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What another would have done as well as you, do not do it. 

What another would have said as well as you, do not say it; 

Written as well, do not write it. 

Be faithful to that which exists nowhere but in yourself – 

And thus make yourself indispensible. 

 

André Gide (1869 – 1951) 

French writer, Nobel Prize winner in literature in 1947. 
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Abstract 

Advanced alloys often present precipitated carbides and nitrides in their 

microstructure following exposure to elevated temperatures. These secondary 

phases are usually undesirable, because potentially deleterious for the corrosion 

and mechanical performances of the material. Carbides and nitrides are 

enriched in key alloying elements that are subtracted from their surrounding 

matrix areas, creating alloying element depleted zones, which might become 

initial sites for corrosion initiation. 

In this study, the influence of micro- and nano-sized precipitated carbides and 

nitrides on the corrosion initiation of biomedical CoCrMo alloys and duplex 

stainless steels has been investigated at microscopic scale, by using a 

combination of local probing techniques. The microstructures of the alloys 

were first characterized by scanning electron microscopy (SEM), transmission 

electron microscopy (TEM) and magnetic force microscopy (MFM). The Volta 

potential mapping of carbides and nitrides revealed their higher nobility 

compared to the matrix, and particularly compared to their surrounding areas, 

suggesting the occurrence of some alloying element depletion in the latter 

locations, which may lead to a higher susceptibility for corrosion initiation. 

In-situ electrochemical AFM studies performed at room temperature showed 

passive behavior for large potential ranges for both alloy families, despite the 

presence of the precipitated carbides or nitrides. At high anodic applied 

potential, at which transpassive dissolution occurs, preferential dissolution 

started from the areas adjacent to the precipitated carbides and nitrides, in 

accordance with the Volta potential results. Thus, the presence of carbides and 

nitrides doesn’t largely affect the corrosion resistance of the tested advanced 

alloys, which maintain passive behavior when exposed to highly concentrated 

chloride solutions at room temperature with no applied potential. 

The effect of nitrides on the corrosion initiation of duplex stainless steels was 

investigated also at temperatures above the critical pitting temperature (CPT). 

Depending on the type, distribution and size range of the precipitated nitrides 

different corrosion behaviors were observed. Intragranular (quenched-in) 

nano-sized nitrides (ca. 50-100 nm) finely dispersed in the ferrite grains have a 

minor influence on the corrosion resistance of the material at temperatures 

above the CPT, while larger intergranular (isothermal) nitrides (ca. 80-250 nm) 

precipitated along the phase boundaries cause a detrimental reduction of the 

corrosion resistance of the material, in particular of the austenite phase. 

Keywords: carbides, nitrides, microstructure, CoCrMo alloys, duplex stainless 

steels, localized corrosion, transpassive dissolution, elemental depletion, AFM, 

TEM, SEM.  
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Sammanfattning 

Avancerade legeringar utsatta för värmebehandling vid förhöjd temperatur 

uppvisar ofta utskiljda karbider och nitrider i sin mikrostruktur. Dessa s.k. 

sekundärfaser är vanligtvis oönskade, eftersom de kan vara potentiellt skadliga 

för materialets korrosionsegenskaper och mekaniska prestanda. Karbider och 

nitrider kan anrikas på viktiga legeringsämnen, varvid det omgivande matrixet 

utarmas på samma legeringselement. De utarmade zonerna blir ofta 

initieringsplatser för korrosionsangrepp.   

I denna studie har inverkan undersökts av utskiljda mikro-och nanometerstora 

karbider och nitrider på korrosionsinitiering i biomedicinska CoCrMo-

legeringar samt i duplexa rostfria stål. Undersökningarna har genomförts på 

mikroskopisk nivå genom att använda en kombination av lokalt analyserande 

tekniker. Legeringarnas mikrostruktur har först karakteriserats med 

svepelektronmikroskopi (SEM), transmissionselektronmikroskopi (TEM) och 

magnetkraftsmikroskopi (MFM). Kartläggning av karbidernas och nitridernas 

Voltapotentil har avslöjat deras högre grad av ädelhet jämfört med det 

omgivande matrixet, främst i de områden som närmast omsluter karbiderna 

och nitriderna. En högre risk för korrosionsinitiering har kunnat observeras i 

dessa närområden, orsakat av utarmningen av legeringsämnen. 

Elektrokemiska polarisationsmätningar i kombination med in situ 

atomkraftsmikroskopi (AFM) utförda vid rumstemperatur uppvisar passiva 

beteenden i stora potentialintervall för båda legeringsfamiljer, trots närvaron av 

utskiljda karbider eller nitrider. Vid högt pålagd anodisk potential inträffar s.k. 

transpassiv upplösning i områden närmast karbider och nitrider, i 

samstämmighet med Voltapotentialmätningarna. Närvaron av karbider eller 

nitrider har sålunda ingen inverkan på korrosionsmotståndet hos de 

undersökta legeringarna, som förblir passiva vid rumstemperatur utan pålagd 

potential i koncentrerad kloridlösningar. 

Nitridernas korrosions initierande effekt på rostfria duplexa stål undersöktes 

även för temperaturer över den kritiska gropfrätnings temperaturen (CPT). 

Beroende på typ, fördelning och storlek hos utskiljda nitrider observerades 

olika korrosionsbeteenden. Mindre nitrider (ca. 50-100 nm) dispergerade i 

ferritkornen har försumbar inverkan på materialets korrosionsegenskaper vid 

temperaturer över CPT, under det att större nitrider (ca. 80-250 nm) utskiljda 

längs fas- och korngränser orsakar försämrade korrosionsegenskaper, särskilt av 

austenitfasen.   

Nyckelord: karbider, nitrider, mikrostruktur, CoCrMo-legeringar, duplexa 

rostfria stål, lokal korrosion, transpassiv upplösning, legeringsämnens 

utarmning, AFM, TEM, SEM. 
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Preface 

This thesis work investigates the influence of precipitated carbides and 

nitrides on the initiation of corrosion in biomedical CoCrMo alloys and 

duplex stainless steels. The diagram in Figure 1 shows the main contents 

of this study related to the five constituent papers. 

 

Figure 1. Summary of materials, precipitated secondary phases, and main results 

in each paper. 
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1 Introduction 

1.1 Background 

Corrosion of materials is a natural process that tends towards the lowest 

possible energy states, just as water flows to the lowest level [1]. 

Corrosion is defined as a chemical or electrochemical reaction between a 

material and its environment, resulting in the degradation of the material 

and its properties [1]. Corrosion has a large influence on life, even if often 

this is not known or considered by the public. In fact, corrosion 

represents one of the largest maintenance expenses in developed 

countries, but unfortunately it seldom receives the attention it should 

have [2]. It has been estimated that just in 2013 alone, the economic 

losses due to corrosion in USA correspond to ca. 6.2% of the gross 

domestic product, or $ 1 trillion [2].  

In order to control the corrosion of metals, many different methods and 

solutions have been developed, such as inhibitors, coatings, cathodic 

protection, and impressed current [3]. Another important way to limit 

the corrosion process, especially for demanding applications, is by 

improving the material performances, often achieved by controlling the 

alloy composition, the manufacturing conditions and possibly further 

heat treatments, obtaining the desired microstructure [4]. Process 

designers are, nowadays, able to specify the optimum microstructure for 

a given alloy composition, to ensure the best material performances, and 

define the manufacturing route to achieve this microstructure [4]. In this 

approach, advanced alloys are specifically designed to obtain great 

corrosion and mechanical properties, able to tolerate the exposure to 

aggressive conditions and, for this reason, used in a wide range of 

strategic and delicate applications. In the design of new alloys, even 

phases at the submicron scale, crystal structure, grain size and carbon 

content are carefully evaluated due to their possible influence on the 

overall material performance [5].  

Specific elements are added in the development of new alloys because 

they are beneficial for obtaining desirable phases, for solid-solution 

strengthening, or for enhancing the corrosion resistance. However, some 

exposure conditions and/or inappropriate treatments of an advanced 

alloy (for example an incorrectly performed welding) might result in the 
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precipitation of secondary phases enriched in precious alloying elements, 

which can cause loss of the desired properties.  

Increasing chromium and nitrogen content in advanced alloys has made 

it possible to reach outstanding corrosion properties, but with 

consequent enhanced risk for carbide and nitride precipitations and their 

deleterious effects on corrosion and mechanical performance. Thus, the 

study of the influence of precipitated carbides and nitrides on corrosion 

initiation of advanced alloys at the local scale is of fundamental 

importance.  

 

1.2 Motivation 

The presence of impurities, grain boundaries, secondary phases and 

inclusions can have a large effect on the corrosion properties of a metallic 

material [3]. Defects and weak sites will be the most susceptible areas for 

the initiation of a corrosion attack when exposed to aggressive 

conditions. The development of new advanced alloys with the addition of 

different types and quantities of alloying elements, has drastically 

enhanced the risk for precipitation of secondary phase carbides and 

nitrides when the alloys are exposed to very high temperatures. The 

presence of these secondary phases may negatively affect the overall 

corrosion performance of the material [6,7] and the service life of the 

final product. For this reason it is of fundamental importance to have an 

in-depth understanding of the extent to which they may be deleterious. 

This is a very important issue for the industry, because these materials 

often require exposure to elevated temperatures, for example during heat 

treatments or welding. Failure of devices made of advanced alloys are 

frequently observed in areas containing precipitated secondary phases 

[8,9], but their influence on corrosion initiation is a subject that needs to 

be explored. 

 

1.3 Scope and collaborations 

The main goal of this work is to investigate the influence of precipitated 

carbides and nitrides on the local corrosion behavior of two families of 

advanced alloys, biomedical CoCrMo alloys and duplex stainless steels, 

by using a combination of local probing techniques: scanning Kelvin 
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force microscopy (SKPFM), Kelvin force microscopy (KFM), magnetic 

force microscopy (MFM), electrochemical control atomic force 

microscopy (EC-AFM), electrochemical control light optical microscopy 

(EC-LOM), scanning electron microscopy (SEM), transmission electron 

microscopy (TEM) and selected area electron diffraction (SAED). The 

analytical microscopic techniques SEM, TEM and SAED as well as MFM 

were used for detailed characterization of the micro- and nano-structures 

of the samples. SKPFM and KFM were employed to evaluate relative 

nobility (corrosion tendency) of the microstructure features, whereas EC-

AFM and EC-LOM were utilized for in-situ study of the localized 

dissolution behavior related to microstructural features. The main aim of 

each paper is summarized below. 

Paper I Investigation of the influence of micro-sized Cr-rich carbides 

on the corrosion/dissolution behavior of a biomedical 

CoCrMo alloy 

Paper II Investigation of the influence of nano-sized Cr-rich carbides 

precipitated along the grain boundaries on the 

corrosion/dissolution behavior of a biomedical CoCrMo 

alloy 

Paper III Clarification of the misinterpretation found in literature 

about the nature of the current increase at high anodic 

potential for a CoCrMo alloy 

Paper IV Investigation of the effects of nano-sized quenched-in 

nitrides and exposure temperature on the corrosion 

behavior of a heat treated 2205 duplex stainless steel 

Paper V Investigation and comparison of the effect of precipitated 

quenched-in and isothermal nitrides on the corrosion 

behavior of a heat treated 2507 super duplex stainless steel 

at different exposure temperatures 

The tested materials were supplied by AB Sandvik Materials Technology, 

Sweden, and Swerea KIMAB, Sweden. The main experimental work and 

microscopy investigation were performed at the Division of Surface and 

Corrosion Science (KTH), AB Sandvik Materials Technology, and Xiamen 

University (China). 
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2 Materials 

2.1 Biomedical CoCrMo alloys 

Nowadays, biomedical materials are commonly used to improve the life 

quality of an increasing number of people every year who suffer from 

heart diseases, injuries, obesity, etc. Materials used in a biomedical 

context have to have very restricted properties. The first requirement is 

biocompatibility with the human body. Biocompatibility is defined as the 

ability of a material to perform with an appropriate host response in a 

specific application [10]. This definition refers to a specific application 

and for this reason it should always be described with reference to the 

situation in which the material or device will be used [10]. 

Biocompatibility is not an intrinsic property, so no material should be 

described as “biocompatible” without further qualification [10]. Other 

fundamental requirements concern mechanical properties and 

corrosion/wear resistance. The biological environment to which the 

device will be exposed is generally not stable. Variation in oxygen 

content, availability of free radicals, and release into the body may set up 

allergic reactions [5] with the consequent variation of pH and 

environmental aggressiveness. 

 

Figure 2. Examples of hip joint replacements made in CoCrMo alloys: a) femoral 

stem; b) cups [11]. 

 

CoCrMo alloys are commonly used for hip- and knee- joint replacements 

(Fig. 2) because of their great corrosion resistance, mechanical properties 
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and their high biocompatibility with the human body. Their first 

appearance in the biomedical field was in 1930, but it has been from the 

‘60 that metal-on-metal hip bearings have been manufactured with this 

material [12]. Different techniques, such as casting, forging, wrought and 

powder metallurgy can be used for manufacturing the final medical 

devices. The most commonly used method is the so-called investment 

casting, where a lost-wax is used to produce very complicated shapes [13]. 

This method is also favored for economic reasons and for cases involving 

of hard working of the material [12]. 

An as-cast CoCrMo alloy typically consists of a cobalt-rich matrix (alpha 

phase) plus interdendritic and grain-boundary carbides in coarse and fine 

lamellar cellular colonies [14] (primarily M23C6 where M represents Co, Cr 

and Mo) [15]. However, because of non-equilibrium cooling, a “cored” 

microstructure can develop [15], where the interdendritic regions become 

solute (Cr, Mo, C) rich containing carbides, while the dendrites become 

depleted in Cr and richer in Co [15]. This might lead to an unfavorable 

electrochemical situation with the Cr-depleted regions being anodic with 

respect to the rest of the microstructure [15]. The cast material is also 

characterized by relatively large grain size, which is generally undesirable 

because of its effect on yield strength, frequency of defects, and porosity 

which can lead to fatigue fracture of the device [15,16]. 

Heat treatments can be performed to reduce casting defects. For 

example, hot isostatic pressing (HIP) treatment compacts and sinters the 

material under appropriate pressure and temperature conditions [15,17]. 

Finer grain size and a finer distribution of carbides are achieved by HIP 

treatment [15,17]. The thermal process conditions play a key role in the 

resulting distribution and morphology of the carbides. 

At low aging temperatures (between 650 °C and 900 °C) carbides 

preferentially precipitate at the stacking faults within the face-centered 

cubic (FCC) Co matrix [18] as intergranular striation [19]. At higher aging 

temperatures (above 900 °C) carbides nucleate on dislocations as a 

consequence of the higher stability of the FCC Co allotrope and enhanced 

diffusion rates due to the higher temperature [18]. In this case carbides 

appear as compact particles, also defined as “blocky” type carbides 

[14,20,21]. Following solution annealing, the alloy is rapidly cooled down 

to below 800 °C, a temperature limit above which carbides would easily 

nucleate and grow [22]. HIP treatment under appropriate pressure and 

temperature conditions (~ 100 MPa at 1100 °C for 1 hour) is performed on 
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the material in order to reduce internal porosity [15]. This heat-treatment 

of the CoCrMo alloy results in a more homogeneous microstructure with 

a considerably reduced number of inclusions, carbides and other 

inhomogeneities [23,24]. This high-C alloy represents the most wear-

resistant clinically used metallic biomaterial as the result of precipitated 

carbides that form during solidification [22]. 

A protective thin oxide layer, mostly composed of Cr-oxide, Cr-

oxyhydroxide, and minor amounts of Co- and Mo-oxides [25], 

spontaneously forms on the biomedical CoCrMo alloy surface providing 

excellent corrosion resistance. Nevertheless, the presence of 

microstructural heterogeneities such as precipitated carbides, excess 

phases and grain boundaries may have an influence on the corrosion 

behavior, especially on the initiation of localized corrosion/dissolution in 

corrosive solutions [26]. 

 

2.1.1 Role of alloying elements 

Cobalt (Co) - Co imparts to its alloys an unstable FCC crystal 

structure with very low stacking fault energy [27]. The Co-based matrix, if 

cooled extremely slowly transforms from an FCC to a hexagonal close-

packed (HCP) crystal structure at 417 °C [27]. However, the FCC structure 

in Co-based alloys is usually retained at room temperature due to the 

slow kinetic of this transformation. The formation of the HCP structure 

occurs only by mechanical stress or prolonged exposure at elevated 

temperature [27]. The unstable FCC structure and its associated low 

stacking fault energy are believed to result in high yield strengths, limited 

fatigue damage under cyclic stresses and the ability to absorb stresses. 

These characteristic are believed to be important for the wear and 

erosion-corrosion properties of cobalt-based alloys [27]. 

Chromium (Cr) - Cr is the most important alloying element 

added to Co-based alloys providing great corrosion resistance and 

passivity over a wide range of potentials [27]. It is also the predominant 

carbide former (most of the carbides are Cr-rich), providing added 

strength to the matrix [27]. The most common carbide in CoCrMo alloys 

is M23C6 [27].  

Molybdenum (Mo) - Mo provides additional strength to the 

matrix [27] due to its large atomic size by blocking dislocation flows 
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when present as solute atoms [27]. If present in an amount greater than 

ca. 5 wt%, precipitation of M6C carbides may occur during alloy 

solidification [28]. Mo also improves the general corrosion resistance of 

the alloy [27]. 

Carbon (C) – C is an FCC stabilizer and has the ability to 

strengthen the alloy by forming carbides [29]. 

 

2.1.2 Carbides in biomedical CoCrMo alloys 

The elemental composition of the material together with the processing 

parameters (temperature, pressure and time) affects the nature of the 

precipitating carbides. In fact, many types of carbides may nucleate, such 

as MC, M6C, M23C6 and M7C3 where M stands for one or more types of 

metal atom (Co, Cr, Mo) [27]. M23C6 is the most stable type of carbide 

found in CoCrMo alloys, forming preferentially at the grain boundaries 

after post-casting or post solution aging [27]. The common carbide-

reaction sequence for many super-alloys is from the primary MC carbide 

to the secondary M23C6 and M6C carbides. The important carbide-

forming elements are Cr for the M23C6 type, Mo and W for the M6C type 

[27]. The M6C carbides have been mainly observed in alloys containing 

appreciable amounts of Mo (ca. 5-8 wt%) [29].  

 

2.2 Duplex stainless steels 

Stainless steel is a large family of iron-chromium-nickel alloys, with the 

characteristic of having at least 13 wt% Cr content. Duplex stainless steel 

is an important subgroup of this family with the particular characteristic 

of having a dual phase structure, with often equal amount of ferrite (α) 

(body-centered cubic, BCC) and austenite (γ) (FCC) [30]. By slightly 

changing the main composition it is possible to obtain different grades of 

duplex stainless steels, with a wide range of corrosion and mechanical 

resistances. Even the lowest grade provides relatively good corrosion 

properties and for this reason they are largely used in aggressive 

environments such as in the pulp and paper industry, desalination, oil 

and gas, storage tanks, bridges, pipes and tubes, pressured vessels and 

chemical carriers (Fig. 3). Their performance is generally superior to that 

of austenitic stainless steels [31,32].  
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Figure 3. Examples of duplex stainless steel applications: a) Mead Reach Bridge, 

Temple Quay, Bristol [33]; b) series of pipes [34]; c) heat exchanger [35]. 

 

The first wrought duplex stainless steels were produced in Sweden in 

1930 and were used in sulfite pulping of wood [32], and since then new 

duplex steels have been rapidly developed bringing new problems in 

manufacturing and joining [32]. In fact, with the increase of alloying 

element concentration, properties in the welding zones have been 

radically changed for processes that locally melt and recast part of the 

microstructure [32].  

The phase diagram in Figure 4 shows the formation of the duplex 

structure during production. Most duplex stainless steels initially solidify 

as ferrite with the austenite phase developing during cooling in the α+γ 

phase field [30,36]. 

The phase balance between ferrite and austenite is highly affected by 

cooling rates following exposure to high temperatures [32]. Fast cooling 

rates favor the retention of ferrite, creating a larger fraction than the 

equilibrium amount of ferrite. Nitrogen is in this case beneficial, as it 

raises the temperature at which the austenite begins to form from the 

ferrite, so even at relatively rapid cooling rates the equilibrium level of 

austenite can almost be reached [32]. 

The higher nitrogen content and fine-grained microstructure of duplex 

stainless steel result in an enhanced strength compared to that of 

common austenitic grades such as 304L and 316L stainless steels [37]. 

This higher strength can result in much higher acceptable stresses for the 
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duplex stainless steel, allowing reduction in wall thickness, reduced 

weight and cost [37].  

 

Figure 4. Pseudo-binary phase diagram for 70 wt% iron-chromium-nickel [36]. 

 

2.2.1 Role of alloying elements 

Chromium (Cr) - Cr is a ferrite former with the properties of 

stabilizing the ferrite phase, improving corrosion resistance and strength 

of the alloy [32]. Duplex grades normally contain comparatively high 

levels of Cr, typically in the range of 20-29% [38]. Cr has the ability to 

form a passive Cr-rich oxide film on the surface of the alloy to which it is 

added, largely enhancing its corrosion properties. A high content of Cr 

implies an enhancement in the solubility of nitrogen in the material [32]. 

Consequently, it is desirable to keep the Cr content as high as possible in 

order to improve strength and corrosion resistance [32]. However, there 

is a limit to the level of Cr that can be added to steel. If this level is 

exceeded its beneficial effect is nullified by the enhanced precipitation of 

secondary phases such as sigma phase and chromium nitrides which lead 

to a reduction in ductility, toughness and corrosion resistance [38]. 



10 

 

Molybdenum (Mo) - Molybdenum is a ferrite former with the 

ability to improve the pitting and crevice corrosion resistance of an alloy 

in chloride solutions by extending the passive potential range and 

reducing the corrosion current density in the active range [39]. 

Molybdenum improves the corrosion resistance in chloride environments 

as well as in reducing acids by suppressing active sites via formation of an 

oxy-hydroxide or molybdate ion [39]. However, an excessive Mo content 

in combination with a high Cr content favors the nucleation and 

precipitation of intermetallic compounds [32]. 

Nickel (Ni) - Ni is a strong austenite stabilizer and it is one of the 

key alloying elements added in duplex stainless steels [38] able to 

maintain the α-γ balance. The optimum Ni content is usually balanced to 

the amount of Cr and Mo present in the alloy [38]. However, at excessive 

Ni concentrations, the austenite fraction will increase to levels well above 

50%, Cr and Mo will be enriched in the remaining ferrite with the 

enhanced risk for intermetallic phase precipitations in case of exposure 

to temperatures in the range 650 - 950 °C [39]. Vice versa, low Ni levels 

will result in high fraction of ferrite, lowering the toughness of the duplex 

stainless steel [38]. 

Nitrogen (N) - N addition is extremely important in duplex 

stainless steels. N is an austenite former, partitioning preferentially to 

austenite due to its higher solubility in this phase, and concentrating at 

the metal-passive film interface [39]. N is beneficial for several of the 

material properties, including the high temperature stability of the two 

duplex phases, particularly in the welded areas, the strengthening of the 

material and the improvement of the localized corrosion resistance [40]. 

It has been suggested that Mo and N have a synergistic effect enhancing 

the corrosion resistance of the material against pitting attack [39]. In the 

continuous development of new duplex stainless steels, the N content 

has been increased up to the level of the solubility limit [40]. 

Other elements - It has been observed that the addition of 

manganese (Mn) in duplex stainless steels increases the abrasion, wear 

resistance and tensile properties without loss in ductility. The solubility 

of nitrogen will be increased by increasing the concentration of Mn. 

However, too high levels of Mn might decrease the critical pitting 

temperature due to the possibility of MnS formation. Copper (Cu) has 
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been demonstrated to have a beneficial effect, by reducing the corrosion 

rate in non-oxidizing environments such as concentrated sulphuric acid 

[41]. Tungsten (W) is often used as substitute for Mo [42-44]. 

 

2.2.2 Nitrides in duplex stainless steels 

During welding or heat treatment, several secondary phases may 

precipitate in duplex stainless steels [45,46] which can be detrimental for 

mechanical and corrosion properties. Chromium nitrides (commonly 

Cr2N, but also CrN) are among the possible secondary phases that might 

form in DSSs. Heat treatment temperatures, exposure time, cooling 

speed and alloy composition are just some of the factors influencing the 

nature of the precipitated chromium nitrides, which can impact the 

corrosion and mechanical properties of the final product [47-51].  

Two families of chromium nitrides, quenched-in and isothermal, can be 

formed in duplex stainless steels after specific heat treatments [48,52-55]. 

Quenched-in chromium nitrides are formed during the cooling process 

from high annealing temperatures (above 1000 °C). At properly chosen 

annealing temperatures ferrite and austenite are the only stable phases, 

so the material should be free from chromium nitrides. However, during 

the water quenching process the temperature drops at a very high rate, 

passing through the equilibrium temperature for the formation of 

chromium nitrides. In this fast cooling process the solubility of N in 

ferrite decreases greatly. The redistribution of nitrogen (higher solubility 

in austenite) is controlled by diffusion and therefore requires a certain 

time to be fully completed [56].  At this point the N present in the ferrite 

phase doesn’t have enough time to diffuse towards the austenite phase, 

and consequently quenched-in chromium nitride particles in nano-sizes 

(tens of nanometers) are formed and finely dispersed in the ferrite phase. 

Different shapes are commonly observed: very fine speckled-like, round-

like and elongated acicular-like particles. On the other hand, at lower 

annealing temperatures (700-900 °C), chromium nitrides become 

thermodynamically stable and N diffusion from the ferrite towards the 

austenite phase leads to the formation of isothermal nitride particles, 

which precipitate along phase and/or grain boundaries [53]. In this case, 

the exposure time at the elevated temperature has a crucial influence on 

the amount and the size of the precipitated isothermal chromium nitride 

particles, which can be up to hundreds of nanometers in diameter. 
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3 Corrosion behavior of advanced alloys 

3.1 Passivity of advanced alloys 

Passivity is defined as the reduction in chemical and electrochemical 

activity of a metal due to the reaction of the metal with its environment, 

where a protective film is formed on the metal surface [57]. This thin 

anodic oxide film (passive film) drastically reduces the corrosion rate and 

protects the metal underneath [58,59].  

The protective passive films formed on CoCrMo alloys and duplex 

stainless steels have similar characteristics, with Cr as the main 

component of the oxides and hydroxides forming the layer. The 

environment to which the material is exposed and the applied potential, 

in case of accelerated conditions, have strong effects on the composition 

and thickness of the complex passive layer [60].  

When exposed to simulated body fluids, the oxide film formed on 

CoCrMo alloys consists predominantly of Cr2O3 and Cr(OH)3, with a 

small amount of Co- and Mo-oxides [60].  

In the case of duplex stainless steels the outer part of the passive film 

consists of hydroxides, while the inner part of an oxide layer. The entire 

film is enriched in Cr, whereas the metal closest to the metal/film 

interface shows a strong enrichment in Ni. Mo (VI) is enriched in the 

surface region, while Mo (IV) oxide and Mo (IV) oxy-hydroxide have a 

more homogeneous distribution through the passive film [61]. 

Potentiodynamic polarization measurements are often performed to 

obtain information on the overall electrochemical behavior of a material 

in a given environment [62]. An applied potential can be swept with a 

constant rate towards more positive values while the resultant current is 

recorded by the instrument. The general corrosion performance 

including corrosion rate, localized corrosion behavior, or transpassive 

dissolution can be evaluated from the resulting polarization curve [62]. 

Figure 5 illustrates a typical potentiodynamic polarization curve for a 

passive metal, presenting active, passive and transpassive regions [57]. 
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Figure 5. Anodic polarization curve showing the formation of a passive film after 

an active/passive transition [57]. The current increase at high anodic potential 

can be given by O2 evolution, transpassive dissolution or a combination of these 

two reactions.  

  

3.2 Passivity breakdown 

Passivity breakdown is the result of a local rupture of the barrier layer, at 

weak sites or defects with high cation vacancy diffusivity, which has been 

explained in the “Point Defect Model” by Macdonald [63]. The new model 

of passivity breakdown by Marcus et al. [64] considers the passive layer at 

its nanoscale, consisting of crystalline oxide grains and grain boundaries. 

It has been proved that these defect areas are less resistive to ion transfer, 

i.e. more susceptible to corrosion. Different forms of passivity breakdown 

can occur, resulting in different forms of localized corrosion, and some of 

them are listed below. 

 

3.2.1 Pitting corrosion 

Pitting corrosion is a form of corrosion of a metal surface where small 

areas corrode preferentially leading to the formation of cavities or pits, 

whereas the bulk of the surface remains passive [65]. Usually chloride 
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ions are involved in the localized breakdown of the passive film [57]. 

Pitting is a dangerous form of corrosion attack, because it results in the 

perforation of a metal component with serious consequences, even 

though the rest of the metal piece remains untouched by corrosion [57]. 

In order for pitting to take place, the formation of a small anode is a 

prerequisite, and consequently the formation of a local corrosion cell 

[65]. The anode can be the result of a lack of homogeneity on the metal 

surface due to the presence of impurities, defects, grain boundaries, etc. 

In these small sites the passive film may preferentially break creating an 

unfavorable area ratio with the surrounding surface acting as large 

cathode. Large potential differences between two phases at the metal 

surface may also result in the formation of a local corrosion cell [65]. 

 

3.2.2 Intergranular corrosion 

Intergranular corrosion is defined as corrosion that occurs preferentially 

along grain boundaries [65]. In this case the loss of material is considered 

to be limited, or rather confined, but it might still cause catastrophic 

failure of the device [66]. Intermetallic phases, precipitates and 

impurities can nucleate and/or accumulate during heat treatment along 

the grain boundaries. These secondary phases are often enriched in 

alloying elements, essential for the corrosion resistance, whereas the 

regions adjacent to the grain boundaries exhibit depletion of these 

elements [66,67]. 

 

3.2.3 Selective dissolution 

Selective dissolution is a corrosion process in which different phases in 

the material dissolve at different rates [68-70]. Several factors can 

influence this behavior, such as alloying effects, surface composition, 

interaction of the surface species with neighboring atoms of the alloy 

components [71]. In duplex stainless steels, differences in composition of 

ferrite and austenite can result in different dissolution properties and the 

outcome can be a preferential attack [69]. 
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4 Methods 

4.1 Scanning electron microscopy/energy dispersive 

spectroscopy (SEM/EDS) 

SEM was used to characterize the microstructure of the investigated 

materials and in particular the precipitated carbides and nitrides. 

Different SEM instruments were used to achieve this goal: Hitachi S-

3700N, JEOL JSM-7001F and ZEISS Ultra field emission SEM (FE-SEM). 

They were all equipped with EDS detectors. 

An SEM image is generated by a focused electron beam that scans over 

the surface of a specimen [72]. Elastic or inelastic scattering of the high 

energy electrons that strike the specimen can occur. Elastic scattering 

generates the backscattered electrons (BSEs) which are incident electrons 

scattered by the atoms in the specimen, while inelastic scattering 

generates the secondary electrons (SEs), which are electrons emitted 

from atoms in the specimen [72]. SEs are useful for achieving topographic 

contrast, while BSEs are advantageous for obtaining the elemental 

composition contrast [72]. 

The zone of production of BSEs is larger than that of SEs, because BSEs 

have high energy which prevents them from being absorbed by the 

sample, but these results in a lower resolution [73]. The volume and 

depth of the interaction region increase with an increase of beam energy 

or a decreasing atomic number of the elements in the specimen (Fig. 6) 

[73]. 

X-ray analysis in an SEM implies the identification of radiation of a 

specific energy or wavelength for elemental analysis of the sample [73].  

When a high energy particle (X-ray photon, electron, or neutron) strikes 

an electron in the inner shell of an atom, the energy of the particle can be 

high enough to knock an electron out of its original position in an atom 

[72]. The knocked-out electron leaves the atom as a “free” electron and 

the atom becomes ionized. Ionization is an excited state and for this 

reason the atom will quickly return to its normal state by refilling the 

inner electron vacancy with an outer shell electron. The energy difference 

between an outer shell electron and an inner shell electron will generate 

an X-ray photon [72]. The energy of characteristic X-rays is well defined 

and dependent on the atomic number of the atom [72]. X-ray analysis can 
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be utilized to obtain both qualitative and quantitative information, with 

lateral resolution in the range of micrometers (ca. 1-3 µm, Fig. 6) [73,74].  

 

Figure 6. Illustration of interaction volumes for various electron-sample 

interactions [73].  

 

4.2 Transmission electron microscopy (TEM) 

In this study, a JEOL 2000-FX analytical TEM/STEM and a JEOL JEM-

2100F analytical TEM, both equipped with EDS detectors, were used to 

analyze the precipitated carbides and nitrides. In the case of the nano-

sized carbides the Cr gradient across the grain boundary due to their 

precipitation was analyzed by TEM/EDS. TEM analysis provides higher 

special resolution compared to SEM, due to its shorter wavelength [72]. 

The TEM contrast depends on electrons being deflected from their 

primary transmission direction when they pass through an ultrathin 

specimen. Some of these electrons are elastically or inelastically scattered 

(Fig. 7) [72] depending upon whether they lose energy or not [75]. 

Contrast is generated when there is a difference in the number of 

electrons being scattered away from the transmitted beam [72]. A TEM 

can operate in two modes: an image mode used to collect topography 

information and a diffraction mode used to obtain phase/structure 
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information [72]. For the latter purpose the selected area electron 

diffraction (SAED) method was used in this study.  

 

Figure 7. Interaction between electron beam and specimen. 

 

4.3 Atomic force microscopy (AFM) 

The AFM differs from the other microscopies, because physically “feels” 

the sample’s surface, mapping the height or other surface properties 

rather than focusing light or electrons onto the surface [76]. In this case a 

sharp tip attached at the end of a cantilever scans the selected surface 

area maintaining a constant force or a force gradient by a feedback loop 

(Fig. 8) [77]. Several operational modes are available with the AFM, 

depending on the specific application. In the contact mode the tip 

touches the surface with a constant force and the repulsive tip-sample 

interactions are measured. The topography information is obtained by 

monitoring the change in cantilever deflection [78]. 
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Figure 8. Schematic diagram of AFM detection system. 

 

In the tapping mode an oscillating probe is brought into contact with the 

sample surface, so that a dampening of the cantilever oscillation 

amplitude is caused by the same repulsive forces that are present in the 

contact mode [78]. By using this mode, better vertical and lateral 

resolutions can be obtained with less interaction between sample and tip 

compared with the contact mode [78]. 

 

4.4  Scanning Kelvin probe force microscopy (SKPFM) 

and Kelvin force microscopy (KFM) 

In this study SKPFM technique was used to map the Volta potential 

difference at submicron-scale of the precipitated carbides and nitrides in 

the tested materials. This is extremely useful in studies of localized 

corrosion of heterogeneous alloys [79]. The Volta potential is defined as 

the minimum energy required to extract an electron from the metal 

surface to a point just outside the surface [80], and it has been 

demonstrated to be linearly correlated to the corrosion potential [81]. A 

common method to measure the Volta potential difference between two 

materials is the vibrating capacitor method, also known as the Kelvin 

method [82], where two conductors are arranged as a parallel plate 

capacitor with a small spacing [82]. 

Two operational modes can be used to image the Volta potential 

difference, the dual-pass mode and the single pass mode. 
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In the dual-pass mode, the topography is scanned during the first pass, 

followed by the lifting of the tip to a preselected distance (50 – 100 nm) at 

which the potential signal is recorded during the second scan (Fig. 9). 

The topography signal is used as feed-back to maintain a constant 

elevation (“lift” distance between tip and sample). During the second line 

scan, an AC bias is applied to the tip, which generates a time-varying 

electrostatic force between tip and sample, causing a vertical cantilever 

oscillation [83]. An external DC bias is applied to the tip, which is varied 

while scanning point to point across the surface [83]. The DC bias at any 

given X- Y location is chosen via feedback to zero or “null” the cantilever 

oscillation, by compensating for the difference in surface potential. Thus, 

the determined DC bias equals the contact potential difference of sample 

and tip materials in the absence of this bias [83]. 

In the single-pass mode the electrostatic force interaction between the 

conducting probe and the sample is stimulated with an AC voltage 

applied to the probe at much lower frequency [83,84]. The measured 

electrostatic forces are nullified with a DC voltage which provides the 

quantitative surface potential [84]. Higher resolution is achieved by using 

the single-pass mode because of the immediate proximity of the tip to 

the sample [84]. 

 
 

Figure 9. Dual-pass mode for SKPFM.  

 

4.5 Magnetic force microscopy (MFM) 

MFM has been utilized in this study to identify the ferrite and austenite 

phases in duplex stainless steels. In fact, MFM is able to image magnetic 

domain structure at metal surfaces with high spatial resolution [85]. In 

MFM magnetic probes (silicon tip coated with ferromagnetic CoCr thin 
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film) are used to directly measure the presence and distribution of 

magnetic fields (Fig. 10).  

 

Figure 10. Principle of magnetic force microscopy. 

 

Magnetic forces (long range forces) are usually orders of magnitude lower 

than other tip-sample short-range forces when the tip is close to the 

surface. Thus, a certain distance is maintained between tip and sample in 

order to reduce interferences.  

A dual-pass mode, as previously describe for the SKPFM technique, was 

used to collect topography and magnetic data. The topography of the 

sample was measured during the first pass, followed by raising of the 

probe of ca. 50-100 nm and starting of the second pass where the 

magnetic information was collected [76]. The magnetic pattern displayed 

in the phase image is the result of the cantilever frequency shift due to 

the magnetic force gradient between the tip and the sample surface (Fig. 

10) [86,87]. 

 

4.6 Electrochemical-control AFM (EC-AFM) 

In-situ EC-AFM measurements were performed in this study to follow 

the initiation of localized corrosion and dissolution at a microscopic 

scale.  
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In-situ EC-AFM is performed in contact-mode in an electrolytic solution 

to allow the sample to be placed under electrochemical control [88]. 

The changes in the sample’s topography, when immersed in solution and 

with an applied potential, are the result of electrochemical reactions [76]. 

By changing the potential values applied to the sample it is possible to 

directly observe oxidation or reduction processes at the sample surface 

[76]. The in situ imaging of such processes is achieved by using a 

specifically designed electrochemical cell connected to a potentiostat 

(Fig. 11) [76,88].  

 

Figure 11. Sketch of the three electrode cell used for EC-AFM measurements [88]. 

 

4.7 Thermodynamic calculation 

Thermodynamic calculations by Thermo-Calc can radically enhance the 

design and developing of new materials, selection of temperatures for 

heat treatments, optimization of yields in manufacturing processes, 

supervision of material applications, etc. [89]. 

In this study the Thermo-Calc software [90] with databases TCFE5 and 

TCFE6 was utilized to predict equilibrium phases and their amount for 

2205 and 2507 DSSs as a function of heat treatment temperature (Paper 

IV and Paper V). 

The pitting resistance equivalent (PRE) numbers for both ferrite and 

austenite phases of the 2507 SDSS, as function of the heat treatment 

temperature, were calculated by using Thermo-Calc software [90] (Paper 

V). 
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5 Experimental 

5.1 Materials and sample preparations 

A biomedical CoCrMo alloy (ASTM F75) was selected for investigation of 

the influence of precipitated carbides on the corrosion/dissolution 

behavior of the material. Table I shows the chemical composition for the 

biomedical CoCrMo alloy obtained by optical emission spectroscopy 

analysis. Depending on the processing procedure, samples with different 

types and amounts of chromium carbides were produced. 

Table I. Chemical composition (wt%) of the CoCrMo alloy (F75). 

Alloy Cr Mo Mn Ni Fe C Co 

CoCrMo 28.0 - 28.3 5.4 – 6.3 0.4 – 0.5 0.2 0.2 0.2 Bal. 

 

The first series of samples was as-cast (specimens from now on 

denominated “As-cast”) (Paper II). The second series was cast and then 

processed by HIP (1200 °C, 103 MPa, 4 hours), followed by slow cooling 

and at the end subjected to a high temperature treatment (1200 °C, 4 

hours and fast cooling below 800 °C) (specimens from now on 

denominated “Treated”) (Paper I, Paper II and Paper III). 

Two grades of duplex stainless steels, 2205 (UNS S32205) and 2507 (UNS 

S32750), were tested to investigate the effect of precipitated chromium 

nitrides on the corrosion/dissolution behavior of the materials. The 

chemical composition of the tested DSSs is shown in Table II.  

Table II. Chemical composition of the investigated DSSs (wt%). Fe is balanced. 

Alloys C Si Mn P S Cr Ni Mo N Cu 

2205 <0.03 0.61 0.76 n.m. n.m. 22.2 5.22 3.13 0.19 0.17 

2507 0.015 0.24 0.83 0.023 0.001 24.8 6.89 3.83 0.27 0.23 

Note: n.m. = not measured 
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The 2205 DSS samples were subjected to a special heat treatment where 

they were annealed at 1250 °C, followed by air cooling down to 950 °C, 

and then water quenching. This heat treatment resulted in the formation 

of quenched-in chromium nitrides finely dispersed in the ferrite grains 

(specimens from now on denominated 2205 HT) (Paper IV). 

The 2507 SDSS samples were subjected to two different special heat 

treatments. The first group of samples was heat treated at 1125 °C for 10 

minutes and then water quenched, in order to precipitate quenched-in 

nitrides finely dispersed in the ferrite grains (samples from now on 

denominated 2507 QUE) (Paper V). The second group of samples was 

heat treated at 800 °C for 10 minutes then quenched in water in order to 

precipitate isothermal chromium nitrides along the ferrite/austenite and 

ferrite/ferrite boundaries (samples from now on denominated 2507 ISO) 

(Paper V). Table III summarizes heat treatments and constituent phases 

of the materials tested in this thesis work.  

Table III. Heat treatments and constituent phases in the biomedical CoCrMo 

alloy, 2205 DSS and 2507 SDSS used in this study. 

Alloys Heat treatments Phases Named as 

CoCrMo As-cast Dendritic carbides As-cast 

CoCrMo Cast-HIP-HT Blocky carbides Treated 

2205 
Air cooled to  

950 °C + WQ 
α, γ, quenched-in nitrides 2205 HT 

2507 
1125°C, 10 min + WQ 

800°C, 10 min + WQ 

α, γ, quenched-in nitrides 

     α, γ, isothermal nitrides 

2507 QUE 

2507 ISO 

Note: α = ferrite, γ = austenite. 

 

The samples used for SEM/EDS, SKPFM or KFM measurements were wet 

ground progressively up to 1200 grit, followed by a polishing procedure 

with diamond paste successively up to 0.25 µm in roughness. Where 

needed, a 0.04 µm silica suspension solution was also used for a finer 

polishing. Gentle etching was performed to reveal the nano-sized 

chromium nitrides in the 2205 HT and 2507 QUE samples (Papers IV and 

V) in the preliminary SEM investigation. Note that no etching was 

performed prior to the AFM measurements. 
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Moreover, different techniques were adopted for the preparation of the 

TEM samples. All the details are reported in Papers I, II and IV. 

The samples used for the EC-AFM measurements were cut from the 

received materials and mounted on brass discs with conductive 

glue/paint. The samples were then fixed in a plastic mold with epoxy, 

leaving an exposed area of 0.2 cm2. The samples were then progressively 

wet ground up to 1200 grit and polished to 0.25 µm. 

All the tested samples were ultrasonically cleaned in ethanol and then 

dried in a N2 gas stream prior to the measurements or analyses. 

  

5.2 Solutions 

Phosphate buffered saline (PBS) solution is commonly used to simulate 

body fluids in the first step in the investigation of the corrosion 

properties of biomedical CoCrMo alloys. This solution has concentrations 

of Na+, K+, and Cl- and pH similar to human body fluids (Papers I, II, III).  

The duplex stainless steel samples were tested in a solution containing 1 

M NaCl, commonly used to simulate a marine environment (Papers IV, 

V). 
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6 Summary of results and discussions 

6.1 Influence of carbides on the corrosion initiation 

of a biomedical CoCrMo alloy 

6.1.1 SEM characterization 

Biomedical CoCrMo alloys are composed of a Co-based matrix 

constellated by different types of Cr-rich carbides precipitated during 

casting and heat treatments. Figure 12 gives an example of precipitated 

Cr-rich carbides in the as-cast and treated CoCrMo alloy samples, 

respectively. Large dendritic M23C6 carbides (up to hundreds of 

micrometers) are clearly observed in the as-cast sample (Fig. 12 a) (Paper 

II), whereas the treated CoCrMo alloy presents a more compact 

microstructure as well as precipitated carbides, generally called “blocky” 

carbides [21]. Depending on the content of Mo in the alloy, M23C6 (dark 

areas in the BSE micrograph in Fig. 12 b) and M6C (if Mo content is 

higher than 5 wt% [29] seen as bright areas in the BSE micrograph in Fig. 

12 b) can be found in the material (Papers I and II).  

 

Figure 12. a) SE micrograph displaying dendritic carbides in the as-cast CoCrMo 

alloy. b) BSE micrograph displaying blocky like carbides in the treated CoCrMo 

alloy (bright carbides = M6C, dark carbides = M23C6 , where M stands for Cr, Co 

and Mo). 

 

6.1.2 Volta potential difference (corrosion tendency) 

Figure 13 (a,b) shows typical Volta potential maps, obtained by SKPFM, of 

areas containing precipitated carbides in the as-cast and treated CoCrMo 
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alloy samples. In the case of the as-cast sample (Fig. 13 a), the Volta 

potential variation clearly follows the dendritic structure of the carbide 

where different areas of the carbide exhibits opposite relative nobility, 

with the bright regions nobler compared to the dark regions (Paper II). 

The carbides found in the treated CoCrMo alloy sample (Fig. 13 b) appear 

brighter (higher nobility) than the Co-matrix and especially compared to 

the boundary areas surrounding the carbides, suggesting these latter sites 

as preferential regions for corrosion initiation (Papers I and II). 

 

Figure 13. Volta potential images of the CoCrMo alloy displaying the higher 

nobility of the precipitated carbides (bright contrast) compared to their nearby 

matrix areas (dark contrast) in: a) as-cast and b) treated samples. 

 

The Volta potential gradient formed near the precipitated Cr-rich 

carbides might cause the onset of local electrochemical cells, an 

undesirable scenario that could contribute to premature failure of the 

device [91-95]. 

In this study it has been observed that the size of the precipitated 

carbides plays a role in the Volta potential difference between the 

carbides themselves and their nearby matrix areas. This could be due to 

the substraction of alloying elements from the matrix during the 

nucleation of the carbides forming depleted zones. 
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6.1.3 Cyclic polarization (overall corrosion behavior) 

The as-cast and treated CoCrMo samples exhibit a wide passive range 

when exposed to PBS solution (Fig. 14), characterized by a low passive 

current density, which is ca. 0.4 µA/cm2 for the as-cast sample and ca. 0.2 

µA/cm2 for the treated one (scan rate of 10 mV/min). The slightly higher 

current density recorded for the as-cast sample could be due to a more 

heterogeneous microstructure, probably forming a slightly less protective 

passive layer. For both materials the current starts to increase at about 

0.5 VAg/AgCl, reaching ca. 0.1 mA/cm2 at 0.65 VAg/AgCl. By reversing the scan 

towards lower potentials, only small positive hysteresis loops are 

observed in the cyclic polarization curves for both materials, indicating 

that in this potential range (0.5–0.8 VAg/AgCl) just a slight metal 

dissolution occurs at the samples surfaces. This is not likely due to pitting 

corrosion attack, which is normally characterized by large hysteresis 

loops [25,96].  

 

Figure 14. Cyclic polarization curves for the CoCrMo alloy (as-cast and treated) 

in aerated PBS solution (pH = 7.4) at room temperature. Scan rate: 10 mV/min. 

 

The similar current values at high anodic potentials recorded for the two 

materials is an indirect support for the explanation that the main 

contribution to the current is due to other redox reactions occurring in 

the system (for example water oxidation), i.e. independent from the 
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microstructure of the alloy, rather than just metal transpassive 

dissolution. Moreover, no yellowish color of the solution (indicative of 

Cr6+) could be observed at potentials up to 0.8 VAg/AgCl under the 

experimental conditions. 

Potentiostatic polarization measurements of a treated CoCrMo alloy 

immersed in PBS solution were performed at 0.7 VAg/AgCl to record the 

charge transfer, and the solution was collected and the total amount of 

metal ions released in the solution was analyzed by graphite furnace 

atomic absorption spectroscopy (GF-AAS). It was found that Co, Cr and 

Mo were released in nearly stoichiometric concentrations (Fig. 15 a,b), 

and not dominated by Cr dissolution (Cr3+
→Cr6+) (Paper III).  

 

Figure 15. a-b) Amount (µg/cm2) and the percentage (wt.%), respectively of total 

metal ions for each element (Co, Cr and Mo) released from the treated CoCrMo 

alloy exposed in PBS for 2 hours at the constant potential of 0.7 VAg/AgCl at room 

temperature (pH = 7.4). 

 

This is contradictory to transpassive dissolution often associated with 

dissolution of Cr6+ [97-101], where uniform dissolution from the entire 

exposed surface takes place and the amount of released ions should be 

close to the composition of the oxide layer (Cr-rich). In this study it was 

demonstrated that at high anodic potential (above 0.5 VAg/AgCl) the 

increase of current recorded for the tested CoCrMo alloy is the sum of 

different contributions, such as water oxidation and metal dissolution 

(Paper III). In fact, a fast nucleation and growth of oxygen bubbles on the 

sample surface could be observed by LOM during in-situ EC-AFM 
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measurements at 0.65 VAg/AgCl (Paper III). In-situ EC-AFM and EC-LOM 

were performed in order to investigate the influence of the precipitated 

carbides on the local dissolution behavior of the CoCrMo alloys. 

 

6.1.4 In-situ EC-AFM and EC-LOM (localized dissolution 

behavior) 

The surface of the treated CoCrMo alloy containing a large cluster of 

precipitated carbides was imaged by the EC-AFM when immersed in PBS 

solution under potentiostatic control. The topographic changes at open 

circuit condition (OCP), in the passive region and at the higher potentials 

corresponding to the current increase were recorded. At OCP condition 

(Fig. 16 a,b) and for the whole passive range, the surface morphology 

appeared stable with time and no corrosion attack was observed despite 

the presence of the carbides. After 10 min at the applied potential of 0.5 

VAg/AgCl, (Fig. 16 c,d) the current had already started to increase, but the 

surface was still in its passive state and minor changes were noticeable 

just after 30 minutes (Fig. 16 e,f). When the applied potential was 

increased to 0.7 VAg/AgCl and the current reached 100 µA/cm2, topographic 

changes were observed by repeated imaging within 1 hour. These changes 

primarily occurred at the single carbide boundaries and in the matrix 

areas adjacent the carbide clusters (Fig. 16 g-l). This is in agreement with 

the Volta potential mapping by SKPFM (Fig. 13 b) suggesting that the 

matrix areas adjacent to the carbides are preferential sites for 

corrosion/dissolution initiation (Papers I and II). 
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Figure 16. In-situ AFM images of the same area of the treated CoCrMo alloy under 

electrochemical control in PBS, after certain times of exposure at specific potentials: (a) after 120 

min at OCP, (c,e) after 10 and 30 min at 0.5 VAg/AgCl, (g,i,k) after 10, 30, 50 min at 0.7 VAg/AgCl, with 

marked etching-like dissolution sites in the carbides, and depth-line profiles at the applied 

potential and time (b,d,f,h,j,l). 
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In-situ EC-LOM allows the investigation of sites for preferential 

dissolution by focusing on larger areas without the risk of missing 

important corrosion processes that might happen outside the selected 

scan area for the EC-AFM measurements. Figures 17 and 18 show the 

topographic changes for the as-cast and treated CoCrMo alloy samples 

when immersed in PBS solution at increasing applied potentials. It was 

noted for both specimens that preferential dissolution at high anodic 

potential (E ≥ 0.65 VAg/AgCl) not only occurred in the matrix areas nearby 

the precipitated micro-sized carbides, but also along the grain 

boundaries (arrows in Figs. 17 and 18). 

 

Figure 17. In situ EC-LOM images of the same area of the as-cast CoCrMo alloy 

in aerated PBS at room temperature after: (a) 60 min at OCP, (b) 5 min at 0.65 

VAg/AgCl, (c) 5 min at 0.75 VAg/AgCl, (d) 5 min at 0.8 VAg/AgCl. The arrows indicate 

the appearance of grain boundaries due to dissolution. 
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Figure 18. In situ EC-LOM images of the same area of the treated CoCrMo alloy 

in aerated PBS at room temperature after: (a) 60 min at OCP, (b) 5 min at 0.65 

VAg/AgCl, (c) 5 min at 0.75 VAg/AgCl, (d) 5 min at 0.8 VAg/AgCl. The arrows indicate 

the appearance of grain boundaries due to dissolution. 

 

6.1.5 Post-polarization SEM/TEM analyses 

SEM investigation of the polarized samples revealed the presence of 

submicron-sized particles along the grain boundaries of both CoCrMo 

alloy samples as shown in Figure 19 a,b (Paper II). 

These submicron-sized precipitated particles appear like thin strips, 

enriched in Cr and C and depleted in Co (Fig. 20 a,b).  
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Figure 19. SE micrographs obtained after polarization up to 0.8 VAg/AgCl in 

aerated PBS at room temperature, showing (a) dendritic carbides and grain 

boundaries in the as-cast sample, (b) carbide clusters and grain boundaries in the 

treated sample.  

 

 

Figure 20. (a) SE micrograph of a grain boundary after polarization of the 

treated CoCrMo alloy sample up to 0.8 VAg/AgCl, (b) EDS line profile across the 

grain boundary showing the enrichment in Cr and C and depletion in Co 

corresponding to the precipitated particles.  

 

TEM/SAED (selected area electron diffraction) analysis (Fig. 21 a,b) 

demonstrated the carbide nature of the precipitated particles along the 

grain boundaries having crystalline structure 〈110〉M23C6. The EDS line 

profiles, taken across the grain boundary between two consecutive 

submicron carbides revealed Cr concentration gradients in both samples 

(Fig. 21 c,d). The as-cast material exhibited Cr depletion up to 10% in 

weight and an asymmetric profile with respect to the grain boundary 

(Fig. 21c). This asymmetry could be explained by a slight tilt of the grain 
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boundary, different diffusion rates or different crystallographic 

orientation of the grains on each side of the boundary. The treated 

sample also exhibited Cr depletion across the grain boundary up to about 

5% in weight (Fig. 21 d), but in this case a more symmetric Cr profile was 

observed, probably due to a longer diffusion time during the heat 

treatment allowing a more homogeneous microstructure (Paper II). 

 

Figure 21. (a) TEM micrograph (bright field) of an area with typical grain 

boundaries of the treated CoCrMo alloy sample, showing small carbides 

precipitated along the boundary. (b) Composed SAED pattern from the zone axes 

of 〈110〉M23C6/〈110〉γ-matrix, which reveals the M23C6 structure of the submicron-sized 

carbides. (c-d) EDS line profiles across the grain boundaries for the as-cast and 

treated CoCrMo alloy samples, respectively. 

 

In summary, the results from this study indicate that the presence of 

micro- and nano-sized carbides has little influence on the corrosion 

behavior of biomedical CoCrMo alloys when no potential is applied. In 

fact, great passivity is maintained under these conditions. However, in 

the case of exposure to more aggressive environments, i.e. occurrence of 

inflammatory reactions, a slight metal dissolution might preferentially 

take place from the area adjacent to the precipitated micron- and 

submicron-carbides. 



35 

 

6.2 Influence of chromium nitrides on the corrosion 

initiation of duplex stainless steels 

6.2.1 Phase identification 

MFM was utilized to unambiguously identify the location of the ferrite 

and the austenite phases in the material [102] without the need for 

surface etching procedures. Figure 22 (a-d) shows examples of the 

concomitant topography and magnetic domain images for the 2205 HT 

and 2507 QUE DSSs.  

 

Figure 22. Topography and MFM domain images of the a-b) 2205 HT, and c-d) 

2507 QUE samples. Ferrite (α) shows the typical “worm” like magnetic pattern, 

while austenite (γ) presents rather uniform magnetic contrast.  
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The ferrite phase being ferromagnetic exhibits a “worm” like striped 

magnetic pattern due to the presence of different magnetic domains, 

whereas the austenite being paramagnetic exhibits a rather uniform 

contrast in both samples. Different crystallographic orientation of the 

ferrite grains might cause different magnetic domain orientations which 

would appear with a diverse contrast and/or pattern in the magnetic 

image [102].  

Quenched-in and isothermal chromium nitrides were intentionally 

precipitated in the 2205 HT, 2507 QUE and 2507 ISO samples, following 

special heat treatments, as explained previously.  

Figure 23 (a,b) gives an example of size and distribution of both types of 

nitride in the 2507 QUE and 2507 ISO samples (Paper V). Quenched-in 

chromium nitrides are generally found finely dispersed in the ferrite 

grains with a size range of ca. 50-100 nm and different shapes such as 

round, speckled and acicular [55]. Isothermal chromium nitrides have 

larger dimension (ca. 80-250 nm) compared to the quenched-in type and 

can usually be found along the α/γ and α/α boundaries [55]. 

 

Figure 23 a) SE micrograph of the 2507 QUE sample, showing finely dispersed 

nano-sized quenched-in nitrides of different shapes in the ferrite (α) grains. b) 

BSE micrograph of the 2507 ISO sample, showing isothermal nitrides (appearing 

black in the backscattered mode) precipitated along α/γ boundaries.  

 

TEM analysis of a thin foil of the 2205 HT sample (Paper IV) was 

performed to characterize the quenched-in nitrides (several tens of nm to 

a few hundreds of nm) which were finely precipitated in the ferrite phase 

(Fig. 24) (Paper IV). 
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Figure 24. TEM micrograph (bright field) of the 2205 HT sample showing a 

ferrite (α) grain with finely precipitated quenched-in chromium nitrides (β-Cr2N).  

 

6.2.2 Volta potential difference (corrosion tendency) 

In this study it was generally observed that chromium nitrides exhibit 

higher relative nobility compared to both austenite and ferrite. 

Quenched-in chromium nitrides 

The detection of quenched-in chromium nitrides precipitated in heat 

treated duplex stainless steels by SKPFM or KFM is strictly related to 

their size. Due to their very small dimension the detection becomes a 

challenge being at the limit of the lateral resolution of the technique [55]. 

Figure 25a shows an example of the different tendency for corrosion of 

ferrite and austenite, with ferrite expected to be more prone to corrosion 

(darker) compared to austenite (brighter). Single quenched-in chromium 

nitrides particles precipitated in the 2507 QUE sample could not be 

resolved in the Volta potential map, whereas clusters of quenched-in 

chromium nitrides precipitated in the ferrite grains of the 2205 HT 

sample could be resolved, showing higher nobility compared to the 

ferrite matrix (Fig. 25 b) (Paper IV). These results suggest that the 

presence of very small and finely dispersed quenched-in nitrides in the 

ferrite does not significantly affect the corrosion tendency of the 

material. Instead, with increasing size and tendency to form micrometer 

size aggregates the nobility of these quenched-in nitrides is enhanced 
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(higher Volta potential) due to the higher amount of alloying elements 

subtracted from the matrix. This creates potential drops in the 

surrounding areas which might act as preferential sites for corrosion 

initiation. 

Clusters of quenched-in nitrides appearing as µm-sized particles in the 

Volta potential map might in reality be smaller in the topography map 

due to the fact that SKPFM and KFM measure a potential and not the 

actual physical dimension. This should be kept in mind when considering 

the Volta potential of very small nitrides. 

 

Figure 25. Volta potential maps of the 2205 HT sample showing a) Higher 

nobility of austenite (γ) (brighter) compared to ferrite (α) (darker) and b) 

precipitated quenched-in nitride clusters exhibiting higher nobility compared to 

the surrounding ferrite phase.  

 

Isothermal chromium nitrides 

Examples of Volta potential mapping of isothermal chromium nitrides 

precipitated along the α/γ boundaries of the 2507 ISO sample are shown 

in Figure 26 (a-b). Isothermal chromium nitrides are normally larger (ca. 

80-250 nm in this study) compared to the quenched-in nitrides and for 

this reason exhibit greater nobility difference when compared to both 

ferrite and austenite and in particular to the α/γ boundaries. They 

commonly appear brighter in the Volta potential map, being nobler sites, 

while the α/γ boundaries appearing darker are suggested to be 

preferential areas for corrosion initiation (Paper V).   
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The potential drop observed at the α/γ boundaries could be either due to 

alloying element depletion, caused by the formation of the isothermal 

nitrides, or to the presence of secondary austenite (γ2), which has been 

demonstrated being often depleted in alloying elements [103-105]. It has 

been reported that secondary austenite easily forms along the α/γ 

boundaries in a temperature range at which isothermal nitrides 

precipitate in 2507 SDSSs [105,106]. 

 

Figure 26. (a,b) Volta potential maps of the 2507 ISO sample showing higher 

nobility of the isothermal nitrides (brighter contrast) compared to the α/γ 

boundaries (darker contrast). 

 

6.2.3 Corrosion behavior at room temperature 

Quenched-in vs. isothermal chromium nitrides 

The results from this work demonstrate that the size and distribution of 

the precipitated chromium nitride particles are important for the 

corrosion resistance of DSS. 

It has been observed that the presence of finely dispersed nano-sized 

quenched-in and isothermal nitrides do not cause localized corrosion 

initiation of the duplex stainless steels when exposed to 1 M NaCl 

solution at room temperature (ca. 20 °C) (Papers IV- V).  

Figure 27 (a-f) shows examples of topographic changes due to the 

increasing of anodic potential applied to the 2507 QUE and 2507 ISO 
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samples containing quenched-in and isothermal chromium nitrides, 

respectively, by in-situ EC-AFM. Despite the presence of either nano-

sized finely dispersed quenched-in nitrides or relatively larger isothermal 

nitrides the surfaces of the two samples remained very stable up to the 

potential of 1.1 VAg/AgCl (Fig. 27 a,b,d,e). This means that even in the 

presence of some precipitated chromium nitrides, duplex stainless steels 

will maintain great corrosion resistance when exposed to a chloride 

containing solution at room temperature. However, some differences in 

the dissolution behavior of the two materials could be observed at a very 

high anodic potential (1.2 VAg/AgCl). In fact, in the transpassive region (1.2 

VAg/AgCl) the dissolution process for the 2507 QUE sample initiated from 

the ferrite phase, appearing as selectively etched, while the quenched-in 

nitrides remained in the material, protruding from the dissolving ferrite 

matrix (Fig. 27 c).  

 

Figure 27. In situ AFM images of the same area of the 2507 QUE and the 2507 ISo 

samples, obtained under potential control in 1 M NaCl solution at room 

temperature: a,d) at OCP, b,e) 1.1 VAg/AgCl, c,f) at 1.2 VAg/AgCl. 
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In contrast, when the high anodic potential of 1.2 VAg/AgCl was applied to 

the 2507 ISO sample (Fig. 27 f), preferential dissolution occurred at the 

α/γ and α/α phase boundary areas, while ferrite and austenite remained 

rather stable.  It can be assumed that there is a certain extent of alloying 

element depletion in the areas adjacent to the precipitated isothermal 

nitrides identifying these regions as preferential dissolution sites under 

extreme conditions such as transpassive dissolution. Preferential 

dissolution in the α/γ and α/α boundary regions of DSSs has also been 

reported in literature [105,107]. However, the extent of the depletion in 

this case is limited due to the small size of the isothermal nitrides which 

ensures good passive behavior, thus corrosion resistance, for a large 

range of applied potentials. 

The results obtained at room temperature indicate that the nano-sized 

quenched-in and isothermal nitrides are not harmful for the corrosion 

resistance of the tested 2507 SDSS in 1 M NaCl without applied potential. 

Both ferrite and austenite phases of highly alloyed DSSs form a stable 

protective passive film on the surface independently from the presence of 

precipitated chromium nitrides. Under transpassive dissolution, the 

quenched-in nitrides lead to selective dissolution of the ferrite, whereas 

the isothermal nitrides cause preferential dissolution at the α/γ 

boundaries. These results are in accordance with the KFM results (Figs 

25-26) described previously. 

 

6.2.4 Corrosion behavior at temperature above the critical 

pitting temperature 

The exposure temperature has a strong influence on the corrosion 

behavior of alloys.  

The critical pitting temperature (CPT) is the highest temperature at 

which an alloy resists pitting corrosion in a given environment [108]. 

In this study it has been observed that at exposure temperatures above 

the CPT the alloy composition, and more specifically the partitioning of 

the alloying elements between ferrite and austenite, are of critical 

importance for the corrosion resistance of DSSs.  

Chromium nitrides, either quenched-in or isothermal type, can influence 

the actual compositional homogeneity of the ferrite and austenite 

obtained after heat treatment, thus the corrosion behavior of DSSs. Their 
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influence is more pronounced at temperatures above the CPT due to 

enhanced aggressiveness of the exposure conditions.   

The pitting resistance equivalent (PRE) number is often used in practice 

for comparing the resistance to pitting corrosion of stainless steels. The 

PRE number is calculated by empirical equations that take into account 

the amount of specific alloying elements, namely Cr, Mo and N.  The 

most commonly used equation is given below (Eq. 1) [46,109]: 

                                PRE16 = (%Cr) + 3.3 (%Mo) + 16 (%N)                     (Eq. 1) 

The actual elemental partitioning between ferrite and austenite can vary 

after heat treating DSSs depending on the heat treatment temperature, 

thus influencing also the PRE values of the two duplex phases. 

Thermodynamic calculation can be used to predict the variation of the 

PRE values as a function of heat treatment temperatures. An example is 

shown in Figure 28 for the studied 2507 SDSS.  

 

Figure 28. Thermodynamic calculation of the PRE number for the ferrite and 

austenite phases composing the tested 2507 SDSS. 

 

At heating temperatures between 1000 °C and 1250 °C ferrite and 

austenite have, in this case, high and rather similar PRE values (both 
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above 40). In this temperature range chromium nitrides are not among 

the stable equilibrium phases (ferrite and austenite are the only 

equilibrium phases, Fig. 1 in Paper V), and for this reason not considered 

in the thermodynamic calculation for the PRE plot in Figure 28. In 

reality, nano-sized quenched-in nitrides are formed in the ferrite phase 

once the material is quickly cooled down by water quenching from these 

high temperatures (Fig. 23 a). The precipitation of quenched-in nitride 

particles (although very small) in the ferrite phase will subtract a certain 

amount of Cr and N from the ferrite matrix, thus creating a local drop in 

PRE values within the ferrite matrix (local elemental depletions will 

result in lower PRE values locally).  

Quenched-in nitrides are very small (tens of nm), but they may 

precipitate in a large number creating a typical “cloud” in the ferrite 

grains compromising the PRE value of the ferrite. This value may be 

locally even lower than the PRE value of the austenite. This phenomenon 

was observed for the 2507 QUE sample where the predicted PRE values 

for ferrite and austenite at the heat treatment temperature of 1125 °C were 

rather close (PREα≈43, PREγ≈41), and the precipitation of the quenched-in 

nitrides in the ferrite grains most likely caused local drops of the PRE 

number in the ferrite phase, making this phase more susceptible to 

pitting corrosion initiation. Figure 29 gives an example of preferential 

corrosion initiation in the ferrite phase after polarization at a 

temperature just above the CPT in 1 M NaCl (Paper V). 

 

Figure 29. BSE micrograph of the corroded area of the 2507 QUE sample after 

the onset of fast corrosion upon anodic polarization in 1 M NaCl solution at 90 

°C. Pitting corrosion initiation in the ferrite phase (black area). 
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A different scenario is encountered when the gap between the PRE values 

of ferrite and austenite is larger. An example is given by the 2205 HT 

sample, quenched from at 950 °C with finely precipitated quenched-in 

nitrides. In this case PRE values of austenite and ferrite were calculated 

using Eq. (1) and the elemental composition was obtained by TEM/EDS 

point analysis of both phases (Table II in Paper IV). Austenite had a PRE 

value of 35, while ferrite had a PRE value of 41, suggesting austenite as the 

phase more susceptible to pitting corrosion initiation (Paper IV). Also in 

this case, the precipitation of finely dispersed quenched-in nitrides might 

have caused local drops of the PRE value in the ferrite matrix, but most 

likely still above the austenite PRE value. In fact austenite was the phase 

selectively corroding at temperatures just above the CPT, where sharp 

etches between corroded and uncorroded areas can be observed in Figure 

30 a,b. It is also interesting to note that different grains of the austenite 

exhibit different susceptibility to dissolution, some maintaining passivity 

(bright areas in Fig. 30 a-b), while others quickly dissolving (black areas 

in Fig. 30 a-b). The lower amount of Cr and Mo in the austenite phase 

could be a reason for its higher susceptibility to selective corrosion 

compared to the ferrite phase (Paper IV).  

 

Figure 30. (a, b) BSE micrographs of the corroded area of the 2205 HT sample 

after potentiodynamic polarization up to 0 VAg/AgCl in 1 M NaCl solution at 50 °C 

showing preferential dissolution of some of the austenite (γ) grains (black areas). 

 

The case for DSS samples containing isothermal chromium nitrides is 

different. It has been already proved that this type of precipitate is more 

deleterious for the CPT [55], causing significant decrease in this value. 

Isothermal nitrides form at heat treatment temperatures below 1000 °C, 
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being now among the equilibrium phases (Fig. 1 in Paper V). Their 

nucleation and growth might cause reduction in the concentration of 

alloying elements in the ferrite and austenite. Thus, at temperatures 

below 1000 °C the PRE values of both ferrite and austenite drastically 

decrease (Fig. 28). In the studied case, the 2507 ISO sample was heat 

treated at 800 °C and following the PRE prediction by Thermo Calc (Fig. 

28) both duplex phases present PRE values much lower than for a 

commercial 2507 SDSS grade (PRE > 40), being PREα ≈ 31 and PREγ ≈ 22. 

At 800 °C nitrides and sigma (σ) phase are among the equilibrium phases 

considered in the thermodynamic calculation, and thus already excluded 

from the PRE prediction. The lower PRE number of the austenite phase is 

due to its lower amount of Cr and Mo, most probably as a result of the 

precipitation of the isothermal nitrides and sigma phase (rich in Cr and 

Mo), which leads to its higher susceptibility to undergo pitting corrosion 

compared to the ferrite phase. Due to the limited holding time (10 min) 

at the heat treating temperature of 800 °C, just a small amount of sigma 

phase was formed in the 2507 ISO sample, while a greater amount of 

isothermal chromium nitrides was precipitated along the α/γ boundaries. 

It follows that an increased amount and size of isothermal nitrides will 

cause larger alloying element depletion at the α/γ boundaries and in the 

austenite phase, hence weakening the passive film at these sites and 

causing a decreased corrosion resistance of the material. Figure 31 gives 

an example of the initial selective corrosion of austenite at temperature 

above the CPT for the tested 2507 ISO sample. 

In summary, the results from this study indicate that the presence of 

nano-sized quenched-in chromium nitrides has little influence on the 

corrosion behavior of the tested DSSs, and only causes a slight decrease 

in its CPT value. The presence of small isothermal chromium nitrides 

causes a larger decrease in the CPT value of the material due to the 

subtraction of Cr, Mo and N from the duplex matrix, and in particular 

from the austenite phase during their nucleation and growth. 

Nevertheless, the corrosion resistance of the material is still good in the 

NaCl solution at room temperature (Papers IV and V). 
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Figure 31. LOM micrograph of the corroded area of the 2507 ISO sample after the 

onset of fast corrosion upon anodic polarization in 1 M NaCl solution at 90 °C. 

Preferential dissolution of the austenite (γ) phase (darker areas). 
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7 Summary of papers 

Paper I 

The influence of precipitated “blocky” carbides (micro-sized) on the 

dissolution tendency and behavior of a biomedical CoCrMo alloy was 

investigated at microscopic scale. The crystallographic structure and the 

composition difference of the precipitated carbides were characterized by 

SEM/EDS, TEM/EDS and XRD, which showed the non-uniform structure 

and composition of Cr and Mo carbides.  

The Volta potential mapping of the carbides, as compared to the matrix, 

was measured by scanning Kelvin probe force microscopy (SKPFM), and 

suggested that the matrix areas adjacent to the carbides are preferential 

sites for corrosion/dissolution processes. The effect of the carbides on the 

dissolution processes of the biomedical CoCrMo alloy was evaluated both 

at macro scale by polarization curves and at local scale by in-situ EC-

AFM. Cyclic polarization curves of the alloy in PBS solution showed a 

large current density increase above a certain potential, but only a small 

hysteresis loop during the reverse scan. No noticeable pitting corrosion 

was observed by SEM after the experiments. In-situ AFM images of the 

sample in PBS showed a stable surface at potentials in the passive region 

and around the potential corresponding to the current increase and 

slight etching-like dissolution around the carbides at higher potentials. 

The matrix areas adjacent to the precipitated carbides are preferential 

sites for metal dissolution at elevated applied potentials and carbides 

with non uniform composition may exhibit different dissolution rates. 

 

Paper II 

In this study, the dissolution tendency and behavior of a biomedical 

CoCrMo alloy was investigated after two different material processing 

procedures, as-cast and cast+HIP+HT (treated), by a combination of 

complementary techniques. The as-cast CoCrMo alloy presented 

dendritic-like micro-sized carbides, whereas in the heat treated material 

blocky-like carbides are formed. SKPFM mapping suggested the matrix 

areas adjacent to either type of carbide to be preferential sites for metal 

dissolution. By means of in situ EC-LOM it was observed that localized 

dissolution initiated at the matrix areas adjacent to the carbides and at 
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grain boundaries in both materials. By using SEM and TEM/EDS 

analyses, submicron-sized carbides were found along the grain 

boundaries, and significant Cr depletion was detected across the grain 

boundaries for both materials, providing an explanation for the initiation 

of metal dissolution at high anodic potential. A slightly larger metal 

dissolution was observed for the as-cast sample at high anodic potential, 

probably due to a more heterogeneous microstructure. 

 

Paper III 

The “transpassive” behavior of a CoCrMo alloy was investigated to clarify 

the nature of the current increase at high anodic potential (0.5-0.7 

VAg/AgCl) in PBS. The total amount of released metal ions was determined 

after potentiostatic measurements. Faraday’s law was applied to calculate 

the real contribution of metal dissolution to the total current recorded by 

the potentiostat/galvanostat at high anodic potential and it was revealed 

that it contributes just a limited amount.  

In situ EC-AFM mapping did not show pronounced topographic changes 

at 0.65 VAg/AgCl, while LOM observation revealed a fast evolution of 

oxygen bubbles. Evidently water oxidation is another important process 

contributing to the current increase at high potentials. 

 

Paper IV 

The influence of nano-sized quenched-in chromium nitrides on the 

corrosion tendency and behavior of a heat treated 2205 duplex stainless 

steel was investigated by a combination of complementary techniques. 

The microstructure of the sample was characterized by SEM/EDS and 

AFM analyses, and quenched-in nitrides precipitated in the ferrite phase 

were identified by TEM/SAED analyses. Volta potential mapping at room 

temperature suggested lower relative nobility of the ferrite matrix, 

whereas the chromium nitride clusters exhibited higher nobility. 

Electrochemical polarization and in-situ AFM measurements in 1 M NaCl 

solution at room temperature showed a passive behavior of the steel 

despite the presence of the quenched-in nitrides in the ferrite phase, and 

preferential dissolution of ferrite phase occurred only at transpassive 

conditions. At 50 °C (temperature just above the CPT of the material), 

selective dissolution of the austenite phase was observed, while the 

ferrite phase with the quenched-in nitrides remained stable. Finely 
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dispersed quenched-in nitrides do not cause localized corrosion, whereas 

the exposure temperature and the compositional partitioning between 

austenite and ferrite have a strong influence on the corrosion behavior of 

the duplex stainless steel. 

 

Paper V 

In this study the influence of quenched-in (size range of ca. 50-100 nm) 

and isothermal (size range of ca. 80-250 nm) types of nitrides on the 

corrosion behavior of a heat treated 2507 super duplex stainless steel was 

investigated at room temperature and at 90 °C (temperature above the 

CPT) in 1 M NaCl solution. The microstructures of the samples were 

characterized by SEM and MFM. The isothermal nitrides exhibited higher 

nobility compared to the matrix and particularly to the α/γ boundaries, 

but such differences could not be observed for the quenched-in nitrides 

due to their limited size. In-situ EC-AFM measurements at room 

temperature showed stable surfaces for a wide range of applied potentials 

despite the presence of either type of nitrides. In the transpassive region 

isothermal nitrides appeared to be slightly more deleterious than 

quenched-in nitrides. At 90 °C isothermal nitrides largely reduced the 

corrosion resistance of the austenite phase while the quenched-in 

nitrides just slightly influenced the corrosion resistance of the material. 

The size difference between isothermal and quenched-in chromium 

nitrides may be crucial for the corrosion performances of DSSs 

particularly at temperatures above the CPT. 
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8 Conclusions 

A combination of local probing techniques was used to investigate the 

influence of precipitated carbides and nitrides on corrosion/dissolution 

initiation in advanced alloys - biomedical CoCrMo alloys and duplex 

stainless steels. In general, carbides and nitrides exhibit higher Volta 

potentials compared to the matrix, due to their high concentration of 

precious alloying elements, identifying them as possible cathodes in case 

where a local corrosion cell is created. Instead, the areas adjacent to the 

carbides and nitrides showed lower nobility suggesting these regions as 

preferential sites for corrosion initiation, likely due to local depletion in 

alloying elements. 

Despite the presence of micron- and nano-sized carbides and nitrides, 

the tested CoCrMo alloys and duplex stainless steels exhibited great 

passive properties when exposed to corrosive environments at room 

temperature up to high anodic potentials (extreme condition) where 

preferential dissolution started to occur in the matrix areas nearby the 

precipitated carbides and nitrides, as suggested by the Volta potential 

results. It follows that the precipitation of carbides and nitrides (in the 

sizes and conditions considered in this study) are not harmful for the 

corrosion resistance of the tested materials at room temperature when no 

potential is applied. 

At temperatures above the CPT, the presence of nitrides in duplex 

stainless steels leads to different corrosion behavior of the material 

depending on their type, size range and distribution. Nano-sized 

quenched-in nitrides (ca. 50-100 nm) finely dispersed in the ferrite grains 

have only a slight influence on the corrosion resistance of the material at 

temperatures above the CPT, most likely due to the very limited alloying 

element depletion formed in their surrounding areas. Instead the larger 

isothermal nitrides (ca. 80-250 nm) preferentially precipitated along the 

ferrite/austenite boundaries cause a detrimental reduction in the 

material’s corrosion resistance, due to the lager subtraction of alloying 

elements (mostly from the austenite) limiting the temperature range at 

which the material can be used. 
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9 Future work 

It has been observed for biomedical CoCrMo alloys and duplex stainless 

steels that dissolution occurring at elevated applied potentials at room 

temperature follows the Volta potential results also obtained at room 

temperature, while the local corrosion initiation occurring at 

temperatures above the CPT deviates from the Volta potential difference 

measured at room temperature. The study of the changes of the passive 

film by a combination of high lateral resolution techniques and Volta 

potential mapping at increasing temperatures may be of interest to follow 

the possible changes in susceptibility to corrosion initiation.  

The determination of the extent of alloying element depletion caused by 

the precipitation of chromium nitrides as a function of their size is also a 

subject that necessitates a deeper investigation. 

The corrosion and friction properties of the biomedical CoCrMo alloys 

are very important aspects for the success of biomedical implants. 

Preliminary studies by lateral atomic force microscopy suggested that 

carbides exhibit higher friction coefficients compared to the surrounding 

Co-based matrix. Following this direction, the evaluation of the influence 

of carbides on triboadhesion combined to corrosion/dissolution at 

submicron scales needs to be further investigated. 

During production and processing of advanced alloys the material is 

often subjected to different stresses, e.g. during bending, wrought, etc. 

These stresses may not be visible even when analyzing the topography 

with high lateral resolution techniques, but may have a large influence on 

the corrosion resistance of the material during service. A pioneer 

investigation by KFM has revealed that areas with greater stress exhibit 

lower Volta potential compared to the surrounding regions suggesting 

the former zones as possible preferential sites for corrosion initiation. A 

further and deeper investigation in this direction would be helpful for 

understanding the influence of residual stresses on the corrosion 

behavior of advanced alloys. 
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