the attenuation of electric 
field so anions in solution experience the stronger electric field close to metal matrix and 
consequently will be attracted to it. Baker also discussed about the role of internal stresses that 
exists within the metal oxide layer. His group findings explained that stress at discontinuities of 
the oxide like in metal/oxide interface may cause the chemical bonds between metal and oxide 
atoms to be transiently broken. The metal will probably repassivate immediately, but aggressive 
anions will adsorb in this interface and catalyze the metal dissolution.  

Moreover, based on Heon Young Ha et al. [35] investigations on type 409L stainless steel with 
11% Cr in 0.5M NaCl solution at 25 °C , they found two NMIs, one (Ti,Ca)-oxide and the other 
Ti-nitrides. Non-metallic inclusions like (Ti,Ca)-oxides have an important role in the initiation of 
pitting corrosion and the preferential position for metal matrix dissolution is in the 
matrix/inclusion interface. Also, according to the study done by Shuqi Zheng et al. [24], pitting 
corrosion is more probable to occur around the oxide inclusion and it happens because of lower 
surface potential of NMI oxide compared to the matrix.  

 

2.2.1.3. Microstructure Role in Initiation of Pitting Corrosion: 

Duplex stainless steels are more prone to formation of metallic compounds like carbides (M23C6) 
and chromium nitrides (Cr2N, CrN) or intermetallic phases including sigma (σ), gamma, chi 
phases than austenitic stainless steels which leads to embrittlement and reduction of corrosion 
resistance of metal matrix [3][4][7][18][38][40]. Improperly heat-treated like slow cooling rate 
or prolonged exposure to high temperature like in welding will cause the balance of alloying 
elements partitioned in two austenite and ferrite to be disturbed by the precipitation of 
intermetallic phases [18][38][41]. The most detrimental precipitation that is tried to be avoided 
by suitable heat treatment (annealing) is sigma phase. It is hard and brittle phase that is formed at 
the austenite-ferrite boundary and grows into the ferrite phase [41]. It is enriched in chromium 
and molybdenum at the interface adjacent to the growing sigma phase so that these localized 
areas with lower concentrations of these elements become susceptible to pitting attack. 
[18][41][40]. Due to detrimental influence of sigma phase on corrosion and mechanical 
properties, its presence in stainless steel is usually unacceptable [41]. A lot of studies have been 
performed about the impact of sigma phase on corrosion resistance.	  Based on Hosni et al. studies 
[40], in regions with Cr-Mo depletion, passive film will become weak that this phenomenon 
plays a major role in the film breakdown and subsequently to pit initiation.	  According to the 
investigation done by Troels and Carsten [41] on 22% Cr DSS, they found the significant 
negative impact of sigma phase on corrosion resistance and CPT value. They found a direct 
relationship between the amount of the sigma phase content and the CPT value so that more 
sigma phase content can lead to much less CPT value. 
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2.2.2. Pit Propagation: 

Propagation of pit has been described by many authors and stabilization of pit propagation is 
well understood [19][20][25][27][42]. It is known that pitting corrosion propagation occurs in 
the presence of aggressive solution that is needed to be developed and maintained within a 
localized area. Initially, passive current density of dissolution of the steel (eq. 3) is usually on the 
scale of 1 nA/cm2 or lower. While during propagation in an environment containing chloride ion, 
pit area will become acidic through the hydrolysis of the dissolving metal cations (Fe2+) (eq. 4), 
so the pH will decrease, chloride concentration will increase to higher than 1M and the 
dissolution current density is typically above 1A/cm2 [19]. Consequently, the local environment 
is significantly more aggressive than the bulk solution which cause the metal in pit to be 
maintained in an actively dissolving state. As the corrosion current density within the developing 
pit is high, it leads to chloride anions to draw into the pit by electromigration to maintain the 
charge neutrality. This makes the mechanism of corrosion to proceed autocathodicly. In the pit 
solution the surface cannot be passivated unless it is diluted. This means that diffusion of the 
aggressive ions out from the pit hole. There is a critical current density required to maintain this 
local metal solution in the face of diffusion of species out of the pit cavity. Occlusion of the pit 
cavity by precipitated corrosion products or partly dissolved lace-like metallic covers causes 
restriction diffusion and maintain stability. The pitting propagation stage can be seen in figure 
(4) below: 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Fig 4: pitting corrosion mechanism 

M               M!! + 2e-                                            (3)                      	  

M(!")
!!  + H2O  MOH(!!!)! + H(!")!           (4) 
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2.3. Non-Metallic Inclusion 

Steel making process includes different steps which begins with iron ore or scrap as a raw 
materials in Blast Furnace (BF) and Electric Arc Furnace (EAF) respectively. The last step in 
steel making process is ladle metallurgy in which alloying and inclusion removal take place. 
Before ladle refining process, depending on alloy content and temperature the steel melt contains 
100-800 ppm oxygen dissolve in melt. However during solidification in casting process, the 
oxygen that can be dissolved in solidified steel is quite less than this, around 1 ppm. Thus there 
will be a risk of reaction of oxygen with carbon and other alloying elements which leads to 
porous and inclusion-rich steel that has poor mechanical and corrosion resistance properties [43]. 
Therefore steel should be deoxidized before it is casted [43]. While raw or primary steel melt 
tapped from converter/EAF, pre-alloying and predeoxidation with elements that have high 
affinity to oxygen like Si, Mn and Al often performed [43]. The addition of these elements 
results in formation of liquid or solid precipitations which called inclusions. In fact, a non-
metallic inclusion is a little precipitation in the steel matrix that is usually oxide, sulfide, carbide 
and/or nitride or they can be as a combination of these phases like oxysulfide, carbonitride, etc. 
There are different ways of categorizing inclusions. In general, they are divided into two main 
types, endogeneous and exogeneous [44]. The former type contains inclusions form during 
deoxidation or solidification process as a result of the reactions taking place in the molten or 
solidifying steel, whereas the latter are inclusions resulting from mechanical incorporation of 
slags, refractories or other materials with which the molten steel becomes reoxidized. During 
secondary metallurgy, most of inclusions will be removed through Argon (Ar) gas stirring to top 
slag and ladle lining although completely removing of inclusions in steel is impossible in 
practice. On the other hand, sulfur is in dissolved form in liquid steel and during the casting and 
steel solidification it will react with manganese and form manganese sulphide inclusions in steel 
[36].  

The inclusion characteristics in terms of size, composition, and number has an important role in 
not only material mechanical properties but also in its corrosion resistance. In terms of 
formability, inclusions divided into ductile, brittle, ductile brittle and hard ones and their shapes 
will be change during steel forming as can be seen in below figure (5):  
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Fig 5: Schematic illustration of different types of inclusions during metal forming. a,b,c) oxide and nitride 
inclusions, d) oxide with sulfide shell, e) sulfide inclusions  

Oxide and nitride inclusions like Al2O3 and carbonitrides respectively exist as singular or cluster 
forms during steelmaking. They are hard and brittle so that they will not be formed or will be 
broken up into stringers shape during metalworking as can be seen in above figure (a), (b), (c).  
While sulfide inclusions are ductile can be deformed at hot rolling temperatures and they will be 
shaped in elongated to long stringer forms (figure 5e) [43]. 

 

2.3.1. Inclusion Modification 

Inclusions role in different steps of steelmaking such as ladle treatment, casting, rolling and heat 
treatment processes significantly affect the continuity of the process as well as quality of final 
product. Large cluster shape of inclusions in ladle refining step if not being controlled can cause 
clogging in tundish outlet (called Submerged Entry Nozzle (SEN)) in casting process, can affect 
the grain size during solidification and subsequently the final microstructure. On the other hand, 
in rolling process in different direction, anisotropy in the shape of deformed inclusions can cause 
anisotropy in steel mechanical properties. The concept of “clean steel” means to have a steel with 
a low number of inclusions or low content of harmful impurities like oxygen, sulfur, phosphorus, 
hydrogen and nitrogen, in some cases even carbon which can be achieved by developments in 
steelmaking methods [43]. Calcium is strong deoxidizer and desulfurizer in steel. Calcium 
alloying in steel production dates back to the period 1950-60 [45].  In fact, main purpose of 
calcium treatment in steelmaking is to improve product performance by inclusion modification. 
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In general, modification of inclusions is a process in which changing in morphology of inclusion 
by changing of its composition will occur [43]. At the end of ladle refining in Al-killed steel, 
calcium that has high affinity to sulfur and oxygen, typically in form of alloyed wire, is added 
that have important role in either preventing SEN clogging or forming spherical shape inclusion. 
In calcium modifivation, alumina (Al2O3) will be converted into complex calcium aluminate 
such as Al2O3-CaO-SiO2, silicates are replaced by the Al2O3-CaO-SiO2 and mangensulfides will 
changed to (Mn,Ca)-S or it convert to globular calcium-aluminate containing SiO2 with a shell of 
CaS.  

However, as inclusion elimination from clean steel is not possible completely, there is a risk for 
inclusions as mechanical or geometrical heterogeneities to act as weaker areas of passive film on 
metal surface and being an initiation sites for pitting in presence of aggressive ions, i.e. chloride 
anion [3][11][34]. 

 

2.4. Solution Annealing and Corrosion Properties 

In order to maintain the high resistance against localized corrosion, solid solution of the alloying 
elements must be done to obtain homogeneously distribution of these elements in metal matrix 
[12]. As partitioning of the chromium and molybdenum in the ferrite and nitrogen in austenite 
are not the same, the PREN value in two phases austenite and ferrite are not equal and 
consequently they do not have the same resistance to corrosion [11]. In this regard, to control the 
concentration of alloying elements in ferrite and austenite to reach the equal pitting resistance, a 
suitable diffusion annealing process will be selected for DSS [2][46]. Annealing can also control 
the formation of precipitations like brittle sigma phase in DSS by heating up to 1020 to 1100 oC 
and water quench it with a suitable rate [2][7][46]. 

 

3. Experimental 
In this study two test methods are used to measure the sensitivity of the duplex stainless steel in 
pitting corrosion and compared with each other. The first test is the potentiodynamic test based 
on the Alfa Laval material standard that is called AL 101 5170. This test as an internal standard 
test is used to measure pitting potential (Ep) of stainless steel in a chloride solution. The other is 
potentiostatic test according to ATMS G150–99 by which CPT is measured in high concentrated 
chloride solution. In addition, in this experiment the influence of microstructure and inclusion on 
pitting corrosion was analyzed by SEM and LOM. 

In this study, seven specimens from different heats but all from the same duplex grade (2205) 
were selected, five from one manufacturer (A) and the two others from the other manufacturer 
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(B). The specimens were provided in a bar or plate shapes that were cut from bar or billet. As 
information about tungsten (W) content was not supplied by one of the manufacturers, the PREN 
value calculated based on the formula (1).  

Samples in both longitudinal and transverse directions were cut according to the standard ASTM 
E3-11 [47] from forged billets for both AL 101 5170 and ASTM G150 methods. Samples 
surfaces for two methods were 30×20 and 30×30 mm respectively both with 5 mm thickness 
[14][15]. Samples were cut in a way to avoid the segregations in central part, also at least 2 mm 
away from outer part of specimen which was heat treated (figure 6). All the samples were 
annealed by the producer according to standard [46]. The chemical composition of the samples 
are shown in the table (1): 

                Table 1: Compositions of the DSS based on the main elements used in PREN calculation 

 

Heat 
No. 

 

Producer 

 

Production 
Method/ 

Diameter (mm) 

 Element Composition (wt %)  

PREN Specimen Shape/ 
Diameter (mm) 

Cr Mo W N Mn 

17 A IC forged to billet 
/Ø250 

Forged from billet 
to Ø70 

22.18 3.02 0.017 0.190 
1.28 35.19 

89 A IC forged to billet 
/Ø250 

Forged from billet 
to Ø70 

22.13 3.12 0.020 0.185 
1.31 35.39 

63 A IC forged to billet 
/Ø270 

Billet/Ø270 22.34 3.10 0.040 0.198 
1.16 35.74 

84 A IC forged to billet 
/Ø250 

Billet/Ø250 22.20 3.08 0.084 0.188 
1.15 35.37 

12 A IC forged to billet 
/Ø300 

Forged from Billet 
to Ø70 

22.14 3.04 0.032 0.189 
1.15 35.20 

9966 B CC forged and 
rolled to bar/  

Ø70mm  

Bar/Ø70 22.74 3.10 NA 0.173 

1.60 35.74 

R0634 B CC/forged and 
rolled to bar/ 

Ø80mm 

Bar/Ø80 22.68 3.11 NA 0.173 

1.70 35.71 

NA: Not Available 
IC: Ingot casted 
CC: Continuous Casted 
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Fig 6: The method of cutting of samples in longitudinal and transvers directions from initial specimen.  
T and L determine transversal and longitudinal cutting directions respectively. RD: Rolling Direction 
 

3.1. Standard Method AL 101 5170 

This potentiodynamic method was firstly develop and performed in 1980 in Alfa Laval to find 
out the pitting potential of stainless steel in a chloride content solution [15]. The test was carried 
out at specific temperature (80 ±  1oC) but at different potential to find out the breakdown 
potential (Eb) or pitting potential (Ep) of stainless steel. Pitting potential is defined as critical 
potential above which the passive film is not stable and steel alloy will be locally dissolved [8]. 
In this method potential is increased with the scan rate of 200 mV/h sweeping from -150 mV 
cathodic potential up to 800 mV and it was increased until sudden increase in current occurs. In 
this test pitting potential, was identified as the potential where the current density continuously 
exceeded 0.1 mA/cm2 or remained above 0.03 mA for more than 6 min. The potentiodynamic 
measurements were recorded using a controlled potentiostat/galvanostat Model IVIUM programs 
(figure 8).  A Potentiostat works with three main electrodes consisting of working electrode 
(WE), Reference electrode (RE) and Counter electrode (CE) immersed in a conductive 
electrolyte and is an electronic instrument by which the voltage difference between a WE and a 
RE will be measured and controlled. 

Test samples were cut in two longitudinal and transvers directions out of specimen in 
approximate dimension of 20×30×5 mm. Regarding samples preparation, they were all silicon 
carbide (SiC) wet-grinded sequentially from 120 to 500 and 1000 then the edges were rounded 
and finally rinsed by ultra-pure water and ethanol. Before the pitting potential test, pickling was 
used for cleaning of surface from metal oxide and making it ready for further processing. 
Pickling process was done before acid immersion (passivation) to provide a clean surface so that 
the acid could wet the surface homogeneously. The process was done first in the mixture of 
sodium fluoride (NaF) and concentrated nitric acid (HNO3 65%) solution for one minute at 80 
oC. Then for passivating, the sample was put inside the concentrated nitric acid at ambient 
temperature for 15 minutes [47]. After each step the sample was rinsed with ultra-pure water. In 
order to reduce the corrosion attack on edges, as mentioned before they were become rounded 

T	  

L	  

RD	  
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and after passivation step coated by suitable paint which was thermal resistant at 80 oC. Paint 
was applied to all sides except small part in one edge to keep the contact to Pt holder of 
specimen then cured at 80 oC for at least 10 hours as shown in figure (7).  Coating helped to 
avoid the risk of crevice corrosion on the areas that paint reaches the metal surface. Just before 
the test samples surfaces were polished with 500 SiC paper to remove the passivating film then 
mounted in Pt holder in cell. 

	   

 

 

 

 

 

Fig 7: Coating application method and the way of mounting specimen by Pt wire holder [15] 

 

The electrochemical cell consists of two stainless steel pieces acted as WEs, Ag/AgCl/saturated 
KCL as RE for potential measurement and CE for providing the applied current and it was 
platinum (Pt) in a dimension of 20×30 mm all immersed in 0.1 M sodium chloride solution as an 
electrolyte. The design of the cell and WE configuration was in a triangle way so that there was 
as shorter distance as possible between the working and the reference electrode. Also, the size of 
the CE should scale with the amount of current which is needed to be provided, typically being 
equal to or larger than the working electrode in size to reduce the impedance from the counter 
electrode. As response time of voltammetric system depends on resistance between working and 
reference, the bigger distance between WE and RE can affect the solution resistance and cause 
potential drop at the solid liquid interface. During the test solution temperature is controlled by 
electromagnetic thermometer to be held constant and homogeneous at 80±1 oC by magnetic 
stirring.   
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Fig 8: Polarization curve and the way of determination of pitting potential (Ep) [15] 

 

3.1.1. Sample Preparation Effect on Pit Formation 

In order to investigate the role of sample preparation in Alfa Laval method in formation of pits 
on sample surface, LOM study was done after each step of preparation for two test methods: 

-‐ After grinding 
-‐ After pickling and passivation 
-‐ Before corrosion test 

 
Microscopic observations on 89-L and 0634-T samples after grinding but before 
pickling/passivation steps showed that there were few shallow pits existed on surface. Then after 
pickling and passivation process, it was found that the number of pits that existed or formed on 
the specimen surface were increased and many pits with the size between 2 to 8 µμm were 
observed. It was assumed that these pits are formed as a result of inclusion dissolution in 
pickling/passivation solution.  

As mentioned in experimental part for AL 101 5170, just before performing the potentiodynamic 
test, these shallow small pits could be removed by scratching of the surface. But, there were still 
some pits remaining on the surface around the scratched area. According to the observations by 
LOM after the corrosion test there were pits that formed both on scratched and around the 
scratched area that shows the potential of the small pits around the scratched area to act as a 
pitting initiation point.  
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3.2. Standard method ASTM G150  

Although DSS has a high pitting corrosion resistance at low or near ambient temperature (25 oC), 
it shows pitting corrosion when it is performed at higher pressures and/or temperatures [4][9]. 
Therefore, in order to evaluate the effect of temperature on pit initiation in DSSs, ASTM G150 
as an accurate method of ranking can be used which is based on measuring of Critical Pitting 
Temperature (CPT). This method is based on electrochemical cell, called Avesta Cell, that was 
developed by Rudolf Qvarfort in 1988 [48]. The advantage of this test is eliminating the 
interference from crevice corrosion between the cell and the mounting material during pitting 
corrosion test [42][48]. This test is the accurate method for evaluation of the resistance of cast 
and wrought stainless steel in different grades to pitting corrosion [14]. It is based on measuring 
the CPT by potentiostatic technique in which a temperature scanned at constant high anodic 
potential, 745 mV relative to Ag/AgCl/concentrated KCL reference electrode, that is above the 
pitting potential to situate relatively the identical driving force for all samples while temperature 
of the solution is increased with the rate of 1 oC/min [14][49].  

Avesta cell that was used is a kind of flushed-port cell in which sample is in contact with sodium 
chloride (NaCl) 1 M solution. The cell consists of sample as WE, inert metal like Pt mesh as CE 
that is a current-carrying electrode completes the cell circuit and Ag/AgCl 3M concentrated KCl 
as RE that has constant electrochemical potential all located in connection to the potentiostat 
instrument, CompactStat IVIUM.  
 
The cell was designed [42][48] with double glass wall that ultra-pure water flow through it 
(figure 9). There is one inlet and one outlet for ultra-pure water to flow inside the double wall 
which is used for cooling and heating of the solution during the test. The specimen is mounted at 
the bottom of the cell so that only one side of it has exposure to the chloride solution. In order to 
avoid crevice corrosion in contact point between sample and the cell, chloride solution in the 
crevice formed between the specimen and specimen mount will be replaced with ultra-pure water 
by small flow of ultra-pure water that injected into the cell at the rate of 6 ml/hr. Ultra-pure water 
distribution is controlled by plastic oring (EPDA) and filter papers in a shape of a ring which will 
be mounted around the exposure area of sample. The filter paper is a kind of ashless paper, grade 
of 00H that can provide very slowly filtering and has tight fiber matrix fine-grained precipitates 
such as barium sulfate, metastannic acid and cuprous oxide [50]. During the test, the steel surface 
is not wetted by the injected pure water as the difference in density and stirring inside the cell 
below makes the distilled water immediately flow upwards when reaching the test solution 
[42][48] as can be seen in the figure (9) an (10): 
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Fig 9: Sketch of the design principle of flushed port cell (Avesta cell) and configuration of specimen 
mounting at the bottom of it [14]  
 
 
During the test the temperature of the solution will be measured by the thermocouple which is 
located inside the cell and is connected to potentiostat device. Because of special design of the 
Avesta Cell, five sides of sample are exposed to the air so there could be heat loss in sample that 
affects the electrochemical measurement results, polarization curves and the measurements of 
CPT [51][14]. Also, the solution temperature is continuously changed during the test. Thus, it is 
not possible to consider the registered temperature of solution by the potentiostatic device as the 
pitting temperature of the metal [14]. In this regard, a conversion of the increasing solution 
temperature to specimen temperature by suitable calibration method and finding a correct 
formula should be done and the CPT should be defined relative to the temperature of the 
specimen [14]. 
 
The procedure of the test was performed according to the standard [14]. The reference electrode 
shall be located at ambient temperature outside of the cell. In this case, the luggin capillary was 
used to provide an ion connection between the cell and the reference electrode. Capillary tube tip 
positioned inside the cell to be as close as 1 mm to the sample surface.  
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Fig 10: Configuration of reference electrode, Avesta Cell, ultra-pure water injection and temperature 
control device from left to the right 
 

The model material as working electrode was cut into 30×30×5 mm. The exposed surface area 
was 0.9 cm2. Before starting the electrochemical analysis, in order to remove contaminations on 
surface and reach the specific roughness, the test face (30×30 mm) of the specimen was wet-
ground with SiC sandpaper to 120 and 500 in sequential steps. Then it was washed with distilled 
water and ethanol then dried with hot air blast and remained at room temperature for at least one 
day. Although the passivation process begins immediately after contaminants are completely 
removed from the material surface, it takes 24 to 48 hours for the sample which is exposed to the 
air to achieve a uniform and stable passive layer [52]. In this condition, Open Circuit Potential 
(OCP) reaches to around 0 mV (SCE) independent of previous passivation procedure [52]. 
Related to this, Olsson [6] found that long range film ordering is a considerably slower process 
than immediate formation of passive film that takes several hours. The temperature was 
controlled by drop-in circulators, HAAKE Phoenix II that has been designed to precisely control 
temperature conditions in the range of -90 to +280 degree oC.  

In order to find out the temperature at which passive film breakdown occurs, the current density 
should reach 100 µA/cm2 and stays above this value for 60 s. Then the CPT value can be 
measured through the method as can be shown in below figure (11): 

Temperature	  Control	  Device	  

Avesta	  Cell	  

Reference	  electrode	  
Ultra-‐pure	  water	  injection	  
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Figure 11: Sample temperature vs current density [14] 

 

After removing the sample from cell, it was cleaned by ethanol and dried then the presence of 
pits but not any crevice on the exposed surface to the solution was confirmed by optical 
microscopic examination. Then critical pitting temperature will be calculated according to the 
below calibration formula (6).  

As mentioned before about the statistical random initiation of pits on the sample surface and the 
sensitivity of CPT to minor within-grade or even within product variations, its value is typically 
expressed as a range of temperatures instead of only one specific temperature [2]. Apart from 
this, surface characterization has influence on CPT so that decreasing the surface roughness will 
lead to increasing in measured CPT [52]. This is the reason why in different experiment for CPT 
measurement done by other researchers on metal surfaces with various surface roughness, the 
measured CPT is not the same. Also, based on the electrochemical evaluation of pitting done by 
Outokumpu [27] on the specimens that were wet ground to 600 mesh SiC paper, the results 
showed the average value of 59±3.1 oC.  Thus, in this experiment, the average of CPT for duplex 
stainless steel was expected to be in the range between 56 to 62 oC.  
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3.2.1. Calibration method 
 
As the registered temperature during a test is not the sample temperature and it will be changed 
continuously, which is considered as CPT In order to calibrate the temperature and finding the 
sample temperature relative to the temperature of solution, it was a need to find a suitable 
formula in which these two temperature were related to each other. In this regard, a small hole 
was created in the specimen so that its length was half of the specimen length and located as 
close as possible to the sample surface [14]. The specimen temperature during the test was 
measured by installing a narrow calibrated thermocouple inside a sample hole. In order to have 
lower thermal resistance, a special heat transfer compound as a paste injected into the sample 
hole before locating the thermocouple. As CPT value occurs above 40 oC, temperature interval of 
10 oC until 40 oC and 2 oC above 40 until 100 oC was selected and recorded. At the same time, 
the solution temperature was measured by another calibrated thermocouple which was located 
inside the solution. Finally, the calibrated formula that relates the measured solution temperature 
to sample temperature had been found. To avoid large variations in the specimen heat capacity in 
different tests, the geometry of all samples tried to be kept the same. Also the calibration 
performed under identical conditions to a real CPT test except that no electrochemical potential 
was applied [14]. 

In below diagram (1), the suitable linear equation which relates the solution temperature loges 
with the potentiostat to calibrated thermocouple temperature (oC) was obtained.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Diagram 1: Solution temperature. Potentiostat thermocouple temperature vs calibrated thermocouple 
temperature (oC) 
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As pitting initiation in DSS is expected to start above 40 oC all the calibration equations 
considered above 40 oC. This makes the temperature calculation more accurate without 
considering the initial big difference between the potentiostat and calibrated thermocouples 
temperatures.The related equation is used to find out the real temperature of the solution during 
the temperature ramping from 40 to 100 oC. Linear equation (5) by which the real solution 
temperature (y) can be calculated based on measured solution temperature (x) is shown below: 
 
y = 0.9774x + 1.7875         (5) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Diagram 2: The relation between solution temperature and sample temperature (oC) 
 
Based on the above diagram (2), the related equation (6) between sample temperature (y) during 
temperature increase of the solution (x) was found out: 
 
y = 0.004x2 + 0.2953x + 13.08                       (6) 
 
 

3.3. Microscopic investigations 

In order to study the role of inclusion and microstructure in pit formation in DSS, the surface of 
the samples with lowest and highest CPT and Ep were observed by Light Optical Microscope 
(LOM) model of Olympus BX60 for studying the shape and number of inclusions. Then 
Scanning Electron Microscope (SEM) with a model of JEOL JSM-5600LV to get information 
about the shape of inclusions in higher magnification with an electron beam energy of 20 keV 
excitation. SEM was combined with Energy-Dispersive X-ray Spectroscopy (EDXS or EDX) 
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detector that made it possible to find the composition of non-metallic inclusions by using the 
software of Aztec. 
 

3.3.1. Inclusion Study 

For investigation of inclusion characteristics there was a need of polished surface up to diamond 
1 µm for each specific heat No. Before polishing, the sample in longitudinal and transverse 
directions cut in approximately 20×25×5 mm from the main specimen in a way that the positions 
were the same as the samples used in electrochemical tests then mounted in phenolic hot 
mounting resin with carbon filler for easier polishing. 

In order to investigate the inclusion shape, size and number density by LOM the whole polished 
area was chose for studying of critical inclusions that were larger than 22 µm. In this case, as the 
pit formation is randomly it was possible to consider all large inclusions that probably could 
made a pit. Then, for smaller inclusion size depending on the inclusion distribution different 
numbers of frames (700×700 µm) in LOM were considered and the number density for each 
category was calculated. Based on the observations of different sizes of inclusions under 
microscope, they were classified into four categories including 3-5, 5-8, 8-15 and above 22 µm.   

SEM-EDX was used to investigate the inclusion type and composition on 1 µm diamond 
polished surface, besides detect the probable inclusion existence and its composition near pit 
after ASTM test.   

 

3.3.2. Microstructure Study 

Microstructures have a strong influence on the metals and alloys properties and subsequently on 
their applications. In this regard, metallographic examination to determine and control of 
microstructure is required [46]. The role of non-metallic and inter-metallic phase precipitations 
especially sigma phase on CPT and Ep was studied on the diamond polished sample surface 
finished to 1 µm in case of the highest and lowest CPT and Ep results. Before microscopic 
observation by LOM and SEM/EDX samples were etched by the method of Beraha II that is the 
reagents of combination of potassium disulfite (K2S2O5), ammonium fluoride ((NH4)HF2), HCL 
37% and water. Beraha II reagent was selected as it causes less dissolution of both phases (ferrite 
and austenite) as well as inclusions so it makes it possible to observe almost real surface under 
microscope. 
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4. Results 
4.1. Potentiodynamic and Potentiostatic Tests 

According to the experiments done in AL 101 5170 and ASTM G150 methods Ep and CPT 
values are measured and compared with each other for each sample in two longitudinal and 
transvers directions. In addition, PREN numbers were calculated for each heat and at the end 
compared with the result of two standardized methods. The test for measuring CPT is repeated at 
least two times and the average of values considered as a final CPT number of each specimen. 
For measuring of Ep as mentioned in experimental part, in every potentiodynamic test two 
samples are tested at once so that in every test two Ep values are available except for R0634-L 
for which the test is repeated as a result of high value obtained for Ep. As these values for each 
sample are scattered, so the same as ASTM test, in order to have easier comparison between 
breakdown potentials of different specimens, the average of Ep numbers is calculated and used 
as shown in table (2). 

Comparison among all pitting potential shows that all breakdown potentials measured are higher 
than the defined criteria (250 mV). However, some samples like R0634-L and 89 in its both 
cutting directions have the highest and the lowest average values respectively.  

In terms of CPT, generally the lowest and highest values in both directions belong to heat No. 83 
and R0634, respectively (table 2). The specimens 83 in both directions and 63 and 89 in 
transvers directions have lower CPT than the temperature range which means that these samples 
have not good resistance against pitting corrosion. On the other hand, samples R0634 with the 
highest CPT has much larger value than others relative to the defined temperature range. Other 
specimens have the CPT values in the temperature range or a little higher than it [27]. These 
samples are considered as materials with good corrosion resistance. 
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Table 2: Comparison between PREN, Ep and CPT and the shape of pits observed after ASTM G 150 test 
method in seven specimens in two directions 

Heat No CPT(oC) Ave       
CPT(oC) 

Std 
Dev Ep(mV) Ave     

Ep (mV)  
Std 
Dev 

PREN 
(Without W) 

Pit shape after 
ASTM test 

17-L 
  

NA NA 
  NA 

293 325.5 
  

46.0 
  

35.19 

 
NA NA 358 

17-T 
  

53.7 59.9 
  

8.8 
  

287 290.5 
  

4.9 
  

 
Round/Lace cover 66.1 294 

89-L  
55.2 58.3 

  
4.4 

  
274 291 

  
24.0 

  
35.39 

  

 
Irregular/Lace cover 61.4 308 

89-T 
47.7 54.0 

  
  

5.5 
  
  

274 272 
  
  

2.8 
  
  

 
57.0 270 

  
Round/Lace cover 

57.4  

63-L  
47.9 58.0 

  
14.3 

  
315 336.5 

  
30.4 

  
35.74 

  

 
Round/Interphase 68.1 358 

63-T  

47.1 
51.9 

  
  

8.4 
  
  

313 
345.5 

  
  

46.0 
  
  

 

47.0 378 
  

Round 
/Interphase/Irregular 

61.6  

83-L 

39.3 45.4 
  
  
  

7.3 
  
  
  

321 344 
  
  
  

32.5 
  
  
  

35.37 
  
  

  

 
55.9 Interphase/Irregular 
44.6  367 

  
 

41.8  

83-T  

51.1 
49.5 

  
  

2.7 
  
  

308 
362 

  
  

76.4 
  
  

 

51.0 416  
Round 

/Interphase/lace cover 
46.4  

12-L  
69.4 62.8 

  
9.3 

  
409 489.5 

  
113.8 

  
35.20 

 
Irregular/Lace Cover 56.3 570 

12-T  
56.4 62.5 

  
8.6 

  
288 338 

  
70.7 

  
 

Irregular/Lace cover 68.6 388 

9966-L 
  

68.4 
63.7 

  

8.6 
  
  

366 
484 

  
  

166.9 
  
  35.74 

  

 

68.9 602  
Round 

/Lace cover/Irregular 
53.9  

9966-T 
69.3 66.4 

  
4.2 

  
366 328.5 

  
53.0 

  
Interphase 

/Lace cover 63.4 291 

R0634-L  
  

>90.0 
 

80.3 
  
  
  

13.8 
  
  
  

750 
676  

  
  

126.0  
  
  

35.71 
  
  

 

499 Round/Lace cover 

70.6 675  
780  

R0634-T 
  

68.7 79.4 
  

15.0 
  

258 281 
  

32.5 
  

Round 
>90.0 304 

Ave: Average 
Std Dev: Standard Deviation 
L: Longitudinal cutting direction 
T: Transversal cutting direction 
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In below diagram (3), the lowest and highest values for Ep and CPT are depicted by yellow and 
red colors respectively. It is obvious that in diagram (a) all the measured Ep values are above the 
criteria (250 mV) as shown in blue color. In diagram (b) the criteria for CPT value was 
considered as a temperature range between 56 and 62 oC (between dashed lines), so it can be 
seen that specimen with value above the lower dashed line are considered as corrosion resistant 
materials.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Diagram 3: Average Ep and CPT values with error bars for seven specimens in two directions. The 
vertical red dashed lines show the criteria for Ep and normal temperature range for CPT in DSS. 
 

It has been found that samples do not show exactly the same behavior in two test methods. For 
example, although heat No. 83 demonstrates the lowest CPT, it has normal pitting potential in 
both directions. Also, R0634 has the highest CPT in both cutting directions and high Ep in 
longitudinal direction, but low Ep in transvers one.  

On the other hand, the shape of the pit after each ASTM test is investigated by LOM and SEM-
EDX. As samples surface roughness in ASTM test is less than in Alfa Laval, it is easier to have 
pitting study on samples related to ASTM test. The pit shape investigations lead to four different 
pit shape classifications including round, irregular, interphase, and lace cover. Interphase pit 
shape is observed in specimens with very low CPT values like 83 and 63 and it is only limited to 
them. In this study, this pit is called “interphase pit’’ because of its special shape and the way 
that it forms on the metal surface as can be seen in below figure (12a and 12b). They are 

a	  

a	   b	  
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observed as very wide pits with the size of 50-300 µm and approximately shallow depth (3-5 
µm) relative to their size. Specimens with this shape of pit are suspected to contain precipitations 
like sigma phase in their microstructure. Thus, more investigations on Beraha II etched samples 
are performed by LOM to find out the role of intermetallic phases like sigma phase in formation 
of these kinds of pits besides the reason behind their low CPT value. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 12 : Interphase pit a) 83-L, b) 63-L lace cover pit c) 9966-L d) 89-L, round pit e) 12-L, f) 63-T 

 

a	   b	  

c	   d	  

e	   f	  

e	  e	  



28	  
	  

Moreover, in order to understand the real pit shape and to be sure if the pit is stable or it is only 
discoloration point, some samples are chosen and their surfaces are scratched a little bit after the 
ASTM corrosion test. Discoverations by LOM exhibit that these so-called small round pits with 
the size of 2-5 µm on the surface only have corrosion products as a discoloration area around 
them (fig 12e and 12f). These pits are assumed as metastable pits that grow below the CPT and 
are repassivated during the test. 
In this experiment, lace cover shape of pitting corrosion with and observed depth of 5-13 µm 
before scratching the surface and up to 50 µm after scratching was observed (fig 12 c and 12d) . 
In almost all samples ASTM tests lace cover discovered. Lue et al. [54] studied the condition that 
lace cover pit may be observed. Based on his investigation at high temperatures (above 70 oC) 
with different chloride concentration  (0.05-1 M) lace cover pit should be formed, however, in 
this experiment it is also found that formation of this kind of pit shape depends not only on the 
temperature and chloride concentration, but also on microstructure properties of metal matrix.  

In relation to the different pit shapes, more in detail study was done on microstructure and 
inclusion characteristics inside the metal matrix.  

 

4.2. Microstructure Study 

Microstructure of six specimens in both longitudinal and transvers directions are etched by 
Beraha II method then observed under LOM microscope. In the below table (3) it can be seen 
that samples with different production methods have different microstructure.  

Table 3: Relation between pit shapes, production method and sigma phase precipitation in metal 
matrix 

Heat No Production Method 
Diameter (mm) 

Sigma 
Phase 

89 IC forged to billet 
Ø250 

- 

63 IC forged to billet 
Ø270 

P 

83 IC forged to billet 
Ø250 

P 

12 IC forged to billet 
Ø300 

- 

9966 CC forged and 
rolled to Ø70 

- 

R0634 CC forged and 
rolled to Ø80 

- 

	  
IC: Ingot Casting 
CC: Continuous Casting 
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In samples from specimens 83 and 63 sigma phases ( less than 3%) as bright color between dark 
gray ferrite and light gray austenite phases are observed in both directions as shown in the below 
figure (13a and 13b). However, in etched surface of R0634, 9966, 89 and 12 it is found that they 
are free from sigma phase (fig 13c and 13d). Specimen 63 does not exhibit the same behaviour in 
its both directions. It has low CPT in transverse while more scattered CPT for longitudinal 
although sigma phase is observed in all of its etched surfaces.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 13: Sigma phases shown in red curves between dark gray ferrite and light gray austenite in etched 
surfaces a) 83-L, b) 63-L, Sigma free microstructures c) R0634-L, d) 9966-L 
 
Apart from sigma phase precipitations that affect CPT, in samples which are free from this 
detrimental phase like 89, 12, 9966 and R0634 the CPT value is still different for two first 
samples which belong to manufacturer “A” from the second two samples that are from producer 
“B”. In the comparison that is done between phase microstructure in the same magnifications, it 
can be seen that the phase size in terms of to be fine and coarse is not the same in above 

Ferrite	  
Sigma	  

Austenit
	  

C	  

a	   b	  

d	  
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mentioned samples. In the continuous casted samples, forged and rolled samples like R0634 and 
9966 the laminar phase arrangement looks more compact than 89 and 12 forged ingot casted 
samples as shown in below figure (14): 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 14: Beraha II etched surface a) R0634-L, b) 89-L, c) 9966-L, d) 12-L 

 
This difference in phase distance can also be seen in etched samples in their transverse cutting 
directions at the same magnification (figure 15): 
 
 
 

 

 

 

 
 

Fig 15: Beraha II etched surface a) R0634-T, b) 89-T 

a	   b	  

b	  a	  

c	   d	  
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For specimens with heat numbers 63 and 83 that are taken directly from billets contain sigma 
phase, the comparison between their etched microstructure depicts little difference in their phase 
arrangement (figure 16). The result of this arrangement displays itself in very close CPT values 
for these samples. 

 

 

 

 

 

 

 
 

Fig 16: Beraha II etched surface a) 63-L ,b) 83-L 
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4.3. Inclusion Study 

As dominant effect of precipitation in lowering of CPT value for specimen 83 and 63 was 
observed in microstructure study, these two samples are excluded from investigations of 
inclusion impact on CPT. In this part of study, samples R0634, 89 and 12 are selected and the 
role of inclusion in CPT measurement will be only focused on them. But as the precipitation 
effect could not be seen by potentiodynamic test, the effect of inclusion on Ep measurement is 
studied on four samples 83, R0634, 89 and 12.  

Based on LOM observations, different morphologies of inclusions are observed in each selected 
sample and their shapes are classified into four categories: round, oval, elongated and string 
shapes. Observations show that the inclusions morphology for samples from manufacturer “A” 
are mostly round and oval (figure 17(a)). While in samples from manufacturer “B” which have 
higher CPT are almost elongated or string shape (figure 17(b)).  In this regard, EDX study 
confirmed the lower calcium content in inclusions of manufacturer “B” that affect the shape of 
them compared with the same cutting direction for manufacturer “A”. In transverse directions 
inclusion shapes for manufacturer “A” and “B” are mostly round and oval respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 17: Inclusion shapes observed by LOM in a) R0634-L, b) 83-L, black strings and dots show 
inclusions 
 

The number density of each shape is different in every sample as shown in table (4). In terms of 
size of inclusions among all of the four studied samples in two directions, R0634-L presents the 
largest number density of inclusion in all size categories. In specific size (3-5 µm) that shows the 
higher number density than the other inclusion size categories, the highest calculated value 
belongs to the specimen R0634-L and the lowest is for 89-T. Considering the big size (>22 µm) 
it can be seen that sample R0634 has the highest and 83-T has the lowest values.  

a	   b	  
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Table 4: Inclusion characteristics in different heats in two longitudinal and transvers directions 

Sample 

Inclusion characteristics 

Inclusion 
Type Shape 

Number density(mm-2) Composition 
(Arranged from the 
highest to the lowest 

amount) 
 

Size category (µm) 

3-5 5-8 8-15 >22 

R0634-L Oval/String 9.8 2.2 2.4 0.300 

AL/O/Mg/Si/Ca/Ti 
Oxide/ 
Sulfide/ 

Oxisulfide 

Si/Ca/O/Al/Mg/Ti/Mo 

S/O/Si/Al/Ca 

S/Mn/O/Si 

R0634-T Oval/Irregular/ 
Round/ 6.7 1.1 0.3 0.010 

Al/O/Mg Oxide/ 
Sulfide/ 

Oxisulfide 
O/Si/Al/Ca 

S/Mn 

83-L 
Round/ 

Elongated/ 
String 

2.2 0.06 0.1 0.030 

AL/Ca/O/Si/Mg       Oxide/ 
Nitrdie 
 

Al/Ca/O/Mg/Si/Ti 

Ti/N/Nb 

83-T Regular/ 
Irregular 2.3 0.3 0.0 0.004 

AL/Ca/O/Mg/Si Oxide/ 
Nitrdie 

 
Ti/N/Nb 

Ti/Al/O/Ca/N/Mg/Si 

89-L Round/String 4.3 0.8 0.3 0.100 

Al/O/Mg/Ca 

Oxide/ 
Nitride 

Ca/Al/Si/O 
Al/O/Mg 

BN(string) 

89-T Round 1.1 0.7 0.3 0.116 

AL/O/Mg/Ca/Si 

Oxide/ 
Nitride 

AL/Ca/O/Mg/Si/Ti 

Ti/N/Mo 

Ti/N/Mo/C/Si 

12-L Round/String 6.2 2.2 0.2 0.076 

Al/O/Ca/Si/Mg 

Oxide 
Al/O/Mg/Ca/Ti 
Ca/Al/Si/O 
Al/Mg/O 

12-T Round/Oval 6.9 1.4 0.2 0.086 
Al/O/Ca/Si/Mg 

Oxide Al/Mg/O 
Ca/Al/Si/O 

 

Also, EDX study demonstrate that based on the composition, four different inclusion types are 
found including oxide, nitride, sulfide and oxisulfide. R0634 contains mostly oxide and a few 
sulfide inclusions which found to be formed as an independent elongated/string shape inclusion, 
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as a part of oxide string inclusion or exhibited as a shell around oxides (figure18). In specimen 
12 only oxide inclusions are found while in specimen 89 and 83 both oxide and nitride are 
detected. 

 

	   

 

 

 

 

 
 
Fig 18: SEM picture of inclusions in R0634, arrows show string oxide inclusion to the left and string 
sulfide (MnS) inclusion to the right side. 
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Fig 19: SEM picture with EDX mapping of string inclusion in R0634-L with both oxide and sulfide. 
Sulfide observed as an independent section on the top and a shell around complex oxide inclusion on the 
oval inclusion shape at the bottom. Aluminum is only shown as an example inside the oxide inclusion. 

As mentioned before to investigate the role of inclusion in pitting corrosion, after ASTM test, the 
exposed surface to the solution was observed in some transverse and longitudinal directions. In 
this regard, samples from six heats are selected and a trace of complex oxide and nitride 
inclusions are observed in the pit areas as shown in below figure (20): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 20: Lace cover pit in a, b) 89-T with nitride inclusion and c,d) 63-T with oxide inclusion after ASTM 
test. Black areas show pitting and inclusion shown in closed pointed circle.  
 

In most pits studied by SEM-EDX, inclusions which observed in pit area are adjacent to pit and 
in a few cases close to it in a distance of 1-10 µm. In addition, there are some pits that no traces 
of complex inclusions are found in the area surround them. For example, in sample 89-T only 
one of three lace cover pits show the nitride inclusion next to pitting area and in two others no 
trace of inclusions are found.  

a	  

a	  

c	  

b	  

d	  
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Fig 21: Oxide inclusion shown in circle located in distance from pit area in R0634-T 
 

Moreover, EDX mapping of locations that discoloration points are found demonstrate no trace of 
any kind of inclusions. In general, the information about characteristics like size, composition 
and of complex inclusions that are found near pit area are demonstrated in the table (5):  

Table 5: Inclusion size, type and composition near the pit area 

 

Heat No. 

Inclusion 
location to 

pit site 

No. 
of 

pits 

 

No of pits with 
inclusion 

Inclusion 

Size 
(µm) 

Composition Type 

89-T adjacent 3 1 8 Ti/N/Mo Nitride 

63-T adjacent 2 2 7-15 Al/Mg/O/Ca/Ti/Si Oxide 

 

83-T 

 
3 adjacent/ 

1 close 

 

3 

 

3 

 

2-5 

Al/Ca/O/Mg  

Oxide 
/Nitride 

Ti/N/Nb 

Ti/Al/O/Ca/Mg/Si 

9966-T - 0 0 - No inclusion observed - 

R0634-T close 1 1 5 Al/O/Mg Oxide 

	  

In case of specimen 83, although a dominant role of precipitation in pitting corrosion of DSS is 
proved by CPT measurement, in most of pits after ASTM test the trace of inclusion adjacent or 
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in a distance of 1-10 µm to the pit, especially interphase pits can be observed as shown in figure 
(22) below: 

 

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Fig 22:  a, c) Interphase pit shapes in specimen 83-T with b) oxide and nitride (TiN) inclusions 
d) oxide inclusions in black color that are shown in closed circle  

	  

4.4. XRF Study 

In order to be sure about the composition of specimens with the highest and the Lowest CPT and 
Ep values, they were investigated again by X-Ray Fluorescence (XRF) device with the model of 
Oxford Xmet3000TXR as can be seen in the following table: 

 
 

Oxide	  

Nitride	  

Oxide	  

Nitride	  
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                 Table 6:   Composition of main elements for ferrite and austenite formation by XRF 
 

sample Producer Element (wt %) PREN 
Cr Mo Ni 

89 A 22.1 3.1 5.6 35.41 
83 A 22.6 3.0 5.3 35.51 

R0634 B 23.3 3.1 5.2 35.71 
 

Results from XRF measurement is compatible relatively with the compositions declared by the 
manufacturers.	  

	  

5. Discussion 
5.1. Standards comparison 

A series of 22% Cr duplex specimens are tested according to two different electrochemical test 
methods. One is potentiodynamic test according to Alfa Laval internal test method AL 101 5170 
in which Ep is measured. The other method is potentiostatic test involving ASTM G150 by the 
use of Avesta Cell that measured simultaneously the current and temperature for obtaining CPT 
value. In each test method specific criteria is determined by which it is possible to consider a 
specimen as an accepted or rejected material. The fact about the first difference between these 
two methods is that, AL 101 5170 was developed for accepting or rejecting the specific duplex 
stainless steel in terms of to be corrosion resistance based on the specific criteria (250 mV). 
While ASTM test can be used for accurate ranking of stainless steel besides measuring its 
corrosion resistance. In order to make a better comparison between these two methods some 
parameters like microstructure precipitations as well as inclusion can be useful tools to see the 
sensitivity of each test to these parameters.  

As can be seen in below diagram (4), in AL 101 5170 method all test results show Ep over 
determined criteria (250 mV) which means that they have good resistance against pitting 
corrosion in chloride solution [15]. Most samples show Ep with close values that are between 
258-363 mV. However, samples like 9966, 12 and especially R0634 all in longitudinal directions 
demonstrate much higher pitting potentials than others. 

 

 

 
 
 



39	  
	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Diagram 4: Comparison between CPT and Ep mean values. Horizontal dashed lines show the criteria 
range for CPT in ASTM test and vertical dashed line depicts the Ep criteria in Alfa Laval method 
 

Results of ASTM G150 (diagram 4) exhibited three main categories for CPT that can be defined 
in which some specimens like R0634 and 9966 have much higher values than the specified 
temperature range, some others have normal (in range) CPT or the value close to the temperature 
range. These two categories are considered as a material with good pitting corrosion resistance. 
The last category such as the samples 83, 63-T and 89-T is the one that have lower CPT values 
than the temperature range so that they are rejected to be a good corrosion resistant DSS in 
corrosive chloride content environment.   

Comparison between samples, except for 83 and 63 that will discuss later, in their longitudinal 
cutting directions in both methods shows almost the same trend in their values so that specimens 
with high CPT such as 9966 and 12 have high Ep. Also, sample like 89 that has approximately 
low CPT value compared with other samples depicts low pitting potential in both directions. This 
interpretation cannot be seen for transvers direction as an example in 12, 9966 and R0634 that 
have high CPT value, but they do not show so high value in pitting potential. However, only in 
specimen 89 it can be seen that its CPT and Ep values are both lower than other samples. 
Generally, in transvers direction the relation between two methods is very scattering while if 
only longitudinal direction is considered, roughly positive linear relationship between Ep and 
CPT can be observed. This may be a result of different shapes of inclusions in different cutting 
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direction so that the size of inclusion will be bigger and more various in longitudinal direction 
than in transversal one. In addition, difference in measured CPT in two directions is less than in 
values that are measured for pitting potential that may be another reason behind the trend in 
transverse direction. 

On the other hand, comparing the results for AL 101 5170 test exhibits a little bit scattering in Ep 
values every time that the test has been performed for each specimen. There are some 
explanations for this phenomenon. According to potentiodynamic studies done by Qvarfort [42] 
for stainless steel in 1 M NaCl he found that besides highly temperature dependency of Ep, there 
is a scattering in experimental results for breakdown potential at high temperature just above 
samples’ CPT. In addition, Shibata et al [22] and Baroux [26] related this variation in measured 
pitting potential at a given temperature to the random nature of the pitting initiation process. The 
clear explanation is shown in below figure (23): 
 

 

 

 

 

 

 

 

 

 

Fig 23: Potential and temperature effect on pitting corrosion of stainless steel [14] 

 

In above diagram, the gray section depicts variation in pitting potential occurred at sufficiently 
high temperature the same as the one used in Alfa Laval test which is above the stainless steel 
potential independent CPT value [14]. This variation makes the comparison between different 
pitting potentails difficult so that it is not possible to exactly say that which specimen has the 
higher or lower value than the other unless their measured Ep are significantly different from the 
others like R0634-L. 
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Investigations of pitting morphology by LOM after each ASTM test demonstrate four different 
types of pit shapes including round, irregular, interphase and lace cover. As interphase pit shape 
was susceptible to existence of intermetallic phase precipitations, like sigma phase, samples were 
etched by Beraha II method and observed under LOM for their microstructure study.  
 

5.2. Microstructure Effect 

Previous investigations by researchers demonstrate that sigma phase formation in duplex 
stainless steel has a negative effect on the corrosion resistance and it can lower CPT and Ep 
values measured by potentiostatic and potentiodynamic test methods respectively [18][41-43]. 
Optical observations on etched samples show that two of seven of specimens contain 
precipitations which is supposed to be sigma phase. In ASTM test method a big difference in 
CPT value can be distinguished between specimens with and without sigma phase so that those 
with this detrimental phase have much lower CPT compared with others and even lower than the 
criteria determined for DSS. This result is compatible with all studies [38][41] on the negative 
role of sigma phase on CPT value in DSS.  

In 1982 Alfa Laval [55] performed some tests according to AL 101 5170 on old versions of 
duplex stainless steels with PREN values of 31.49 and 31.53. The main purpose of the study was 
finding out the effect of the sigma phase on the pitting potential and how different content of this 
phase can change the Ep. According to their studies on samples with 3%, 5-7% and 10% sigma 
phases, it was found that presence of this phase can decrease Ep value in a condition that its 
amount is above 5% and its negative effect on Ep can be increased by growing of the amount of 
this detrimental phase. They discover that less than 3% of sigma phase cannot be detected by 
Alfa Laval method. 

As indicated in the diagram (4), pitting potential for specimens 63 and 83 with sigma phase in 
their microstructures present normal (in range) values or it can be seen that they even show 
higher values compared with the specimen 89 in which no sigma phase is observed. Thus, it is 
not possible to show correct relation between this kind of defect in microstructure and Ep values 
in samples contain this detrimental phase. According to the previous investigation that is 
mentioned above, this can be related to the low amount of sigma phase in the microstructure of 
samples (less than 3%). This means that Alfa Laval method is not sensitive enough to show the 
presence of intermetallic phase in low amount (below 3%) and may cause underestimation of 
microstructure problem in terms of precipitation existence.	  	  	  	  

According to above explanations, the different corrosion behavior of 63 in two directions may 
come back to the very low content besides inhomogeneous distribution of sigma phase 
precipitation in metal matrix. Consequently, as samples are randomly cut from heat 63, this 
causes CPT to have in range value for sample without sigma phase but shown very low CPT if 
sample is cut from the area that some sigma phase presence there.  
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On the other hand, although there is no significant difference in PREN values, investigation on 
the composition of each specimen shows that samples from manufacturer “B” contains more Cr 
and Mo compared to samples from manufacturer “A”. According to study done by Cvijovic´ and 
Radenkovic [18] the precipitation of detrimental sigma phase is accelerated by increasing in the 
amount of these elements although copper and nitrogen content can postpone the formation of 
sigma phase. However, optical observations on etched samples from manufacturer “B” with 
higher Cr and Mo and lower N contents show microstructures that are free from sigma phase. As 
all samples should have the same annealing procedure, this experimental result emphasize on the 
stronger role of production method than composition of material. 
 

5.3. Phase Arrangement 

Observations on the Beraha II etched samples by LOM depict the difference in phase coarseness 
in samples from manufacturer “A” and “B”. There are two groups of samples that are free from 
sigma phase, one forged ingot casted samples produced by manufacturer “A” and the other 
forged rolled samples continuous casted that produced by manufacturer “B”.  In general 
comparison between these two shows that samples which have more packed or finer phase 
arrangement have better CPT value than those that have coarser phase arrangement. For samples 
that consist of sigma phase, the microstructure comparison in longitudinal and transverse 
directions demonstrates approximately the same phase arrangement that can be seen in their 
almost close values for their CPTs. For pitting potential this consideration is only valid in 
longitudinal direction that may be as a result of scattering in Ep values. 
 

5.4. Inclusion Effect 
In this experiment inclusion characteristics like shape, number density and composition and their 
effect in pitting corrosion are studied. In this regard, four complex inclusions consisting oxide, 
nitride, sulfide and oxisulfide are detected. These mixed inclusions contained different quantities 
of elements like Al, Ca, Mg, O, Ti, Si, Mo in oxides, Mn and S in sulfides and B, Ti and N in 
nitrides. Apart from difference in composition, the shape and number density of these inclusions 
are not the same in different specimens. In general, in manufacturer “A” low number density of 
inclusions observed and almost all of them are oxide or nitride with high Ca content that make 
their shape round or oval. While productions from manufacturer “B” show higher number 
density of inclusions and their inclusions are mostly oxide with a few sulfides (MnS) in complex 
or pure form that are observed to be in elongated and string shapes or a shell around oxide.  

As explained by Shibata et al [22] and Baroux [26] about the random nature of the pit formation 
and all previous findings [26][34] about the role of metal/inclusion interface on pitting corrosion, 
it is assumed that probability of pit on the metal surface with higher number density of inclusions 
should be more which can lead to lower CPT value. But in practice this does not affect the CPT 
as expected in both longitudinal and transvers directions. As indicated before, specimen R0634 
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that contains high inclusion number density in all size categories especially in size above 22 µm 
in longitudinal direction does not show low CPT value. Also, in both size categories 3-5 and 5-8 
µm, sample 89 contains lower number of inclusions compared with samples R0634 and 12, but it 
does not show the higher CPT than them. 

Apart from all above incompatibilities, for small size inclusions in specific categories of small 
size inclusions like 3-5 and 5-8 µm that count the most number of inclusions among four 
categories, the trend for CPT seems to be generally increasing with increasing inclusion number 
density (diagram 5, 6).   

 
Diagram 5: Relationship between inclusion number density for small inclusions (3-8 µm) and CPT  

 
 

For larger inclusions (>8 µm), it is obvious that except for R0634-L the general trend seems to be 
decreasing CPT with increasing the number density of inclusions. Therefore, in case of the 
relation between CPT and inclusion number density, although large size (>8 µm) inclusions 
number density is much less than small sizes (3-8 µm) inclusions their impact on lowering of 
CPT is stronger as can be seen in diagram (6).  

Considering sample R0634, it can be seen that although its inclusion number density is 
significantly different in two directions, both longitudinal and transversal directions show high 
CPT compared with other samples. This may as a result of its fine phase arrangement that is 
explained in previous section and seems to have dominant effect on pitting corrosion resistance 
of DSS. In addition, R0634 contains big size inclusions mostly with intermediate size (22-30 
µm) which their influence on CPT is not as strong as large inclusions in other samples with the 
size larger than 30 µm. 
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Diagram 6: Relationship between inclusion number density for large inclusions (>8 µm) and CPT  

 

In terms of the relationship between the break down potential and inclusion characteristics, as 
mentioned before about scattering in the values of Ep, it is not reasonable to compare different 
pitting potentials measured in all samples together. Instead, it is preferred for every sample to be 
studied by itself in its own longitudinal and transvers directions to find out how inclusion 
characteristics can be correlated to Ep value. Pitting potential investigations show that 
approximately all four selected samples demonstrate higher Ep value in their longitudinal 
directions than in transvers one. If the focus being only on inclusions in size category 3-5 µm 
that count the most and cause larger interface between metal and inclusion, it can be seen that 
only the result for number density of samples 12 is compatible with measured Ep so that lower 
number density refer to higher Ep. While in samples R0634 and 89 it is vice versa. It means that 
although longitudinal directions depict higher inclusion number density than transverse, the 
measured Ep in this direction is higher than in transverse one.  It is interesting to mention that 
even though in R0634-L the Ep is significantly the highest among other samples the number of 
inclusions in all size categories are the highest for this specimen. All these incompatibilities may 
be as a result of scattering in pitting potential measurements and consequently the inclusion 
number density role cannot be seen accurately in pitting potential measurements. However the 
same as the interpretation used for CPT/inclusion number density relation for small size 
inclusions (3-8 µm), the trend for Ep is generally increasing with increasing number density and 
this trend is negative for inclusions with size greater than 22 µm (diagram 7). However, in 
Ep/inclusion number density relationship the effect of phase arrangement cannot be seen 
prominently.  
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Diagram 7: Relationship between inclusion number density and Ep  

 
 
In agreement with research conducted by Baroux [26] and Baker and Castle [34] and that 
emphasized on the pitting initiation at the oxide inclusion/metal matrix interface, in this 
experiment in most of pits investigated by EDX the presence of oxide or nitride inclusions are 
approved which can be seen obviously in figure (24) in which inclusion is adjacent to the lace 
cover pit on sample 12-L: 
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Fig 24: Lace cover pit and oxide inclusion in irregular adjacent to the pit in sample 12-L, the closed curve 
shows inclusion and other lace-like areas depict the pit 
 
Microscopic studies by SEM-EDX on randomly selected samples demonstrate that the presence 
of non-metallic inclusions in 2-25 µm size adjacent to the pit area or close to it although there are 
some pits that no inclusions are found in their area. This is because of the mechanism of pit 
formation that may as a result of complete dissolution of inclusion or removal of inclusion 
during corrosion propagation. As in this project the pitting initiation mechanism is not studied so 
it will not easy to be completely sure about the reason behind this phenomenon. 

On the other hand, most of previous studies [36][37][39] were about the strong role of sulfide 
inclusions especially MnS to act as a pit initiator in austenitic stainless steels in aggressive 
environment. Based on studies done by Smialowski et al. [39] on commercial austenitic stainless 
steel in a 0.5 M NaCl solution, three types of inclusions, sulfide as separate particle, oxide as a 
separate particle and oxide with sulfide shell were found. After anodic polarization of steel 
samples pits formation occur at spots where sulphide inclusions existed and no pitting occurred 
at particles of only oxides. Surprisingly, in this experiment, no trace of MnS found in the pit area 
to approve the other studies. In all pits only oxide or nitride inclusions are detected by EDX. 
Again, this may be a result of the dissolution of MnS with higher rate rather than oxides and 
nitrides, also the method of study by which it is not possible to study the bottom of the pit.  

On the other hand based on observations, comparing three specimens free from sigma phase 
shows that presence of nitride inclusions can decrease the corrosion resistance (lower CPT and 
Ep) compared with samples with only oxide inclusions. Moreover, for explaining of why not all 
inclusions and just a few of them show to be a pit initiators, Hoar et al.[30] gave an interpretation 
about how once a pit has formed at a location, its surrounding area may be cathodically polarized 
that lead to preventing of breakdown at neighboring inclusions.  

 

Oxide	  Inclusion	  
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5.5. PREN Evaluation 

Regarding PREN number, as in its calculation only the composition is considered so	  its value 
does not show accurate information about corrosion resistance in terms of microstructure 
precipitations and inclusion of different productions from one specific grade. This fact can be 
clearly seen in specimen 63-T with very high PREN compared with other specimens but 
relatively low CPT value. Also, in specimen 83 the precipitation effect on corrosion resistance 
cannot be seen on lowering its PREN number. 

	  

	  

	  

	  

	  

	  

	  

	  

 
	  
	  
	  

	  
	  

	  
	  

Diagram 8: Comparison between PREN and mean CPT measurements. Dashed lines and the arrow show 
the normal temperature range of CPT for DSS	  
 

In above diagram (8), it is demonstrated that in duplex stainless steels different calculated PREN 
from the lowest to the highest values can show CPT in the normal temperature range as defined 
for DSS. Samples 17-T, 89-L and 63-L are good examples for it. In addition, for specimen 12 
with high CPT values in both directions the calculated PRENs are very low compared with other 
specimens that show good CPT values. 

On the other hand, the only compatibility between PREN and CPT results can be seen for those 
samples that has finer phase arrangement like R0634 and 9966. 
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Diagram 9: Comparison between PREN and mean Ep measurements. Dashed line shows the criteria (250 
mV) above which samples are considered to have good pitting corrosion resistance 

The comparison between PREN and Ep shows that for different PREN values pitting potentials 
are all above the determined criteria (diagram 9). An incorrect correlation between PREN and Ep 
value exhibits itself in samples 12-L that has a low PREN but high Ep among other samples, also 
in specimen 89 that has an intermediate PREN value, however it shows a low Ep in both 
directions. Again, the same as PREN-CPT comparison, it can be seen that samples with finer 
phase arrangements depict RREN and Ep values that are in agreement. 

As can be seen in diagrams (8) and (9), PREN values for a specific grade of stainless steel in 
which there is only a narrow variation in composition, it is not easy to see the accurate relation 
between PREN-CPT as well as PREN-Ep. However, if the grade of stainless is changed to the 
higher corrosion resistant which is followed by the big change in composition like superduplex 
stainless steel, both PREN and CPT will have higher values compared with the lower grade 
stainless steel (DSS).  
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6.  Conclusion 
	  

In the present study a comparisons between the results of a potentiodynamic (AL 1015170) and 
potentiostatic (ASTM G 150) method it can be seen that corrosion properties of stainless steel is 
not only defined by its composition but also by other factors like production method, 
intermetallic phase precipitations, inclusion characteristics and phase arrangement in metal 
matrix. Each of these factors has different influence on pitting corrosion. The following can be 
concluded from the experimental work  

-‐ Results from the two methods are not exactly compatible especially in case of existence 
of sigma phase precipitations. If sigma phase is ≤3%, it can only be detected by the 
ASTM G150 but not by the AL 101 5170. This may be a result of the sample preparation 
effect on dissolution of Cr depleted zones during pickling/passivation step in the Alfa 
Laval test. 

-‐ In longitudinal direction there is a positive linear relation between CPT and Ep, but this 
cannot be seen in results for transvers direction. This is as a result of different inclusion 
size in two directions. The differences between CPT in two cutting directions in ASTM 
test is small. 

-‐ In both methods small size (3-8 µm) inclusions has no negative impact on CPT and Ep. 
For larger size inclusions (>8 µm) increasing number density results in decreasing CPT 
and Ep. Also, according to observation, the number density of big inclusions (about >30 
µm) has stronger role in decreasing CPT or Ep than those with the size of 22-30 µm.  

-‐ In this experiment, only oxide and nitride inclusions are found in the pit area but not 
sulfide. This may as a result of the method of study that cannot detect sulfides if they 
were dissolved during corrosion test.  

-‐ Sample with nitrides beside oxide inclusions show lower CPT and Ep compared with 
those that contain only oxide inclusions. 

-‐ It is found that different microstructures (phase arrangement) are observed for different 
samples during the study that may have effect on the corrosion resistance of DSS. Also, 
ASTM G150 shows to be more sensitive to fine and coarse microstructure compared with 
the Alfa Laval test. However, in this case there is a need for a systematic investigation to 
be done to find the real relation. 

-‐ Based on the findings, it seems that AL 101 5170 has a potential to be replaced by 
ASTM G150. However, there are some differences between the two methods that 
need to be further investigated. 
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7. Limitations and Considerations 
	  

It is clear that there are still many topics related to DSS to investigate factors that have influence 
on CPT, Ep and the exact mechanism of pit formation. If this project were to continue, there are 
points that should be considered or it will be worth to go deeper into them as mentioned below: 
 

-‐ In ASTM test method size of the sample is so important to have an enough material, at 
least 30×30 mm2 as an exposing area. This causes some limitations in sample 
preparations and test repetitions so that in some cases, such as specimen 63 it was not 
possible to do the test especially in longitudinal direction or even repeat the test to have 
better average value of CPT. However, in AL 1015170 this size limitation was no faced. 

-‐ Alfa Laval test sample preparation is difficult and time consuming compared with ASTM 
test so that at least one and a half day is needed for each sample to be prepared which 
lead to some limitations in repeating the tests in an appropriate time. 
 

-‐ As the effect of sigma phase on Ep measurement was earlier studied for above 5% and 
exactly at 3%, it will be suggested to do so some more investigations on the amount of 
sigma phase that can affect the Ep especially between 3 to 5% in AL 1015170. 

-‐ It is recommended to have better categorization for macro size inclusions when 
calculating the number density.  

-‐ There is a need for more investigations on Alfa Laval test method in order to see the 
effect of different sample preparation steps like pickling, passivation and scratching on 
the final result of pitting potential.  

-‐ There is a need for more statistic study to find a suitable temperature criteria for ASTM 
test method above which the material can be accepted to be pitting corrosion resistant. 

-‐ It should be further investigation on the reason why ASTM is not sensitive to cutting 
direction compared with the Alfa Laval method. 

-‐ In all those investigations a larger number of samples with bigger difference in their CPT 
and Ep should be included.  

Undoubtedly, considering wide application of DSS in various industries, doing more 
investigation on the mechanism behind the pitting corrosion and finding the role of NMIs and 
microstructure in pit initiation in these types of stainless steels can play a significant role in 
improving of their quality against pitting corrosion. In addition, obtaining the knowledge about 
the role of different factors in pit formation can provide different companies developing their 
products’ quality by accessing the test procedure in which more relevant results can be achieved. 
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