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ABSTRACT 

 

KINETICS AND MICROSTRUCTURAL ANALYSIS OF FATIGUE FRACTURE 

PROGRESS IN WELD JOINTS OF DUPLEX STAINLESS STEEL GRADE 2205 

 

Yurtışık, Koray 

 

Ph. D., Department of Metallurgical and Materials Engineering 

Supervisor: Prof. Dr. Rıza Gürbüz 

 

September 2012, 125 Pages 

 

Despite its high efficiency, autogenous keyhole welding technique leads to an excessive δ-
ferrite formation in as-welded duplex stainless steels that leads to deterioration of the 

corrosion properties of the material, as well as its toughness. Developing the hybrid plasma-

gas metal arc welding procedure for duplex stainless steels, a narrow gap and single-pass 

weldment on 11 mm-thick duplex stainless steel (grade 2205) plates has been achieved. 

Contrary to other keyhole techniques, such as Laser beam welding, electron beam welding 

and conventional plasma arc welding, the developed procedure apparently enabled us to 

obtain a proper cooling rate and weld metal chemistry, which were the key factors 

determining the microstructure and consequently corrosion and mechanical properties of the 

material. Fatigue crack propagation behaviour of the fusion zone in both air and sour 

environments has been interested and investigated within the damage tolerant design 

framework.  

A comparative analysis basis methodology was employed during investigations; beside 

hybrid plasma-gas metal arc welding, gas metal arc welding and plasma arc welding were 

also operated to obtain two reference duplex stainless steel weldments. Simultaneous 

utilization of keyhole and filler metal deposition in this hybrid welding process enabled us to 

achieve less total heat input and arc time compared to conventional multi-pass gas metal arc 

welding. Therefore precipitation secondary phases were considerably supressed. Moreover, 

microstructural examinations and analyses provided data indicating a sufficient 

reconstructive transformation of primary austenite in the fusion zone of the weldment 

obtained using hybrid plasma gas-metal arc welding, and that was not possible using 

autogenous plasma arc welding. 

Fatigue crack propagation tests were conducted in laboratory air and 3.5% NaCl solution on 

compact tension specimens, which were notched at the centre of fusion zone of the 

weldments. Controversial effect of the secondary austenite on crack propagation behaviour 

was the primary interest among the others, such as residual stress, phase balance and 

precipitates of chromium-nitrides and intermetallic phases. On the one hand, retarding the 

crack propagation in near threshold stress intensity factor range, precipitation of the 

secondary austenite in multi-pass weldment was observed to be beneficial for as-welded 

duplex stainless steel as long as the material would give service in air. On the other hand, the 



vi 

 

secondary austenite led to chromium and molybdenum depleted zone, where pitting and 

crevice resistance of the material was relatively low. Crack propagation rate of secondary 

austenite free single-pass weldment that was obtained employing the hybrid welding was 

lower than the one of multi-pass weldment in the sour environment. Crack propagation rate 

data was supported with comprehensive fractography and micro analysis works.   

Keywords: Hybrid plasma-gas metal arc welding; Keyhole welding; Gas metal arc welding; 

Duplex stainless steel; Phase balance; Secondary austenite; Intermetallic phases; Chromium 

nitride; Crack propagation; Chloride environment. 
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ÖZ 

2205 SINIFI DUBLEKS PASLANMAZ ÇELİK ALAŞIMI KAYNAKLI 

BİRLEŞTİRMELERİNDE YORULMA ÇATLAĞI İLERLEMESİNİN KİNETİK VE İÇ 

YAPI ANALİZİ 
 

Yurtışık, Koray 

 

Doktora, Metalurji ve Malzeme Mühendisliği Bölümü 

Tez Yöneticisi: Prof. Dr. Rıza Gürbüz 

 

Eylül 2012, 125 Sayfa 

 

Yüksek verimliliğine rağmen, otojen anahtar-deliği kaynağı tekniği, malzemenin tokluğunu 

olduğu kadar korozyon özelliklerini de olumsuz etkileyecek şekilde δ-ferrit oluşumuna 

neden olur. Dubleks paslanmaz çelikler için hibrit plazma-gaz metal ark kaynağı prosedürü 

geliştirilerek, 11 mm kalınlığında dubleks paslanmaz (2205 sınıfı) çeliğinden mamul 

plakaların, dar aralık ve tek paso kaynaklanması başarılmıştır. Lazer ışın kaynağı, elektron 

ışın kaynağı ve plazma ark kaynağı gibi diğer anahtar-deliği kaynak uygulamalarının aksine 

geliştirilen prosedür, malzemenin iç yapısını ve dolayısı ile mekanik ve korozyon 

özelliklerini belirleyen anahtar etmenler olarak uygun soğuma hızı ve kaynak metali 

compozisyonunun elde edilmesini mümkün kılmıştır. Ergime bölgesinin hava ve tuzlu su 

ortamlarında yorulma çatlağı ilerleme davranışına hasar tolere tasarım çerçevesinde 

odaklanılmış ve bu davranış incelenmiştir.  
 

Çalışmalarımızda karşılaştırmaya dayalı bir araştırma yöntemi uygulanmıştır; hibrit plazma-

gaz altı ark kaynağı uygulamasına ilave olarak gaz metal ark kaynağı ve plazma ark kaynağı 
yöntemleri uygulanarak iki referans kaynaklı birleştirme de elde edilmiş ve incelenmiştir. Bu 

hibrit kaynak yönteminde anahtar-deliği oluşumu ile dolgu metal transferinin birlikte 

gerçekleştirilmesi, çok pasolu gaz metal ark kaynağı yöntemine göre kaynak işleminin daha 

az toplam ısı girdisi ve ark yanma süresi ile tamamlanmasını sağlamıştır. Bu sayede ikincil 

faz oluşumları büyük oranda baskılanmıştır. Bununla birlikte, otojen plazma ark kaynağı ile 

mümkün değilken, hibrit plazma-gaz metal ark kaynağı ile elde edilen ergime bölgesinde 

yeteri miktarda birincil östenit oluşumu söz konusudur. 

 

Yorulma çatlağı ilerleme testleri, çentikleri ergime bölgesi merkezinde açılmak suretiyle 

kompakt çekme numuneleri üzerinde laboratuvar havası ve 3.5% NaCl çözeltisi ortamlarında 

gerçekleştirilmiştir. Kalıntı gerilim, faz dengesi ve krom-nitrür ile intermetalik faz çökeltiler 

gibi diğer etkenler arasında, ikincil östenitin ortama bağlı değişken etkileri çalışmanın 

birincil odağı olmuştur. Bir yandan, malzeme hava ortamında hizmet verdiği sürece, ikincil 

östenit oluşumlarınıb, çatlak ilerleme hızını gerilim yoğunluk faktör aralığı eşik değeri 

bölgesinde yavaşlatarak faydalı olduğu gözlemlenmiştir. Diğer yandan, ikincil östenit 

oluşumları komşuluklarında krom ve molibden fakrleşmesine sebebiyet vermekte, bu vesile 

ile çukurcuk ve dar aralık korozyon direncinin görece düşmesine neden olmaktadır. Hibrit 

kaynak yöntemi ile elde edilmiş tek pasolu ve ikincil östenit bulunmayan birleştirmelerin 
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tuzlu su ortamında çatlak ilerleme hızlarının görece düşük olduğu kaydedilmiştir. Çatlak 

ilerleme hızı verileri kapsamlı mikroskop ve mikro analiz çalışmalarıyla desteklenmiştir. 
 

Anahtar Kelimeler: Hibrit plazma-gaz metal ark kaynağı; Anahtar-deliği kaynağı; Gaz 

metal ark kaynağı; Dubleks paslanmaz çeliği; Faz dengesi; İkincil östenit; Intermetalikler; 

Krom-nitrür; Çatlak ilerlemesi; Klorür ortamı. 
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CHAPTER 1 

INTRODUCTION 

 

 

The balanced ferrite (δ) and austenite (γ) content of duplex stainless steel, DSS, offers a 

good combination of strength and corrosion resistance. Due to its relatively higher strength, 

chloride stress-corrosion cracking and pitting resistance, DSS has been preferred to 

austenitic stainless steels enclosing and constructive assemblies where especially chloride 

attack is a consideration. Welding is a necessary process in fabrication of such assemblies. 

 

The new generation of DSS has a good weldability by conventional arc welding methods as 

long as the heat input and inter-pass temperatures are adjusted in order to ensure a proper γ 
to δ ratio in the weld metal and heat affected zone (HAZ) [1, 2]. DSS solidifies ferritically 

and then partially transforms to austenite. Proper weld metal chemistry and moderate cooling 

rates during welding promote a proper phase proportion. On the one hand, ferrite is more 

stable and with the existence of N, Cr-nitrides precipitate under high cooling rates [3, 4]. On 

the other hand slow cooling or prolonged heat-up duration increase the possibility of 

intermetallic precipitations like Sigma (σ) and Chi (χ) [5]. DSS has a very good stress 

corrosion cracking (SCC) and intergranular corrosion (IGC) resistance, and strength due to 

its ferrite content. However, ferrite content in excess of 70% in the weld metal and HAZ 

causes loss of toughness and increased susceptibility to IGC [6]. 

 

The competition and environmental concerns in the industrial manufacturing market require 

novel approaches in manufacturing processes, like more effective and non-conventional 

welding techniques. High-power-density welding provides high efficiency for fusion 

weldable materials like DSS. Keyhole welding allows for deep and narrow weldments and 

narrow HAZ with a high linear welding speed, which minimizes residual stresses and 

distortions of assemblies. Keyhole based welding methods, such as electron beam welding 

(EBW) and Laser beam welding (LBW) are generally utilized without the addition of a filler 

metal. Duplex welding filler wires and stick electrodes, which are employed during 

conventional arc welding methods, have usually additional Ni to stabilize the austenite 

phase. Autogenous welding of DSS yields weld metal very high in ferrite [3, 7, 8, 9]. Such 

weldments shall be quench-annealed in order to get the proper phase distribution. In order to 

alter the unbalanced γ to δ ratio in the fusion zone and HAZ of autogenous DSS welds, Laser 

or electron beam surface treatments have been employed as another technique to restore the 

correct γ to δ ratio [9, 10]. An addition of a small amount of nickel powder [11] or assist-

charging of nitrogen into the fusion zone during Laser or electron beam welding may also 

restore the correct γ to δ ratio [12]. These post-weld treatments make the welding process 

more complicated and costly. 
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Beside metallurgical barriers to overcome, EBW and LBW require high precision assembly 

fit-ups, which is not easy in industrial manufacturing activities. Although through-thickness 

welds can be made rapidly in a single pass of EBW and LBW variations, small fit-up 

tolerances are still needed to avoid sagging and lack of fusion due to their small focused spot 

[13, 14]. Hybrid Laser arc welding (HLAW) promises filler metal transfer that also provides 

bridging capability for joint openings up to a millimetre [15, 16]. Another hybrid welding 

technique, hybrid plasma-gas metal arc welding (HPAW), utilizes a plasma arc instead of a 

Laser beam to form the keyhole, which is more capable in gap bridging [17], therefore less 

sensitive to fit-up deviations.  

 

The recently developed HPAW system, which uniquely integrates a consumable wire 

electrode and a non-consumable tungsten electrode, was employed to join the plates of 

standard DSS grade 2205. The hybrid welding system takes advantage of combining the 

deep penetration characteristics of plasma arc welding (PAW) with the filler metal 

deposition capability of gas metal arc welding (GMAW). The technique has been 

successfully applied to non-alloyed steels and weldability features were previously published 

[18]. In order to provide benchmarking in terms of welding metallurgy, the same 

investigation methodology was applied on DSS plates welded by both conventional GMAW 

and autogenous PAW methods. Phase transformation and precipitation processes were 

evaluated with respect to weld heat input and cooling rate data recorded during welding 

performances. Hardness and impact toughness properties of as-welded material were 

discussed in terms of the microstructural characteristics of the fusion zone (FZ) and the heat 

affected zone (HAZ) of weldments. 

 

The focus in the present study has been on the comparison of fatigue crack propagation 

behaviour of single-pass and multi-pass weldments of DSS. Before the investigations, effects 

of four different phenomena, 

• residual stress, 

• δ fraction, 

• solute redistribution, and 

• secondary phases,  

were addressed in the hypothesis. 

 

Thanks to its good gap bridging capability, improving the design of the weld bevel, HPAW 

has emerged as the only keyhole based welding method, which can provide proper 

ferrite/austenite phase balance in the fusion zone of weldment that is free from secondary 

austenite at the same time. Absence of the secondary austenite provided us an opportunity to 

investigate the role of the phase during fatigue crack propagation process in laboratory air 

and sour environments in a comparative methodology and on the basis of mechanical and 

physical metallurgy.  

 

After a comprehensive research through the existing literature, the present work apparently 

has supplied pioneering experimental data on the controversial effect of secondary austenite 
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on the kinetics of fatigue fracture process, which is undoubtedly important for a damage 

tolerant design of joints in assemblies made of duplex stainless steel.  
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CHAPTER 2 

THEORY 

2.1. General 
 

This chapter provides a theoretical background for, 

  

• the hybrid welding process, as the process, 

• DSS grade 2205, as the material, and 

• the fatigue crack propagation phenomenon, as the property 

  

and subjected to be investigated, under three different sections. 

 

 

 

Figure 1. The structure of the Chapter including phenomena and interactions. 
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Basic welding and weldability concepts are introduced before giving the principles of hybrid 

plasma-gas metal arc welding in the first section (2.2). The second section (2.3) deals with 

the physical and mechanical metallurgy of DSS and its weldability in further details. The 

third section (2.4) begins with a description for the importance of investigation of fatigue 

crack propagation kinetics in weldments and continues describing underlying concepts of 

fatigue. In addition to generally accepted facts and figures, the text of the chapter has been 

enhanced by the inclusion of previous studies on these subjects. A map showing the 

phenomena and interactions through the Chapter is represented in Figure 1. 

 

2.2. The Process; Hybrid Plasma-Gas Metal Arc Welding  
 

Welding technologies have been improved through high-power-density and high-deposition-

rate welding for fusion weldable alloys and solid-state welding for exotic alloys (Figure 2). 

As a high-power-density and high-deposition-rate welding process, keyhole based hybrid 

plasma-gas metal arc welding for high alloyed steels and fusion weldable super alloys and 

friction stir welding for exotic alloys are among primary research works in Welding 

Technology and Non-destructive Testing Research and Application Centre at Middle East 

Technical University.  

 

 

 

Figure 2. Inventions of welding techniques. 
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Hybrid plasma-gas metal arc welding (HPAW), which combines two conventional arc 

welding techniques, namely plasma arc welding (PAW) and gas metal arc welding 

(GMAW), will be described in this section. Before describing the principles of this hybrid 

welding technique, basic concepts of welding and weldability are introduced in the following 

sub-sections. 

 

2.2.1. A Joining Process; Welding 
 
DIN 8580 [19] classifies the manufacturing processes under following main groups: 

 

• Group 1 – Forming, 

• Group 2 – Deforming, 

• Group 3 – Separating, 

• Group 4 – Joining, 

• Group 5 – Cladding, 

• Group 6 – Modifying the Material Characteristics. 

 

The present economic and competitive conditions impede the investments novel 

manufacturing technologies and constructing more efficient paths for manufacturing 

processes. Among all manufacturing processes, joining takes an extra attention in research 

and development activities. 

 

Joining may be defined as the process of bringing two or more surfaces into intimate contact 

to establish continuity of a field across the resulting interface; for example structural joining 

denotes establishment of continuity of a stress field across an interface. Despite joints on 

metal structures may lead to metallurgically and mechanically weak zones, manufacturing 

massive industrial structures without joining would be costly, complicated and sometimes 

impossible.  

 

 

 

Figure 3. Classification of joining processes (Bonding picture [20], Riveting picture [21], 

Bolting picture [22]; Brazing/Soldering and Welding pictures are from studies of the 

author). 
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While joining engineers are in charge of optimizing the joining parameters in order to obtain 

metallurgically satisfactory joints, some design engineers have been interested in developing 

new technologies for such an important manufacturing process to let existing or new metal 

alloys, which are hard to join with conventional methods, be joined easily and effectively.  

 

DIN 8580 defines the sub-groups of joining process as follows: 

 

• Group 4.1 – Assembling, 

• Group 4.2 – Filling, 

• Group 4.3 – Pressing, 

• Group 4.4 – Joining by forming, 

• Group 4.5 – Joining by deforming, 

• Group 4.6 – Welding, 

• Group 4.7 – Soldering and Brazing, 

• Group 4.8 – Bonding. 

 

Figure 3 represents another approach to the classification of joining processes. 

 

Welding is a necessary technique of joining, where sealing and strength are required. 

Welding is the uniting of materials in the welding zone by the application of heat and/or 

pressure. The heat introduced is adjusted to increase the temperature of the material, below 

or above its melting temperature. No matter whether the material is fused or not during the 

welding process, the temperature should be enough to activate diffusion mechanisms in 

between materials to be joined. The degree of diffusion makes the difference between 

welding and other sealing joining processes, such as soldering and brazing. 

 

2.2.2. Fusion Welding and Weldability 
 

Fusion welding is a joining process that relies upon fusion of materials of similar 

microstructures and melting points. Heat should be introduced to increase the temperature of 

the system above its melting point and form a weld pool. The heat can be generated by a 

flame, an arc, an electric resistance, a beam or an explosion under control.  

 

Figure 4 shows the temperature-distance profile during a string-bead welding at a constant 

linear speed. As the heat source moves away from the location, it starts to cool down to the 

ambient temperature very rapidly. Therefore the temperature gradients are substantially 

higher than in casting processes. 

 

Fusion welding is applied with or without the addition of a filler material. Welding is named 

as autogenous if it is applied without a filler material. If filler will be employed, it is 

designed to comply with the microstructure and consequently properties of the material 

couple, which is supposed to be welded. Addition of a filler metal results in a dilution of the 

filler and base materials. Therefore chemical composition of the filler is a principal 

determinant for the metallurgy of as-welded material, as well as the solidification rate of the 

weld pool.  
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Heat of fusion welding process not only melts the material, but also applies thermal cycles to 

the neighbourhood of the fusion zone. Such thermal cycles varies with respect to the distance 

from the fusion spot and creates a zone, called heat affected zone (HAZ), where the 

microstructure is altered. The extent and magnitude of microstructural alteration depends 

primarily on the heat transfer conditions. The base material, the filler material and the 

amount and concentration of heat input by the welding process determine the heat transfer 

conditions. 

 

 

 

Figure 4. A general representation for the temperature profile during a fusion welding 

process. The maximum temperature is reached at the centre of the fusion zone. 

 

Typical microstructures through a weldment are represented in Figure 5. The spot that 

reaches temperatures above the melting point of the material is called fusion zone (FZ). The 

fusion line experiences temperatures, where crystals can co-exist with the melt 

in thermodynamic equilibrium. In fact, the fusion line spans a zone, called partially melted 

zone (PMZ). Due to varying thermal cycles, microstructure and properties of the base 

material changes in various ways in individual sections of HAZ. The overheated section, 

coarse grained HAZ, directly adjoins the fusion line. The material in this section has been 

heated to a temperature, where coarse-grain annealing occurs. In the fine grained HAZ, 

normalization takes place, which causes a reduction in grain size. In the partially transformed 

zone, the metal has been heated to the temperatures, in which partial grain refining occurs. 
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A component consisting of metallic material is considered to be weldable by a given process 

when metallic continuity can be obtained by welding using a suitable welding method. At the 

same time the welds must comply with the requirements specified in regard to both their 

local properties and their influence on the construction of which they form a 

part. International Organization for Standardization (ISO) defines weldability in a standard 

[23] as: "Metallic material is considered to be susceptible to welding to an established extent 

with given processes and for given purposes when welding provides metal integrity by a 

corresponding technological process for welded parts to meet technical requirements as to 

their own qualities as well as to their influence on a structure they form."  

 

 

 

Figure 5. Typical microstructural features existing in the fusion zone, the partially melted 

zone and the heat affected zone (HAZ). 

 

Weldability is influenced by four factors, namely material, type of construction (design), 

process and purpose, which have equal importance for weldability. Material influence on 

weldability can be detailed in three sub-definitions; chemical composition, microstructure 

and physical characteristics. Chemical composition of the material is generally responsible 

for the hardenability, ageing and weld pool convections.  
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Phase transformations, formation of grains and segregation can be considered as features of 

the microstructure. Physical and mechanical properties of the material, like thermal 

expansion and conductivity, strength and toughness, play also an important role as 

constituents of material characteristics.  

 

 

 

Figure 6. Illustration of the change in fusion effect (depth of penetration) with respect to the 

power density. 

 

In addition to the material factor, weldability is also determined through the design of the 

assembly. Type, level, dimensions and rate of strain, distribution of the load and arrangement 

of joints in the assembly participates in the design factor. Environmental issues, such as 

temperature and corrosion, are other considerations. Welding technique, filler composition 

and type, other additives or auxiliaries, type of joint and bevel preparation, pre-heat 

conditions (pre-heating and inter-pass temperatures), specific point energy and the heat 

introduced by the welding process and post-weld treatments are main contributors of the 

process factor. Finally, quality requirements, in mechanical, physical and chemical senses, 

define the purpose factor. 
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2.2.3. Welding Modes and Weld Pool 
 

Fusion welding generally operates in two different modes; conduction mode and keyhole 

mode. Conduction mode is also called as melt-in mode. During the conduction mode of 

welding, the heat supplied tends to diverge through the spacing between the source of heat 

and the work piece. Therefore the effective radius of energy distribution is high (power 

density is low) and consequently the fusion effect is limited to surface and sub-surface of the 

work piece. Whereas in keyhole mode of welding, the heat is focused to produce an incident 

power density at the surface of the work piece that creates a columnar vapour cavity 

surrounded by molten material. The effect of weld power density to form of the bead and 

depth of penetration can be seen in Figure 6. Power densities higher than 200 Wmm-2 lead to 

keyhole formation (Figure 6 a). Nevertheless, penetration effect gets less as the power 

density reduces for a constant welding power and an interaction time (Figure 6 b, c and d). 

 

 

 

Figure 7. Illustrations for Marangoni (b) and reversed Marangoni (a) convections in weld 

pools (reproduced from the original figure [24]). 

 

This cavity or keyhole is maintained during welding by equilibrium between the forces 

created by vapour pressure and those exerted by the surrounding molten material, where the 

gradient of surface tension of the weld pool is turned from negative to positive which is 

normally positive to negative in conduction mode of welding (Figure 7 b) [25, 26]. This 

effect leads to a reversed and more intensive turbulence, which leads towards the centre of 

the weld pool (Figure 7 a) [27]. 

 

2.2.4. Arc Welding 
 
Arc welding, which is a fusion welding process, employs the heat of an electric arc that 

exists in between an electrode and the base metal in order to fuse the base and if necessary 

the filler metals. Welding electrodes may be fusible or non-fusible ones. Fusible electrodes 

have similar chemistry as the base metal and are utilized as filler to bridge the joint gap; so 
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they are consumed. Non-fusible electrodes are made of high-melting point metal alloys, such 

as pure tungsten and tungsten with oxide additives. Except a very small spot at the tip of the 

electrode, tungsten electrode is technically considered to not to be fused during welding 

operation. Since that they are also called as non-consumable electrodes. 

 

Due to its high temperature, which is above the melting point of the metal at the fusion zone, 

the weldment should be protected from the ambient atmosphere in order to control the 

metallurgy of the zone during the welding process. During any arc welding process, oxygen 

and other atmospheric gases, like nitrogen, hydrogen, carbon-oxides, can react with the 

molten metal, causing defects or bad metallurgy that weaken the weld. Depending upon 

welding technique, a shielding gas or a flux is used to protect the weld pool and the HAZ. 

The structure of the arc and the way of shielding define the basis of the arc welding 

classification. 

 

Basic arc welding techniques are presented in Figure 8 with their formal names and standard 

codes as per both American codes and European norms. International Standardization 

Organization abbreviates the techniques with both alphabetical and numerical codes.  

 

Shielded metal arc welding (SMAW), also known as manual metal arc welding (MMA) is 

typically a manual arc welding process that uses a fusible electrode coated in flux to lay the 

weld. The technique is the first invented one among the arc welding methods. As the weld is 

laid, the flux coating of the electrode disintegrates, giving off vapours that serve as 

a shielding gas and providing a layer of slag, both of which protect the FZ and HAZ from 

atmospheric contamination. The coating flux may be basic, rutile or cellulosic character 

depending upon the application and quality requirements from the weldment.  

 

 

 

Figure 8. Classification of arc welding methods (SMAW, SAW and GMAW pictures were 

obtained from wikipedia.org). 

 

Submerged Arc Welding (SAW) and Gas Metal Arc Welding (GMAW) methods require a 

mechanically fed consumable solid or tubular (flux cored) wire electrodes. Mechanical 

feeding was first proposed by Haughton in 1928 (Figure 9). Whereas FZ and HAZ are 

protected from atmospheric contamination by being “submerged” under a blanket of granular 
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fusible flux consisting of lime, silica and other ceramics compounds in the SAW operation,  

GMAW employs a gas or a gas mixture to shield the weld zones. Molten flux or shielding 

gas forms a plasma column that provides a path for a stable arc between the wire electrode 

and the base metal.  

 

 

 

Figure 9. The automatic arc-welding machine, United States patent 1676985 by Frank A. 

Haughton in 1928 [28]. 

Contrary to the previous arc welding methods, Plasma Arc Welding (PAW) and its 

predecessor, Gas Tungsten Arc Welding (GTAW), use a non-fusible tungsten electrode 
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rather than a fusible electrode to form the arc. Filler may be or may not be employed during 

GTAW and PAW. Short arc length of GTAW, on one hand, requires a great care and skill to 

prevent contact between the electrode and the base metal, on the other hand, provides 

possibility to be adapted to high precision works. PAW was developed based on GTAW.  It 

affords a constricted arc with the help of an orifice, which is at the tip of a copper nozzle. 

Constricting the arc increases its power density; consequently a deeper penetration can be 

obtained regarding to conventional arc welding techniques. 

 

The primary function of a shielding gas or a flux is protecting the molten weld metal from 

atmospheric contamination and the imperfections because of the contamination. In addition 

to its shielding function, each gas or gas blend and flux has unique physical properties that 

have an effect on linear welding speed, penetration, dilution, seam appearance and form, and 

arc stability. During arc welding, the atmosphere in between the electrode and the base 

metal, and surfaces of the electrode and the base metal are dissociated and ionised to emit 

and receive charged particles, such as electrons and ions. The energy necessary to detach one 

electron from the atom is called energy of ionisation. Some examples for energies of the 

dissociation and the ionization during welding are represented in the equations, below [29]: 

 

N2 = N + N; N = N+ + e-,        (1) 

H2 = H + H; H = H+ + e-,        (2) 

CO2 = CO + O,          (3) 

Fe = Fe+ + e- + 4.8 eV         (4) 

Al = Al+ + e- + 4.0 eV         (5) 

 

 

 

Figure 10. Two direct current (DC) polarization types during an arc welding process. 

During arc welding, high temperatures are achieved. The temperature of the arc reaches to 

6000 K during conventional arc welding processes. In the high density plasma arc in the 
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PAW process the temperature is about 30000 K [29]. At high temperatures, charged particles 

are detached directly from the metal lattice like the surface of the electrode and the base 

metal. The electrostatic field of the welding potential between the anode and the cathode is 

responsible for the moving direction. Movement and collision of dissociated and ionised 

particles form the arc.  

 

The temperature at the anode side is usually higher than that at the cathode side for gas 

shielded arc welding processes. This temperature difference is usually used during a decision 

for the polarity. Figure 10 shows two different direct current polarization techniques during 

arc welding processes. 

 

While arc welding processes such as GTAW and PAW use direct current electrode negative 

(DCEN) in order to provide a fusing priority to the base metal, GMAW introduces reverse 

polarity (DCEP) to let the wire melt easily in order to obtain a high metal deposition. 

 

2.2.5. Arc Welding Parameters 
 

Theory of action of the arc has been discussed extensively. A typical arc potential curve is 

shown in Figure 11. Ayrton [30] has shown that the relation between the current, I, flowing 

through the arc and the potential difference, U, across the arc can be expressed by the 

equation; 

 

� = � +	�
�
+ (	 + 


�
)�,         (6) 

 

where α, β, γ and δ are constants. However, this definition may work for arcs in a few 

millimetres air gap and with low current amplitudes.  

 

Ohm’s law [31] is operable in current amplitude and potential relationship for the welding 

arc. The law states that the current amplitude is directly proportional to the potential 

difference across two points. In other words under constant potential, the amplitude of the 

arc current increases with decreasing resistance (Figure 12), and vice versa, according to the 

equation below: 

 

V = I R,          (7) 

 

where, V is the arc potential, I is the amplitude of arc current and R stands for electrical 

resistance of the arc. 

 

During an arc welding process, if the arc length changes, then the electrical resistance of the 

arc changes according to the definition;  

 

R = ρ L / A,          (8) 

 

where, R is the arc resistance, ρ is the resistivity of the arc, L is the length and A is the cross-

sectional area of the arc. In Figure 12, RL, RS and RM stand for electrical resistances that 
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correspond to longest possible, shortest possible and medium arc lengths, respectively. If the 

tip of the electrode goes further away, the arc would be distinguished because the maximum 

possible potential difference would not be enough to keep the arc alive. Moreover, if the tip 

of the electrode gets closer than the shortest possible arc length, then the arc will be 

distinguished due to a contact of the electrode and the work piece, which means short 

circuiting. 

 

 

 

Figure 11. Graphical representation of the arc potential with respect to the current 

amplitude. 

 

Since the arc is a consumer, an arc welding process requires a power supplier, which should 

particularly be designed for the welding method. Welding power suppliers generally have a 

transformer, which reduces the high voltage and increases the low current amplitude of the 

network, and a rectifier (diode), which transfers the alternating current (AC) to the direct 

current (DC). 

 

Welding power suppliers are designed in two different potential versus current amplitude 

characteristics; namely constant potential (flat) and constant current (drooping) 

characteristics (Figure 13). In fact they are quasi-constant characteristics, which have been 

developed via microcontrollers. Quasi-constant current power suppliers are preferred for 
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manual welding techniques, such as SMAW and GTAW, in which keeping the current 

amplitude relatively constant is the principle concern to provide welder a short-term 

opportunity to fix what is wrong (position, welding power, linear welding speed etc.) during 

the operation.   The power supplier has a relatively small change in current amplitude and 

consequently arc power for a corresponding relatively large change in arc potential or arc 

length, thus the name constant current.  

 

 

 

Figure 12. The relationship between the potential difference and current amplitude across 

the welding arc. 

 

Figure 14 presents a proposed diagram illustrating welding process interactions and 

consequences of welding parameters in metallurgical and physical senses. In addition to the 

amount of welding power and its density, interaction time is also an important parameter, 

which defines weld pool convections, and so depth of penetration and heat transfer 

conditions. All these welding parameters consequently assembly two principal welding 

metrics, namely heat input and specific point energy [32]. 

 

The specific point energy, E, is calculated based on the equation; 

 


 = 	�	�	��          (9) 

 

where ρ is the power density, A is the area of the arc and ti is the interaction time, which is 

calculated based on the equation; 
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          (10) 

 

where ϕ is the diameter of the arc and LWS is linear welding speed. 

 

 

 

Figure 13. Two different static characteristics for welding power suppliers; (a) quasi-

constant current, and (b) quasi-constant potential. 

 

Geometry of the work piece and heat transfer coefficient of the material are determinants at 

the material side. In conduction mode of welding, heat input primarily determines the 

cooling rate at the process side. Heat input, H, by the welding process can be estimated using 

the following definition;  

 

� =	 �
���
	�          (11) 

 

where P is the welding power, which is a product of current amplitude in amperes and 

potential difference across the arc in volts and η is the efficiency factor (energy transfer 

efficiency for arc heat source - the ratio of the heat absorbed by the work piece to the 

welding energy) for a specific welding method. η is generally assumed 0.85 for GMAW and 

0.60 for PAW [33, 34, 35, 36, 37]. 

 

2.2.6. Gas Metal Arc Welding 
 
GMAW has been provided for relatively high speed and deposition rate. The method is 

particularly useful for vertical, inclined and overhead welds. A consumable wire electrode is 

fed through the tubular copper contact tip, which is placed in a welding torch having a nozzle 

surrounding the tip (Figure 15). Shielding gases is composed of inert and/or active gases, in 

which the constituents are designed specific to the material of the work piece. Gas mixtures 

consisting inert (Ar and He) and active gases (CO2 and O2) may be utilized for shielding of 

steels, whereas only inert atmospheres can be applied during welding of exotic alloys, such 

as aluminium, titanium, magnesium etc. 
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The electrical current is passed through the contact tip to the wire electrode and produces 

an arc and consequently heat that melts the end of the electrode into molten drops and the 

work piece. Molten drops are supplied to the weld deposit and fill the gap between pieces. 

 

 

 

Figure 14. Welding process interactions and consequences of welding parameters. 

 

Dynamic forces of multiple origins effect the detachment of molten metal droplet from the 

tip of the electrode [38]. Electromagnetic fields, surface tension, gravitation and vapour 

pressure are among these forces. There is metal vapour on the weld pool. Vaporized metal 

applies a pressure to the metal droplet, which is formed at the tip of the metal electrode. The 

pressure acts towards welding wire and tries to keep the droplet at the tip. Gravitation has 

also an effect on the droplet. Its effect depends upon the welding position. While gravitation 

helps the droplet fall down to the pool at the flat position, it tries to keep the droplet at the tip 
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of the wire at the overhead position. Electromagnetic field and the surface tension of the 

metal droplet are dominating factors on the metal transfer regime. The size of the droplet and 

its transfer mode are determined by these two factors. 

 

 

 

Figure 15. GMAW torch nozzle cut away image; (1) Torch handle, (2) Moulded 

phenolic dielectric (shown in white) and threaded metal nut insert (yellow), (3) 

Shielding gas diffuser, (4) Contact tip,  (5) Nozzle output face [39]. 

 

 

 

Figure 16. Lorenz forces (a) and the surface tension (b) on a metal droplet [40]. 

 
“Lorenz-force”, which is provided by electromagnetic field, is also termed as pinch-force in 

welding terminology, since it creates a pinch effect on the neck of the droplet. The pinch 
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(Lorenz) force, FP, is proportional to the square of the current amplitude, as in the following 

definition; 

 

�� = �	
��

�
,          (12) 

 

where a is the cross-sectional area of the wire and k is a constant. If other factors are 

considered to be constant, increasing welding power leads to an increase in the number of 

droplets that fall into the weld pool per unit time.  

 

Welding power is not only responsible for the pinch forces, but also for the viscosity of the 

metal droplet. An increase in the temperature of the metal droplet due to a high welding 

power decreases the viscosity of the metal droplet, which provides a lower surface tension of 

the droplet. The shielding atmosphere is another factor that determines the surface tension 

(Figure 17). Using small amounts of active gasses as an addition to inert gases (2 – 5%) 

enhances the arc stability and reduces the surface tension of the molten metal droplet. It is 

possible to obtain small droplets by using gas mixtures that involve active constituent up to 

25% due to this surface tension effect. Such gas mixtures are utilized for spray transfer 

welding of steels. Further increase in active gas content leads to higher surface tension and 

consequently formation of bigger droplets. 

 

 

 

Figure 17. Effect of shielding gas composition on droplet surface tension and consequently 

the metal transfer mode. 

 

Gas metal arc welding power suppliers have quasi-constant potential static characteristic. 

During a welding process, the voltage output remains relatively constant because of this 
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characteristic (Figure 13). As a result, any change in arc length results in a large change in 

current amplitude and therefore welding power. A shorter arc length than the optimum one 

causes less arc resistance, a higher current amplitude and welding power, which makes the 

wire electrode melt faster and thereby restore the original arc length in milliseconds. On the 

contrary, a longer arc length than the optimum one causes a higher arc resistance, less 

current amplitude and welding power, which makes the wire electrode melt slower and 

consequently again restore the original arc length (Figure 18). This process helps welder 

keep the arc length consistent. 

 

 

 

Figure 18. Illustration of the arc length self-correction process in GMAW. 

 
2.2.7. Plasma Arc Welding 
 

Plasma arc welding (PAW) is a development of the gas tungsten arc welding (GTAW) 

technique and it is relatively new [41, 42]. The method is designed to increase the 

productivity of GTAW. PAW provides some advantages such as good root contour, 

increased linear welding speed, and less heat input compared to other arc welding 

techniques. 

 

Generally PAW is preferred to be utilized in keyhole mode, in which the base metal is 

penetrated completely and a hole is formed at the point of welding that is carried along 

during the welding process (Figure 19). Compared to the conventional GTAW arc, the 

constricted plasma arc has a much lower divergence, therefore larger changes in arc length 

can be tolerated and power density is relatively high. Due to its high power density, aspect 

ratio of the weldments obtained by plasma arc welding is relatively high if it is utilized in 
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keyhole mode with transferred arc. The correlations between the keyhole PAW process 

parameters and energy distribution, melting efficiency and weld form have been extensively 

studied by Tomsic and Jackson [43]. It is also possible to use the technique in conduction 

(melt-in) mode of welding. 

 

 

 

Figure 19. Grinded and polished top surface of a weldment that was obtained using HPAW; 

the keyhole left at the end of the weldment can be seen at the end of the seam. 

 

High power density of the technique is achieved by concentrating the plasma inside of a 

narrow jet. The constricted plasma jet is obtained by an additional copper nozzle, which has 

a small orifice, in the main shielding gas nozzle. Two different gases are blown rather than 

one gas as in other gas shielded arc welding techniques. Interior gas is called orifice or 

plasma gas, which should be exclusively inert like argon, helium or a mixture of these two 

gases to protect the tungsten electrode from oxidation. Shielding gas is blown through the 

outer nozzle and this may be inert or active gases depending upon the material to be welded. 

The tungsten electrode has usually negative polarity (DCEN) as in GTAW. 

 

2.2.8. Hybrid Plasma-Gas Metal Arc Welding 
 
A plasma arc offers a good opportunity for joining thick and weldable materials in a single 

run with high linear welding speeds. It is more suitable for massive industrial manufacturing 

than Laser or electron beams due to its relatively wider spot size, which is capable of 

bridging relatively wide fit-up gaps. Combining a plasma arc with a wire arc, which deposits 

metal to the bevel, was a good solution for high-alloyed steels that require some degree of 

dilution to be able to obtain a good microstructure in the weld metal. 

 

Hybrid plasma arc welding (HPAW) combines both the deep penetration capability of 

plasma arc welding and the metal deposition capability of gas metal arc welding in a single 
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torch. HPAW provides less consumption of filler and energy during welding and less 

distortion and/or residual stresses in the welded structures than conventional techniques.  

 

HPAW has significant advantages compared to other high-power-density welding 

techniques, such as Laser beam welding, hybrid laser arc welding and electron beam welding 

in heavy industrial manufacturing, because it requires neither special environments nor high-

precision fit-up and manipulation. 

 

However welding procedure design is still important for obtaining a proper microstructure, 

which will provide good physical and chemical properties to materials, especially the ones, 

which are highly alloyed, in order to maintain their superior properties. 

 

 

 

Figure 20. The hybrid plasma-gas metal arc welding system, SuperMIG, was designed by 

Dykhno and Ignatchenko [44]. 

 

2.3. The Material; Duplex Stainless Steel Grade 2205 
 
DSS offers an alternative to austenitic stainless steels in many fields of application, such as 

chemical, oil, and gas industries like pipelines and reaction vessels. The unique combination 

of two phase structure of δ-ferrite and austenite offers a good combination of strength and 

corrosion resistance. Ferrite phase introduces strength and local corrosion resistance to the 

material, whereas ductility and general corrosion resistance comes from the austenite phase. 

Therefore, duplex stainless steels have high impact toughness and overall corrosion 

resistance. Furthermore, their relatively low thermal expansion coefficient makes them 
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useful for shell and tube heat exchangers, and the improved stress corrosion cracking 

resistance in chloride containing environments of temperatures above - 50°C and below 

250°C. 

 

2.3.1. Development and Grades of Duplex Stainless Steels 
 

Development of stainless steels goes back to the first decades of the 20th century in UK and 

Germany. First stainless steel grades were only rich in Cr. Following inventions of 

martensitic and ferritic grades, austenitic grades were developed by Ni alloying and became 

the most popular stainless steel grades.  

 

The first reference to ferritic-austenitic structure was recorded in 1927 [45]. The first 

commercial DSS alloy 453E (25% Cr – 5% Ni) was designed by Avesta Jernverk in 1929, 

however an unintentionally produced grade (20% Cr – 8% Ni – 2.5% Mo) by a French 

company, J. Holtzer, in 1933, during production of an austenitic grade (18% Cr – 9% Ni – 

2.5% Mo) is found to be the most significant because analysis of this casting had found that 

this alloy was not sensitive to intergranular corrosion (IGC) in various corrosive media due 

to its relatively higher volume fraction of ferrite in an austenitic matrix with respect to 

austenitic stainless steel grades [46].  

 

Nickel shortage promoted new duplex designs during 1950s, but a real impact came in 

1970s, after the introduction of AOD refining process, which leads to a better control of 

alloy chemistry including oxygen and sulphur, and consequently a better weldability. 22% 

Cr standard grade was developed in Germany and Sweden. Higher alloyed DSS grades 

began to be produced in 1980s. While standard DSS grades have pitting resistance 

equivalent numbers (PREN) of 35, super DSS grades have PREN higher than 40, where: 

 

��
� = %!" + 3.3	%%& + 16	%),       (12) 

 

Due to tungsten alloying to some grades of super DSS a modified PRE definition can also be 

utilized, namely: 

 

��
� = %!" + 3.3	(%%& + 0.5	%,) + 16	%),     (13) 

 

 
2.3.2. Wrought DSS 
 

DSS possesses bi-phase microstructure consisting almost equal percentages of δ-ferrite and 

austenite. The material can be provided in as-cast and wrought forms. Both grades have been 

increasingly employed for a variety of application, such as heat exchangers (the tubes and 

the case), pressure vessels, storage tanks, desalination systems, rotators, impellers, shafts, 

construction and piping assemblies in off-shore platforms, digesters and other equipment in 

the pulp and paper industry, chemical tankers and reaction vessels Figure 21. ASTM 

standards for DSS products can be seen in Table 2. 
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2.3.3. Grade 2205 
 
22% Cr standard DSS grade (2205) was developed in the early 1970s. It has soon found 

widespread use owing to insensitivity to IGC upon welding because of the balanced 

microstructure especially due to nitrogen (N) addition. Today, even after development of 

other higher alloyed DSS, grade 2205 keeps its popularity due to its optimum pitting 

corrosion resistance to price parameter. Nevertheless, beside its price and performance, 

grade 2205 is interesting for research and development activities because its relatively less 

complicated microstructure provides basic physical and metallurgical information for other 

grades as well. 

 

 

 

 

Figure 21. Some applications where DSS is employed; manufacturing of a column (reaction) 

vessel in GAMA Industrial Manufacturing and Erection Co.(upper left, from the author’s 

collection), a heat exchanger (upper right), an off-shore-plant (photo taken by Øyvind 

Hagen, Statoil). 
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In wrought grades, the balanced microstructure, which is free from any secondary phases, 

are obtained by a proper alloying and solution annealing followed by quenching. Wrought 

grades have typical rolling texture because of hot rolling process before the heat treatment.  

 

2.3.4. Microstructure 
 
Chromium (Cr), nickel (Ni), molybdenum (Mo) and nitrogen (N) are most important 

constituents in the grade 2205, which affect the microstructural features and consequently 

properties of the material.  

 

On one hand Cr and Mo in the steel are in charge of improving the localized corrosion 

resistance by the formation of passive oxy-hydroxide films [47, 48]. They extend the passive 

range and reduce the rate of corrosion. They increase the pitting resistance of the material 

[49]. On the other hand they enhance precipitation of intermetallics, such as sigma (σ) and 

chi (χ) phases, if the steel is alloyed with them more than certain compositional upper limits. 

They both are ferrite (δ) stabilizers, whereas Ni and N stabilize the austenite (γ). In order to 

maintain the phase balance, δ stabilizing elements are balanced with Ni and N. However, if 

Ni and N contents exceed a certain level, then volume fraction of γ increases well above 

50%, with the consequence that Cr and Mo are enriched in the δ grains. This makes δ 
transformation to undesirable intermetallic phases, such as sigma (σ) and chi (χ), favorable 

when the material is exposed to temperatures 650 – 950oC [1, 5, 50]. Spinodal 

decomposition of δ due to excessive Ni [51] and precipitation of Cr-nitrides due to excessive 

N [52] are other problems during thermal treatments of the alloy. Whereas Ni does not have 

a direct effect on corrosion properties, N increases pitting and crevice corrosion resistance by 

moving the electro potential in the noble direction. 

 

Stainless steels solidify as either γ or δ. Primary crystallization is classified in 5 different 

modes from “a” to “e” according to Creq/Nieq ratio of the material (Figure 22). During 

solidification, DSS is first solidifies as δ (Figure 23). The solid state transformation is 

diffusion controlled [53]. γ is Ni and N enriched whereas Cr and Mo are found in δ. The 

nucleation rate of γ in δ is very high. However, transformation could not take place until the 

sufficient nuclei form at around 1150°C. The relations between the nucleation rate and 

austenite fraction with temperature are given in Error! Reference source not found.. The 

formation of γ crystals occurs at δ grain boundaries, where Ni is rich and Cr is depleted due 

to segregations during the solidification. Reconstructive (diffusive) δ to γ phase 

transformation continues taking place down to the temperatures about 450oC, where 

diffusion significantly slows down in equilibrium conditions. 

 

The diagram in Figure 23 illustrates that the chemical composition of δ and γ will be 

different depending on the temperature. This is about the solubility limits for these elements. 

Partitioning of elements is one of the driving forces of secondary transformations during 

thermal treatments. Most of these transformations take place within δ, because diffusion 

rates of elements in BCC lattice are almost 100 times faster than the rates in FCC lattice of γ.  
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Table 1. DSS grades with their nominal chemical compositions in weight percentages; italics 

are maximum permissible values. 
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Table 2. ASTM standards for products made of DSS. 

Grade Seamless and 
welded tube 

and pipe 

Flanges Fittings Plate, 
sheet and 

strip 

Bar Forgings 

2304  

 

A789, A790 

- -  

A240 

- - 

2205  

A182 

A182, 

A815 

A276, A479  

A182 2507 A276 

2707 - - - - - 

 

 

Secondary phases may have detrimental effects on mechanical and corrosion properties of 

DSS. Cr-nitrides (Cr2N and CrN), intermetallic σ and χ phases, Cr-rich ferrite (αı) and 

secondary austenite (γ2) are most important secondary phases as far as the grade 2205 is 

considered. Secondary phases may precipitate at the grain boundaries and in δ grains in the 

temperature range between 300 and 1100°C. 

 

 

 

Figure 22. The schematic representation of the crystallization modes of stainless steel weld 

metal according to Kujanpää et al. [54]. Mode a and b primary crystallization to γ and 

modes c to e primary crystallization to δ. 
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N solubility in δ is relatively high at high temperatures. However its solubility drops as the 

material cools down and δ grains may be supersaturated in N depending upon the cooling 

rate. Cr-nitride does not normally precipitates after solution annealing treatment; however 

FZ and HAZ of weldments are prone to nitride precipitation due to rapid cooling from single 

phase regions [55]. Cr2N formed in HAZ has been stated to affect corrosion resistance of 

DSS [56]. 

 

 

 

Figure 23. Ternary Fe-Cr-Ni constitution diagram at 70% Fe. 

 

Cr and Mo enriched ferrite promotes the formation of intermetallic phases at temperatures 

around 500-900°C, which are very detrimental to the mechanical properties and the 

corrosion resistance of the duplex stainless steels. Cr and Mo rich σ-phase is a hard 

precipitate that leads to embrittlement to the material. At about 900oC, ferrite decomposition 

to σ may take a couple of minutes especially in super DSS. When δ transforms to γ or γ2, 

retained δ becomes enriched in Cr and Mo and this promotes σ formation, which progresses 

through the destabilized δ. 
 

Spinodal decomposition of αı occurs between the temperature range 300 and 525oC. 

Decomposition of δ is considered to be the reason of hardening and 475oC-embrittlement. 
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Figure 24. Continuous cooling transformation diagram of DSS Gr 2205. 

 
2.3.5. Properties 
 
Mechanical properties of duplex stainless steels are very good especially compared to 

austenitic stainless steels. The typical mechanical properties are summarized in Table 4. 

Mechanical properties of SAF duplex stainless steels. 

 
The yield strength of duplex stainless steels is very high than that of austenitic steels. The 

high strength introduced by the δ-ferrite phase, yet the strength of DSS is also higher than 

that of ferritic stainless steels. Therefore, it can be concluded that the duplex microstructure 

contributes to the high strength since there exists a mutual hindering of the growth of grains 

leading to a fine grain structure. Furthermore, nitrogen in austenite gives rise to interstitial 

solid solution hardening, and this may cause to austenite having a higher strength even than 

δ-ferrite. The overall high strength of DSS can be linked to the presence of δ-ferrite phase, 

small grain size, formation of hard secondary austenite, and interstitial and substitutional 

solution hardening. Away from the microstructural features, cold deformation can improve 

the yield strength, tensile strength, and hardness of the duplex stainless steels, while it 

reduces the elongation slightly. 

 

A smaller grain size and a two phase austenitic ferritic microstructure that prevents grain 

growth, gives Sandvik duplex stainless steels increased toughness and strength (in particular, 

very high proof strength). Figures in the table below apply to material in the solution 

annealed condition at 20ºC. 
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Table 3. Crystallographic data for various phases that possibly exist in DSS. 
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Table 4. Mechanical properties of SAF duplex stainless steels. 

Grade UNS W- Nr Rp0.2, N mm-2 Rm, N mm-2 A, % HRC 

2304 S32304 1.4362 400 630 – 820 25 30 

2205 S32205 1.4462 485 680 – 880 25 28 

2507 S32750 1.4410 550 800 – 1000 25 32 

2707 S32707 - 700 920 – 1100 25 34 

 
 
2.3.6. Welding Metallurgy 
 

The ratio of austenite to δ-ferrite is quite critical to preserve the advanced mechanical 

properties. The duplex microstructure is produced by the adjustment of the δ and γ 
stabilizing alloying elements [57]. Duplex stainless steels contain high amount of alloying 

elements which have great effect on mechanical properties. However, high alloy content 

result in complex phase transformation mechanisms [58]. Decomposition of δ-ferrite and 

formation of intermetallic phases and precipitates as well as austenite at between 600 – 

1200oC, may cause decrease in toughness and corrosion resistance [59]. The microstructure 

depends on the alloy composition and thermo-mechanical treatment and to preserve the 

desired properties, it should be equal mixture of austenite and δ-ferrite.  

 

Cooling rate is one of the most important affecting factors for as-welded microstructure of 

DSSs, which has upper and lower limits in order to have desired metallurgy. Low cooling 

rates reveal formation of intermetallic phases, whereas high cooling rates may give δ-ferrite 

content more than 60%. Cooling rate can be adjusted by welding heat input for a specific 

composition and thickness of the base metal to be welded. 

 

Heat affected zone, HAZ, of DSS is narrower than austenitic stainless steels. DSS weldments 

have about 50 µm-wide HAZ, which correspond only a couple of grains. Therefore, it is hard 

to test the impact toughness properties of DSS HAZ by conventional methods [60]. 

 

2.4. The Property; Fatigue Crack Propagation 
 

DSS have a good combination of mechanical and corrosion properties, such as strength, 

toughness, IGC, pitting and crevice corrosion resistance. Due to its relatively higher strength, 

chloride stress-corrosion cracking and pitting resistance, DSS has been preferred to 

austenitic stainless steels enclosing and constructive assemblies where especially chloride 

attack is a consideration. Although DSS have superior behavior in terms of crack resistance 

[61], they are still susceptible to chloride-induced corrosion fatigue. 

 

Welding is a necessary process in fabrication of enclosing and constructive assemblies. 

Welded joints usually constitute the weakest spots through the assembly in terms of fatigue 
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failure. Fatigue damage may occur at weldments even under modest in-service stresses due 

to notch effect of weld discontinuities. Figure 25 illustrates the notch effect of weld cap and 

root, and representative stress concentration levels.  The effect of stress concentration at 

these critical locations arising from variations in the weld geometry profile and stress 

distribution through the weldments cannot be neglected when evaluating the fatigue 

conditions. 

 

 

 

Figure 25. Notch effect due to the weld root protrusion and the weld throat.  

 

In order to improve the fatigue properties of weldments, certain post-weld processes have 

been proposed, purposing a reduction in the notch effect due to the weld root protrusion and 

the weld throat; grinding the weld throat [62, 63, 64], water-jet eroding [63, 64] or dressing 

(remelting) it using GTAW and PAW [65] are mostly studied processes. Baptista et al. [62] 

have observed that the fatigue strength of specimens of throat ground joints was higher than 

the one of the as-welded specimens for austenitic and duplex stainless steel alloys both in air 

and under chloride attack. Although arc dressing has also been observed an effective process, 

today only weld throat dressing is accepted by standards [66]. Keyhole based hybrid welding 

processes are also found to be effective, providing a good control over the weld profile [67]. 

 

The fatigue failure progress on “defect free” matrixes can basically be divided into five 

stages: 

 

1. Crack nucleation (a < am), 

2. Microstructurally small crack propagation (am < a ≤ ap), 

3. Physically small crack propagation (ap < a ≤ al), 

4. Long crack propagation (al < a ≤ ac), and  

5. Final fracture; 

 

where a is the characteristic dimension of an equivalent crack in a component, am is the 

smallest crack length that is observable by an electron microscope (order of 0.1 micrometre), 

ap is the smallest crack length for physically small cracks (order of 10 micrometre), al is the 
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smallest crack length for long cracks (order of a millimetre) and ac is the critical crack length 

at which component fracture occurs. Stages 1 to 3 are involved in the “fatigue crack 

initiation” phenomenon whereas stage 4 is considered as “fatigue crack propagation” by 

definition. 

 

 

 

Figure 26. Drawing showing the various regions on the HAZ in a single-pass weld and the 

possible defects. 

 

All welding joints include discontinuities, which may not be detectable by a non-destructive 

inspection procedure. Slag inclusions, gas pores, lack of penetration and undercut are 

common discontinuities, as well as linear defects, such as fabrication (hot) or post-weld 

(cold) cracks and lack of fusion (Figure 26). A linear discontinuity may be above the critical 

size for crack initiation (Figure 27). Therefore analysis for fatigue crack propagation 

behaviour is the key issue rather than crack initiation for a damage tolerant design or fitness 

for service (FSS) assessment. 

 

2.4.1. Fatigue Crack Propagation 
 

Cracks are inevitable in engineering structures. Damage tolerant design philosophy aims to 

estimate a safe load and crack length that will predict the failure in an estimated service life. 

The crack propagation rate can be determined following the definition;  

 
-�
-�
= !.�/01,          (14) 

 

where C is a constant, σa is the alternating stress and a is the crack length. m has been 

estimated in different investigations to be from 2 to 4 and n varies from 1 to 2. 
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Figure 27. Typical open-surface weld discontinuities; lack of penetration (left – from 

Oakland Bay Bridge Pile Connection Plate Welding Investigation Report [68]) and cracks 

(right – from Huijbregts Corrosion Consultancy, www.hbscc.nl). 

 

Crack propagation rate at a series of changing stress levels can be expressed by a crack 

propagation rate versus the range of stress intensity factor, which is the range between 

maximum and minimum stress intensity factors. In other words, the range of stress intensity 

factor (∆K) governs the crack rate. A cycling load varies with constant amplitude between its 

maximum and its minimum values. Corresponding stress intensity factors (K) can be 

calculated from the stress (σ) and crack length (a) as; 

 

2 = .√40,          (15) 

 

The range of stress intensity factor is defined as the difference between them. If minimum 

stress applied is compressive, then minimum stress intensity factor is taken as zero. That is; 

 

52 = 2/�6 = ./�6√40,        (16) 

 

Under cycling loading, if the crack length is determined at a certain number of cycles in real 

time, and the crack growth rate data (da/dN) is plotted against the actual range of the stress 

intensity factor (∆K), and then a schematic representation of crack growth rate versus range 

of stress intensity factor is obtained (Figure 28). It is a sigmoidal curve, where three different 

regions are characterized, namely slow crack growth (stage I), steady-state (stable) crack 

growth (stage II) and unstable crack growth (stage III).  

 

The first region is bounded by a threshold value ∆Kth, below which crack does not propagate 

[69]. Once initiated the crack growths at and above ∆Kth along high shear stress planes 

(Figure 1). This first stage is called slow or short crack growth stage. In stage I the crack 

propagates until it is decelerated by a microstructural barrier, like grain boundaries or 

microstructural discontinuities, and thus grain refinement or mechanical and thermal 

processes, which contribute to an increase in the number of such barriers, provide an 

improvement in the fatigue strength. 
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Figure 28. Schematic representation of fatigue crack growth behaviour. 

 

As defined in the Equation 16, the stress intensity factor, K, increases as a consequence of 

crack growth and/or an increase in the stress level. An increase in K leads to activating slips 

in different planes close to the crack tip, where the stresses are concentrated. Crack path is 

oriented perpendicular to the applied stress, whereas it is 45o with respect to the applied 

stress during the stage I (Figure 29). The second stage represents a linear relationship 

between logarithmic values of the crack growth rate and the range of stress intensity factor as 

follows: 

 
-�
-�
= !	521,          (17) 

 

where n is the slope of the curve at second stage and C is estimated by extending the straight 

line to ∆K of 1 MPa m1/2. The definition is referred to as Paris-Erdoğan Law [70]. 

 

Ductile materials represent striations on the fracture surface. Striations are formed as a 

consequence of successive blunting and re-sharpening of the crack tip during the stable crack 

growth stage. 

 

Unstable crack propagation is observed in the last region, where Kmax approaches the fracture 

toughness of the material (Kıc). 
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Figure 29. Fatigue crack propagation stages; short crack growth (stage I) and stable crack 

growth (stage II). 

 

Paris-Erdoğan law provides a connection between fracture mechanics and fatigue [71]. Once 

K is known for the component, then fatigue life of it can be calculated by taking the integral 

of the equation 17 between the limits of initial and final crack size: 
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where σr is the difference between maximum and minimum stresses. 

 

2.4.2. Localized Corrosion 
 

Corrosion processes may be classified as two general types, namely general and localized. 

General corrosion may occur in a broad range of environments, ranging from fully immersed 

medium with high chloride ion content to a thin moisture film with low chloride ion content 

[72]. General corrosion behaviour of stainless steels is principally determined by factors, 

such as temperature, acidity, chloride ion concentration, and redox potential. Cr(III)-rich 

passive film provides the corrosion resistance of DSS [73]. Souto et al. [74] have studied the 

nature of the passive film on a DSS alloy and observed it to comprise Cr(III), Fe(II)/Fe(III), 

and Ni(II). 

 

Contrary to general corrosion, chemical attack is localized during pitting and crevice 

corrosions. The initiation of localized corrosion is to occur at inclusions, Cr-depleted zones 

around grain boundaries, intermetallic phases and discontinuities that may damage the 

passive film. Temperature of the media and chloride concentration of the media are again 

primary determinants of the localized corrosion process. Manganese sulphide (MnS) 

inclusions, which usually form at the δ/γ grain boundaries, are preferential sites for the 

initiation of localized attack. In low N-containing alloys, since the proportions of Cr and Mo 

are comparatively higher in δ, pits prefer to propagate into γ (Figure 30). In high N-

containing alloys, pits may propagate preferentially into δ. Sedriks [75] proposed that 

lowering the Mn content below 0.5 wt.% in DSS could work concerning localized corrosion 

resistance. 

 

 



40 

 

 

Figure 30. Crevice corrosion test on duplex alloy 2205 stainless steel in 1 mol dm-3 NaCl 

illustrating preferential attack on austenite phase [76]. 

 

The most common methods for ranking the susceptibility of alloys to localized corrosion are 

PREN and the critical pitting (CPT) or crevice (CCT) temperature [77]. PREN accounts for 

the influence of Cr, Mo, N and W (if there is) contents on localized corrosion susceptibility, 

whereas CPT and CCT defines a threshold temperature beyond which pitting or crevice 

corrosion takes place for a specific medium. 

 
2.4.3. Corrosion Fatigue of DSS Welds 
 

Generally corrosion problems of as-welded DSS are associated with the HAZ [78]. The 

principal reason for the corrosion susceptibility is Cr depletion in the δ grains in DSS, 

leading to a decrease in the resistance to localized corrosion [56]. Cr depletion may be due to 

the formation of secondary phases.  

 

Fatigue strength of a material drops in a corrosive medium. This is linked to the corrosion 

properties of the material. The ratio between the fatigue limits that corresponds to the ones in 

corrosive medium and in air can be correlated with the pitting resistance of the material.  

 

DSS takes advantage of synergic effect of electrochemical and mechanical benefits of δ in 

media containing chloride resides. When DSS are subjected to stress, γ is more likely to be 

deformed, owing to its lower yield strength. Meanwhile δ behaves like anode and provides 

protection to γ, which behaves like cathode. 

 

2.4.4. Fatigue Crack Propagation Behaviour of DSS 
 

Combining high fatigue strength and high chloride-induced corrosion resistance, DSS has 

been increasingly interested by design engineers for structural and enclosing assemblies, 

which give service in corrosive media. The material owes such superior properties relative to 

austenitic grades to δ phase. However δ is prone to excessive hardening by formation of 

intermetallic and other secondary phases. The effect of spinodal decomposition of δ to αı [79, 

80, 81, 82, 83] and precipitation of brittle σ and χ phases [84, 82] have been widely studied. 
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In weldments, crack initiation can be suppressed by controlling the microstructure of weld 

metal and HAZ ensuring that the fracture toughness is sufficiently high for the stress levels 

to be experienced. 

 

The welded structures are often subjected to dynamic service loads including cyclic and/or 

random fluctuations. The fatigue behaviour of the welded structures is complicated by 

numerous factors intrinsic to the nature of welded joints. Stress concentrations generally 

occur at the locations of crack-like defects and at weld toes, with the latter owing to 

variations in the weld geometry profile. Such discontinuity stresses generally exceed the 

nominal values, and if proper care is not taken, these critical areas can become the sites of 

crack initiation, with subsequent crack propagation causing structural failure.  
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CHAPTER 3 

EXPERIMENTAL STUDIES 

3.1. General 

This chapter on experimental studies and work includes 7 sections. Firstly, the base and the 

filler metals are introduced in terms of delivery conditions, standardization and chemical 

compositions. Next section deals with fabrication of the weldments. Measured (welding 

power, linear welding speed, cooling rate) and calculated (heat input) welding parameters are 

described in that section. This section is followed by descriptions of Ferritescope and 

residual stress analyses, which were executed before sectioning the welded plates. Inspection 

and testing procedures for the basic integrity and quality assessment are then addressed. ISO 

15614-1 [85] is referred for qualification of the welding procedures. These preliminary 

works and studies are followed by sections that describe the methodology and procedures for 

comprehensive characterization of the weldments in terms of microstructure and micro-

hardness. The last section (3.8) is the main focal issue of the thesis, as it concerns fatigue 

crack propagation tests in both laboratory air and NaCl solution. 

3.2. Base and Filler Materials 

11-mm thick DSS grade 2205 plates were subjected to the investigation. The plates were 

delivered from Outo Kumpu with heat number 490288 and conformed to ASTM A240 

S32205 and EN 10088-2 X2 CrNiMoN 22-5-3 (1.4462). They are sectioned for welding 

works and base metal characterization as well. Elemental analysis of the base metal gave 

data that was consistent with the material certificate as per the standard EN 10204 type 3.2. 

Ni-enriched duplex filler wire was employed during HPAW and GMAW operations. 

Welding wire was delivered from ESAB with lot number IT21640. 1.2 mm-diameter filler 

wire is standardized as per SFA/AWS 5.9 ER2209 and ISO 14343-A G 22 9 3 N L. 

Promoting γ formation, excess Ni is preferred in filler wires. The chemical constituents of 

the base metal and filler wire were tabulated in Table 5. 

 

Table 5. Major alloying element constituents in weight fractions in the base material 

(S32205) and the welding wire (ER2209). 

wt % C Si Mn P S Cr Ni Mo N 

S32205 0.015 0.39 1.6 0.023 0.001 22.8 4.8 2.6 0.19 

ER2209 0.010 0.45 1.5 0.020 <0.01 22.9 8.7 3.1 0.17 
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Microstructural and mechanical characterizations of the base metal were conducted together 

with the weldments, as described in subsections 3.3 to 3.9. 

3.3. Welding Procedures 

The plates were sectioned and bevelled for butt welding operations. PAW was applied on 

square-groove butt joint and the root gap was 0.5 mm in order to stabilize the operation, 

which requires equilibrium between the pressures of the orifice gas and the metal vapour 

through the keyhole. Conventional bevel angle, root face and gap sizes were introduced to 

V-grooved butt joint for the GMAW performance. A joint design was developed specifically 

for HPAW considering convection and dilution processes. Bevelling details for all three 

techniques are given in Figure 31. 

 

 

 

Figure 31. Edge preparations for butt welding processes of 11.1 mm-thick plates using three 

different methods; (from left to right) GMAW, HPAW and PAW. 

 

Bevelled pieces were joined by GMAW, PAW and HPAW at the flat position. The pieces 

were clamped to a welding platform and the torch was driven by the movement of a single-

axis translation stage (Figure 32). The contact tube distance and bevel axis were manually set 

prior to performances since a seam tracking system was unavailable. 

 

A single arc exists between the filler wire electrode and the work piece in GMAW and 

between the tungsten electrode and the work piece in PAW, whereas two different arcs exist 

simultaneously in HPAW. They have straight polarity direct current between the work piece 

and the tungsten electrode and reversed polarity direct current between the welding wire 

electrode and the work piece. A lanthanated tungsten electrode, 3.2 mm in diameter, was 

used for the plasma arc. Neither hot nor cold filler wire was used during PAW. Welding 

parameters employed during operations were given on the Table 6.  

 

An argon-2% O2 gas mixture was applied for shielding of the solidifying weld metal and 

HAZ in all welding processes. Shielding gas flow rates were 14, 21 and 21 litres per minute 
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for GMAW, PAW and HPAW, respectively. High purity argon (99.999%) was used as 

orifice gas with the flow rate of 4.5 litres per minute during HPAW and PAW performances, 

and the orifice diameter was 3.2 mm. 

 

 

 

Figure 32. A simple layout for the system employed for mechanized welding. 

 

Table 6. Welding parameters. 

  GMAW HPAW PAW 

Wire feeding speed, WFS m min-1 8.9 – 10.1 17.8 

N/A Wire-arc current A 210 – 230 320 

Wire-arc potential V 22 – 24 27 

Plasma-arc current A 
N/A 

190 190 

Plasma-arc potential V 15 15 

Linear welding speed, LWS cm min-1 35 – 40 50 20 

Heat input, per pass kJ mm-1 0.67 – 0.70 
1.09 0.51 

Heat input, total kJ mm-1 2.77 

Cooling rate oC s-1 108.3 – 75.7 27.1 33.1 
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Assembling the plates in a way that root gaps were kept closer than the width of the arc 

column enabled us to obtain stable keyholes during PAW and HPAW. Consequently the 

plasma arc could impinge on the joint, melt the material and create the weld pool. In the 

keyhole technique, since the molten pool is prevented from spilling by its surface tension, 

normally no backing is required for materials having thicknesses up to 6 mm. Ceramic 

backing was utilized to support the weld pool not only during the root pass of GMAW but 

also single-pass keyhole welding of the plates that were 11 mm-thick. 

 

Cooling times were recorded between 1300 and 200oC by plunging Type K-chromel 

thermocouples with ceramics sheath into the weld pool and switching off the arc at the same 

time. The diameter of thermocouple wires were 1.0 mm. A data acquisition system (SCXI 

1112-8 channel thermocouple amplifier with in SCXI 1000 chassis) was used to record 

temperature versus time data at the sampling rate of 10 Hz. Cooling rates were calculated 

and presented in Table 6 and cooling curves are represented in Figure 39. 

3.4. Ferritescope Analysis 

A Fisher Ferritescope was employed on FZ and HAZ to measure the fraction of 

ferromagnetic (δ-ferrite) phases in as-welded specimens before sectioning them for 

metallographic examination and destructive testing. A ferrite number (FN) was assigned to 

each zone in weldments obtained by each method. In order to produce non-trivial and 

reproducible FN outputs, calibration and practice of the instrument were undertaken as per 

ASTM A799 [86], ASTM A800 [87] and AWS A 4.2 [88]. The measurements were then 

compared with the fractions estimated through metallographic examinations. 

3.5. Residual Stress Analysis 

Residual stress distributions on each weldment were non-destructively determined applying 

Magnetic Barkhausen noise (MBN) technique. Stress-Tech Rollscan-µscan 500-2 and the 

probe 4316 were employed during the analyses. MBN amplitudes were calibrated during a 

uniaxial tensile testing by fixing the MBN probe on the specimen. Yelbay et al. [89] 

describes the details of the calibration and measurement procedures for welding joints. 

3.6. Welding Integrity Assessment and Procedure Qualification 

Integrity assessments and procedure qualifications of weldments were executed in 

accordance with the requirements of standard ISO 15614-1 [85]. Testing included both non-

destructive testing (NDT) and destructive testing, which were in accordance with the 

requirements of the Table 1 in the standard.  

 

Liquid penetrant testing was applied to support the visual inspection and to examine possible 

weld surface discontinuities.  The integrity of the weldments was confirmed using 

radiographic inspection, where X-ray radiographic examination was recorded on 

radiographic films. The test was done according to ASTM E1742 [90] and films were 

evaluated as per the requirements and definitions in ASME BPV Code Section IX [91]. The 

quality level employed for radiography was 2 % (2-2T using hole type IQI). 
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Welded plates were then sectioned and tested according to following standards and codes: 

• Transverse bend test in accordance with AWS B4.0 A1 [92], 

• Transverse tension test in accordance with AWS B4.0 A2, 

• Charpy impact test in accordance with AWS B4.0 A3 and ASTM E23 [93], 

• Hardness test in accordance with AWS B4.0 C2 and ASTM E384 [94]. 

 

 

Figure 33. Sectioning plan for destructive testing of welded plates according to ISO 15614-1 

 

Sectioning for test specimens is illustrated in Figure 33. Bend test specimens were prepared 

for root and face bending. Face bend tests are made with the weld face in tension, and root 

bend tests are made with the weld root in tension. Specimens were bent to 180o purposing to 

evaluate the ductility and soundness of welded joints.  Bend test is particularly considered to 

be good at finding linear defects, which would open up on the surface during the 

testing.  Tensile strength of the welded joints was investigated by uniaxial tensioning them to 

failure. Two sets (FZ and HAZ) of charpy impact specimens were prepared and tested at -

50
o
C. The Charpy specimens were machined to 5x10x55 (mm3) with their 2 mm V-notches 

transverse to the weld direction, perpendicular to the plate surface and centred  at the weld 

metal and fusion lines at 4 mm below the weld top. Each set was comprised of three 
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specimens. Instead of classical weld macro-hardness examination, micro-hardness survey 

using a Vickers indenter at a load of 9.8 N (HV1) was carried out on transverse planes to the 

welding direction; the spacing between indentations was 0.5 mm. 

 

 

 

Figure 34. FZ centred CIT specimen configuration for HPA, GMA and PA welds.  

 

3.7. Microstructural Characterisation 

Basically three microstructural characterization methodologies were followed; 

metallography, energy dispersive X-ray spectroscopy (EDX or EDS) and X-ray diffraction 

(XRD) analysis.  

 

 

Table 7. Reagents employed to reveal microstructural features during OM examinations. 

Reagent Composition Procedure Purpose Ref. 

Beraha II 20 mL HCl 

100 mL deionised H2O 

0.3-0.6 g K2S2O5 

etching at  

40 – 60oC 

to reveal δ and γ [95] 

Aqua Regia 45 mL HCl 

15 mL HNO3 

20 mL ethanol 

etching at  

RT 

 [96] 

KOH 15 g KOH 

100 mL deionised H2O  

3 – 5 V 

12 sec 

to reveal 

intermetallic 

precipitates 

[97] 
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Base metal (hot rolled, solution annealed and quenched) were sectioned and three faces were 

subjected to metallographic examination. The pieces joined using all three welding methods 

were sectioned transverse to the weld direction for metallographic examinations. Powder 

samples were obtained from base metal and FZ of weldments to be analysed with XRD. 

 

Specimens were first grinded with various grades of SiC papers for macro-etch examination. 

The examination allowed us to see the cross section of the weld. Macro-etch examinations 

also confirmed that there was no any porosity, inclusion or lack of fusion in the weldments. 

 

Macro-etch specimens were grinded once more to prepare them for metallographic 

examinations. The procedure was followed by polishing using 6, 1 and ¼ µm Alumina 

colloidal. The specimens were etched with Beraha II, Aqua Regia (Königswasser) and KOH 

electrolytic reagents to enhance the contrast between δ and γ phases and reveal the σ-phases 

under optical microscope (OM) and scanning electron microscope (SEM) [98]. Some of 

typical specimens were left un-etched for backscattering examination by SEM. 

 

The specimens were first examined using OM to measure the size of grains as per ASTM 

E112 [99] and volume fraction of phases by manual point count as per ASTM E562 [100] 

and by an image analysis software as per ASTM E1245 [101]. SEM was utilized to detect 

and observe secondary phases under high resolution. Cr, Ni and Mo concentrations in δ and 

γ in HAZ and FZ were analysed using energy dispersive x-ray spectroscopy (EDX)  system 

linked to SEM. Analyses were also focused on locations nearby γ2 and intermetallic 

precipitates. 

 

X-ray diffractometry was employed for powder samples extracted from fusion zone of all 

weldments. CuKα radiation was utilized at 2θ range from 20o to 70o with the scanning rate of 

0.5o min-1. 

 

3.8. Fatigue Crack Propagation Tests 

Fatigue crack growth (FCG) tests were carried out on compact tension specimens prepared 

from HPA and GMA weldments. The weldment obtained by PAW was omitted due to its 

obvious high δ content and low impact toughness as a consequence. ASTM E647 [102] was 

followed during the tests to examine the favourable path of crack growth and to estimate the 

FCG rate.  

 

ASTM E647 proposes a test method that covers the determination of fatigue crack 

propagation rates from near-threshold to Kmax controlled instability. Testing results are 

expressed in terms of the crack-tip stress-intensity factor range. Crack-tip stress-intensity 

factor range (∆K) is defined by the theory of linear elasticity. The thickness and strength of 

the test material are not limited as long as sufficient planar size is provided in order to 

prevent buckling and keep the test in elastic conditions. 

 

Various specimen types and geometries are available in accordance with the standard. 

Middle tension specimen, eccentrically-loaded single edge crack tension specimen and 

compact specimen are three optional types of FCP test specimens. Compact (tension) 
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specimen (CT) and corresponding test configurations were preferred during the analysis of 

fatigue fracture kinetics since it has the advantage over other specimen types in that it 

requires the least amount of test material to evaluate crack propagation behaviour. This 

specimen is a single-edge-notch specimen loaded in tension. CT specimen and test 

configurations are defined and described in Annex A of the standard.  

 

 

 

Figure 35. The geometry and dimensions of the CT specimen employed during FCG tests. 

 

Purposing to examine the effect of γ2 on FCP behaviour of the FZ, specimen size was 

considered and set to be 8 mm. Therefore, the FZ formed by the fill passes would be 

subjected to the crack propagation. The load to be applied was set considering the planar size 

of the specimen, yield strength and fracture toughness properties of the material. The second 

reason for reducing the thickness was to get a small B/W (Figure 35) ratio in order to reduce 

the effect of a through-the thickness distribution of residual stresses acting perpendicular to 

the direction of crack propagation. For the CT specimen the following is required in the 

Annex: 

 

(, − 0) ≥ F
=
(GHIJ
:KL
)�,         (19) 

 

Rectangular pieces centred the fusion zone were sectioned from the welded plates, and the 

thickness of the pieces were reduced to 8 mm. Then, compact tension (CT) specimens were 

machined to the geometry in accordance with the standard. The notch was located so that a 

crack would initiate in the centre of FZ and propagate through the centre of FZ during the 

test.  Orientation of the notch was L-T (concerning the rolling direction of the plates) and the 

depth was 8 mm from the central axis of the holes. The notch was obtained by an automated 

high precision saw cutting system. Schematic representation and orientation of the CT 

specimens can be seen in Figure 35 and Figure 36. Finally, faces of the specimens were 

grinded and polished with the same procedure applied for metallographic examination. 
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An MTS servo-hydraulic machine with a capacity of 100 kN equipped with Instron 8500 and 

controlled by the Fast Track program was employed during tests. Physical crack size (a), 

which is a linear measure of a principal planar dimension of a crack, was measured visually 

by travelling optical microscope with a sensitivity of 9.12 x 10-3 mm, which is lower than the 

requirement by the standard (0.1 mm). 

 

Specimens first pre-cracked using K-increasing process under a mean force of 5500 N and 

with amplitude of 4500 N and in laboratory air (R = 0.1). Tension-tension loading was 

conducted during pre-cracking and testing since it is not recommended in the standard for 

tension-compression testing due to the uncertainties introduced into the loading experienced 

at the crack tip. Pre-cracks of 1.00 – 1.20 mm were formed after between 30000 and 40000 

cycles. A cycle (N) is assumed as the force variation from the minimum to the maximum, 

and then to the minimum force under constant amplitude loading. 

 

 

 

Figure 36. Representation of the orientation of CT specimens prepared from GMA and HPA 

weldments. 

 

FCG tests were carried out in two different media; laboratory air and 3.5% NaCl aqueous 

solution. Crack lengths were grown to the range of 0.5 - 0.6 W with K-increasing method 

under a mean force of 4400 N and with an amplitude of 3600 N (R = 0.1). Loading 

frequencies were 5 Hz and 10 Hz for testing medium of 3.5% NaCl aqueous solution and 10 

Hz and 20 Hz for testing medium of laboratory air. Sinusoidal waveform was conducted for 

all tests. Crack size measurements were made at recommended intervals by the standard in 

order to get ∆a/∆N data were nearly evenly distributed with respect to ∆K, as follows; 

 

Δa ≤ 0.04W	for	0.25 ≤ �
�
≤ 0.40,       (20) 

 

The second part of the standard addresses some annexes describing special requirements and 

comments for testing in aqueous environments, and procedures for non-visual crack size 

determination, such as compliance method and electric potential difference method, as well 

as various specimen configurations. Special requirements for testing in aqueous 

environments are described in Annex A4 in the standard.  
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Pins and gripping fixtures (holders) were machined from Gr 316 austenitic stainless steel. 

Painting and rubber coating were applied to the surfaces of these tools to prevent them from 

the Cl- attack. The tools were then inspected using dye penetrants for possible surface cracks 

that would affect the results of the tests. The solution is pumped and poured to the actual 

crack tip using a plastic pipe. The solution in a reservoir was refreshed in every 2 hours 

during testing to avoid any significant change in composition of the solution.  

 

The physical crack size (a) was recorded from both sides of the specimen for each number of 

cycles (N) during the tests. The physical crack size was assumed to be the average of two 

recordings. This data was first used to obtain “a versus N” curve for specimens subtracted 

from BM and GMA and HPA welded plates. Fatigue crack growth rate and stress-intensity 

factor range values corresponding each a and N were then calculated. Fatigue crack growth 

rate is the rate of crack extension under fatigue loading, expressed in terms of crack 

extension per cycle of fatigue (da/dN or ∆a/∆N). The rate was determined from the crack 

size versus elapsed cycle data. Utilizing secant or incremental polynomial methods, which 

are suitable for the K-increasing (constant ∆P) test, are recommended in the standard.  

 

 

,  

Figure 37. Fatigue crack propagation test setup. NaCl solution was supplied by a pipe 

during the test.  

 

Stress-intensity factor range (∆K) is the variation in the stress-intensity factor in a cycle, that 

is 

 

ΔK = 2/�6 −	2/�1,         (21) 

 

and stress-intensity factor (K) is defined as 

 

2 = 	.√40,          (22) 

 

The reader should be aware that these K definitions do not include local crack-tip effects, 

like crack closure, residual stress and blunting. ∆K values were calculated using the 

following expression; 
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ΔK = WX
Y√�

(�Z�)

(8@[)
\
�
(0.886 + 4.64� − 13.32�� + 14.72�_ − 5.6�F),   (23) 

 

where � = 0/,, and this expression is valid for 0/, ≥ 0.2. 

 

Fatigue crack growth threshold, ∆Kth, is an asymptotic value of ∆K at which da/dN 

approaches to zero. The practical definition of ∆Kth is given as that ∆K, which corresponds 

to a ∆a/∆N of 10-10 m cycle-1. Firstly, a best-fit straight line from a linear regression of log 

∆a/∆N versus log ∆K using five data points of approximately equal spacing between growth 

rates of 10-9 m cycle-1 was obtained. ∆K value, which corresponds to a growth rate of 10-10 

m cycle-1 using the best-fit line, was then calculated. This value was assumed as ∆Kth as per 

operational definition of this test method.  

 

Specimens were completely separated after FCP tests, side sections (S-T) and fracture 

surfaces (L-T) were examined under SEM for fractography. Striation measurement was 

carried out on the fracture surfaces of specimens. Striation measurements were done at ∆K 

values from 25.50 to 48.67 MPa√m. ∆a/∆N records were compared with the results of these 

measurements to ensure the data was consistent. 
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CHAPTER 4 

RESULTS 

4.1. Process Metrics and Macro Features 

11.1 mm-thick DSS plates were joined in 4 passes of GMAW and in a single pass of HPAW 

and PAW. Macro sections of weldments are shown in Figure 31. The ratio of penetration of 

weld bead to its width (aspect ratio) was calculated as 0.6 (average of passes), 1.5 and 2.5 for 

GMA, HPA and PA welds, respectively.  

 

In addition to the composition of shielding gas (18% CO2  + Ar, remaining), arc potentials 

(22 – 24 V) and current amplitudes (210 – 230 A) utilized for 1.2 mm diameter filler wire 

were suitable for stable spray transfer metal deposition during GMAW.  Heat input (H) per 

pass was in a range of between 0.67 and 0.70 kJ per mm of joint length. Overall heat input 

was calculated as 2.78 kJ mm-1 for the multi-pass GMAW. Total arc time was recorded as 

10.4 minutes and overall operation duration was recorded as 18.4 minutes, including inter-

pass pauses to wait for the work piece cooling down to 180oC. Joining was completed with 

approximately 900 grams of filler. 

 

 

 

Figure 38. Macro–etch specimens of (from left to right) GMA, HPA and PA welds. 

Dimensions are in millimetres. 

 

In order to fill the bevel under high LWS, wire feeding speed (WFS) was set to 17.8 meter 

per minute during HPAW, providing wire current amplitude of 320 amperes. 316 grams of 

metal was deposited to the joint bevel in 2 minutes of overall process time. The keyhole was 

achieved by a plasma arc at 190 A and 15 V. Total heat input of the process was calculated 

as 1.09 kJ per mm of joint length. 

 

PAW was applied without filler wire on square-groove butt joint and the root gap was 0.5 

mm in order to stabilize the operation, which requires equilibrium between the pressures of 
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the orifice gas and the metal vapour through the keyhole. However 1 mm of protrusion at 

root side yielded an insufficient throat that was approximately 0.5 mm below the plate 

surface line after this autogenous welding process. The process was completed in 5 minutes 

and 0.51 kJ of heat was introduced to a millimetre of joint. Heat input values can be seen in 

Table 6 and welding efficiency metrics are graphically presented in Figure 61. 

 

Macro sections of the weldments can be seen in Figure 38. Cap size and minimum root gap 

are indicated on the Figure. Welding integrity and efficiency are clear on macro-etch 

photographs of the weldments. 

  

4.2. Cooling Rates 

Cooling curves obtained by thermocouple reading and temperature data acquisition during 

the welding processes are represented in Figure 39. Type K-chromel thermocouples, which 

are the most common sensor calibration type, are Ni based and exhibit good corrosion 

resistance. Their melting point is 1370oC and they are reliable and accurate at temperatures 

up to 1260oC. During the measurements, the thermocouple material was protected with a 

ceramic protection tube due to the reducing character of the weld pool.  

 

Weld pool temperature was recorded when it was between 1290 and 200oC.  Cooling times 

between 1200 to 500oC were calculated, where primary and secondary solid state phase 

transformations occur. Dividing durations, cooling rates were calculated. Cooling rates and 

heat input values are given in Table 6. 

 

 

 

Figure 39. Cooling curves recorded just after switching off the welding arc and in the middle 

of weld pools. 

 

Cooling rate is determined by the heat input of the welding process and heat transfer 

conditions through the material. A keyhole was obtained in both PAW and HPAW by high-

power-density plasma arc, which supplied deeper penetration with a narrow bead and less 
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total heat input resulting thinner HAZ. The cooling rate is generally reversely proportional to 

the heat introduced during welding processes. Since both PAW and HPAW are keyhole 

based welding methods, aspect ratios of the weldments obtained using these methods were 

higher than the weldment obtained using GMAW, which is a conduction mode of welding 

method. Considering the aspect ratios, it was assumed that during HPAW and PAW the heat 

was transferred as 2-dimensional, whereas during GMAW the heat was transferred as 3-

dimensional. Despite having similar heat input values, cooling rate was higher in 3-

dimensional heat transfer condition during GMAW then in 2-dimensional heat transfer 

condition during PAW. Comparing methods HPAW and PAW, 53% reduction in the heat 

input yielded 22% increase in the cooling rate. Cooling rates just after the completion of the 

root and the fill passes were also compared and it was seen that pre-heat temperature was 

more effective on cooling rate of the weld run. 30% reduction was recorded between the root 

pass, where pre-heat temperature was at room temperature (20oC), and the fill and cap 

passes, where pre-heat temperature were 180oC. 

 

 

 

Figure 40. Cooling rates during all three welding processes (left) and varying passes during 

GMAW (right). 

 

Despite its relatively higher cooling rates, GMAW caused higher proportion of γ in FZ and 

precipitation of intermetallic phases in HAZ. An explanation for this would be repeating 

thermal treatments to the material due to the multi-pass welding process. Primary and 

secondary phase transformations will be discussed in the discussion chapter. 

 

4.3. Fractions of the Primary Phases 

Results of quantitative metallography studies and Ferritescope measurements are represented 

in Figure 41. Autogenous PAW yielded a fusion and a heat affected zone, which contented 

excessive δ. δ fraction in FZ of HPAW is well below the 70% upper limit, beyond which 

corrosion and mechanical properties of the material are known to be deteriorated. Depending 

upon this observation, HPAW might be considered as the only keyhole based welding 
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technique that provides sufficient base metal dilution with filler metal and consequently 

proper phase balance [103, 104]. 

 

 

 

Figure 41. Fusion and heat affected zones of GMA, PA and HPA weldments and unaffected 

base material under low magnification. δ-ferrite contents in fusion zones of weldments are 

also indicated below the microstructures. 

 

Although the cooling rate was higher during GMAW process, it leaded to less δ fraction in 

FZ as compared to the ones of HPAW and PAW. Following passes of the process yielded 

their own HAZ in former GMAW passes, where γW (Widmanstätten Austenite) found 

opportunity to grow and γ2 precipitated. 

 

 

 

Figure 42. X-ray diffraction patterns obtained from powder samples of as-welded specimens 

of all welding processes; δ and γ peaks. 

 

4.4. Redistribution of Substitutional Elements 

δ and γ grains in FZ of all weldments were analysed using EDX to examine the solute 

distribution in the as-welded material. The compositions of δ and γ were compared for the 

weld metals obtained by GMAW, HPAW and PAW in the as-welded condition. Figure 43 

represent graphically the solute redistribution in FZ of all three welding processes. Cr and 

Mo enrichment in δ and Ni enrichment in γ were observed in FZ of all three weldments. 

High-cooling-rate caused suppression of solute redistribution in FZ and partially melted zone 
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(PMZ) of GMA weldment [52], where Cr-rich precipitates were observed either in δ grains 

or at δ/δ or δ/γ grain boundaries. The significant depletion of Cr and Mo in and around γ2 

precipitates was another considerable result of EDX analyses. Depletion of Cr and Mo, 

together with N, locally reduces PREN and so pitting and crevice corrosion resistance of the 

material.  

 

 

 

Figure 43. Graphical representations of solute redistribution in fusion zones of weldments. 

 

Nitrogen (N) is also one of the most important elements during evaluation of the pitting 

resistance of the material as per the following definition; 

 

��
� = %!" + 3.3	%%& + 16	%),       (12) 

 

PREN estimation provides a good approach and comparable value for the pitting resistance 

behaviour of the material. Cr and Mo were analysed using EDX during SEM examinations, 

but N.  

 

A limited number of works have been executed to investigate the local N content and 

establish the partition coefficient of it, which would be defined as the ratio of the N contents 

between δ and γ. This is due to the difficulties in analysing N at low levels like in DSS [105]. 

Wavelength-dispersive electron probe microanalysis (EPMA) would provide reliable data for 

the quantitative analysis of constituent phases of materials, like even γ2, as long as an 

extreme care is exercised during the examination and an accurate linear algebraic correction 

is executed [106]. Moreno et al. [107] introduced a methodology for determination of N in δ 
and γ phases of some non-conventional DSS alloys using EPMA and calibration curves. 

They also discussed the influence of alloying elements on the N solubility limit. They 

concluded that the lower Ni and higher Mn content, regarding to conventional DSS alloys, 

did not significantly affect the N solubility in δ. 
 

In the present work, N content was assumed to be same in the phases that subjected to the 

investigation in FZ of GMAW and HPAW and close to the contents given in the chemical 

composition data of the filler metal, which was 0.17 wt.%. PREN indices of individual phases 

presented in FZ of GMAW and HPAW were tabulated in Table 8. As it can be seen in the 

table, PREN index for γ and δ phases in FZ of HPAW are approximately balanced and both 
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are higher than 35, which is required for standard DSS, whereas index for γ2 in FZ of 

GMAW represents a low value, which means γ2 leads to relatively weaker spots in FZ as far 

as pitting and crevice corrosion resistance are concerned. 

 

Table 8. PREN indices of the phases δ, γ and γ2. 

  GMAW  HPAW 

Cr Mo N PREN Cr Mo N PREN 
  δ 23.42 3.36 

0.17 

37.23 22.99 3.22 

0.17 

36.34 

γ 22.96 3.00 35.58 22.76 2.95 35.22 

γ2 21.26 2.54 32.36 N.A. N.A. 

 

 

4.5. Secondary Phases 

DSSs are prone to transformation of primary phases (usually δ) to secondary phases, if they 

are exposed to temperatures ranging from 300 to 900oC [1, 108, 55, 109]. Intermetallic 

phases, carbides, nitrides, αı (Cr-rich ferrite) and γ2 are considered to be the secondary phases 

in the microstructure of DSS. Thermodynamic and kinetic conditions of secondary phase 

formation are determined by the chemical composition, thermal and sometimes mechanical 

[111, 112, 113, 114, 115] process history of the material. 

 

Table 9. Average chemical composition of intermetallic precipitates in heat treated weld 

metals [50]. 

 Aging Fe Cr Ni Mo Si 

σ 
800oC, 3 hrs 54.0 34.3 4.1 6.5 1.2 

900oC, 30 min 55.1 34.8 4.0 5.1 0.9 

R 

700oC, 3 hrs 36.0 21.6 3.5 35.5 3.4 

800oC, 5 min 33.2 19.8 3.3 39.2 4.5 

800oC, 3 hrs 37.6 16.4 3.2 38.6 4.1 

700oC, 3 hrs 42.7 26.3 3.7 24.9 2.4 

800oC, 30 min 43.4 24.6 3.6 25.8 2.7 

χ 800oC, 5 min 49.3 27.8 3.4 17.8 1.6 

 

 

DSS is known to be susceptible to spinodal decomposition of δ grains when are exposed to 

temperatures between 300 and 500oC [109]. Cr-rich ferrite (αı) is the product of the spinodal 

decomposition and leads to high hardness and strength, low ductility and toughness [114]. 

This aging process is sometimes called as 475-embrittlement, and such embrittlement is not 
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only a problem for DSS but also for as-welded austenitic stainless steels since they include a 

fraction of δ phase in their FZ [115, 116]. 

 

Armas et al. [117] observed that fatigue life of the aged DSS samples were lower than the 

as-received (quenched and tempered) ones. Extensive hardening of δ grains and micro-

cracks, which were rapidly formed at the δ/γ boundaries due to the accumulation of slip 

bands operated in γ grains, were commented to be the principal reason for relatively bad 

performance of aged DSS. Moreover, these researchers observed that aging benefited to 

high-temperature fatigue performance of DSS and they proposed that the cycling stress 

applied at high temperatures (500oC) could dissolve decomposed phases (α and αı) in δ 
grains and therefore the cyclic softening was enhanced (Figure 44). 

 

 

 

Figure 44. TEM micrographs of an aged δ grain after high-temperature fatigue test. High 

dislocation density and incoherent precipitates can be seen [117]. 

   

Micro-hardness examinations on individual phases (δ and γ) revealed that thermal treatment 

during welding operations with single and multiple passes was not considerably decomposed 

δ phase in as-welded DSS. 

 

DSS is highly susceptible to precipitation of intermetallic phases due to their high Cr and Mo 

contents and high mobility of such elements in δ. Intermetallic precipitates were detected on 

δ/δ and δ/γ grain boundaries in HAZ of GMA weldment during metallographic 

investigations in the present study (Figure 47). However, intermetallic precipitation was 

observed to be significantly suppressed in HAZ of HPA and PA weldments. Metallography 

work was supported by XRD analyses and charpy impact toughness tests. XRD patterns of 

GMA and HPA welds are presented in Figure 48. Although, there was no a clear pattern for 
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σ-phase, there was a noticeable difference in the patterns of specimens extracted from the 

welded plates using these 2 different welding methods. 

 

 

 

Figure 45. GMA and PA weld metal microstructures revealed by the Beraha etchant. (a) 

Cr2N precipitates in δ grains in HAZ of GMA. (b) Cr2N provides a preferred location for γ2 

precipitation. (c) The advancing γ phase boundary is pinned by a Cr-rich precipitate in GMA 

weld metal. (d) Intragranular γ2 precipitates in acicular form in GMA weld metal. EDS 

analysis of γ2 has shown that concentrations of Cr and Mo were significantly low, which may 

lead sensitization. 

 

Karlsson et al. [50] identified three different intermetallic phases in the heat treated weld 

metals, namely tetragonal σ-phase [118, 119], rhombohedral R-phase [120] and cubic χ-

phase [121]. σ-phase is the intermetallic phase being formed in the largest volume fractions 

compared to the other intermetallic phases and at all aging temperatures. A summary of the 

results of elemental analysis of intermetallic precipitates in the weld metal obtained by acid-
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rutile coated CrNiMoN 22 5 3 type stick electrodes are given in Table 9. As it can be seen in 

the table, σ was found to be rich in Cr but only slightly enriched in Mo, R had a high Mo and 

Cr and χ had an intermediate composition as compared to former two. 

 

 

 

Figure 46. Viella, GMAW HAZ, intermetallic phases 

 

Like γ2 precipitates, it was analysed that the formation of intermetallic phases also resulted in 

Cr and Mo depletion in the neighbourhood of them. The EDX analyses of these intermetallic 

phases and neighbourhood of them were in good agreement with those reported in literature 

[50]. 

 

Other secondary phases, such as τ-phase, π-phase, Cu-particles, M23C7, M7C3, Cr2N and CrN, 

have also been identified previously in DSS BM and WM [1]. Cr-nitride precipitates were 

observed in FZ and HAZ of GMAW and PAW in addition to intermetallic precipitates and γ2 

in the present work. Nitride precipitation was observed more in HAZ of GMA welds, 

probably due to rapid cooling during the process. Kokawa et al. [55] observed rod-like Cr2N 

precipitates, which were parallel to the cleavage {100} plane in δ, were more coherent along 

their long facets than at their tips and the tip of these precipitates could act as sinks for H and 

might be preferential sites for initiation of hydrogen cracking. 

 

Although nitride precipitation appear to be insignificant compared to precipitation of 

intermetallic phases in as-welded DSS, its precipitation kinetics has still an importance due 

to the eutectic reaction; 

 

a = 	� + !"�),         (23)  
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Figure 47. Intermetallic precipitations formed in δ/δ and δ/γ grain boundaries in the HAZ of 

the GMA weldment. 

 

Nucleation of Cr2N takes place at dislocations, inclusions, δ/δ and δ/γ grain boundaries, and 

precipitation occurs from the δ [55]. Being in this metastable condition, when the material is 

reheated by successive passes during a multi-pass welding, intragranular nitrides dissolve 

and γ2 starts to precipitate [122]. On one hand, the γ2 precipitation has been observed to 

improve the impact toughness [123]. On the other hand, it has been proposed that the 

chemical composition of γ2 compromises the corrosion resistance [122].  

 

 

 

Figure 48. X-ray diffraction patterns between 2θ 40o and 50o obtained from powder samples 

of as-welded specimens of GMAW and HPAW, and locations of σ-phase peaks. 

 

Formation of γ2 in the multi-pass welds of the super DSS has been reported to be closely 

related to Cr2N dissolution, where N liberated facilitates the γ2 nucleation [123, 124]. Nilsson 

and Wilson [125] have proposed another mechanism, in which γ2 and small equiaxed 

particles of Cr2N precipitate in cooperation. During the present study, Cr-rich precipitates 

were observed together with γ2 precipitates (Figure 45 (c)). Chemical composition of Cr2N 

precipitates and δ matrix is given in Table 10. EDX analyses concluded that these 
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precipitates were not only rich in Cr but also in Mo, and Fe and Ni contents were relatively 

low. XRD was not sufficient to detect such low-fraction phases and a comprehensive 

identification of such phases would be possible using TEM. 

 

Table 10. Chemical composition of the nitrides and ferritic matrix for UNS 32550 [52]. 

Element δ Cr2N 

Cr 27.01 ∓ 0.29 78.97 ∓ 2.47 

Fe 61.27 ∓ 0.22 11.12 ∓ 1.43 

Ni 6.08 ∓ 0.23 0.70 ∓ 0.38 

Mo 3.74 ∓ 0.10 7.49 ∓ 0.69 

Cu 1.63 ∓ 0.14 0.36 ∓ 0.23 

Si 0.26 ∓ 0.03 0.37 ∓ 0.27 

V 0.098 ∓ 0.004 0.99 ∓ 0.08 

 

 

4.6. Residual Stress 

Employing Magnetic Barkhausen Noise (MBN) technique, residual stresses were analysed in 

the transverse of as-welded plates. Through-thickness or longitudinal analyses were not 

executed, concerning the transverse path is the most effective one during FCP through the 

centre of the welds. 

 

MBN technique is applicable to ferromagnetic materials that include small order magnetic 

regions called magnetic domains [89]. Therefore its application to DSS would give an 

incomplete data, which is only obtained from δ grains [126]. However, the purpose of the 

residual stress analyses was framed in selection of the CT specimen location throughout the 

weld lines, obtaining a general impression about the macro and micro residual stress 

conditions, and their strain hardening consequences. 

 

Residual stresses measured on weldments by Magnetic Barkhausen Noise Analysis are 

represented in Figure 49. All three as-welded specimens had tensile stress fields at HAZ and 

the fusion line, whereas they presented near-zero or compressive stress distribution with 

distance from the weld. PAW provided the lowest stress magnitudes at both the fusion and 

the heat affected zones. The residual stresses are narrow for the autogenous PAW and 

broader for HPAW and GMAW. The maximum residual stress, which was detected in the 

fusion line of the GMA weldment, was nearly the same as the yield stress of the base 

material. The GMAW process had the highest peak probably due to the hardest 

microstructure. Residual stress field widened with the greater heat input, which was 

maximum for the whole GMAW process. 
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Magnetic Barkhausen Noise analyses represented a relatively lower tensile (PAW and 

HPAW) or slightly compressive (GMAW) residual stress fields in the middle of welds, 

which probably would affect the FCP behaviour of the specimens. Results of residual stress 

analyses were in a line with previous researches on stainless steels [127]. The possible 

effects of determined residual stresses will be discussed in the discussion chapter. 

 

4.7. Hardness 

The extent of microstructural alteration in HAZ with respect to the base material depends 

primarily on the welding wire composition and dilution, the amount of the heat input by the 

welding process and the power density of the welding process. Vicker’s hardness 

indentations were obtained from the fusion zone to the base metal in which maximum 

hardness values were obtained as 279 and 310 HV1 for HPAW and GMAW, respectively, at 

the fusion lines (Figure 49). HAZ dimensions observed via both optical metallography and 

these hardness maps were proportional to the thermal cycles that the material was subjected 

during one HPAW or PAW pass and four GMAW passes. Micrographs showing HAZ for 

both techniques revealed not only thinner HAZ in HPAW and PAW joints but also less grain 

coarsening and intermetallic precipitation at γ / δ and δ / δ grain boundaries (Figure 46). 

 

 

 

Figure 49. Hardness maps and residual stress profiles on macro sections of the weldments; 

(from left to right) PAW, HPAW and GMAW. The maximum hardness value and the broadest 

thermo-mechanical affected zone were recorded for the weldment obtained by GMAW. 

 

A detailed micro-hardness investigation was also carried out on δ and γ grains in FZ of all 

weldments at a load of 0.49 N (HV0.05). The purpose of this investigation was to see 

individual contributions of these grains to the strain hardening.  

 

4.8. Impact Toughness 

Charpy impact energies at – 50oC of mid-FZ and FL specimens of three welding methods 

were tabulated in Table 11. Testing temperature was selected to examine the welded 

specimens at the near-transformation temperature for DSS and make a clear comparison. All 

welding specimens had significantly less toughness values as compared to BM. While 

HPAW and GMAW specimens were above the ductility limit, which is assumed to be 27 J 

for BM and 47 J for WM according to European norms, PAW FZ provided toughness that 

was lower than the limit probably due to it’s the highest δ fraction, which was above 70%. 

Due to its low toughness values, PAW was dismissed from further mechanical 
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characterization, including FCP tests. FZ specimens of GMA and HPA weldments absorbed 

comparable impact energies during testing. Impact toughness and hardness properties of 

GMAW and HPAW specimens will bring together with the obtaining from microstructural 

characterization work and be discussed in terms of hardening phenomena.  

 

Table 11. Charpy impact toughness energies (at -50oC) in Joules with maximum deviations. 

The charpy specimens were machined to 10x10x55 (mm3) with their 2 mm V-notches at 

fusion zones, FZ, and fusion lines, FL, of weldments. 

 BM FZ FL 

 GMAW HPAW PAW GMAW HPAW PAW 

Impact Energy 240.1, 6.6 92.3, 4.4 107.7, 9.6 23.6, 2.7 71.7, 7.1 148.7, 6.9 61.4, 6.5 

 

 

FZ charpy impact fracture surfaces included varying proportions of cleavage and dimple 

characters (Figure 50). Appearance of fracture surfaces were in line with impact energies 

recorded for each specimen. 

 

 

  

Figure 50. Fracture surfaces from the HAZ of GMA weldment (left) and the FZ of PA 

weldment (right) after Charpy impact toughness testing. 

 

4.9. Fatigue Crack Propagation 

In the previous sections, the fundamental microstructural and mechanical features of GMA, 

PA and HPA weldments have been reported. Young et al. [128] studied the effect of γ 
content and its morphology on the impact toughness and FCP behaviour of DSS Gr 2205. 

They observed that the as-welded material, which was obtained employing LBW, had the 

highest FCP rate and ∆Kth value due to excessive δ (75%) in FZ of the weldment. Since 

PAW also yielded excessive δ content in FZ, this method was dismissed during FCP tests in 

the present study. 
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Figure 51. Graphs of crack length with respect to the number of cycle and crack 

propagation rate with respect to the stress intensity factor range; BM, R=0.1, 20 Hz and in 

laboratory air. 

 

Fatigue crack propagation of wrought DSS in the solution annealing condition and L-T and 

T-L orientations has been studied by Tolungüç [104]. A couple of additional tests were 

executed to determine the Paris-Erdoğan coefficients (Figure 51). BM was tested only in 

laboratory air and with the frequency of 20 Hz. Wrought and as-welded DSS did not 

represent any diversity to the basic theory of FCP with respect to the fact that FCP rate of the 

material increases with the increase of stress ratio, R [131, 132], and that means FCP rate is 

sensitive to variation in stress ratio. In the present study, tests were executed with one stress 

ratio value being 0.1 for specimens of both BM and WM. 

 

Processing the data, regression equations for BM were obtained as follows; 
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L-T; 
c�
c�
= 4.90 ∗ 10@88(52)�.�f,      (24) 

T-L; 
c�
c�
= 2.00 ∗ 10@88(52)�.g�,      (25) 

 

 

 

Figure 52. Graphs of crack length with respect to the number of cycle and crack 

propagation rate with respect to the stress intensity factor range; GMAW (blue dots) and 

HPAW (red dots), R=0.1, 20 Hz and in laboratory air. 

 

Increments of the crack length (∆a) at nearly regular cycle intervals of ∆N were measured 

visually and especially near-threshold region, cycle intervals were kept at about 5000 cycles. 
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Therefore “∆a/∆N” representation was preferred instead of da/dN throughout the manuscript, 

but technically these two representations were same as in usual cases. 

 

 

 

Figure 53. Graphs of crack length with respect to the number of cycle and crack 

propagation rate with respect to the stress intensity factor range; GMAW (blue dots) and 

HPAW (red dots), R=0.1, 10 Hz and in 3.5% NaCl solution. 

 

 

CT specimens, which had welding joints in the middle were subjected to FCP test with three 

different testing conditions in terms of the environment (in laboratory air and under Cl- 

attack) and the loading frequency (20, 10 and 5). Curves for the crack propagation progress 
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with respect to number of loading cycles and rates of crack propagation with respect to stress 

intensity factor range are represented in Figure 52, Figure 53 and Figure 54. 

 

 

 

Figure 54. Graphs of crack length with respect to the number of cycle and crack 

propagation rate with respect to the stress intensity factor range; GMAW (blue dots) and 

HPAW (red dots), R=0.1, 5 Hz and in 3.5% NaCl solution. 
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(a) 

 
(b) 

 
(c) 

Figure 55. Graphs of crack propagation rate with respect to the stress intensity factor range 

in logarithmic scale; (a) 20 Hz in laboratory air {R2
G20A = 0.9317, R2

H20A = 0.9491}, (b) 10 

Hz {R2
G10Cl = 0.9568, R2

H10Cl = 0.9053} and (c) 5 Hz in 3.5% NaCl solution {R2
G5Cl = 0.9930, 

R2
H5Cl = 0.9770}. 

 

Testing conditions and codes of the specimens are tabulated in Table 12. 
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Table 12. Specimen coding followed during FCP tests. 

 Welding Method Environment Stress Ratio, R Loading Frequency, Hz 

G A 10 GMAW Laboratory 

Air 

0.1 

10 
H A 10 HPAW 

G Cl 10 GMAW 

3.5% NaCl 
H Cl 10 HPAW 

G Cl 5 GMAW 
5 

H Cl 5 HPAW 

 

 

Regression equations from the data of these WM tests were obtained and Paris-Erdoğan 

relationship parameters were calculated from the log ∆K versus log ∆a/∆N data (Figure 55) 

in accordance with the equation 17. The data is tabulated (Table 16) and graphically 

represented in Figure 84. 

 

 

 

Figure 56. K-calibration (stress intensity factor range, ∆K, versus crack length, a) curve. 

 

K-calibration was done using the applied-K (fixed-force crack-extension-force) curve for the 

specific specimen configuration employed in the present study. This curve was obtained to 

assess the effect of angular misalignment and/or residual stresses on ∆K to ensure that a 

comparison between GMA and HPA weldments would be rational. The curve relates the 

stress-intensity factor to crack size. Comer [129] observed a good agreement between the 

stress intensity factor ranges obtained from a 2D model (ANSYS) and manually calculated 

ones. 
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Comer [129] investigated the corrosion fatigue crack propagation resistance of a super DSS 

(Zeron 100) weld metals fabricated utilizing two conventional arc welding methods. He 

employed both ∆K-increasing and ∆K-decreasing methods during FCP tests. The 

investigation presented that the ∆K-increasing tests yielded more conservative ∆Kth values as 

compared to the ones from ∆K-decreasing tests Figure 57. Crack closure influence was 

considered to be the reason of such a difference in ∆Kth. With regard to the ∆K-decreasing 

method, ∆Kth was found at a relatively long crack length hence, closure due to contact 

between the fracture surfaces in the wake of the crack tip was significant. Unlike ∆K-

decreasing method, a zone of residual tension remains after cyclic compression, therefore the 

crack propagates easier than through a zone that has compressive residual stress field. ∆K-

increasing method was employed during the present research.  

 

 

 

Figure 57. Schematic of ∆K-increasing (blue) and ∆K-decreasing (red) curves and 

corresponding representative ∆Kth values. 

 

 

Figure 58. Beginning of the pre-crack at the tip of the notch in HPAW CT specimen. 
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Striations on fracture surfaces of some of the specimens that correspond to specific ∆K 

values were measured and ∆a/∆N recordings were investigated in terms of consistency. It 

was observed that data records were consistent especially at low crack propagation rates, 

where crack propagation was more stable (Figure 59). 

 

 

 

Figure 59. Striations in γ grains on the fracture surface of GMAW CT specimen. 

 

The results firstly show that FCP rate in FZ of both weldments increases when the specimens 

are immersed in the sour environment. FCP resistance is the highest during the tests in air as 

far as the testing condition is concerned. Secondly, FCP rates for GMAW specimens are 

observed to be lower than HPAW specimens in air and under chloride attack at high loading 

frequencies, whereas rate for HPAW specimen is lower than that for GMAW specimen 

under chloride attack at low loading frequencies. 

 

Final fracture surfaces of CT specimens in Figure 60 show that despite the loss of plasticity 

caused by the welding, the fracture surfaces still possessed ductility, as evidenced by the 

appearance of dimples, which are typical of ductile fracture. Micro-slag inclusions were 

observed in some of the dimples. According to EDX analyses, these particles were likely 

stable oxides and silicates, which were expected to be formed during welding process. 
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Figure 60. Final fracture surface of CT specimens. EDX analyses of the micro-slag 

inclusions provided the information that they could be stable oxides and sulfides of Mn and 

Si. 
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CHAPTER 5 

DISCUSSION 

5.1. General 

Secondary austenite (γ2) has controversial effect on mechanical and corrosion properties of 

DSS. Formation of the phase is normally inevitable in conventional melt-in fusion welding 

techniques and for thick plates of DSS since the welding process can only be completed in 

multi passes. Intragranular γ2 does not precipitate during solidification of FZ. Successive 

passes apply a heat treatment to former ones and γ2 precipitates in the heat-affected zone of 

these formerly solidified passes.  

 

The role of γ2 during FCP in air and sour service application has been the principal subject 

during this present study. A γ2-free single-pass weldment was necessary for benchmarking. 

Single-pass welding of thick plates is only possible if a high-power-density fusion welding 

method is employed. On one hand, these welding methods lead to a keyhole, which provides 

a deep penetration and high depth to width aspect ratio. On the other hand, autogenous 

(without filler) keyhole welding is known to lead to excessive δ in as-welded DSS, so the 

principal problem becomes this improper phase distribution that may negatively affect the 

mechanical and corrosion properties of the material [130]. Autogenous welding process has 

to be followed by a proper solutionizing treatment [131]. 

 

Hybrid (keyhole + melt-in (conduction) modes) welding seemed to be promising since it 

might provide a single-pass weldment, which was free from γ2 and had a proper phase 

balance due to proper degree of dilution of BM and filler metal consisting excess Ni at the 

same time [132]. Hybrid Laser arc welding (HPAW) method was the only mixture of 

keyhole and melt-in modes until the year 2004. And due to its high precision requirement for 

fitting-up of the pieces to be welded, the degree of dilution and consequently δ fraction in FZ 

are still question marks. 

 

Matus and Zhang [133, 134] first proposed employing plasma and gas metal arc welding 

simultaneously to increase the operational efficiency. Dykhno and Ignatchenko [135, 136] 

developed a hybrid welding torch, which utilized a plasma arc, instead of a Laser beam, to 

obtain the keyhole. This recently developed product has been proved for non-alloy and low-

alloy steels, but high-alloy steels. 

 

Experimental studies and the results were described and introduced in the previous chapters. 

This chapter will focus on principally two subjects. Firstly, welding mode, heat and mass 
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transfer conditions will be discussed to prepare a platform for expressing the microstructural 

scenario, including phase transformations and solute redistribution, in as-welded DSS 

obtained using three different welding methods; GMAW and PAW, and their synergic 

combination, HPAW. Results of residual stress analyses, tension and impact toughness tests 

and hardness examinations will then be discussed. Finally, a discussion for FCP behaviors of 

HPAW and GMAW specimens will be constructed on the hardening phenomena. 

 

5.2. Mode of Welding 

As a conventional arc welding process, GMAW operates in conduction (melt-in) mode. 

During the conduction mode of welding, the arc tends to diverge through the spacing 

between the tip of the electrode and the work piece. Therefore the effective radius of energy 

density distribution is high and consequently the fusion effect is limited to surface and sub-

surface of the work piece. 11-mm thick plates could be joined by 4 weld passes, namely a 

root pass, a fill pass and two cap passes during GMAW in conduction mode.  

 

 

 

Figure 61. Comparison for welding efficiencies; process completion time in minutes and 

filler metal deposition in grams during the welding process. 

 
Whereas, in PAW and HPAW, the arc in between the tungsten electrode and the work piece 

is constricted due to the converging action of the orifice gas nozzle. The plasma arc is 

technically columnar due to the constriction provided by the nozzle. This constricted arc 

leads to high specific point energies at the surface of the work piece, which yields a vapour 

column (keyhole) through the thickness of the work piece. The heat, which is produced by 

both the anode spot on the work piece and the plasma stream, can be deposited and 
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transferred below its surface during keyhole mode of welding. The keyhole turns the 

gradient of surface tension of the weld pool from negative to positive that is normally 

positive to negative in melt-in (conduction) mode of welding [25, 26, 137], therefore the 

mode of fusion welding is the principle determinant for the convection in weld pool and 

penetration as well. Utilizing the keyhole mode, joining the plates having thickness of 11 

mm in a single pass was achieved during HPAW and PAW.  

 

Sandor and Dobránszky [138, 139] attempted to prove these direct and reverse turbulences in 

2205 DSS weld pool during regular (conventional) and activating flux aided versions of gas 

tungsten arc (or tungsten inert gas – TIG) welding operations. Utilizing pure argon (Ar) and 

argon-nitrogen (Ar + 5%N2) mixture shielding and forming gasses, he commented that the 

activating flux altered the gradient of surface tension of the weld pool that yielded 

circulation kept toward the centre line, which is generally called reversed Marangoni 

convection. Based on the nitrogen sensitivity of the duplex phase balance he could conclude 

that reversed Marangoni convection increased nitrogen pick-up to the weld pool and 

consequently ferrite fraction was low and homogenous through cap to root of the fusion 

zone.  

 

In the present work, nitrogen was involved neither in orifice nor in shielding gas, but the 

excess Ni in the filler wire would behave as the γ promoter. Fractions of primary phases, 

which were also homogenous in the present studies, presented that the excess Ni in the filler 

metal was introduced homogenously throughout the single-pass 11-mm thick weldment due 

to the reversed Marangoni convection conditions during HPAW. 

 
5.3. Welding Efficiency 

Keyhole based welding techniques (PAW and HPAW) provided significantly higher 

efficiency parameters as compared to that of the melt-in technique, GMAW. Deep 

penetration capability of the keyhole welding provided the possibility to work with narrower 

gaps and complete the joining process in a single run without an integrity problem. In the 

first place, reduced bevel angle for HPAW required less filler wire than the one introduced to 

the conventional V-groove. Pursuing this further, single-pass welding provided considerably 

less arc times and no inter-pass pauses, which are beneficial for economy of the welding 

process.  

 

5.4. Cooling and Supercooling 

The microstructure of as-welded DSS is caused by both phase transformations during 

solidification and consequent solid state transformations, which are mainly controlled by the 

composition of the material and the cooling rate. Cooling rate is determined by the heat input 

by the welding process and heat transfer conditions in the material. 

 

Calculated cooling rates between 1200 and 500oC and heat input values are given in Table 6. 

Taking the preheat temperature constant; cooling rates were inversely proportional to the 

heat and the size of the bead provided by the welding process. For typical plate dimensions 

and preheat temperature (20oC), cooling rate of GMAW single-pass was higher than ones for 
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the single-pass of HPAW and PAW. Cooling rate of following GMAW passes decreased due 

to the inter-pass temperature of 180oC, but it was still lower than that of HPAW and PAW 

passes. 

 

Relatively higher cooling rate during GMAW can be explained by both low heat input per 

each pass and 3-dimensional heat dissipation. However, the total amount of heat introduced 

during GMAW process was higher than that introduced during welding process of 11.1 mm-

thick DSS plates using PAW and HPAW. This not only leads to a metallurgically less stable 

GMA weldment, but also relatively higher residual stress fields on the weldment (Figure 49). 

 

 

 

Figure 62. 3-dimensional views of microstructures of the as-welded (left) and wrought DSS 

Gr 2205. 

 

Cooling rate is the principal determinant for the solidification structure of FZ and solid state 

phase transformations. In addition to the cooling rate, the soaking temperature and time 

during repeating weld thermal cycles also governs thermodynamics and kinetics processes in 

both FZ and HAZ. Therefore fractions of the primary phases (δ and γ) and secondary phases 

are consequently determined by the cooling and supercooling conditions during the welding 

operation.  

 

BM is affected by the heat introduced by one cycle of thermal process during single-pass 

welding, like HPAW and PAW. Due to repeating thermal processes during a multi-pass 

welding operation, like GMAW, microstructural alteration in both FZ and HAZ becomes 

more complicated. Solidification structure, solute redistribution, phase balance and 

secondary phase formations will be discussed in following sections of the chapter. 
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5.5. Solidification Structure 

All three weld metals had a typical DSS weld metal microstructure. Equiaxed grains at the 

weld centre and columnar grains at sides typically formed the weld metal structure of PA and 

HPA weldments, typical of competitive epitaxial growth (Figure 38 and Figure 41). 

Equiaxed dendritic structure in the middle of fusion zone indicates the relatively higher level 

of constitutional supercooling during the solidification. Equiaxed structure was more clearly 

observed in the centre line of the fusion zone of PA weldment, where solidification rates are 

higher than the one during HPAW. 

 

 

  

Figure 63. SEM images from FZ of HPAW (left) and GMAW (right) under low 

magnification. Single-pass HPA weldment is free from intragranular γ2 precipitations, 

whereas intragranular γ2 occupies about 20% of the reheated zones of FZ due to the heat 

treatment of successive weld passes. 

 

Almost only columnar dendrites were observed in the fusion zone of GMA weldment. 

Columnar dendrites formed nearly perpendicular to the fusion line in all weldments. This 

indicates the maximum thermal gradient and so the characteristic of the heat flow, which is 

2-dimensional in high-aspect-ratio beads obtained via keyhole formation and 3-dimensional 

in low-aspect-ratio beads in the GMA weldment. 

 

Two major microstructural differences were observed in fusion zones of weldments obtained 

using single-pass keyhole (PAW) and multi-pass melt-in (GMAW) welding techniques. 

Firstly, it was observed that the columnar grains in the fusion zone of GMA weld have 

considerably smaller grain sizes than HPA and PA welds. Secondly, γ was observed in 2 

different forms in FZ of PAW and HPAW, whereas 3 different forms in GMA weld metal. It 

precipitated incipiently as allotriomorphic austenite (γa) that served for the nucleation and 

precipitation of Widmanstätten austenite (γw) in all weldments. Formation of secondary 

(acicular) austenite (γ2) within the δ grains in FZ of GMAW made the difference from the FZ 

of other two weldments.  
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The difference in columnar dendritic grain sizes might be explained by the difference in 

cooling rates. During continuous cooling, there is no enough time for the γ to precipitate 

until the temperature has decreased to about 1150oC, when a sufficient amount of nuclei has 

been formed at columnar δ grain boundaries [140]. Below that temperature, γ primarily 

precipitate as allotriomorphic form by a considerable diffusion rate of γ former elements like 

Ni and N. Diffusion significantly slows down in equilibrium conditions at about 450oC, 

therefore ∆t12/5 (cooling time in between 1200 and 500oC) parameter can be used to approach 

to the width of allotriomorphic γ as given in the following equation [57]: 

 

W = A (∆t12/5)
1/2,          (26) 

 

 

 

Figure 64. Reproduction of CCT diagram of DSS Gr 2205 and cooling curves of welding 

methods studied. 
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Using ∆t12/5 times for HPAW (25.8 sec), PAW (21.1 sec) and GMAW (9.3 sec) in the 

definition above, it was expected that allotriomophs in HPA and PA weld metals would be at 

least 1.7 and 1.5 times wider than the ones in GMA weld metal. 

 

5.6. Phase Balance and Solute Redistribution 

DSS weld metals, intended for use without post-weld heat treatment (PWHT), are over-

alloyed in Ni, which is a γ former element, to ensure formation of a sufficient amount of γ. In 

this work, ER 2209 filler wire, which typically contains 9% Ni, was utilized during both 

GMAW and HPAW. On the contrary to these two techniques, no filler metal was utilized 

during PAW; this was an autogenous welding operation. 

 

DSS solidifies first as columnar and equiaxed δ grains in the fusion zone. During continuous 

cooling, there is not enough time for the γ to precipitate until the temperature has decreased 

to about 1100oC, when a sufficient amount of nuclei has been formed at columnar δ grain 

boundaries [140]. Below that temperature, γ primarily precipitates as allotriomorphic form 

by a considerable diffusion rate of γ former elements like Ni and N. Diffusion significantly 

slows down in equilibrium conditions at about 600oC. After the reconstructive 

transformation of γ from δ, displacive transformation process starts to take place below 

600oC. During this transformation process, γ precipitates as Widmanstätten plates toward the 

centre line of columnar grains. Kinetics of this process is determined by composition 

gradients in δ grains rather than diffusion of austenite formers, such as Ni and N. Since both 

allotriomorphic and Widmanstätten precipitates form during solidification of weld beads, 

they are called as primary austenite (γ1). 

 

 

  

Figure 65. Colony of intragranular nitrides in PMZ and HAZ of GMAW. 

 

Results of quantitative metallography studies and Ferritescope measurements are represented 

in Figure 41. Autogenous PAW yielded a fusion and a heat affected zone, which contented 

excessive δ. Ability to use filler metal with excess Ni promoted the formation of γ1 in FZ 

under moderate cooling condition of HPAW and even under rapid cooling condition of 
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GMAW. The content of δ in the FZ is principally determined by both the chemical 

composition and the cooling rate. Elmer et al. [141] observed that the cooling rate 

dramatically altered the δ fraction through its influence on the amount of solute 

redistribution that occurred during solidification and through its subsequent influence on the 

extent of the solid-state transformation of δ.  
 

Despite varying cooling rates, HPA and GMA welds had comparable amounts of γ1. 

Moreover, cooling rates during HPAW and PAW were comparable but volume fractions of 

the phases in the fusion zones were substantially different. Therefore it can be interpreted as 

that the chemical composition of the weld metal is the dominating factor on the phase 

fractions rather than the cooling rates. The output of the research by Muthupandi et al. [9] 

supports this interpretation. Intensities of γ and δ peaks in diffractograms obtained from 

powder samples of the welds conformed to the metallographic observations and Ferritescope 

measurements. δ peaks had comparable intensities for GMAW and HPAW, whereas they 

had relatively higher intensities for PAW (Figure 42). The difference in the γ fractions in FZ 

of GMAW and HPAW was mainly due to γ2 precipitates, which occupy almost 20% of the 

reheated zones of FZ. 

 

 

 

Figure 66. SEM and TEM investigation of a Cr2N rod from a nitride colony in the interior of 

δ grain in UNS S32550 [52]. 
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δ and γ grains in fusion zones of all weldments were analysed using EDX to examine the 

solute distribution in as-welded structure. High-cooling-rate caused suppression of solute 

redistribution in FZ and partially melted zone (PMZ) of GMA weldment [52], where Cr-rich 

precipitates were observed either in δ grains or at δ/δ or δ/γ grain boundaries (Figure 65). 

Nilsson and Wilson [125], Kokawa et al. [55] and Ramirez et al. [52] characterized these 

precipitates as Cr2N and reported that the hydrogen-induced cracking susceptibility increased 

as the density of these precipitates increased in the material. Despite its lower cooling rate, 

Cr2N precipitates observed also in PA weldments, probably because autogenous welding 

caused insufficient austenite phase that could solubilize the entire available N. 

 

Precipitation of γ2 and Cr2N and their relationship will be discussed in the following section. 

 

 

  

Figure 67. An intragranular γ2 colony in FZ of GMA weldment and a high-resolution image 

of an individual γ2 [142]. 

 

 

 

Figure 68. Intermetallic precipitates at δ/δ and δ/γ boundaries in HAZ of GMA weldment 

(left). HAZ of PA weldment that was free from intergranular precipitates (right). 
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5.7. Secondary Phases 

Taking the inter-pass temperatures (180oC) into consideration, the specimen joined by 

GMAW was subjected to 4 heating cycles and kept over 180oC for about 5 minutes. 

Moreover, former passes (root and fill) were subjected to the heat treatment by GMAW cap 

passes, which motivated intragranular γ2 nucleation and precipitation in acicular form 

(Figure 67) in the weld metal. However, acicular γ2 formation could not be observed in HPA 

and PA weld metals and cap passes of GMA welds.  

 

 

 

Figure 69. Impact toughness values of DSS specimens exposed to various aging treatments; 

the curve represents estimated conditions for the ductility limit that is assumed as 27 J 

[125]. 

 

 

 

EDX analysis of γ2 (Figure 45 d) showed that concentrations of Cr and Mo were 

significantly low, which probably would lead to sensitization [105]. The γ2 is transformed 

from δ via a martensitic shear process during repeating thermal cycles [108]. Chemical 

compositions and preferred orientations of γ and γ2 are different and γ2 had lower 

concentrations of Cr, Mo, and N than the γ [55]. γ2 precipitates are expected to be more 

susceptible to pitting attack than γ [143]. 

 

Rapid cooling during the welding process leads to a metastable microstructure. δ grains are 

enriched in N above its solubility limit since there is insufficient γ, which could have 
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solutionized N, in the as-welded structure. When this metastable as-welded material is 

reheated by the successive passes during a multi-pass welding operation, dissolution of these 

intragranular nitrides takes place, where precipitation of γ2 becomes possible [122, 52]. γ2 is 

known to have controversial effects on mechanical and corrosion properties of DSS. On one 

hand, it improves the toughness of the material [123]. Precipitating intragranular γ2 is even 

found to be a process that improves the mechanical properties of DSS [144].  On the other 

hand, the phase yields chemical inhomogeneity in the microstructure, consequently 

compromises the corrosion resistance of DSS [122]. Although the proposed heat input limits 

were obeyed during GMAW in the present study, solute redistribution was observed to be 

suppressed due to the high cooling rate of the process. As in a line with these former studies, 

PREN index were estimated to be 32.36 for γ2 in FZ of GMAW, whereas the index was 

higher than 35 and even reached to 37 for the primary phases. 

 

 

 

Figure 70.Variation of impact toughness with volume fraction of σ-phase [125]. 

 

 

Secondary phase formation is attributed to the repeating thermal cycles during multi-pass 

welding process. The temperature of a former weld pass increases above 600oC with the 

following passes, and this promotes solute redistribution and formation of intermetallic 

precipitates, as well as γ2. On the one hand, duration of welding operations could be 

considered insufficient to drive the precipitation of intermetallic phases [145, 146]. On the 

other hand, Weisbrodt-Reisch et al. [147] observed that precipitation of σ took about 3600 

seconds during annealing the DSS material at 800oC, whereas same annealing condition in 

combination with 1200 N mechanical loading initiated the decomposition of δ to σ and γ2 in 
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only 360 seconds. Although the applied load was under the elastic limit, the specimens were 

plastically deformed due to creep process. During welding, thermal strains evolved in the 

DSS material and γ was expected to partly undergo dynamic recrystallization whereas δ 
softened by dynamic recovery that led to an energetically favourable arrangement of 

dislocations and sub-grains. The sub-grain structure might have enhanced diffusion 

processes, which governed reconstructive phase transformations [148, 149, 53]. 

 

Intermetallic precipitates were detected on δ/δ and δ/γ grain boundaries in GMA weldment 

during metallographic investigations. However, intermetallic precipitation was observed to 

be significantly suppressed in HPA and PA weldments. Like γ2 precipitates, it was analysed 

that the formation of intermetallic phases also resulted in Cr and Mo depletion in the 

neighbourhood of them. Negative effects of these intermetallic phases on toughness and 

corrosion properties of DSS have been reported [5, 150, 151, 152]. 

 

Nilsson and Wilson [125] studied the effect of σ-phase fraction on the impact toughness 

property of DSS (Figure 69). Depending upon their investigation, it would be concluded that 

intermetallic precipitation was limited below 0.6% fraction during the present studies (Figure 

70). In addition to this, intermetallic precipitates were observed more in HAZ than FZ. 

Therefore precipitation of intermetallic phases was not considered to have primary concern 

for FCP behaviour of the weldments. As a result, FCP discussion will mostly be based upon 

the controversial effect of γ2 in air and sour environment as far as the secondary phases are 

concerned. 

 

5.8. Hardening 

Hardness, strength and impact toughness properties of weldments are given in the previous 

chapter, as well as microstructural features. Depending upon these data, hardening process is 

discussed in the present section. The discussion will be based on three hardening processes; 

 

i. Strain hardening with respect to welding distortion and residual stresses, 

ii. Precipitation hardening in terms of intermetallic phases, Cr-nitrides and γ2, 

iii. Substitutional and interstitial solid solution hardening. 
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Figure 71. Micro-hardness values of individual grains of primary phases, δ and γ, and 

colonies of γ2 and Cr2N. 

The hardness is defined as a measure of the resistance for a local plastic deformation [153], 

which leads to a stress field. The level of hardness, thus, varies according to the magnitude 

of stress field, which is introduced by either an external or an internal (residual) stress. 

Welding induces residual stress fields to the material, as well as surface treatments, such as 

shot peening, and material deformation processes, such as bending [154]. The thermal and 

mechanical residual strain in the as-welded material is the primary reason for strain 

hardening of the material. 

 

Residual stress analyses of weldments in transverse and longitudinal directions provided data 

that were compatible to total heat input values of welding operations. GMAW introduced the 

highest total heat input and produced the highest tension and compressive residual stress 

magnitudes in its weldment. 
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Figure 72. Tensile testing results and comparisons with the model predictions for the steels 

studied by Dakhlaoui et al. [158]. The evolution of stresses in both phases is represented. 

Measurements were performed by X-ray diffraction. Chemical compositions of the materials 

are presented in Table 13. 

Hardness increases in the compressive stress field and decreases in the tensile stress field. 

PAW led to significantly lower residual stress field as compared to HPAW and GMAW. The 

highest residual stresses were observed in GMA weldments in both tensile and compressive 

fields. The magnitude of the tensile residual stresses in GMAW HAZ was higher but 

comparable with the magnitudes as in HPAW. The tensile stress field was observed to span 

wider area in GMA weldment, and this means thermo-mechanically affected zone of GMA 

weldment was wider. Nevertheless, residual stress field existing in the middle of FZ is more 

worth to interest concerning FCP behaviour of CT specimens centred at FZ. 

 

δ and γ phases in DSS have a different response to a thermal strain during heating and/or 

cooling in a welding process due to their different thermal expansion coefficients. It is 

known that the micro-stresses are generally tensile in γ and compressive in δ because of the 

higher yield strength and higher hardening capacity of γ [155, 156]. Micro-hardness 

measurements of γ grains in the present study confirmed that γ hardened more than δ (Figure 

71). 
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Mean hardness of σ-phase is mentioned as 800 HV in literature [157]. Nilsson et al. [122] 

observed that the hardness was constant until 10% volume of secondary phases and started to 

increase above that volumetric fraction. Intermetallic phases, such as σ and χ, prefer to 

precipitate in δ grains and at δ/γ grain boundaries. The average hardness in δ grains in the 

HPA and GMA weldments were recorded as 285.0 and 276.7 HV0.01 respectively (Figure 

71). In combination with the impact toughness data, only neither spinodal decomposition nor 

precipitation of hard and brittle intermetallic phases could provide a reasonable explanation 

for relatively high hardness values of GMAW. Furthermore, the presence of intermetallic 

phases could not be clearly confirmed by XRD probably due to low volumetric fractions of 

them (Figure 48). 

 

Micro-hardness examinations were also focused on the colonies of γ2 and Cr2N precipitates 

where hardness values were found to be higher than the ones obtained in untransformed δ 
grains. As far as the secondary phases concerned, not intermetallic precipitates, which have 

low volumetric fractions and are sparsely distributed, but γ2 and Cr2N precipitates may be 

found to be a considerable reason for the precipitation hardening. 

 

Relatively lower energies for fusion line of GMA weldment then the ones for HPA 

weldment would be attributed to the precipitation of brittle intermetallics. Calliari et al. [157] 

obtained a correlation between the volume fraction of secondary phases and impact 

toughness. They commented the main drop in toughness was due to the early stages of 

precipitation when the only phase detected was χ-phase and σ-phase was still virtually 

absent. Cleavage areas on the fracture surfaces of V-notched charpy specimens 

corresponding to δ grains in HAZ of the weldments can also be associated to the 

embrittlement caused by intermetallic phases (Figure 50). But as discussed above, due to 

their very low percentages, hardening due to brittle intermetallic phases are not considered to 

as the primary concern. 

 

Table 13. Chemical constituents (wt%) in the DSSs studied by Dakhlaoui et al. [158]. 

Designation Grade Cr Ni Mo N 
X2 Cr Ni 23 4 UR35N 22.79 4.58 0.17 0.094 

X2 Cr Ni Mo 22 5 3 UR45N 22.4 5.4 2.9 0.17 

X2 Cr Ni Mo Cu N 25 6 3 UR52N+ 25.18 6.46 3.78 0.251 

 

 

Impact toughness energies obtained from the specimens, in which V-notches were centred at 

the weld metal and fusion lines of PA, HPA and GMA weldments were represented on Table 

11. PAW yielded toughness energies lower than the ductility limit at -50oC because of very 

high δ content (> 70%) in the weld metal microstructure.  

 

Increasing the N content in DSS has been the most important improvement in modern grades 

in terms of their mechanical and corrosion properties. N content of the material governs the 

hardness and ductility of γ phase [159, 83]. Substitutional elements, such as Cr, Ni and Mo, 
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also have direct and indirect effects on the macro and micro properties of DSS. The effect of 

the weight fractions of substitutional (Cr, Ni, Mo) and interstitial (N) elements on yield 

strengths of both phases in three different DSS (UR35N, UR45N and UR52N+; Table 13) 

can be seen in Figure 72. Dakhlaoui et al. [158] observed that increasing the content of N, Cr 

and Mo, initial hardening of both phases increased.    

 
5.9. Fatigue Crack Propagation  

As far as the FCP behaviour is concerned, HPAW has been a good benchmarking to 

conventional multi-pass arc welding techniques, because it led to, 

• comparable but less macro and probably less micro residual stresses in the weldment 

than the one fabricated using GMAW, 

• slightly higher δ fraction, which was under the limits proposed, in FZ, 

• relatively lower cooling rate due to 2-dimensional heat dissipation and consequently 

more balanced solute redistribution, and 

• an as-welded DSS that was free from γ2 and significantly supressed intermetallic 

precipitation. 

 

This section will be structured through sub-sections, in which these phenomena and their 

effects will be discussed. 

 

5.9.1. Residual stress effect 

 

Practical experience has indicated not only external stresses introduced during service but 

also internal stresses accumulated during fabrication processes, such as machining, bending, 

welding and heat treatment are effective for fatigue performance of the assembly [160, 161]. 

Surface and sub-surface stresses are also a governing factor for the crack propagation. 

 

Residual stresses were observed to occur in all three weldments, GMAW, HPAW and PAW, 

because of incompatible thermal strains caused by heating and cooling cycles during the 

welding operations. Post-weld stress relieving heat treatment was not applied to these 

weldments because investigating the effect of γ2 was the primary concern, and if any thermal 

treatment was to be applied, γ2 would have precipitated in δ grains in FZ of HPAW and 

PAW. In fact, γ2 would be assessed as the primary factor that affects micro residual stress 

conditions [162] and changing the microstructure with respect to γ2 would make impossible 

to see its controversial effect on FCP in both air and sour environment. 

 

The residual stress distribution along the width (perpendicular to the weld line) and length 

(parallel to the weld line) of the welded plate is shown in Figure 73. The tensile residual 

stress field makes a maximum at the fusion line and nearby of it through both FZ and HAZ. 

In opposite to the GMA weldment, these tensile residual stresses make a minimum in the 

centre line of the weldments. A compressive residual stress field was observed through the 

centre line of the GMA weldment and the magnitude of the field increases in the direction of 

welding progress. 
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Figure 73. Presentation of residual stress distributions through the plate in two orientations, 

parallel and perpendicular to the joint line. 

 

It is known that, compressive residual stresses retard the FCP progress [163]. Figure 74 

represents an example of the records of fatigue crack closure. In the figure, difference 

between the lines indicates the modified crack opening displacement with the unloading 

elastic compliance method, as defined in the following relation; 

 

hi = h − ��,          (27) 

 

where ϕ is the crack opening displacement, ϕı is the modified crack opening displacement, P 

is the load signal and α is the compliance of the cracked specimen. 

 

Parry et al. [164] intended to investigate the effect of residual stresses on FCP in as-welded 

materials. They noticed that stress-relieving heat treatment had no considerable effect on 

FCP rates under tension-tension loading. Young et al. [128] pointed out that residual stresses 

were more effective on FCP than the microstructural factors; however they concluded that 

the redistribution of residual stresses during FCP tests should also have taken into the 

consideration. Shi et al. [165] described the welding residual stress redistribution in CT 

specimens and the crack closure concept. They also observed that welding residual stresses 

were indicative for FCP rate especially if the crack path was perpendicular to the joint line 

rather than parallel to it. 
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Figure 74. Records of fatigue crack closure by Ohta et al. [163]. 

 

On one hand, the compressive residual stresses were noticed as an advantage for GMAW 

specimens, especially for low ∆K data. On the other hand, machining a notch in the 

specimen, elastic redistribution of the stresses was expected [166]. Furthermore, residual 

stress relaxation that occurs during crack propagation [167, 168] was also beyond our 

observations, and has to be investigated through a case-specific project in the future.  

 

In the present study, the purpose of the residual stress analyses was framed in selection of the 

CT specimen location throughout the weld lines, obtaining a general impression about the 

macro and micro residual stress conditions, and their strain hardening consequences. CT 

specimens were sectioned from the parts of weldments where amplitudes of residual stress 

fields were as low as and as comparable as possible. Strain hardening conditions as a 

consequence of micro stresses will be involved in to the discussion in following sub-

sections.  

 

5.9.2. δ/γ phase balance effect 

 

Hardness of GMA weld was considerably higher than HPA and PA welds. It was detected by 

the micro-hardness examination that, relatively higher hardness values of the GMA 

weldment were due to the higher hardness values obtained at both δ and γ grains. 

Comparable macro residual stress fields at FL and HAZ of HPA and GMA weldments 

support the argument that precipitation hardening (secondary phases), solid solution 

hardening (solute redistribution) and strain hardening are principal determinants for the 

hardness, toughness and consequently FCP behaviour of as-welded DSS in air, as well as the 

phase balance and grain size. In addition to their involvement to the hardening, precipitation 

of secondary phases yield chemical imbalance in the material, hence have indirect effects on 

corrosion fatigue processes.   
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Table 14. Changes in the yield strength of DSS and its individual phases after cold working 

and aging processes [155]. 

  % σy 

   AR 8% Aged 

γ  57.1 425 805 420 

δ  42.9 565 555 675 

Bulk Experienced  545 705 610 

 Calculated  485 682 529 

 

 

Strain hardening of as-welded plates was expected due to the thermal residual strain. It is 

known that δ is influenced more markedly than γ during aging processes because mobility of 

solute elements is higher in δ, where precipitation of secondary phases is more favourable 

(Table 14). Besides, strain hardening capacity of γ is higher than the one of δ (Table 14). 

Therefore, strain hardening effect was attributed more to γ grains. Micro-hardness readings 

went along with magnitudes of the residual stress fields existing in the weldments. γ grains 

in FZ of GMA weldments were observed to be hardened more than the ones in FZ of HPA 

weldments (Figure 71). Whereas, no considerable difference in the hardness was observed 

between δ grains in FZ of GMA weldment and the ones in FZ of HPA weldment. 

 

Despite the difference in the hardness of primary phases, there was no preferential path for 

crack propagation during the tests in the laboratory air (Figure 75 and Figure 76). Cracking 

was mostly intragranular in both weldments. Secondary cracks were also present, and 

propagated both in δ grains and at δ/γ grain boundaries (Figure 77). The principle crack 

propagation micro-mechanism in air was the striation forming in γ grains. Some cleavage is 

also observed at δ grains (Figure 77). 
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Figure 75. Three different sections sliced from the same weld metal CT specimen. No 

preferential path for crack propagation progress was observed concerning different phases. 

 

 

 

Figure 76. A high magnification side view of the fatigue crack. 
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Figure 77. Cleavage at δ grains (left) and secondary cracks through δ grains of δ/γ grain 

boundaries (right). 

Petrenec et al. [173] investigated and compared the dislocation structures in super DSS 

specimens fatigued to fracture using uniaxial and biaxial cycling loadings with the 

equivalent strain amplitude. Figure shows the dislocation structures at γ and δ grains in DSS 

specimen fatigued in symmetrical tension-compression. Dislocation rich and free bands in 

the grains can be seen. The bands are parallel to {111} in γ grains and primary and 

secondary slip systems were observed to be (111) [-101] and (-111) [101] respectively, 

whereas the dislocation structures presented variability in δ grains and mostly vein structures 

were documented. The difference of the dislocation structures were related to the variation of 

the active slip systems in both phases by the researchers. FCC lattice of γ leads to only one 

active slip system and consequently a planar arrangement is produced [174].  

 

 

  

Figure 78. Planar arrangements in γ grains (left) and loop patches of dislocations in δ 
grains [175]. 

 

During examinations on side views of specimens sectioned from both weldments, plasticity 

marks were only revealed on γ phases at low ∆K values (Figure 79). At high ∆K values, not 
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only the abundance of these marks increased but also δ grains also contributed to the plastic 

deformation. 

 

 

  

Figure 79. Slip bands on γ grains observed using SEM. 

 

 

  

Figure 80. Crossed slip bands on γ grains observed using SEM during the present study 

(left) and using atomic force microscopy by Serre et al. [176]. 

 
It was documented that there was a difference in the morphology of slip bands depending 

upon whether they were revealed on γ or δ grains. Slip bands were straight and often inclined 

with respect to the loading axis (Figure 79). Length of these bands was very close to the size 

of the grains. As the plastic deformation was increased, two slip band set were visible within 

the γ grains, which were crossed (Figure 80 left). It could be suggested that the dislocation 
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slip mode was planar in γ, which has been confirmed by atomic force microscopy (Figure 

80 right) [173] and TEM (Figure 78) [173, 175]. 

 

Curvilinear slip bands were observed on the surface of δ grains at high ∆K values (Figure 

81). Some of these bands were connected to the neighbouring γ grain (Figure 81 right), 

whereas some of them seemed to be originated in δ grains from the plasticity process during 

testing. Crystallographic compatibility between δ and γ determines the dislocation transfer 

process in DSS [177, 178]; the Kurdjumov-Sachs (KS) crystallographic relation must be 

satisfied for such a BCC/FCC system: 

 
{111}FCC // {110} BCC and <011> FCC // <111> BCC,     (28) 
 

  

Figure 81. Slip bands on δ grains observed using SEM. 

 

5.9.3. Secondary phases and solute redistribution effect 

 

During side-view examinations, some particles were detected that promoted secondary 

cracks with the accumulation of slip bands in γ grains (Figure 82). EDX analyses indicated 

high Si and Mn in these particles, therefore they were probably oxides and sulfides of Si and 

Mn (Table 15). These inclusions were typical for both weldments and eliminating the 

formation of them is almost impossible in arc welding operations. Due to their secondary 

importance, neither intermetallic nor Cr-nitride precipitates’ effects on FCP will be subjected 

in this section, but γ2. 

 

Paris-Erdoğan relation parameters were measured and calculated from logarithmic 

transformations of the crack propagation rates with respect to stress intensity factor ranges, 

in the stable crack propagation stage of the FCP progresses (Table 16). GMAW yielded 

relatively better performances during FCP test in air and under chloride attack at high 

loading frequencies. 
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Figure 82. The particles that provide preferential site for side crack initiation in γ grains.  

 

Table 15. EDS analysis of the particles found in γ grains. 

 Al Si Nb Mo Ti V Cr Mn Ni Fe 

wt % 0.94 3.97 0.55 2.57 5.69 0.60 27.81 13.24 6.38 38.25 

 

 

 

Figure 83. Crack path on CT specimen sectioned from GMA weldment. 
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Pokluda et al. [176] investigated the fatigue threshold behaviour of the grade 2507 at 

temperatures -50oC, 20oC and 150oC and observed tortuous crack paths via crack deflection 

and branching mainly at δ/γ interfaces. They concluded that the fine grained duplex 

microstructure constituted the principal reason for the high FCP resistance in the near-

threshold region.  

 

Table 16. “n” and “C” Paris-Erdoğan definition parameters tabulated with respect to the 

welding method and testing environment. 

 
 

 

 

Figure 84. Graphical representation for the welding method and the testing environment 

incluence on “n” and “C” Paris-Erdoğan definition parameters. 

 

Thanks to relatively fine grain size and γ2 precipitates in FZ obtained using GMAW, multi-

pass weld metal was found to be more successful in air as far as the crack propagation 

resistance was concerned. It can be seen in Figure 83 that in primary γ grains 

(allotriomorphic and Widmanstätten) the fractured surface became less tortuous and crack 

was observed to be deflected more while in progress through γ2 colonies. The orientation 

relationships between intragranular γ2 and δ matrix are close to K–S with small deviations 
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[173] and if there is no threat for the chemical inhomogeneity, which is yielded by its 

precipitation process, γ2 seems to benefit FCP resistance. 

 

 

  

Figure 85. Side-section (left) and fracture surface (right) of the FZ in GMAW specimen. 

Secondary austenite in acicular form can easily be revealed on the fracture surface. 

 
It was observed that there was no significant difference in the FCP behaviour during the 

process in laboratory air and sour environments at high frequencies (Figure 84). However, at 

low frequency of testing, γ2 indeed generally provided a preferential path for FCP during the 

tests operated in 3.5% NaCl solution (Figure 85) and this affected the overall behaviour and 

its indicators (Figure 84). 

 

EDX analyses showed that there was a slight depletion in Cr and Mo in the neighbourhood 

of γ2 precipitates. Since the lateral resolution of SEM/EDS is typically 2 to 3 µm, the analysis 

giving limited data was understandable. Sathirachinda et al. [181] characterised the phases in 

the grade 2205 by means of SEM/EDS, TEM/EDS, magnetic force microscopy (MFM) and 

scanning Kelvin probe force microscopy (SKPFM). Immersing the material to HCl, HNO3, 

H2O and FeCl3.6H2O, it was verified by BSE-SEM graphs and AFM topographies that phase 

boundaries were preferential locations for dissolution. 

 

During high frequency tests, it could be said that there was no enough time for the attack of 

Cl-. Therefore, Cr and Mo depletion and the relatively low local PREN index did not make a 

significant difference concerning the role of γ2. But still there was a small difference in the 

FCP behaviour during the process in laboratory air and sour environments at high 

frequencies. Reduction in the crack growth resistance during low frequency FCP tests in 

NaCl solution might be related to the hydrogen pickup process. Depending upon atomic 

force microscopy analyses and micro-hardness examinations, Roychowdhury et al. [174] 

proposed that hydrogen absorption had more significant effect on γ then δ. They observed 

cracks of 150 to 200 nm in depth in γ grains just after hydrogen charging. Głowacka et al. 

[175] utilized electrochemical cathodic hydrogen charging to the grade 2205 and observed a 
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strong increase of dislocation (slip and twin) density in δ grains, whereas generation of 

stacking faults were noticed in γ grains. 

 

 

 

Figure 86. EDX analysis around a secondary crack. 

 

 

Figure 87. Pittings lead to favorable path for crack propagation. 
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Corrosion is a material diffusion and dissolution process and therefore time dependent, as 

well as chemical composition of the material and the environment. The strain energy and 

curvature of the surface govern the kinetics of the process. Once a crack is formed, the 

surface roughness evolves and the rate of the material dissolution increases resulting in pit 

formation. Pitting itself is a stress concentrator and therefore it may affect the preferred crack 

path. Stahle et al. [183] demonstrated how a pit becomes a crack in their study. They 

suggested that the material dissolution rate was proportional to the total available energy 

provided as elastic strain energy and surface energy. 

 

Adeli et al. [184] estimated the critical pitting temperature (CPT) of the grade 2205 was 

above 35oC if chemical homogeneity was ensured. Employing SEM, they observed that 

initiation of pits were in γ grains and suggested that lower PREN value of the phase was 

responsible for such a preference. Ebrahimi et al. [186] observed that increasing the 

sensitisation time reduced the CPT value.  

 

[187, 130, 188, 189, 190, 191, 192, 193, 194, 195]  
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CHAPTER 6 

CONCLUSION 

The study was set out to investigate, in the first place, the weldability of duplex stainless 

steel grade 2205, employing a recently developed welding process, hybrid plasma-gas metal 

arc welding. Not only the welding parameters that determines the specific point energy, but 

also the groove design had to be developed to obtain proper convections in the weld pool, 

which definitely governs the diffusion kinetics of interstitial and substitutional elements and 

phase transformations, as well as the solidification structure. The study, then, has sought to 

generate the preliminary data for crack propagation progress through such a non-

conventional fusion zone structure. The output of the study has provided interesting data and 

documents about the controversial effect of the intragranular secondary austenite precipitates 

in acicular form on crack propagation behaviour in the as-welded duplex stainless steel both 

in laboratory air and under chloride attack. 

 

During a design process of enclosing and structural assemblies, welding joints were assumed 

to have discontinuities and imperfections before the delivery, which are sometimes invisible 

or undetectable using existing non-destructive inspection (NDI) technologies. Therefore, 

linear elastic fracture mechanics approach is obviously sounds better than low- or high-cycle 

fatigue based approaches during any work that is supposed to interest the fatigue 

performance of weldments, such as for a fitness-for-service assessment and/or a damage 

tolerant design.  

 

Since the basic principle of this non-conventional welding process is based on the utilisation 

of two conventional welding techniques, namely gas metal arc welding and plasma arc 

welding, simultaneously and in the same torch, conventional gas metal arc welding and 

plasma arc welding torches and systems were also employed to fabricate the benchmarking 

specimens, which were also investigated through a comparative research and development 

methodology. 

Conventional gas metal arc welding is a well proven technique and as-welded duplex 

stainless steel fabricated by this method is available for service as long as the heat input and 

pre-heat temperatures are precisely controlled. However, the technique is based on 

conduction (melt-in) mode of welding that limits penetration and therefore efficiency as like 

other conventional arc welding techniques, because multiple weld passes are required to 

complete a thick section. Contrary to the conduction mode of gas metal arc welding, keyhole 

capability of plasma arc welding and hybrid plasma-gas metal arc welding techniques 

provided an opportunity of working with narrow-gap assemblies, and this led to complete the 
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process in a single run for the thickness of 11 mm. Less total heat input and high aspect ratio 

of keyhole welds resulted in narrower HAZ and less residual stresses in the joints. Whereas, 

excessive δ fraction in as-welded duplex stainless steel was an adverse effect of autogenous 

plasma arc welding, as similar to the other keyhole welding processes, the keyhole based 

hybrid welding technique, hybrid plasma-gas metal arc welding, emerged as a technique that 

promoted sufficient amount of γ in the microstructure with the advantage of addition of filler 

wire, consisting 4% excess Ni. Additionally, the high-power density and synergic capability 

of the technique led to a single-pass and secondary austenite free weldment with 

considerably limited amount of detrimental intermetallic and nitride precipitations, because 

the reason for formation of these secondary phases is linked to multi-cycle thermal 

treatments during a conventional multi-pass welding technique. 

This study concludes that hybrid plasma gas-metal arc welding makes keyhole welding 

applicable for DSS and manufacturers can reduce lead times and provide better metallurgy 

for DSS assemblies for critical service in marine and industrial environments. Its γ2-free FZ 

provides comparable fatigue crack propagation performance in air and definitely benefits the 

corrosion fatigue property of the weldment in sour environments. 

 

Microstructural and mechanical characterisation of the weldments fabricated utilizing hybrid 

plasma-gas metal arc welding should be enhanced and especially controversial effects of the 

secondary austenite have to be investigated further. Concerning fatigue crack propagation 

kinetics, additional tests at very low cycling frequencies (less than 1 Hz) have been 

scheduled. In addition to these low-frequency corrosion fatigue crack propagation tests, 

 

• Strain-induced transformation under cycling loading in, 

• Residual stress determination using X-ray diffraction, redistribution of residual 

stresses during fatigue crack propagation and the crack closure effect in, and 

• The effect of N2 constituent in the shielding gas on competitive growth during 

conduction and keyhole mode of welding of,  

 

as-welded duplex stainless steels (grade 2205 and higher alloyed grades) have also been 

scheduled for upcoming thesis works. 
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