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Abstract 

Austenitic stainless steel (ASS) is an ideal material choice for storing spent nuclear fuels 

(SNFs) in dry storage canisters (DSCs). However, due to the chloride-rich environments in 

which they operate, stress corrosion cracking (SCC) failures frequently occur in DSC weld 

joints manufactured using gas tungsten arc welding (GTAW). To mitigate this issue, the 

present investigation utilizes various peening techniques to enhance the SCC resistance of 

DSC weld joints. In this work, the effect of laser-based peening (laser shock peening (LSP), 

and laser shock surface patterning (LSSP)), and mechanical-based peening (shot peening 

(SP), and ultrasonic impact peening (UIP)) on SCC resistance of the GTAWôed ASS were 

investigated. The strain-induced martensite transformation, residual stress, surface 

roughness, and microstructure were studied in the weld joints and weld joints subjected to 

peening and correlated with SCC resistance. All the peening techniques induced grain 

refinement, enhanced surface properties, and introduced residual compressive stress (RCS) 

in the subsurface. The synergistic effect of RCS and grain refinement enhanced the SCC 

resistance of peened weld joints. Among the peened weld joints, UIPôed weld joints showed 

superior SCC resistance, followed by SP, LSP, and LSSP. The superior SCC resistance of 

UIPôed weld joints is attributed to the absence of strain-induced martensite transformation 

in the microstructure that was present in all other peened weld joints. The inferior SCC 

resistance of LSPôed and LSSPôed weld joints is attributed to residual tensile stress (RTS) 

on the surface, which caused crack initiation at an early stage. 
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Chapter 1: Introduction 

 
The United States (US) currently has over 80,000 metric tons of spent nuclear fuels (SNFs) 

and about 1500 dry storage canisters (DSCs) loaded with SNFs in 63 independent interim 

storage locations and is expected to double by 2048. The DSCs are located either near the 

coastal side or river\lakeside regions, where they are exposed to humid and chloride-rich 

environments throughout their lifetime [1,2]. The expected duration of SNF in the DSCs is 

more than 50 years. Hence, the long-term safety of DSCs is essential and unavoidable [3]. 

 The primary material for DSC application is austenitic stainless steel (ASS), more 

specifically, 304L stainless steel (SS), and it has impressive strength, toughness, ductility, 

and weldability [4]. In addition, this class of materials has superior corrosion resistance 

due to the presence of Cr, which forms protective Cr2O3 films [5,6]. Arc welding is the 

common joining technique for DSC.  

The gap analysis performed by the Department of Energy (DoE) reported that DSC 

weld joints are sensitive to chloride-induced stress corrosion cracking (SCC), and the 

extended safe storage of DSCs is a concern [7]. SCC in ASS weld joints occurs due to the 

combined effects of susceptible material, residual tensile stress (RTS), and corrosive 

environments [8]. The undesirable RTS found in DSCs arises due to the thermal effects of 

welding. RTS in the weld joint ruptures passive films and cracks initiate from the exposed 

region [9]. The DSC weld joints have no stress relief because the post-weld heat treatment 

causes sensitization. This often occurs in the heat-affected zones (HAZ) and develops 

chromium-depleted regions in the grain boundaries [10]. In addition, the metallurgical 

structural change in the weld joint also increases the propensity of SCC. Similarly, welding 
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followed by solidification causes the redistribution of elements, leading to Cr-depleted 

zones and significantly hampering the general corrosion resistance [11,12]. The SCC 

failure leads to nuclear radiation leakage, affecting the populations residing near the interim 

storage locations. For example, through-wall cracks were detected in the Koeberg nuclear 

power station reactor cavity, which was attributed to SCC issues [13]. This demonstrates 

the criticality of SCC in nuclear industries.  

 Therefore, enhancing the SCC resistance of DSC weld joints using promising repair 

techniques is in high demand to prevent leakage and subsequent exposure to nuclear 

radiation. SCC resistance can be improved by eliminating the RTS on the weld joints or 

changing the chloride environment [9]. Controlling the RTS on the weld effectively 

improves the SCC resistance, as the corrosion environment cannot be changed for specific 

applications. Introducing RCS can eliminate the SCC failure in the DSC weld joints [14]. 

The presence of RCS in the surface region delays the crack initiation, and its occurrence in 

the subsurface region prevents crack propagation to the bulk [15].  

 Severe plastic deformation-based (SPD) techniques are most frequently applied due to 

their ability to induce high-magnitude RCS and grain refinement [16,17]. In addition, the 

SPD process allows for continuous dynamic recrystallization (DRX), which can prevent 

corrosion due to the more significant amount of surface activation and grain refinement, 

promoting interatomic diffusion by developing a passive film on the surface [16,18,19]. 

Among the existing SPD techniques, peening techniques have been widely used. These 

techniques include but are not limited to laser shock peening (LSP) [20], laser shock 

surface patterning (LSSP) [21], shot peening (SP) [22], and ultrasonic impact peening 

(UIP) [23]. The effectiveness of the SPD process is interrelated to residual stresses and 
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plastic strain. Selection of a suitable SPD technique depends on flexibility, accuracy, 

controllability, and field of application [24]. The output parameters of the peening, such as 

RCS, grain refinement, surface roughness, and strain-induced martensite (Ŭô-phase), can 

affect the SCC resistance differently.  

 In the present investigation, four peening techniques, such as LSP, LSSP, SP, and UIP, 

were conducted on ASS 304L weld joints and U bend specimens; subsequently, SCC 

studies were performed in boiling MgCl2. This work explicitly focuses on the effect of each 

peening process on SCC resistance and correlates it to peening output parameters.   

1.1 Research objectives and outline 

The main goal of the proposed work is to enhance the SCC resistance of ASS weld joints 

by using peening techniques. The objective of this work is to understand the effects of 

peening on RCS, grain refinement, phase transformation, and surface roughness on ASS 

weld joints and their correlation to SCC mitigation. 

The following are the tasks conducted to achieve the above objectives.  

1. Fabricate ASS welds using GTAW and subsequent residual stress (RS) 

measurement. 

2. Perform peening experiments on ASS weld joints and U bend specimens followed 

by RS measurement.  

3. Perform the SCC testing on U bends made from the as-received plate, weld joint, 

and U bend specimen subjected to different peening techniques. 

4. Metallurgical characterization of weld joints before and after peening and on SCC 

failed U bends using an optical microscope (OM), scanning electron microscope 

(SEM), and transmission electron microscope (TEM). 
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The expected outcome of the current research work is the improvement in SCC resistance 

of ASS weld joints in chloride environments due to the synergistic effect of grain 

refinement and RCS induced by peening. 
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Chapter 2: Literature Review 

Over the past decades, chloride-induced SCC failures in ASS-based DSC weld joints have 

warranted the enhancement in SCC resistance of DSC weld joints. This is primarily due to 

ensuring long-term integrity, security, and safe storage of SNFs. Therefore, enhancing SCC 

resistance using promising repair techniques is in high demand. Among them, peening-

based SPD techniques are most popular because of the introduction of RCS, grain 

refinement, and improvement in surface structural integrity. The peening techniques can 

save further repair and rework costs associated with DSC weld joints. 

2.1 Steel 

Steel is the alloy of iron (Fe) and carbon (C) with other alloying elements such as chromium 

(Cr), manganese (Mn), and molybdenum (Mo) in appreciable concentration. The selection 

of other alloying elements for steel manufacturing depends on the requirement of 

mechanical properties for a particular application. For example, Cr is added for corrosion 

resistance, Mo is added for hardenability and creep resistance at elevated temperatures, and 

Mn is added for improved wear resistance [25]. In addition, the mechanical properties of 

steel depend on the amount of carbon content. Among the various alloy steels, stainless 

steel is the most popular category. 

2.2 Stainless steel 

The SS offers superior general corrosion resistance. The predominant alloying element in 

SS is Cr. This steel class contains Cr in the range of 16-24 wt.%. To further improve the 

corrosion resistance, alloying elements such as nickel (Ni) and Mo can be added [26]. The 

SS can be further classified based on the predominant volume fraction of the phases in the 
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microstructure. Based on this classification, SS are categorized into austenitic, ferritic, and 

martensitic SS. However, in some instances, the SS possesses two major phases in the 

microstructure, called duplex SS [27]. Among the SS categories, the austenitic-based SS is 

the most popular, widely produced, and corrosion-resistant compared to other groups 

because of the presence of Cr and Ni alloying. 

2.2.1 Austenitic stainless steel  

Historically, ASS grade has been utilized as a reliable material for various industries, such 

as nuclear and chemical. The attraction towards such material is due to its impressive 

toughness, ductility, and ease of weldability [28]. Additionally, due to the influence of Cr, 

protective Cr2O3 film is typically formed and maintained due to the reactivity of the 

alloying element [5,6]. For DSC applications, the most widely used ASS is the SS 304L 

and SS 316L. The L in these steels represents a lower carbon content than the regular SS 

304 and SS 316 grades. The reduced carbon content in SS 304L and SS 316L helps to 

prevent intergranular corrosion during welding [29]. Even though SS316L possesses 

superior corrosion resistance than SS 304L, it won't be recommended for DSC application. 

This is due to the easy weldability of SS 304L [9]. 

2.3 Dry storage canisters 

DSCôs are used to store SNFôs at interim storage locations safely. Currently, the US has 

over 80,000 metric tons of SNF at interim locations, which are expected to double by 2048. 

Modern DSCs consist of an SS canister within an overpack that protects the canister from 

extreme weather conditions. [4]. DSCs are manufactured using arc welding techniques. 

Before welding, the SS 304L is cold worked by forging and rolling.  The primary material 
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for DSCs application is ASS. More specifically, ASS 304L grade is adopted because it 

possesses superior mechanical properties such as strength, toughness, weldability, creep 

strength, and corrosion resistance [30]. During DSC's service life, they are exposed to 

humid and chloride-rich environments. The surrounding air that cools down the DSC 

contains salt aerosols that deposit on the walls and form an aggressive aqueous brine, 

enabling localized corrosion [1,2]. Even though ASS possess corrosion resistance, they are 

susceptible to SCC and pitting corrosion [31]. DSCs at the interim storage location are 

shown in Figure 2.1 (a), and the sectional view of DSCs in a concrete overpack is shown 

in Figure 2.1 (b).  

 

Figure 2.1. (a) DSC at the interim storage location and (b) sectional view of DSC in a concrete 

vault. Reproduced from [32,33]. 

2.4 Welding techniques  

The most used welding techniques for joining DSCs are gas metal arc welding (GMAW)/ 

and gas tungsten arc welding (GTAW). These techniques are considered a versatile process 

of joining ferrous and non-ferrous materials. This process involves creating an arc between 

a continuous filler wire and the substrate material to be joined. A welding power source 

provides the electrical energy for the process. A shielding gas is provided to protect the 



8 

 

 

 

weld pool during the process. The advantages include simple components, the ability to 

weld a wide range of materials, all-position welding, lower heat input, minimum weld 

spatter, and easy automation [34,35]. Both these techniques develop coarse microstructure 

in the FZ, which affects the quality and integrity of the DSC welds. The melting and 

solidification during welding develop RTS, the most critical factor affecting the SCC 

resistance. Fusion-based welding leads to higher HAZ and HAZ width, weakening the weld 

joint. Heat treatment can be applied to relieve the RTS in the weld joint. This situation leads 

to chromium depletion in the HAZ and intergranular corrosion [10,36]. The gap analysis 

performed by the Department of Energy (DoE) reported that GMAW joints were sensitive 

to SCC [7]. GMAW can also be applied as a repair technique to relieve the RTS; however, 

this situation leads to segregated microstructure and shrinkage stress in the newly formed 

HAZ [37].  

2.5 Stress corrosion cracking  

Despite having high corrosion resistance, ASSs are highly vulnerable to pitting corrosion 

and SCC [31,38]. SCC occurs without warning, and there is no sign of crack propagation, 

ultimately leading to failure. The cracks observed in the reactor of the Koeberg nuclear 

power station and Turkey nuclear-generating station are some examples of SCC [13]. SCC 

in ASS occurs due to the combined effect of sensitive material, corrosive environment, and 

RTS [8]. SCC susceptibility of the material strongly depends on surface integrity and 

surface mechanical properties. SCC resistance can be improved by eliminating the RTS on 

the weld joints or changing the chloride environment [9]. There is no unified mechanism 

that describes the SCC. In many real-life applications, it was observed that pitting is the 
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precursor to the SCC. More specifically, it is chloride-induced SCC because of the 

deliquescence of chlorine in DSC welds. The SCC mechanism is a two-step process in 

which the crack initiation occurs first, then crack propagation occurs [39]. In each stage, 

different mechanisms dominate. This involves a predominance of electrochemical 

mechanics at the crack initiation stage and dominance of metal separation during the 

propagation stage. Even though most chloride-induced SCC studies discuss crack initiation 

and propagation, there is always a pit initiation stage. For the pit to initiate, there is always 

an incubation time, and this time represents no pit formation.  Another form of SCC 

common in the nuclear industries is the irradiation-assisted SCC (IASCC). This is a 

complex form of material degradation that affects the core components in the nuclear 

industry, especially components made from ASS and nickel-based alloys [40]. Irradiation 

causes significant changes in materials, such as the introduction of precipitates and, 

dislocation loops and cavities. In addition, irradiation causes the segregation of impurities 

and alloying elements [41]. However, the present work focuses on the chloride-induced 

SCC of DSC weld joints. The IASCC is not considered for the present work. 

2.5.1 Crack initiation stage 

ASS contains the passive protective layer with a nano-scale thickness on the surface; these 

forms naturally, which can prevent the electrochemical attack arising from the aggressive 

environment and subsequent pit initiation to an extent. However, the passive layer on the 

surface is highly susceptible to localized attack by chloride ions [42]. This causes a high 

dissolution rate of the underlying metal. An illustration of SCC is represented in Figure 

2.2. There are three stages of the SCC: incubation time, pit growth, and crack growth [43] 
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(Figure 2.2 (a)). However, once the incubation time is over, the pit initiates on the surface, 

where the passive layer gets damaged. Initially, pits of small dimension nucleate and are in 

a metastable condition. During the pit growth stage, the cracks nucleate at the pit sites, and 

during the crack growth stage, the nucleated crack propagates into the bulk material 

(thickness direction). The phenomenon of crack initiation on a macroscopic scale is 

illustrated in Figure 2.2 (b). The pits on the damaged layer serve as the anode, and the other 

region, which contains the passive layer, acts as a cathode.  

 

Figure 2.2. The SCC process (a) stages illustrating the pit initiation to crack propagation, 

(b) magnified view showing the SCC initiation. 

2.5.2 Propagation stage 

The cracks nucleate from the pit and propagate from the surface to the bulk of the substrate. 

During this propagation time, many cracks can interact with each other. The crack tip is 

distinguished by its high metal ion concentration. The crack tip is negatively charged, and 

metal ions migrate toward the crack tip. The metal ion concentration increases at the crack 



11 

 

 

 

tip, and metal dissolution occurs [44]. The rapid propagation of SCCs is due to the presence 

of RTS and metal dissolution. The rate of metal dissolution increases with time, as does the 

rate of SCC propagation [45]. Furthermore, the occurrence of SCC has warranted the 

enhancement of corrosion resistance of weld joints to ensure long-term integrity, security, 

and regulatory compliance of SNF storage.  Therefore, enhancing SCC using promising 

repair techniques is in high demand to prevent leakage and subsequent exposure to nuclear 

radiation. The SCC issue can be mitigated by preventing at least one of the three 

aforementioned factors. Generally, for a specific application, the environment cannot be 

changed; hence, the RTS in the weld joint is the only factor that can be manipulated to 

control the SCC [14]. The RTS in the weld joint can be changed to RCS by using various 

SPD techniques. These SPD techniques can mitigate the failures such as corrosion and 

fatigue [16ï19]. The improvement in surface properties by peening can significantly 

enhance the longevity and service life of the DSCs by preventing potential SCC failures. 

2.6 Peening techniques 

Peening has been widely perceived as a simple, most effective, and industrially reliable 

surface modification method. Generally, SP, UIP, and LSP have been the most used 

peening techniques for surface modification. Scholars demonstrated that peening 

techniques significantly enhanced surface mechanical properties [46ï48], refined the 

surface microstructure [49,50], induced RCS [51,52], and changed the surface topography 

[53,54]. Many controllable parameters are associated with peening, and parameter 

selection for peening is cumbersome in every process [55ï57]. Inappropriate selection of 

peening parameters leads to harmful effects, such as reduced service life, increased surface 
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roughness, and decreased component performance [58]. The following section discusses 

the various peening techniques conducted on ASS 304L weld joints to mitigate the SCC 

failures. Based on the source of SPD, this technique can be further divided into two 

categories. They are laser-based and mechanical-based peening techniques. The laser-

based peening techniques include LSP and LSSP. The mechanical-based peening 

techniques can be classified as SP and UIP. 

2.6.1 Laser shock peening 

LSP fundamentally involves interacting with a high-energy pulsed laser with the coated 

substrate in a confinement medium. The surface of the substrate materials must be coated 

with sacrificial materials to absorb the intense energy and thereby prevent material 

ablation. The commonly used coating includes copper, zinc, aluminum, and black paint 

[59,60]. LSP can be carried out without a protective coating (LSPwC) or with a protective 

coating (conventional). The protective coating primarily aims to prevent thermal ablation 

by absorbing the laser's intense energy [20]. A laser-induced plasma forms when a high-

energy laser beam strikes a coated substrate in confinement, which vaporizes ablative 

material [61]. Since the confinement surrounding the coated substrate prevents the plasma 

from expanding freely, this creates a high-pressure shock wave [62]. As a result, the 

substrate material is subjected to a nano-second/femtosecond laser pulse. Upon impact, the 

laser pulse induces a high-pressure (order of GPa) shockwave, resulting in severe strain 

rates (105/sï106/s) along the surface [63]. This results in plastic deformation, the formation 

of RCS, and a work-hardened microstructurally refined layer [64ï66]. LSP is an 

encouraging surface modification that enhances corrosion, wear, fatigue, and other 

mechanical properties [67ï69]. Lu et al. [70] studied the effect of LSP on the SCC 
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resistance of three types of U bend samples made from SS 304L in boiling MgCl2. The first 

U bend was prepared from the as-received plate, the second from an as-received plate 

subjected to LSP, followed by U bending. The third U bend is made from the as-received 

plate and subjected to LSP. The authors conclude that the presence of RTS and coarse grains 

in the first two U bends caused SCC failures in boiling MgCl2 (Figure 2.3 (a), (b)). 

However, the third type of U bend showed no sign of cracks (Figure 2.3 (c)) because of the 

grain refinement and RCS synergistic effect. This reveals the beneficial nature of LSP in 

enhancing the SCC resistance. 

 

Figure 2.3. OM of the SCC tested (a) the first U bend, (b) the second U bend, and (c) the third U 

bend. Reproduced [70]. 

LSP generates high-level RCS and refines the original grain in the surface layers. The 

presence of RCS on the surface can delay crack initiation, and RCS in the depth direction 

can slow down micro-crack growth on the surface. Luo et al. [71] demonstrated the grain 

refinement mechanism during LSP on ASS 304. The authors observed that the original 

coarse grain was subdivided into mechanical twins, twin-matrix lamella, and dislocation 

lines. The TEM images of the original coarse grain and grain refinement mechanism after 

LSP are shown in Figure 2.4. Grain refinement during LSP increases the number of triple-

grain boundary junctions and the probability of arresting a crack before it reaches a critical 

length. Therefore, a decrease in grain size increases the probability of crack arrest, leading 
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to a higher resistance to crack propagation [42]. LSPwC is a high-strain-rate thermo-

mechanical process that induces deeper compressive stress during plastic deformation [67]. 

LSPwC has received more attention recently due to its ability to induce higher and deeper 

RCSs and work hardening [72]. 

 

Figure 2.4. TEM of (a) coarse grain in the substrate, (b,c, and d) refined layer showing various 

microstructural features.Reproduced [71]. 

In addition, the protective coating preparation for the LSP is time-consuming and not 

industrially economical. The LSPwC is a thermal and mechanical coupling technique that 

can produce superior surface strengthening than LSP due to the combination of SPD and 

rapid heating/cooling rates [73]. However, there is minimal literature on the effect of 

LSPwC on the 304L grades and, more specifically, for 304L weld joints. This is significant 

because the elemental composition of 304L is fundamentally different compared to the SS 

304L weld joints, thus resulting in varying mechanisms. Kalainathan et al. [74] 

experiments with LSPwC on SS 316L revealed high surface RCS, superior corrosion 
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resistance, and a 30% to 40% increase in microhardness. Yoo et al. [75] reported the 

enhancement in SCC resistance of SS 304L weld joints in boiling MgCl2. Sano et al. [67] 

demonstrated that LSPwC can inhibit SCC initiation and propagation in SS 304L and SS 

316L. Various researchers also reported significant improvement in SCC resistance during 

LPSwC on other alloy welds [76,77]. Interestingly, some researchers reported 

contradictory results about the nature of stress on the surface during LSPwC. Lu et al. [78] 

reported RCS on the peened surface during LSPwC on SS 304L. This is also supported in 

the works of Prabhakaran et al. [79]. However, Nataraj et al.'s LSPwC experiments [80] on  

SS 304L revealed the presence of RTS on the surface and RCS in the sub-surface region. 

This is corroborated in the works of Pravaeenkumar et al. [81]. In LSPwC, mechanical and 

thermal effects competition occurs during each pulse. The presence of surface RTS can be 

attributed to ablation. After the LSPwC, the region cools down and contracts. This 

contraction is resisted by surrounding material. This develops RTS on the surface. The RCS 

in the subsurface region is because of the synergistic mechanical effect induced by shock 

wave propagation, which causes non-uniform plastic strain and minimal laser ablation [82]. 

It remains unclear how the LSPwC can affect the SCC resistance. Hence, there is an 

increasing need to see how the RTS on the surface and RCS on the sub-surface play against 

the SCC. The effect of LSPwC on SCC resistance of ASS weld joint will be discussed in 

this work and its effect on SCC mitigation mechnsims were explained. 

2.6.2 Laser shock surface patterning  

As discussed, the LSP develops RCS and grain refinement. However, the intense shock 

wave pressure and laser energy increase the surface roughness and volume fraction of Ŭô-
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phase (ὅȟ). Both these factors can detrimentally affect the SCC resistance [38,79]. The 

SPD associated with LSP is always accompanied by a surface roughening effect with 

deleterious surface features [83,84]. An increase in surface roughness causes stress 

concentration and promotes more pits on the surface, leading to crack initiation and 

propagation [24]. The Ŭô-phase forms on the grain boundaries deplete the chromium and 

cause selective dissolution of the Ŭô-phase, developing a path for cracks to nucleate and 

propagate [85]. Hence, this situation outperforms the beneficial effect of RCS and grain 

refinement induced by LSP. Many studies conclude that the formation of Ŭô-phase and high 

ὅȟ affects the SCC resistance significantly [86,87]. Lu et al. [88] developed a method to 

heat the specimen to reduce the ὅȟ during LSP. Their studies conclude that with the rise 

in the temperature of the specimen, the ὅȟ increased first, then reduced above 100 ÁC. They 

summarized that due to temperature rise, the Ŭô-phase transformation is limited, enhancing 

SCC resistance. The ɻȟ-phase transformation is a function of strain, strain rate, and 

temperature [89]. To mitigate the harmful effect of surface roughness and high ὅȟ, a novel 

method of laser-based surface modification, namely "laser shock surface patterningò 

(LSSP), is developed and applied on ASS weld joints. The thermo-mechanical coupling 

effect during LSSP can somewhat limit the Ŭô-phase transformation [90]. The laser-based 

shock wave during LSSP simultaneously caused strengthening and patterning effects by 

forming anti-skew surfaces with an array of micro indentations [91]. This reduces the 

effective contact area between the corrosive environment and the substrate surface [92]. In 

a corrosive environment, reducing contact surface area can reduce the corrosion rate. 

During LSSP, a composite heterogenous solid-liquid-air interface forms on the substrate, 

making the surface hydrophobic with low surface energy. LSSP has enormous applications 
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for diverse research areas such as corrosion, wear, self-cleaning, heat transfer, and anti-

sticking surfaces. Implementing LSSP can create micro/nano-scale surface features on 

many metallic substrates such as stainless steel, copper, aluminum, zinc, and titanium for 

diverse applications [93ï96]. Lara et al. [94] demonstrated the superior corrosion resistance 

of laser-patterned aluminum. They concluded that the micro-scale surface features prevent 

the corrosive species penetrating ability and direct contact with the surface. Saqib et al. 

[97] developed nano-scale surface patterns on SS by laser texturing, revealing enhanced 

corrosion resistance. The authors summarized that the micro-patterns reduce the fractional 

area of the solid-liquid interface and effectively reduce the interaction between corrosive 

species and the surface. The LSSP experiments on current research work focus on how the 

pattern imprinted on the ASS 304L weld surface affects the SCC resistance. The micro-

pattern formation during LSSP is correlated to surface roughness, Ŭô-phase, grain 

refinement, and RCS.  The LSSP experiments can provide a deeper understanding of how 

the output parameters of LSSP affect SCC resistance. The next section discusses the effect 

of mechanical-based peening techniques on the SCC resistance of ASS 304L weld joints. 

2.6.3 Shot peening 

SP was introduced in the 1950s to enhance the fatigue properties of aerospace components 

[22]. However, this technique has been effectively applied to many engineering materials 

for the past seven decades. SP refines the microstructure, developing phase 

transformations, increasing work hardening, changing surface topography, and inducing 

RCS. Spherical shots made of different materials, such as metals, glass, and ceramics, are 

used in this process. These shots are directed towards the target material through a gun that 
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is working on compressed air. These shots impact the target material with high velocity so 

that the material is elastoplastically deformed, and during the recovery process, RCS is 

induced on the surface [98,99]. The induced stress imparts superior properties and helps to 

decrease the susceptibility to failure originating from the surface. The SP can effectively 

hinder crack propagation and prevent fatigue, fretting, and SCC failures. The key input 

factors during SP are peening intensity and peening coverage [22]. Generally, coverage 

implies the area of the surface that is considered for SP.  A 100 % coverage occurs when 

the considered surface area is covered by atleast one dent [100]. Choosing severe peening 

parameters during SP can lead to severe SP (SSP) [101]. Zhiming et al. [38] conducted SP 

experiments with varying pressure on ASS 304L weld joints and studied the SCC 

resistance. The authors identified that 0.4 MPa shot peening pressure yields the maximum 

SCC resistance. Grain refinement emerges as a significant factor at pressures below 0.4 

MPa, while pressure above 0.4 MPa highlights the dominance of phase transformation. 

Higher SP pressure increases the ὅȟ, detrimentally affecting the SCC resistance [102]. In 

addition, Okido et al. [103] showed that SP treatment can enhance the SCC resistance of 

SS 304 specimens. The authors indicated that the existence of RCS played a crucial role in 

mitigating the breakage of the protective oxide film. Kang et al. [104] employed micro-

shot peening (MSP) on SS 304 and SS 316 weld joints and studied the SCC resistance. The 

authors tested U bend specimens made from SS 304 and SS 316 weld joints in 10% NaCl 

at 80ÁC. Formation of nanostructures, Ŭô-phase,  and introduction of RCS in the weld joints 

were reported. The salt spray experiments showed the formation of many pits on both 

unpeened welds, as shown in  Figure 2.5 (a), (b). However, after SP, the pits was not 

observed on the U bend surface (Figure 2.5 (c), (d)). The authors revealed that fine grain 
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formation and RCS prevented the crack initiation and propagation of the SS 304 and SS 

316 weld joints, thus improving the SCC resistance. 

 

Figure 2.5. Surface morphology of the (a) SS 304 weld, (b) SS 316 weld, (c) MSPôed SS 304 

weld, and (d) MSPôed SS 316 weld. Reproduced [104]. 

 

The current research work on SP of ASS 304L weld joint focuses on how peening coverage 

affects the RCS, grain refinement, Ŭô-phase, and surface roughness. This research primarily 

aims to correlate these factors and compare the effect of the output parameters of SP with 

SCC resistance. 

2.6.4 Ultrasonic impact peening 

Peening with high-frequency ultrasonic oscillation existed in the early 1960s. It involves a 

frequency of more than 20 kHz applied using cylindrical working heads to the substrate 

such that the material is subjected to SPD and RCS induced on the surface of the substrate. 

This SPD helps in grain refinement, microstructural modifications, existing RTS removal, 

and closure of existing microcracks [105]. The dense layer formed during UIP on the 

surface improves hardness, wear resistance, and corrosion resistance and enhances the 
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fatigue life of the substrate [106]. These deformations developed during UIP cause changes 

in the physical and mechanical properties of the substrate. The promising advantages of 

UIP are process parameters that can be easily controlled, minimum energy consumption, 

wide industrial applications, and potentially no pollution [49,50]. The primary components 

in ultrasonic peening equipment involve a high-voltage power supply to operate the 

peening gun, a transducer, a concentrator, and an impact tool. When the electric power 

supply is turned on, the transducer produces a standing wave, further amplified by the 

concentrator and then transferred to the tool. The tool transmits this vibration as an impact 

to the surface; thus, the material is subjected to SPD. UIP is widely considered a promising 

repair method for structural assemblies manufactured using welding [51]. The uniqueness 

of UIP is better controllability of process parameters, minimum energy consumption, 

potentially no pollution, ease of operation, and accuracy. To conceptualize the UIP process, 

a cylindrical pin synergistically oscillates and impacts along the surface of the substrate. 

The high frequency associated with UIP causes the substrate to be mechanically peened 

with greater impacts within a short period [107]. This repeated impact induces incredibly 

high strain rates (104 /s to 105 /s) [108]. The UIP process changes the materialôs physical 

and mechanical properties, such as surface hardness, corrosion, and wear. The UIP 

develops a gradient microstructure with gradient variation in mechanical properties. 

Abdullah et al. [109] studied the influence of UIP on welded stainless steel 304 sheets. The 

results indicate that UIP increased the fatigue life of weld joints by 120%, fatigue strength 

by 29%, hardness in the weld metal and weld toe were higher than the base metal, and 

improved corrosion resistance. Microstructural modification occurs during UIP, such as 

dislocations, dislocation-dislocation interaction, and formation of mechanical twins. Ling 
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and Ma [51] carried out UIP experiments on TIG welded 304 SS sheets and elucidated that 

UIP induced a hardened layer on the surface, and ultra-fine grains were observed in the 

hardened layer, which increased the corrosion resistance. Given its capability to change 

surface integrity and mechanical properties, the current study of UIP on ASS 304L weld 

joints discusses the effect of RCS and grain refinement on SCC resistance. 

2.7 Strain-induced martensitic transformation 

Based on the iron-carbon equilibrium diagram, the ɔ  phase is stable above 727ÁC (Figure 

2.6). The ɔ  phase in ASS 304L is metastable at room temperature and  readily transforms 

strain-induced martensite (ɻȟ-phase) during SPD [102]. The ɻȟ transformation depends on 

the strain, strain rate, and temperature. ɻȟ transformation is diffusionless and and occurs at 

a rapid rate. During ɻȟ transformation, the composition change is absent. The intense SPD 

by peening process has been commonly reported to cause ɻȟ transformation. The ɻȟ  

formation is attributed to the dislocation-based mechanisms of the ASS 304 L due to the 

low stacking fault energy (SFE). Generally, during SPD the ASS undergoes ɻȟ 

transformation, due to the high amount of work hardening. However, for UIP techniques, 

the strain rates are lower than those required for martensitic transformation (106/s). Hence, 

the excess dislocations can impede the activation and further movement of neighboring 

dislocations and prevent the ɻȟ transformation [110]. During laser-based peening 

techniques such as LSP and LSSP, ultrahigh strain rate (106/s)  SPD occurs, which leads to 

ɻȟ transformation. At high laser intensity, the time required for heat transfer between the 

deforming material and the surroundings is insufficient. The excess heat energy due to SPD 

and the latent heat of exothermic phase transformation leads to adiabatic heating, 
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increasing the temperature of the deforming material and suppressing the ɻȟ [112]. The ɻȟ 

phase forms on the grain boundaries and depletes the chromium in grain boundaries. The 

selective dissolution of ɻȟ develops a path for cracks to nucleate and propagate [102].   

 

 

Figure 2.6. Iron-carbon diagram. Reproduced [111]. 

2.8 Research gap 

Most of the literature on SCC mitigation in ASS 304L weld joints using peening techniques 

was focused on RCS and grain refinement on the surface. However, there is a lack of 

understanding of the effect of grain refinement and RCS on SCC mitigation in the 

subsurface regions. In addition, the crack propagation path and Ŭô-phase on SCC resistance 

were not well established. By understanding this knowledge gap, the present research work 
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focuses on the effect of peening on RCS and grain refinement on the surface and subsurface 

region and their effect on SCC mitigation in ASS 304L weld joints. In addition, the stress-

assisted microstructural changes (Ŭô-phase) and surface roughness mechanisms on SCC 

initiation on the surface and their propagation to the subsurface region were investigated. 

The current research can provide a deeper insight into the effect of peening output 

parameters such as RCS, grain refinement, Ŭô-phase, and surface roughness on the SCC 

mitigation mechanism. 

2.9 Present work 

The present investigation focuses on four peening techniques, such as LSP, LSSP, SP, and 

UIP, on ASS 304L weld joints. The SCC experiments were performed on U bend 

specimens made from as-received plates and weld joints and subjected to different peening 

techniques in boiling MgCl2. This work understands the effect of each peening process on 

RCS, grain refinement, surface roughness, and Ŭô-phase and its correlation to the SCC 

resistance. 
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Chapter 3: Materials, Methods, and Characterization 

This chapter presents the material used, the welding process, peening techniques, and 

characterization methods. The weld joints, peened weld joints, and SCC tested U bend 

specimens were studied and characterized using different equipment. Detailed discussion 

on the welding process, peening techniques, and characterization methods are elucidated.    

3.1 Austenitic stainless steel 

ASS 304 L plates were acquired from Grainger Industrial Supply (Reno, NV, USA). The 

obtained plates are based on ASME SA240/ASTM A420 standards and closely resemble 

the materials used for nuclear canisters. The plates are cold rolled with a dimension of 150 

mm x 150 mm x 5 mm thickness. The ASS 304L steel is fully austenitic. The chemical 

composition of the steel plate is indicated in Table 3.1. 

Table 3.1 Chemistry of ASS 304L plates in (wt.%). 

C Mn P S Si Cr Ni N 

0.03 2 0.045 0.75 0.75 18 8 0.10 

 
3.2 Gas tungsten arc welding 

Before performing the welding experiments, the ASS 304L plates were machined to 

produce a single V-groove. The single V groove design provides a strong weld joint and is 

relatively easy to fabricate. The V spacing contains weld metal, which can be applied only 

from one side of the plates. Figure 3.1 (a), (b) design on ASS plates and the GTAW process. 

These plates were subjected to GTAW using a commercially available QW-404 filler. The 

voltage and current were held at 12 -14 V and 120 A. The ASS plates before welding and 

after welding are shown in Figure 3.1 (c), (d). Furthermore, the welded specimens were cut 

into pieces for mechanical and microstructure characterization. 
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Figure 3.1. Schematic design of the (a) V-grove plates, (b) schematic of the welding process, 

and the GTAW welding process (c) before welding, (d) after welding. 

 
In reality, the ASS steel plates are thick (5/8 inch), and multipass welding is required to get 

a perfect joint. The present welding experiment is a miniature version of the actual weld 

joint in DSCs. 

3.3 Peening techniques  

Before performing the peening experiments, the weld plate was examined visually for weld 

defects to ensure no visible defects were present. Then, the welded plates were cut into 150 

mm x 50 mm pieces perpendicular to the rolling direction for performing peening. The 

peening experiments were conducted on weld joints, and U bend specimens made from 

weld joints. 

3.3.1 Laser shock peening  

The LSP experiments is conducted at LSP Technologies (Dublin, Ohio, USA) with a 

robotic ProcudoÈ 200 Laser Peening System with a Q-switched, Nd: YLF laser. The LSP 

experiments were performed without a protective coating, referred to as LSPwC. The 
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actual LSPwCôed ASS 304L weld specimens are shown in Figure 3.2 (a). The pictorial 

representation of the 30% and 50% overlap ratio used in the experiment is shown in Figure 

3.2 (b), (c).  

 

Figure 3.2. (a) Actual photograph of the LSPwCôed ASS 304L weld joints, (b) and (c) is the 

pictorial representation of the LSPwC specimen with an overlap ratio of 30% and 50%, 

respectively. The peening is carried out in the ñXò direction, the ñYò direction is the stepping, 

and ñZò direction is the normal direction (out of the paper). 

The peening direction is the X direction and is perpendicular to the weld joint. For 

performing LSPwC experiments with 30% and 50% overlap, the laser has to move along 

the Y direction, which is considered the stepping direction. The Z direction is the normal 

to the weld plate (out of the paper). The LSPwC parameters are discussed in Table 3.2. The 

confinement layer used was water. Among these four different parameters, one of the 

optimum parameters (based on surface roughness, RS, and plastic strain) was identified 

and used on U bends. 

Table 3.2 LSPwC parameters. 

Sample designation Power density (GW/cm2) Overlapping ratio 

LSPwC-A 7 30 

LSPwC-B 7 50 

LSPwC-C 9 30 

LSPwC-D 9 50 
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3.3.2 Laser shock surface patterning 

The LSP experiments were conducted at the Surface Engineering and Tribology Lab in the 

Mechanical Engineering Department at the University of Nevada Reno. The schematic of 

the LSSP process is shown in Figure 3.3. 

 

Figure 3.3. The schematic of the LSSP process. 

 

The LSSP experiments were conducted by placing a mold with micro features on top of 

the base material (BM). Next, graphite was sprayed over the surface of the BM containing 

mold, which acts as an ablative material. A confinement medium was placed over the 

graphite-coated BM containing the mold. The interaction of the laser beam with the BM 

develops laser-induced plasma. The confinement medium prevents the free expansion of 

the plasma and leads to a high-pressure shock wave propagation into the bulk of the BM. 

Anti-skew surfaces with an array of micro features form on the substrate after LSSP. The 

mold is made of SS 304 wire cloth with 100 x 100 mesh size (ASTM E2016) acquired from 

McMaster-Carr (USA) with an open area of 30%. Confinement of  BK7 glass and ablative 
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coating of graphite were selected. The LSSP experiments were performed with a Q-

switched Nd-YAG laser with a wavelength of 1064 nm and a pulse duration of 5 ns. Four 

laser intensities were adopted, such as 1.5 GW/cm2, 3.5 GW/cm2, 4.5 GW/cm2, and 6.5 

GW/cm2. These specimens were named LSSP-A, LSSP-B, LSSP-C, and LSSP-D for 

brevity. The design of the LSSP'ed region on the weld joint is shown in Figure 3.4 (a). The 

SEM of the mold is shown in Figure 3.4 (b), which indicates the bar and hole region of the 

mold. The bar region acts as a mask, and the hole region produces micro-patterns on the 

surface. The mold was kept equidistant from the center of the FZ. The mold covers the FZ, 

HAZ, and BM. The actual LSSP'ed ASS 304 L weld joints are shown in Figure 3.4 (c). 

 
Figure 3.4. (a) The design of LSSP'ed region, (b) SEM of mold, and (c) actual LSSP'ed ASS 304 

L weld joints. 

 

3.3.3 Shot peening 

The SP experiments were performed at Industrial Metal Finishing (Placentia, California, 

USA). The SP experiments were conducted on the surface of the weld joint covering the 
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FZ, HAZ, and BM with different coverage, such as 100%, 500%, and 1000%. These 

specimens are designated as SP-100, SP-500, and SP-1000 for brevity.. The schematic of 

the SP is shown in Figure 3.5 (a). Stainless steel cut wire of 0.02-inch was used as shots. 

The Almen gauge of the A strip was employed with an Almen intensity of 12 A. The 

magnitude is given in ten thousand of an inch. Throughout the experiment, a pressure of 

82 PSI was used. The parameters used for SP on weld joints, are represented in Table 3.3. 

The actual SP experiment with varying coverage is shown in Figure 3.5 (b).  

Table 3.3 SP parameters. 

 

 

 

 

Figure 3.5. The (a) schematic of the SP and (b) actual SPôed specimen (SP-100). 

3.3.4 Ultrasonic impact peening 

UIP of the weld joint is performed at Progress Rail Services Corporation, a Caterpillar 

Company (Alabaster, Alabama, USA). The UIP process was applied using the UIP 6000 

controller and proprietary magnetostrictive transducer model. The controller settings were 

set to produce maximum amplitude (tool oscillation) and maximum RCS. The flat 

Specimens 
Almen intensity 

(A) 

Media 

 

Coverage (%) 

SP-100  

12 

 

SCW 20 

 

100 

SP-500 500 

SP-1000 1000 
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specimens were clamped to a worktable. Figure 3.6 (a) with a working area of 50 mm x 50 

mm. A 4-pin configuration is used for UIP (Figure 3.6 (b)). Each pin is 3 mm in diameter 

and has a 3 mm radius on the ends. UIP was applied to the weld toes first ( Figure 3.6 (c)), 

followed by the weld face, and then to the base metal. A high-frequency acoustic force of 

25 kHz is adopted in this experiment. UIP was applied for a total of 1.5 and 3.5 minutes 

for a coverage rate of 18 seconds per square inch and 42 seconds per square inch. The 

UIP'ed specimens had the signature of dimpled surfaces. The UIP-treated sample for 1.5 

minutes was referred to as UIP-A and 3.5 minutes as UIP-B.  

 

Figure 3.6. (a) Weld joint, (b) 4-pin configuration, and (c) UIP at the weld toe.  

3.4 Characterization techniques 

The BM, and weld joint, were hot-mounted and polished with SiC grit papers of various 

sizes. Then, specimens were subjected to wet polishing using diamond suspensions 

containing different particle sizes. A low-viscosity alumina-slurry paste containing 

0.05Õm particle is then used for final polishing to create a mirror finish surface. Phase 

analysis was performed on a Bruker-D2 Phaser (Bruker, Madison, WI, USA). X-ray 

Diffraction apparatus with Cu-KŬ radiation employed with 2ɗ ranging from 30Á to 100Á 

with a scan speed of 1 degree/min. The microstructural studies were performed after 
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etching the specimens using Carpenterôs etchant (122 ml HCl + 6 ml HNO3). The 

microstructure was captured using JSM-6010LA InTouchScope SEM (JEOL, Tokyo, 

Japan) and Thermo Scientific (Scios 2 Dual-Beam) ultra-high-resolution SEM. The 

microhardness test was conducted on the FZ of weld joint and peened specimens using a 

Tukon 1202 (Buehler, Lake Bluff, IL, USA) using a load of 50 gm and a dwell time of 10s. 

3.5 U bend preparation 

The U bend specimens were made at AAA MFG., INC (Reno, Nevada, USA) based on 

ASTM G30- 97 (2003), and the drawing depicting the dimension of the U bend is shown 

in Figure 3.7 [113]. A nut and bolt setup was made on the rear end of the U bend to avoid 

the spring back and keep the same stress level. Twelve U bend specimens were made for 

SCC testing. Two U bends were made from as-received plates, and ten U bends were made 

from weld joints. The U bends are made from weld joints subjected to different peening 

techniques, and the time for the first appearance of the crack during SCC test was noted 

and compared with unpeeend U bend made from the weld joint. The actual U bend 

specimen made from the as-received plate and weld joint is shown in Figure 3.8 (a) and 

Figure 3.8 (b). Once U bend is made, they are subjected to peening techniques. The LSP 

and LSSP on U bend are conducted by LSP Technologies (Dublin, Ohio, USA) and the 

Surface Engineering and Tribology Lab at Mechanical Engineering Department at the 

University of Nevada Reno, respectively. The SP and UIP on U bend are conducted at 

Industrial Metal Finishing (Placentia, California, USA) and Progress Rail Services 

Corporation, a Caterpillar Company (Alabaster, Alabama, USA), respectively. 



32 

 

 

 

 

Figure 3.7. Dimension of the U bend specimens based on ASTM G30-97 (2023). 

 

 

Figure 3.8. Actual U bend specimens made from (a) as-received plate and (b) weld joint. 
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3.6 Residual stress measurement  

The RS measurements were conducted on the weld joint, LSPwCôed weld joints, and SPôed 

weld joints, and U bend specimens subjected to LSPwC and SP at LSP Technologies 

(Dublin, Ohio, USA). The RS measurement of LSSPôed weld joints, UIPôed weld joints, 

and U bend specimens subjected to LSSP and UIP was conducted at the TEC-Materials 

Testing Division (Knoxville, Tennessee, USA). At LSP Technologies, the RS 

measurements were conducted using a Stresstech XStress G3 X-ray diffractometer in the 

modified ɢ geometry using the sin2Ɋ technique and Mn KŬ X-rays. Before performing 

actual measurements, the calibration was conducted using stress-free SS 304L powder. The 

residual stress measurements were conducted along the peening direction. The layer 

removal technique measures the RS and full width at half maximum (FWHM) along the 

depth direction. The material removal was performed using electropolishing with Leco L12 

solution (which is composed of 6 vol.% perchloric acid, 35 vol.% butyl cellusolve and 59 

vol.% methanol) on a ElectroMet 4 system from Buehler with a voltage of 34 V. Further 

layer removal corrections and strain gradient corrections were applied to the RS data. 

Similarly, RS measurements were made on the U bend specimen at three locations on the 

surface and sub-surface. The aperture size and linear oscillation varied to obtain a 

consistent result on the weld, obtained for the 1 mm aperture size and 3 mm linear 

oscillation. This setup provided the most consistent results with the lowest uncertainty bars. 

So, this configuration was used to measure the RS of the weld joint, LSPôed weld joint, 

SPôed weld joints, and U bends subjected to LSP and LSSP. Similarly, RS measurements 

were made on the U bend specimen at three locations on the surface and subsurface. The 

RS measurement parameters used at LSP Technologies are represented in Table 3.4. The 
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RS measurement conducted at the TEC-Materials Testing Division utilized a TEC 4000 X-

ray diffraction system, and data was processed using a software named "SaraTec Analysis 

Manager". Table 3.5 shows the parameters involved in the RS measurement at the TEC-

Materials Testing Division. 

Table 3.4 RS measurement parameters at LSP technologies. 

XRD parameter Description 

Radiation Mn K Ŭ 

Tilt angle (0º, ±18.7º, ±27º, ±33.8º, ±40º)  

Tilt oscillations ±3º 

Aperture size 3 mm for base material and 1 mm for weld  

Linear oscillation  2 mm for base material and 3 mm for weld 

Plane (Braggôs angle) 152.3º 

Xray-Voltage (kV) 30 

Xray-Current (mA) 6.6 
 

Table 3.5 RS measurement parameters at TEC-Materials Testing Division 

XRD parameter Description 

Radiation Mn K Ŭ 

Tube voltage (kV) 25 

Tube current 0.200 mA 

Collimator Circular with a diameter of 4 mm for weld joint 

Rectangular with 1.5 x 5 mm for U bend   

Linear oscillation  2 mm for base material and 3 mm for weld 

Plane (Bragg's angle) 152.5º 

Xray-Current (mA) 6.6 

 

The RS measurements were conducted from the center of the weld joint towards the right, 

covering FZ, HAZ, and BM. Measurements were made at the center, 2 mm, 4 mm, 6 mm, 

8 mm, 10 mm, 12 mm, 16 mm, and 24 mm from the weld center to the BM  (Figure 3.9 

(a)). Then, subsurface measurements were carried out at 25 Õm, 50 Õm, 75 Õm, and 100 
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Õm along the depth direction (ñ-Zò direction), as shown in Figure 3.9 (b). The RS 

measurement spots on the U bend specimens are shown in Figure 3.9 (c). 

 

Figure 3.9. The RS measurement locations (a) horizontal from the weld center to BM (b) OM of 

weld joint showing the subsurface measurement along the depth (ñ-Zò) direction normal to the 

surface and (c) RS measurement on U bend specimens. 

3.7 Stress corrosion testing 

The SCC experiments were performed based on ASTM G 36-94 (2018) in boiling MgCl2, 

and the setup is shown in Figure 3.10 [114]. The main components include a customized 

Erlenmeyer flask of 1 Liter with a side opening for the thermometer, condenser, trap, and 

tubing for the condenser. 400 ml of test solution for the Erlenmeyer flask is prepared by 

dissolving 600 gm of MgCl2.6H2O in 15 ml of distilled water. The Erlenmeyer flask is 

heated on a heating plate and allowed to boil at 155 Ñ 1.0 ÁC until the SCC failure occurs. 

Subsequently, the trap is attached to the condenser, and the water inlet and outlet for the 

condenser are connected. When the MgCl2 solution starts boiling, a constant boiling 

temperature is maintained at 155.0 Ñ 1.0 ÁC by adding distilled water. Only the U portion 
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of the U bend specimens is immersed in the solution, and the nuts and bolts in the U bend 

should be of the same material to prevent the galvanic corrosion effects.  

 

Figure 3.10. SCC test setup. 

Once SCC testing was completed, the failed specimens were mounted and polished. The 

cracks in the SCC tested specimens were studied. The nature of the crack, crack 

morphology, and crack propagation were studied using JSM-6010LA InTouchScope SEM 

(JEOL, Tokyo, Japan), Thermo Scientific (Scios 2 DualBeam ) ultra-high-resolution SEM 

and JEM-2800 STEM (JEOL, Tokyo, Japan). 
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Chapter 4: Laser-based peening techniques on ASS weld joints 

This chapter discusses the effect of two laser-based peening techniques, such as LSP and a 

novel LSSP, on the SCC resistance of ASS 304L weld joints. The intense energy from the 

laser developed an ultra-high strain rate plastic deformation on the weld joints. LSP and 

LSSP induced RTS on the surface due to the laser ablation. However, the subsurface region 

of LSPôed and LSSPôed weld joints showed RCS. Even though the same laser energy was 

used, the LSSPôed weld joint showed a low-magnitude RCS in the subsurface region. This 

is attributed to the high laser energy absorption by the mold used to pattern the surface. 

The LSP and LSSP caused grain refinement, work hardening, and Ŭô-phase formation. The 

novel LSSP technique reduced the surface roughness and volume fraction of Ŭô-phase 

compared to the LSP. The presence of RTS on the surface caused early SCC initiation on 

both peened U bend specimens. However, the high magnitude RCS in the LSPôed U bend 

in the subsurface region prevented the SCC propagation to the bulk. For LSSPôed U bend, 

crack propagation to the bulk and through-thickness failure were observed.  The SCC 

testing on LSPôed and LSSPôed U bend specimens showed enhanced SCC resistance 

compared to the unpeened U bends.  

4.1 Effect of LSP on SCC resistance of ASS weld joints  

4.1.1 XRD phase analysis 

The phase analysis using XRD on BM and LSPwCôed weld joint is represented in Figure 

4.1. Five significant peaks in the diffractogram were observed for BM and are matched to 

be an austenitic phase (ɔ) based on (JCPDS card no: 00-001-1179). The peak generated 

after LSPwC is attributed to peaks of the martensite (JCPDS card no. 00-018-0388). This 

demonstrates that LSPwC led to the development of strain-induced martensitic 
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transformation (ɻȟ). The ɻȟ transformation (i.e., ɔ Ÿ ɔ + ɻȟ)  is typically attributed to the 

intense plastic deformation caused by the peening [115]. All the LSPôed specimens showed 

the presence of ɻȟ-phase. The intensity of the ɻȟ peaks begin to increase with increases in 

power density. Similar results were reported in the works of Lu et al. [78], in which the 

authors observed a higher fraction of  ɻȟ  with increases in power density during LSPwC 

on 304L. It is conspicuously observed that during LSPwC, an obvious peak shift occurred 

towards a lower 2ɗ, implying strain in the lattice. 

 

Figure 4.1. XRD diffractogram of the BM and LSPwCôed weld joints. 

Lu et al. [78] also observed a monotonic increase in ɻȟ with an increase in applied strain 

rate. However, there are conflicting observations in the formation of ɻȟ reported in ASS 

300 series while performing LSPwC. For example, XRD analysis on LSPwCôed AISI 304 
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revealed the absence of ɻȟ [71,116]. The improvement of SCC resistance due to grain 

refinement and RCS is higher than the detrimental effect induced by the martensite phase. 

Optimum selection of process parameters during the SPD process can minimize the 

fraction of martensite in the matrix. During SCC testing, selective dissolution of ɻȟ-phase 

occurs. The ɻȟ-phase forms on the grain boundaries and depletes the chromium in grain 

boundaries. The selective dissolution of ɻȟ-phase develops a path for cracks to nucleate and 

propagate. SPD's positive benefits, such as grain refinement and RCS, dominate the 

adverse effects of ɻȟ-phase [102]. One way to minimize the second phase formation is the 

selection of SPD process parameters. 

4.1.2 Surface morphology 

LSPwC created dimples with periodical features on the surface, which are represented in 

Figure 4.2 (a)-(d). During a bare LSP treatment, the laser pulse induces a shock wave, 

which causes SPD. When performing large spot size with LSPwC, the plasma interaction 

with the material leads to partial surface melting and micro-level oxide layer [67]. As a 

result of the rapid heating and cooling of the plasma, the surface becomes visibly more 

deformed. Additionally, as the power density increases, so does the thickness of the oxide 

layer [117]. It was observed that peening dimples were shallow for lower intensity and 

more crater morphology with increased asperities at a higher intensity. Similar observations 

were made by Wang et al. [118] during LSPwC on WE43 Mg alloys. 
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Figure 4.2. The surface topography of the (a) LSPwC-A, (b) LSPwC-B, (c) LSPwC-C, and (d) 

LSPwC-D specimens. 

4.1.3 Surface roughness 

To further understand the change in surface topography after LSPwC, three-dimensional 

images of the surface were extracted, as shown in. The severe plastic deformation and 

thermal heating significantly altered the surface features. The average surface roughness 

(Sa) was calculated to quantify these changes and indicated in Figure 4.3. In each 

overlapping ratio, increasing the power density increased the surface roughness. These 

findings are expected due to a higher degree of plastic deformation during LSPwC. 

Interestingly, when the overlap rate was set to 30% (Figure 4.3 (a), (c)), the surface 

roughness was relatively lower than the findings at 50% overlap (Figure 4.3 (b), (d)). Itôs 

likely that the lesser coverage of the 30% overlap combined with the rapid 
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melting/solidification of the relatively high intensities resulted in an uneven surface. 

Collectively, these findings support the visual observations made in Figure 4.2. 

 

Figure 4.3 A visualization of the 3D surface profiles and surface roughness of (a) LSPwC-A, (b) 

LSPwC-B, (c) LSPwC-C, and (d) LSPwC-D specimens. 

4.1.4 Residual stress 

To better comprehend the effect of LSPwC, the RS of the LSPWcôed weld joint covering 

the FZ, HAZ, and BM were measured and compared with the weld joint and are represented 

in Figure 4.4. For the weld joint Figure 4.4 (a), tensile stresses were formed within the FZ 

due to the weld's non-uniform heating and cooling rate. The stresses eventually become 

compressive as we move from FZ to HAZ and BM, likely due to the shrinkage that 

occurred from the FZ [119]. Beyond this region, the RS becomes stabilized. The 

compressive plastic strain was developed on the subsurface of the weld joint during 
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LSPwC, which induces RCS on the sub-surface. Itôs worth noting that RTS was present 

along the surface of all the LSP specimens, greater than the RTS of the weld joint Figure 

4.4 (a).  Although such a finding can contradict the fundamental principle of LSP, others 

have also reported similar findings [80,81,120,121]. Like the variation of surface 

roughness, this finding can be attributed to the surface melting did occur, and the 

shockwave propagated through the material, thus resulting in RCS in the sub-surface as 

observed in Figure 4.4 (b)-(e). Post-LSP, the degree of compressive stresses gradually 

increases with laser intensity in the sub-surface region, with the most remarkable 

improvement being at 9 GW/cm2 with 50% overlap Figure 4.4 (e). LSPwC-D parameter 

can induce in-depth RCS compared to other parameters considered in this investigation. 

From a SCC point of view, this is very critical. A consistent RCS was observed during 

LSPwC-D in the HAZ and BM regions. In bare peening, since we start with tensile stresses 

at the surface, the magnitude of compressive stresses increases with the depth to reach a 

maximum (around 75 Õm for this application). Afterward, the magnitude of compressive 

stress starts dropping till it reaches zero (called depth of effect). Laser peening generates 

consistent RCS in the HAZ and base material. The inconsistency in the residual stresses in 

the weld area is probably due to inconsistency in the weld or inconsistency in the residual 

stress measurements in the weld. Laser peening generates consistent RCS in the welds, but 

getting consistent welds and having consistent measurements of residual stresses on welds 

are challenging.  

The RCS zone typically extends from the surface to the sub-surface regime, progressively 

decreasing as the shock wave intensity is attenuated deeper into the material [69]. For 

subsurface changes, ASS has high work hardening rates.  
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Figure 4.4. A depiction of the variation in RS distribution on the surface and at different (a) weld 

joints, (b) LSPwC-A, (c) LSPwC-B, (d) LSPwC-C, and (e) LSPwC-D specimens covering the 

FZ, HAZ, and BM. 

Cold work induced by surface treatments will increase the local yield strength and the 

residual stress. During LSPwC, the surface color instantaneously changed from metallic to 

grayish because of laser irradiation in the aqueous environment. This is due to the reaction 
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of the ASS 304L surface with nascent oxygen supplied from water which is decomposed 

by active plasma, and the intense electric field of the focused laser pulse. This causes the 

diffusion of oxygen into the sample surface and forms an oxide layer. The oxide layer 

thickness depends on the intensity of the laser pulse. Our laser experiments on SS 304L 

showed residual stress from 250 MPa to 350 MPa.Similar results were reported in the 

works of Praveenkumar et al. [81]. They performed LSPwC on the SS 304 grade and 

showed residual stress of 300 MPa to 350 MPa (maximum at 50 Õm from the surface) for 

single laser peening. They revealed deep RCS between 450 MPa and 600 MPa (around 50 

Õm to 100 Õm) from the surface for multiple laser peening. This oxide layer has properties 

different from the base metal and typically shows RTS. The value of the RTS measured has 

very little meaning as it is a superficial layer. The LSPwC experiments on SS 304 by 

Nataraj et al. [80] reported similar residual stress distribution in the sub-surface region. 

Error bars in XRD data acquisition are based on how good of a fit the diffraction data is to 

a straight line or similar model. This data is acquired over the d vs. sin2Ɋ profiling, a 

function of XRD tilt angles. Highly variable surface roughness, such as unground weld 

beads, will create much variability in the measurement results. In addition, the high error 

bars in the residual stress measurement in the weld joint are due to the presence of 

segregated microstructure, the presence of the second phase, and the weld bead's non-

uniform nature. Also, it is very likely due to coarse grain/anisotropy effects.  

Before performing LSPwC, the RS of U-W specimens were measured at three spots on the 

U bend. These are designated as A, B, and C. Spot A belongs to the middle point of the U 

bend, Spot B is located at the flange side of the U bend, and Spot C is far away from the 

flange of the U bend Figure 4.5 (a). Spot A, B, and C showed RTS with different 
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magnitudes. Spot C has the lowest RTS because that part is almost flat compared to Spots 

A and B. RS at Spot A is measured along the depth direction up to 100 ɛm beneath the 

surface to see the variation in RTS. Spot A showed RTS 1172 MPa with a gradient variation 

from the surface to the subsurface. The RTS decreased by 47 % to 648 MPa at 100 ɛm 

(Figure 4.5  (b)). Further, the U-A and U-W specimens were subjected to LSPwC with the 

LSPwC-D parameter, and the RS were quantified at Spots A, B, and C on the surface and 

sub-surface The RS variation after LSPwC on U-A and U-W is represented in Figure 4.5 

(c), (d). 

 

Figure 4.5. A depiction of RS of (a) U-W specimen on the surface at three spots, (b) U-W 

specimen along the depth at Spot A, (c) U-A-P, and (d) and U-W-P. 
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The RTS on Spot A is reduced to almost 275 MPa from 1272 MPa. However, the 

LSPwCôed U bend specimen behaved differently from the LSPwC weld joint. Just below 

the surface (around 20 ɛm), the three Spots in the U-A-P (Figure 4.5 (c)) and U-W-P 

specimen (Figure 4.5 (d)) showed RCS and whose magnitude started to increase with depth 

from the surface. The RCS at Spot B on specimen U-A-P showed a maximum of 500 MPa 

at 100 ɛm depth. For the U-W-P specimen, Spot A and Spot B showed maximum RCS 

between 50 ɛm to 100 ɛm, and they were stabilized around 400 MPa.  Similar results have 

been reported by Lu et al. [70]. 

4.1.5 Plastic strain 

The FWHM can give insightful information about the level of work hardening, which is 

usually proportional to the level of plastic deformation [122]. This is shown for the weld 

joint and LSPwCôed weld joint in Figure 4.6. Since the experiments were performed at 

various power densities, the level of plastic strain will be different. An increase of FWHM 

of the LSPwC specimens (Figure 4.6 (b)-(e)) was observed relative to the weld joint (Figure 

4.6 (a)), suggesting that there is a refinement in crystallite size due to the distortion of the 

atomic lattices [123]. This was especially evident along the surface, where the FWHM for 

all specimens was the greatest among the tested depths. Although it might be counter-

intuitive compared to the RS found in Figure 4.4, the increase in FWHM is likely due to 

the combination of heating and cooling from the laser pulse. The SPD from the laser pulse 

is also a contributor.  
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Figure 4.6. A depiction of the variation in FWHM on the surface and at different depths (a) weld 

joint, (b) LSPwC-A, (c) LSPwC-B, (d) LSPwC-C, and (e) LSPwC-D specimens covering the 

FZ, HAZ, and BM. 
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However, the rapid cooling rates from the pulsed laser can refine the crystallites along the 

surface, thus resulting in a greater FWHM. This is especially evident as, beyond the 

surface, the FWHM decreases (which is still more significant than the weld joint). When 

observing these changes along the surface, the FWHM was the smallest at the FZ, whereas 

afterward, the FWHM gradually increased and stabilized. These findings are expected due 

to the non-uniform heating/cooling within the FZ and the crystallite growth. Among the 

LSPwCôed joint, the intensity of 7 GW/cm2 and overlap of 50% yielded consistent FWHM 

in the weld joint due to the high degree of plastic deformation Figure 4.6 (e). Similarly, the 

7 GW/cm2 and 50 % overlap yielded consistent RCS in the FZ, HAZ, and BM compared 

to other specimens. This is because of the higher power density and overlap ratio, leading 

to higher plastic deformation. Similar conclusions were summarized in the works of Wang 

et al. [118] during nanosecond LSP on magnesium alloys. When observing the change in 

FWHM in U bends, there appears to be an increase in FWHM at Spot A and Spot B on the 

surface and subsurface, and they are far greater than Spot C (Figure 4.7 (a), (b)).  

 

Figure 4.7. FWHM of (a) U-A-P and (b) U-W-P. 
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It can be visualized from the figure that with increases in depth from the surface, the 

FWHM decreases for all the spots considered in this study. This is due to the dissipation of 

shock wave pressure along the depth direction during LSPwC. Upon closer inspection of 

Spot A and Spot B of the U-A-P and U-W-P specimens, it can be inferred that there is a 

difference in FWHM. This is due to welding-induced RTS in the U-W-P specimen before 

U bend preparation. For the LSP-D specimen, tensile stresses are predominant across all 

the locations near the weld center, consistent with the non-U bend RS measurements Figure 

4.4 (e). Relative to the weld joint, all spots have greater RCS, further validating the plastic 

deformation from LSPwC treatment. From an FWHM perspective, there is an overall 

increase. This is likely due to additional work hardening from the deformation induced by 

the U bend. 

4.1.6 Stress corrosion testing 

As expected, extensive cracks and intensive crack propagation were observed on U-W and 

U-A specimens around 12 and 15 hours. These specimens were tested even after the 

appearance of the first crack to see the severity of the SCC. These specimens failed into 

two pieces after 42 hours of testing. This reveals how critical the SCC failures are in real 

applications. Figure 4.8 (a) displays a completely failed U-W specimen. Both U-A and U-

W specimens failed near the flange region (between Spot A and Spot B). The magnified 

view of the wholly failed U-W specimen is indicated in Figure 4.8 (b). The early failure of 

the U-A and U-W specimens is attributed to the presence of high-magnitude RTS 

(discussed in section 5.5) and their coarse grain size. When a U bend is made from a flat 

weld specimen, the original coarse grains near the top side of the U bend are elongated in 
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the direction of the bending and contain a high magnitude of RTS. SCC testing in a boiling 

MgCl2 solution leads to crack initiation and crack propagation at an early stage. This causes 

early breakage of the Cr2O3 brittle layer on the U bends due to RTS and elongated coarse 

grains in a corrosive environment, leading to premature failure of the U bend specimens 

[15,70]. The summary of the SCC test on U-A and U-W is indicated in Table 4.1. SCC 

typically initiates at the triple junction of the grain boundaries and then propagates directly 

along the grain boundary to another junction where the propagation is arrested [124]. The 

arrested SCC has to be reinitiated for further propagation. Decreasing grain size increases 

the number of triple-grain boundary junctions and the probability of arresting a crack 

before it reaches a critical length. Therefore, a decrease in grain size increases the 

probability of crack arrest, leading to a higher resistance to crack propagation [42]. The 

grain size and SCC susceptibility are directly related to each other. Larger grain sizes under 

the presence of RTS have a high chance of SCC, whereas refined grains have a low 

probability of SCC. The nature of the stress determines the SCC susceptibility. If it is 

tensile, it is more susceptible to SCC [125]. The chloride ions cause the localized 

disintegration of the oxide film, causing the rapid dissolution of the metal surface. This 

condition increases the charge inside the pits and causes pitting corrosion on the weld 

joints. Pitting corrosion occurs before SCC [126]. Chloride ions expedite corrosion by 

inhibiting passive film repair [44].  

Table 4.1. SCC test on U bend specimens (before LSPwC) 

Specimens 

 

Crack 

observed 

(hrs) 

Crack 

location 

Crack was 

observed on 

the surface 

Crack propagated to 

sub-surface 

U-A 15 Flange  Yes Yes 

U-W 12 Flange  Yes Yes 
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SEM images were captured from the surface depicted in Figure 4.8 (a) and (b) (between 

Spot A and Spot B near the failed region) to understand the crack propagation (Figure 4.8 

(c)- (e)). The observed cracks are transgranular, the predominant degradation mode in ASS 

weld joints [127]. The intergranular SCC can be controlled by grain boundary engineering 

and low alloying addition [128]. The observed SCC propagates orthogonally to the 

direction of tensile stress [129]. 

 

Figure 4.8. SCC tested (a) the U-W specimen (b) the magnified view of the crack on U-W, (c,d, 

and e) SEM of the cracks on the surface of the U-W specimen. 

 

Further, cross-sectional SEM images of the failed U-A and U-W specimens were taken to 

understand the nature of crack propagation to the bulk into the material, as indicated in. 

Multidirectional extensive cracking was observed in these U-A and U-W specimens, shown 

at low magnification in Figure 4.9 (a), (c). These images reveal random crack propagation 
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from the surface to the sub-surface. The cracks of different lengths were observed in the 

sub-surface region propagating into the bulk of the material. High-magnification SEM 

images of such cracks observed in the U-A and U-W specimen is represented in Figure 4.9 

(b), (d). The observed crack is transgranular with a random orientation. The early failure 

of U-A and U-W specimens during SCC testing demonstrates the criticality of enhancing 

the SCC resistance of the DSC welds for nuclear applications. 

 

Figure 4.9. Cross-sectional SEM images showing cracks propagating from (a) surface to the sub-

surface in U-A, (b) sub-surface to the bulk in U-A specimen, (c) surface to the sub-surface in U-

W, (d) sub-surface to the bulk in U-W specimen. 

 

During SCC testing on U-A-P and U-W-P specimens, every 12 hours, the specimens were 

taken from the testing chamber, and OM images were captured to check for crack on the 

surface of the specimen. The presence of RTS due to direct laser ablation during LSPwC 

caused the initiation of cracks in the flank (between Spots A and B) of U-A-P and U-W-P 
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specimens at 122 hours and 120 hours of testing. Figure 4.10 depicts the surface 

topography of the U-W-P specimen during SCC testing hours. Land masses of corroded 

surfaces can be seen in Figure 4.10 (a)-(d). After 120 hours of testing, surface cracks were 

observed on the flange region (between Spot A and Spot B) of the U bend (Figure 4.10 (e), 

(f)). Both these specimens were tested for up to 300 hours to see whether the RCS in the 

sub-surface and grain refinement due to LSPwC can prevent crack propagation to the bulk 

of the specimen. 

 

Figure 4.10. OM shows the surface topography of the U-W-P specimen near the flange side 

during different SCC testing hours (a) 24, (b) 48, (c) 72, (d) 96, and (e,f ) at 120 hours. 

The cracks that appeared on the U-W-P specimen after 300 hours of testing are shown in 

Figure 4.11 (a), and the magnified view of the flange region (between Spot A and Spot B) 

of the U bend containing the crack is indicated in Figure 4.11 (b). The top view of the crack 

on the U-W-P is shown in Figure 4.11 (c). 
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Figure 4.11. SCC tested U-W-P specimen (a) front-view, (b) magnified view, and (c) top-view. 

Further SEM analyses were conducted to better understand the SCC cracks on the U-W-P 

specimen. The corresponding SEM images are shown in Figure 4.12 (a)-(d). Multiple 

cracks with random orientation can be visualized. These images reveal the branching and 

intensive crack propagation on the surface. The U-A and U-W specimens contain 

significantly high RTS and coarse grains. However, the LSPwC caused grain refinement 

and reduced the RTS in these U bends. Thatôs the main reason for the delayed crack 

appearance on these U bends. The summary of the SCC test on U-A-P and U-W-P 

specimens is indicated in Table 4.2. 

Table 4.2. SCC test on U bend specimens (after LSPwC). 

Specimens 

 

Crack observed 

(hrs) 

Crack location Crack was observed on the 

surface 

U-A-P 122 Flange Yes 

U-W-P 120 Flange Yes 
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Figure 4.12. SEM of the SCC tested U-W-P specimen near flange region (a,b) low 

magnification and (c,d) high magnification. 

4.1.7 Understanding the crack propagation from the surface to the subsurface 

Cross-sectional analysis of the failed U-W-P and U-A-P specimens can provide information 

about whether the crack propagated into the bulk or just on the layer containing RTS due 

to the laser ablation effect. The LSPwC on U-W-P and U-A-P revealed superior SCC 

resistance compared to U-A and U-W. The thermal effect arising from LSPwC leads to 

surface melting and RTS in the weld joint. However, the plastic strain induced by LSPwC 

caused a significant delay in the crack initiation. Despite the presence of RTS during 

LSPwC, these specimens could withstand 300 hours of testing without subsequent crack 

propagation to the bulk. The summary of the SCC test after 300 hours of testing is shown 

in Table 4.3. The cross-sectional SEM images were captured between locations A and B of 

Figure 4.8 (b) to validate and prove the genuineness of the above statement. These images 
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are represented in Figure 4.13 (a)-(d). The observed results revealed that SCC cracks 

initiated from the surface are propagated into the sub-surface region. However, the work-

hardened layer containing refined grains and RCS prevented the propagation of these 

cracks into the bulk of the specimen [130]. 

Table 4.3. SCC test on LSPwCôed U bends after 300 hours 

Specimens 

 

Crack observed 

(hrs) 

Cracks propagated into the sub-surface 

U-A-P 122 Yes, but only up to 20 ɛm 

U-W-P 120 Yes, but only up to 20 ɛm 

 

 Branched cracks were observed in the sub-surface region in Figure 4.13 (a), (b). In 

addition, cracks of different lengths were observed in the sub-surface region Figure 4.13 

(c), (d). The crack propagated up to a depth of 18 Õm and arrested approximately 20 Õm 

from the surface. This situation can be explained based on the RS between Spot A and B 

of the U-W-P specimen at the surface and a depth of 25 Õm from the surface. It can be 

visualized from Figure 4.13 (b) that Spot B of the U-W-P specimen began exhibiting RCS 

values below 10 Õm, while location A exhibited RCS values below 15 Õm. This 

demonstrates that the RCS effect will influence the SCC crack propagation to the bulk. The 

presence of high-magnitude RCS beyond 25 ɛm, along with the grain refinement, can act 

as a barrier for crack propagation. The grain refinement significantly slowed the onset of 

cracking in the U bend subjected to LSPwC. However, below 20 Õm, high RCS prevents 

the surface crack propagation to bulk into the material Figure 4.13 (c), (d). This 

demonstrates that the SPD induced by LSPwC affected the crack initiation and growth rate 
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[67]. A recent study by John et al. [15] elucidated the positive contribution of grain 

refinement and RCS during UIP, which prevents the SCC issues in weld joints of DSC. 

 

Figure 4.13. SEM of the flank region of U bend showing the crack propagation from surface to 

subsurface in 20 Õm depth from surface a) multiple cracks, b) branched cracks c, d) observed 

cracks in the sub-surface region with a length of 12 Õm and 18 Õm. 

4.1.8 Proposed crack inhibition mechanism 

Even though a crack is initiated on the surface and propagated into the sub-surface, it arrests 

the propagation to the bulk because of the presence of RCS and refined grains in the work-

hardened layer. This proves that the LSPwC-induced RTS on the surface of the weld joint 

due to thermal effect is not disruptive to the SCC performance of the weld joint. This is 

because the mechanical effect developed from LSPwC can provide a work-hardening layer 

below the surface with superior mechanical properties. Irizalp et al. [131] also concluded 

similarly during LSPwC on ASS. The SCC mitigation by LSPwC in the ASS weld joint is 
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depicted in Figure 4.14 (a). The FZ, HAZ, and BM are also indicated. The HAZ is divided 

into coarse grain HAZ (CGHAZ) and fine grain HAZ (FGHAZ). The magnified view of 

the work-hardened layer containing refined grains and high RCS is shown in Figure 4.14 

(b). Application of the LSP-D parameter on the weld joint showed RTS at 25 Õm, but at 50 

Õm, it is RCS. Hence, somewhere between 25 Õm and 50 Õm, the RTS is changing to RCS. 

For accounting for the safety factor in this discussion, up to 50 Õm RTS is expected to be 

present in Figure 4.4 (e). Hence, cracks can be expected up to 50 Õm; beyond that, no crack 

propagation. 

 

Figure 4.14. Crack inhibition mechanism in (a) ASS weld joint (b) magnified view of the refined 

layers showing the presence of RTS up to 50 Õm. 

The presence of RCS on the surface can delay the crack initiation, and its existence in the 

sub-surface region can slow down the crack growth rate on the sub-surface [67]. This 

implies that the crack threshold and crack growth rate can be affected by RCS [130]. 

Decreasing grain size increases the number of triple-grain boundary junctions and the 
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probability of arresting a crack before it reaches a critical length. Therefore, a decrease in 

grain size increases the probability of crack arrest, leading to a higher resistance to crack 

propagation [42]. The grain refinement during LSPwC influenced the SCC resistance. The 

grain refinement can delay the crack initiation even in the presence of RTS. This matches 

the crack appearance time discussed in Table 4.2. A high RCS can effectively prevent the 

initiation and propagation of cracks [130]. The introduction of RCS to the sub-surface 

effectively prevented crack propagation to the sub-surface. In addition to the RCS and grain 

refinement, the surface roughness of the specimens can be a factor that can affect the SCC 

resistance [132]. These factors contribute differently to SCC resistance. The RCS and grain 

refinement contribute positively to the SCC resistance. However, surface roughness has a 

negative effect. High surface roughness can cause stress concentration, increasing the peak 

stress and stress intensity factors [24]. This is the one reason to choose the LSPwC-D 

parameter on U bends.  

4.1.9 Conclusions 

This work investigated the effect of LSPwC on ASS 304L weld joints of DSCs. Detailed 

analysis of the SCC initiation, propagation, and mitigation mechanism in ASS 304L weld 

joints was summarized. Significant findings were elucidated as follows. 

1. Phase analysis using XRD revealed the formation of strain-induced martensite 

during LSPwC. In addition, the intensity of martensitic peaks increased with laser 

intensity. 
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2. Significant variation in surface morphology was observed with a change in laser 

intensity. Shallow peening dimples were observed at low intensity, and crater-like 

morphology can be visualized at higher intensity. 

3. The surface roughness of the LSPwC'ed weld joints increased with laser intensity. 

This is attributed to the high thermal effect during LPSwC, which caused the 

superficial surface layer to melt and evaporate. 

4. The RS measurements showed the presence of RTS in the superficial surface layer 

on the LSPwC'ed weld joint. However, in the sub-surface, the presence of RCS was 

observed. The FWHM results demonstrated high work hardening of the LSPwC'ed 

weld joint. 

5. During SCC testing, the premature failure of the U-A and U-W specimens is due to 

the high RTS and coarse grains. The U-A-P and U-W-P specimens showed cracks 

on the surface at around 120 hours and 122 hours, respectively. However, the crack 

growth and propagation were not visible below 50 Õm even after 300 hours of 

testing. This can be attributed to the synergistic effect of grain refinement and the 

presence of consistent and in-depth RCS. 

 

These results demonstrate that LSP is a viable and effective post-processing technique to 

enhance the SCC resistance ASS 304L weld joints of DSCs.  
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4.2 Effect of LSSP on SCC resistance of ASS weld joints  

4.2.1 Surface morphology 

The surface morphology of the weld joints treated with different laser intensities is shown 

in Figure 4.15 (a)-(d). The LSSP experiments induced the mold shape (SS wire cloth) on 

the weld joints. The bar regions of the wire cloth are not visible in Figure 4.15 (a)- (d). This 

is because these regions absorb the intense energy from the laser and act as a cushion layer 

[91]. The indentation is imperfect at lower laser intensities because the lower area is 

ablated, such as in LSSP-A and LSSP-B (Figure 4.15 (a), (b)). The energy was insufficient 

at lower intensities to induce a perfectly shaped indentation. At higher intensity, perfect 

square-shaped indentations were formed on the specimen surface, attributed to the 

minimum energy dissipation to the surroundings (Figure 4.15 (a)). It can be visualized that 

the pattern formed in Figure 4.15 (f) (LSSP-D) aligns more closely to a square shape than 

in Figure 4.15 (e). An increase in laser intensity leads to the large amount of material to be 

ablated. The surface of the hole region showed a rough appearance because of the rapid 

melting and re-solidification. The effect of laser energy on the masked bar region of the 

substrate was insignificant compared to the hole region. The patterned surfaces were well 

separated from the bar and hole regions (Figure 4.15 (e), (f)). Large-sized spherical droplets 

were observed in the hole region on LSSP-C and LSSP-D specimens, which is attributed 

to the high laser intensity and limited diffusion of the molten material in the hole regions 

(Figure 4.15 (e), (f)) [21]. Beyond the 6.5 GW/cm2 laser intensity, the mold melted and 

was welded to the substrate surface.  
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Figure 4.15. The surface topography of the (a) LSSP-A, (b) LSSP-B, (c) LSSP-C, and (d) LSSP-

D specimens, (e, and f) magnified view of the LSSP-C and LSSP-D showing spherical droplets. 

4.2.2 Surface roughness 

Three-dimensional images of the LSSPôed weld joint surface were extracted to understand 

the change in surface topography and are represented in Figure 4.16. The SPD and thermal 

effect of the LSSP affected the surface features. The average surface roughness (Sa) of the 

LSSPôed specimens is quantified and indicated in Figure 4.16 (a)-(d). The figure shows 
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that Sa increased with an increase in laser intensity up to 4.5 GW/cm2 (Figure 4.16 (a)- 

(c)). The reduction in Sa for the LSSP-D specimen (Figure 4.16 (d)) is attributed to the 

uniformity in the patterning (confirmed in Figure 4.15). For LSSP-A and LSSP-B 

specimens, the Sa values are relatively low because fewer patterns are imprinted on the 

surface. Collectively, these findings support the visual observations made in Figure 4.15. 

 

Figure 4.16. A visualization of the 3D surface profiles and surface roughness of (a) LSSP-A, 

(b) LSSP-B, (c) LSSP-C, and (d) LSSP-D specimens. 

4.2.3 XRD phase analysis 

The XRD diffractogram of the weld joint and LSSP'ed weld joint are shown in Figure 4.17. 

The weld joint showed five significant peaks such as the ɔ(111), ɔ(200), ɔ(220), ɔ(311) and 

ɔ(222) peaks. Using COD, these phases were matched to the austenitic ɔ phases. Generally, 

welding of 300 series ASS leads to the delta-ferrite (ŭ) formation in the weld [133]. 

However, the present investigation showed no delta-ferrite (ŭ) in the weld. The XRD 
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analysis on the weld joint did not show any ŭ peak, possibly due to the low volume fraction 

ŭ in the weld. The LSSP induced SPD on the weld joint, and the metastable austenitic phase 

underwent (ɔ Ÿ ɔ + ɻȟ) [115].   

 

Figure 4.17. XRD diffractogram of the weld joint and LSSPôed weld joint. 

All LSSPôed weld joints showed ɻȟ-phase transformation. It can be clearly visualized from 

Figure 4.17 that the intensity of  ɻȟ peaks begin to increase with the increase in laser 

intensity. Lu et al. [78] demonstrated the same results during LSP without coating on SS 

304L. However, some studies showed the absence of  ɻȟ-phase transformation during LSP 

on AISI 304 [71,116]. In addition, a pronounced peak shift occurred to smaller 2ɗ angles 

compared to the original position. It is well known that introducing RCS shifts the peaks 
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to lower diffraction angles [134]. A higher peak shift was observed on the surface of LSSP-

D. This can be attributed to the higher laser energy and higher SPD associated with LSSP-

D. To calculate the volume fraction of ɻȟ-phase and ɔ-phase, the XRD profiles were 

autofitted using Origin software (Origin Lab Corporation, Northampton, MA, USA). The 

corresponding volume fraction of phases was calculated using Eq. 1[135]. The variation of 

the volume fraction of ɻȟ-phase is shown in Figure 4.18.  The volume fraction of ɔ is ὅ 

and ɻȟ is ὅȟ.  

ὅ ὅȟ ρ ééééééé. Eq. (1) 

 

Figure 4.18 The ὅȟ in LSSPôed weld joints. 

The curve-fitting result revealed that the ὅȟ  is increasing with an increase in laser intensity 

up to 3.5 GW/cm2, and further, it decreased. This is because, with increases in laser 
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intensity, the time required for heat transfer between the substrate and surrounding 

environment is less, which increases the temperature of the substrate material and inhibits 

the martensitic transformation to an extent [90,112,136]. The thermo-mechanical coupling 

effect during LSSP is superior in reducing the ὅȟ. 

4.2.4 Microhardness 

The microhardness variation on the surface of the weld joint and LSSPôed weld joints at 

the FZ is shown in Figure 4.19. It is evident from the figure that the microhardness at the 

surface is increasing with an increase in laser intensity. LSSP-A and LSSP-B specimens 

showed 74% and 118% increases in surface hardness than weld joints. This is attributed to 

the higher ὅȟ and work hardening from LSSP at lower laser intensity. For LSSP-C and 

LSSP-D specimens, the increase in surface microhardness was 151% and 168% compared 

to the weld joint. This microhardness increase is due to significant grain refinement and 

work hardening at higher laser intensity [79]. The grain refinement and work hardening 

effects can be correlated to the impact of the high-pressure shock wave on the substrate, 

which increases the dislocation density and dislocation-dislocation interaction and 

eventually strengthens the material [137,138].  For LSSP-C and LSSP-D specimens, the 

contribution of surface hardness from ὅȟ is less than the grain refinement and work 

hardening. The grain refinement can be correlated to surface hardness using the Hall-Petch 

strengthening (Eq. 2) [139]. H is the hardness of the material; d is grain size; and + is the 

strengthening coefficient an ( represents resistance to dislocation motion. 

H =(  + Ä  ééééééé. Eq. (2) 
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The SPD associated with LSSP at lower laser intensity is smaller than at higher laser 

intensity. This can induce more refined grains on the surface, positively contributing to 

surface hardness.  

 

Figure 4.19. The microhardness of the weld joint and different LSSPôed specimens.  

4.2.5 Residual stress  

The RS measurements were performed at three different locations on the surface of the U-

W specimen. These locations are named spot A, spot B, and spot C. Spot A is at the top of 

the middle of the U bend. Spot B is the flange side of the U bend, and spot C is far away 

from the flange side. The RS measurement on the U-W specimen at these spots is shown 

in Figure 4.20 (a).  The bending of the weld joint caused the development of high RTS on 

the U bend specimens. The highest RTS was observed on spot A because of the pronounced 

bending effect. Spot B on the flange side showed the next highest RTS because of its 
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location on the flange side. Finally, spot C, far from the flange side, showed the lowest RTS 

(no significant effect from bending). To understand the effect of RTS variation along the 

depth direction, subsurface measurement was carried out on the U-W specimen at location 

A (25 ɛm interval up to 100 ɛm from the surface). The RS measurement along the depth 

direction on the U bend specimen at spot A is shown in (Figure 4.20 (b)). Spot A showed 

an RTS of 1172 MPa, and a gradient variation in RTS was observed from the surface to the 

subsurface. The RTS decreased by 47 % at 100 ɛm compared to the RS measurement at 

the surface.  

 

Figure 4.20. A depiction of RS of (a) U-W specimen on the surface at three spots, (b) subsurface 

region on U-W specimen at spot A. 

Next, RS measurements were conducted on the U-W-LSSP specimen. The LSSP-D 

parameter is chosen for U bend specimen based on the Sa, and ὅȟȢ It is expected that lower 

Sa, and ὅȟ associated with the LSSP-D parameter can positively contribute to SCC 

resistance [24,102]. The RS measurements were conducted at spots A, B, and C on the 

surface and subsurface (along the depth direction up to 100 ɛm), as shown in Figure 4.21. 

It was observed that after LSSP, the surface regions of the U bend specimen still show the 
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RTS. However, in the subsurface region, RCS was induced. During LSSP, the mechanical 

and thermal effects competition occurs, and LSSP behaves similarly to bare LSP [76,77]. 

The bare LSP experiments of Nataraj et al. [80] on  SS 304L showed RTS on the surface 

and RCS in the subsurface. This is supported by evidence found in the works of 

Pravaeenkumar et al. [81]. Even though graphite is applied during the LSSP, the laser's 

intense energy evaporates the graphite during processing. The LSSP leads to the formation 

of an oxide layer because of the melting and re-solidification due to laser ablation [140]. 

Once the LSSPôed regions cool down, the contraction is resisted by surrounding material. 

This develops RTS on the surface (oxide layer) [141]. However, the subsurface RCS can 

be attributed to the synergistic mechanical effect of laser shock wave propagation, which 

causes non-uniform plastic strain and minimal laser ablation [82]. In addition, it is noted 

that the RCS induced in the subsurface region was in the range of 20 - 80 MPa. Such a low 

RCS in the subsurface region can be attributed to the fact that most of the laser energy 

during LSSP is used for pattern imprinting.  



70 

 

 

 

 

Figure 4.21. A depiction of RS distribution at three spots on the U-W-LSSP specimen. 

4.2.6 Stress corrosion testing 

The initial SCC assessments were conducted on specimens U-A and U-W, with both U 

bends failing at around 15 and 12 hours, respectively. The U bending caused the formation 

of coarse elongated grains and high RTS on the U bends. Both U-A and U-W specimens 

failed between spot A and spot B. The RTS and elongation of the grains are maximum at 

Spot A. Both these factors affect SCC resistance detrimentally [142]. The presence of high 

RTS leads to the premature rupture of the protective passive layer, while the coarse grain 

structure facilitates smooth crack propagation. The passive film breakage leads to pit 

initiation, and eventually, pitting corrosion occurs [126]. The repassivation is not easy in 

the vigorous chloride environment. The chloride ions prevent passive film repair. The 

extended exposure of the U bend in boiling MgCl2 causes the SCC initiation. The 

microcracks form on the surface of the U bend, and as time progresses, crack growth 
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occurs, and they propagate to the bulk of the U bend (along the thickness direction). The 

crack propagation to the bulk is easy because of the coarse elongated grains [125].  

The SEM image of the cracks in the SCC-tested U-W specimens in the secondary electron 

(SE) and backscattered electron (BSE) modes is shown in Figure 4.22. Figure 4.22 (a), (b) 

represent the SE and BSE images collected at a lower magnification, whereas  Figure 4.22 

(c), (d) represent the SE and BSE images collected at a higher magnification. It can be 

visualized from the figure that microcracks proliferation on the surface of U-W specimens.  

 

 Figure 4.22. SEM of cracks observed on the surface of the U-W specimen in SE and BSE modes 

(a,b) at 200X and (c,d) at 500X. 

Extensive cracking occurred on the surface, and cracks of different lengths can be 

observed. SEM images were taken from the cross-section of the failed specimen to verify 
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whether these cracks propagate into the bulk of the U bends. The SE and BSE images of 

such cracks are shown in Figure 4.23 (a), (b) at low magnification, and Figure 4.23 (c), (d) 

at higher magnification. A multitude of cracks was observed with a random propagation 

nature. It can be noticed from the figure that through-thickness cracks were present in the 

SCC-tested region. This reveals the destructive nature of SCC on structural components. 

The through-wall cracks represent material loss, and this demonstrates the severity of SCC. 

 

Figure 4.23. SEM of cracks observed on the surface to subsurface of the U-W specimen in SE and 

BSE modes (a,b) at 200X and (c,d) at 250X. 

Once the SCC testing on the U-A and U-W specimens is completed, the next focus is on 

the U-W-LSSP specimen. At intervals of 12 hours, the specimens were taken from the 

testing chamber and examined on the surface for any crack initiation. The U-W-LSSP 

specimen showed crack initiation after around 96 hours of testing near the flange region 
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(between spots A and B). The SCC failed U-W-LSSP specimen is shown in Figure 4.24 

(b). The magnified view of the surface crack observed on the U-W-LSSP specimen is 

shown in Figure 4.24 (b). Even after seeing the crack initiation, the U bend was tested until 

it failed. The specimens failed into two pieces after 180 hours of testing. The extended SCC 

testing for the U-W-LSSP specimen was to check whether RCS and grain refinement in the 

subsurface region help to prevent crack propagation from surface to subsurface. The SEM 

image of the crack observed (between spot A and spot B) on the U-W-LSSP specimen 

surface is shown in Figure 4.24 (c), (d). Multiple and branched cracks with random 

orientation can be visualized on the surface. This reveals the severity of SCC failures of 

structural components.  

 

Figure 4.24. SCC tested (a) U-W-LSSP specimen and (b) magnified view showing SCC in the 

region, SEM of the SCC from U-W-LSSP specimen surface (c) 1000X and (d) 1500X. 

Similarly, SEM images were captured from the cross-section of the U-W-LSSP specimen 

to see the crack propagation in the subsurface region. It can be visualized from the figure 
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that a through crack was observed from the surface to the subsurface, which caused the 

SCC failure (Figure 4.25 (a)). In addition, multiple cracks were observed in the subsurface 

region (Figure 4.25(b)). 

 

Figure 4.25. SEM of the SCC from surface to subsurface in U-W-LSSP (a) 200X and (b) 

1000X. 

4.2.7 Discussion 

The SCC mechanism lacks a unified description, but pitting is observed as a precursor to 

SCC in many real-life scenarios. The SCC is a two-stage process, beginning with crack 

initiation, followed by crack propagation. The crack initiation is a three-step process. The 

first step is the incubation period; during that time, no pits form on the specimen surface. 

Pit formation  depends on the nature of the stress on the surface, grain size, surface 

roughness, and ὅȟȢ The presence of RTS on the surface and high ὅȟ affects the stability of 

the passive film [143]. The chloride ions attack and the presence of surface RTS breaks the 

stable passive layer on the specimen surface. This situation leads to the formation of pits 

on the surface. The formed pits are in a metastable state, later transforming into cracks 

during the pit growth stage [43]. The pits formed on the specimen surface serve as the 

anode, while the other region containing the passive layer acts as the cathode. Over time, 
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these pits transform into cracks and propagate to the bulk. As time advances, the metal 

dissolution rate increases, accelerating the crack propagation rate [45]. The LSSP on the U 

bend specimen showed RTS on the surface and RCS in the subsurface region. Turnbull et 

al. [144] revealed the detrimental effect of RTS on SCC resistance. The LSSP can be 

correlated to the bare LSP technique during which RTS forms on the surface and develops 

RCS in the subsurface regions. The presence of RCS in the subsurface region can slow 

down microcrack growth. This ultimately increases the crack growth threshold. Similar 

observations were reported by Gill et al. [145].  

However, the introduction of micro-patterns during LSSP reduced the Sa and ὅȟ. The 

reduction in both parameters can reduce the SCC susceptibility [24]. High ὅȟ causes 

selective dissolution of ɻȟ-phase, creating a favorable path for crack propagation. The ɻȟ-

phase forms on the grain boundaries of the austenitic grains and acts as a barrier for 

diffusion of chromium to the surface. This affects the passive film stability [85]. During 

SCC testing, the crack initiation time was reduced in the U-W-LSSP specimen compared 

to the U-W specimen because of the reduction in Sa and ὅȟ. However, once the crack on 

the surface of the U-W-LSSP specimen reaches the critical length, it propagates on the 

surface and to the subsurface regions. 

 The presence of RCS in the subsurface region offers resistance to the crack propagation to 

the subsurface. A high magnitude RCS in the subsurface region can prevent crack 

propagation from the surface to the bulk by increasing the SCC propagation threshold 

[146]. In the absence of high-magnitude RCS in the subsurface region, multiple cracks 

develop on the surface and propagate to the bulk. The RCS in the subsurface region was 
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insufficient to prevent the multiple SCC from the surface to the bulk. Even though a high-

pressure shock wave developed due to LSSP, it could not induce high-magnitude RCS in 

the subsurface region. Figure 4.26 (a) represents the crack propagation in the LSSPôed ASS 

weld joint. Under the influence of RTS and chloride ions attack, the passive film breaks in 

the LSSPôed ASS weld joints, and pit initiation occurs, followed by a pit-to-crack transition 

and the formation of microcracks on the surface.  

The magnified view of the refined layer after LSSP is shown in Figure 4.26 (b). The top 

layer, which contains RTS and RCS in the subsurface region, is melted and re-solidified.  

Once SCC initiates on the surface of the LSSPôed weld joint and reaches a critical length, 

it propagates on the surface and to the subsurface regions. The top view of the LSSPôed 

weld joint is shown in Figure 4.26 (c). This shows pits, micro-patterns and extensive 

surface cracks on the weld joint. During LSSP, the solid-liquid interface's fractional area 

effectively reduces the interaction between corrosive species and the surface. This situation 

is similar to the Cassie-Baxter model for describing the fluid wetting on a solid surface 

[79,147]. The micro-patterns on the surface act like projections, and the bar region acts like 

valleys. The chloride ions prefer to attack the projections. The chloride ions and RTS on 

the surface cause passive film breakage and pit formation. The pits lead to microcrack 

initiation from these projections, propagating randomly on the surface and along the 

thickness direction.  
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Figure 4.26. Crack propagation in LSSPôed (a) weld joint, (b) front view of the weld joint, and 

(c) top view of the weld joint showing pit formation location. 

 

This demonstrates that during LSSP, a reduction in Sa and ὅȟ occurs, which helped to 

prevent the crack initiation on the surface at an early stage compared to the unpeened weld 

joint. The pit formation time during SCC testing is a trade-off among RCS, grain 

refinement, surface roughness, and ὅȟ. The thermal effect arising from LSSP leads to 

surface melting and RTS in the weld joint. However, the reduction in Sa and ὅȟ delayed 

the crack initiation on the surface of the LSSPôed U bend specimen. 

4.2.8 Conclusions 

The effect of LSSP on ASS 304L weld joints was investigated. Detailed analysis of surface 

morphology, surface roughness, SCC initiation, and propagation in LSSPôed ASS 304L 

weld joints was summarized. Significant findings were listed as follows. 

1. The surface morphology studies revealed that perfect patterns can be formed on the 

surface with increased laser intensity because of the high laser ablation effect. 
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However, spherical-shaped droplets were observed because of the limited diffusion 

at higher laser intensity.   

2. The Sa increased with increases in laser intensity and decreased for the LSSP-D 

specimen, which can be attributed to the uniformity of the patterns. 

3. Phase analysis using XRD revealed the ɔ Ÿ ɔ + ɻȟ transformation. The ὅȟ increased 

with an increase in laser intensity. However, for the LSSP-D specimen, the ὅȟwas 

lower because of the higher surface temperature at high laser intensity, which 

limited the ɻȟ-phase transformation. 

4. During LSSP, RTS was observed on the surface layer because of the melting and 

re-solidification. The subsurface region showed RCS in the 20-80 MPa range.  

5. The SCC studies showed premature failure of the U-A and U-W specimens; this is 

attributed to the high RTS and coarse elongated grains on the surface. U-W-LSSP 

specimen showed crack initiation around 96 hours of SCC testing, and the 

specimens failed around 180 hours. The improved SCC resistance of the U-W-

LSSP specimen can be attributed to the minimal effect of ὅȟ and Sa, along with the 

presence of RCS in the subsurface region. 

6. The SCC crack initiated on the micro-pattern projection and propagated randomly 

on the surface and along the thickness direction. 

 

The LSSP experiments on ASS 304L welds showed that. ὅȟ and Sa can be controlled. 

However, proper selection of process parameters and future studies are recommended to 

enhance the SCC resistance LSSPôed ASS 304L weld joints. 
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Chapter 5: Mechanical-based peening techniques on ASS weld joints 

This chapter discusses the effects of two mechanical-based peening techniques such as SP 

and UIP, on ASS weld joints and their correlation to the SCC resistance. Both techniques 

induced high-magnitude RCS on the surface and subsurface, grain refinement, and a work-

hardened layer containing nanograins on the surface. However, the surface roughness of 

peened weld joints increased after SP and UIP. The SPôed weld joint showed ɻȟ-phase 

transformation, whereas UIPôed weld joint did not, which is beneficial for improvement in 

SCC resistance. The UIPôed U bend specimen withstands 300 hours of SCC testing without 

failure because of the synergistic effect of RCS, grain refinement, and the absence of ɻȟ-

phase. SPôed and UIPôed U bend showed improved SCC resistance compared to the 

unpeened U bend. These findings demonstrated in this chapter reveal that both SP and UIP 

are viable and effective post-processing techniques to enhance the SCC resistance in ASS 

304L weld joints. 

5.1 Effect of SP on SCC resistance of ASS weld joints  

5.1.1 Surface morphology 

The surface morphology of the as-received specimen and SPôed weld joints were analyzed 

using SEM in two different magnifications, as depicted in Figure 5.1. A ruptured passive 

layer with minor defects can be visualized on the as-received specimen (Figure 5.1 (a), 

(b)). The SPôed specimens showed a rough surface due to the mechanical impacts from the 

steel shots. This roughening effect resulted in dimples on the specimen surface (Figure 5.1 

(c), (d)). Many dimples were observed on the SPôed surface, which has a chaotic 

morphology. The SEM micrographs show peening dimples, indentation overlaps, and 
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separated regions. The mechanical impact during SP heavily deforms the surface and 

subsurface region [148]. It can be visualized from the SEM micrograph that the dimple 

fraction also decreases with increases in coverage. SP-100 specimens showed more 

heterogeneities and dimples on the surface (Figure 5.1 (c), (d)). It was observed that an 

increase in coverage reduces the dimples and heterogeneities. In addition, indentation 

overlap showed a similar trend with coverage (Figure 5.1 (e), (f)).   

 

Figure 5.1. The SEM of the surface morphology at 100X and 1000X magnifications (a,b) as-

received (c,d) SP-100, (e,f) SP-500, and (g, h) SP-1000 specimens. 
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Higher coverage leads to more deformation on the surface (Figure 5.1 (g), (h)). This 

develops more separated regions and material fragments (Figure 5.1 (g), (h)). This can be 

attributed to the increased exposure time of the specimen with coverage [149]. Cavities 

and cracks were observed on the SP-1000 specimen because of repeated impacts of shots 

on the substrate surface, which increased the plastic deformation. The fraction of cracks 

and cavities was also increased with coverage [150]. 

5.1.2 Surface roughness 

To further understand the change in surface topography after SP, three-dimensional images 

of the SPôed surface were extracted and compared with the as-received specimen, as shown 

in Figure 5.2. The surface roughness parameters were derived by drawing a line on the 3D 

surface. The surface roughness parameters considered in this discussion include average 

surface roughness (Ra), average maximum roughness of peak height (Rpm), and average 

maximum roughness of the valley depth (Rvm). The Ra of the as-received specimen was 

3.1 µm (Figure 5.2 (a)). It is observed that for the SP-100specimen, the Ra  = 4.5 µm, which 

is increased compared to the as-received specimen (Figure 5.2 (b)). Further, with an 

increase in coverage of 500% and 1000%, a reduction in the Ra of 3.9 µm and 3.4 µm was 

observed for the peened specimens. The reduction in Ra with coverage can be attributed to 

the impact of the subsequent shots on already existing micro surface features, which leads 

to local displacement of existing peaks. This affects the heights of the peak region more 

and the valley region less [151]. The variation of Ra, Rpm, and Rvm is shown in Figure 5.3. 

The SP-1000 specimen appeared smooth, although it was subjected to shots for extended 

periods compared to SP-100 and SP-500. This can be attributed to flattening the edges of 
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the previously formed dimples. This demonstrates that increasing coverage beyond a 

specific coverage effectively reduces surface roughness [152]. Comparable results were 

reported in the studies conducted by Unal et al. [153].  

 

Figure 5.2. The 3D images of the surface of the (a) as-received, (b) SP-100, (c) SP-500, and (d) SP-1000 

specimens. 

At lower coverages such as SP-100, the roughness of the surface depends strongly on the 

indentation density and their overlap. However, multiple overlaps increase at higher 

coverage, such as SP-500 and SP-1000, reducing the average surface roughness. This 

observation can be confirmed with the SEM images in Figure 5.1. 
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Figure 5.3. The variation surface roughness parameters such as Ra, Rpm, and Rvm for as-received 

and SPôed specimens. 

 

5.1.3 XRD phase analysis 

Figure 5.4 illustrates the XRD phase analysis of the weld joint and SPôed weld joint. The 

identified peaks corresponding to the weld joint align with characteristic of austenite (i.e., 

ɔ-phase) [154]. Typically, delta-ferrite (ŭ) formation is reported in the weldments of the 

ASS 300 series, attributed to the high cooling rate in the GTAW and the resulting non-

equilibrium solidification [133]. However, our investigations did not reveal peaks 

corresponding to ŭ, potentially due to its lower volume fraction in the weldment. The peak 

generated after SP treatment on the weld joint is composed of peaks of ɔ-phase and the ɻȟ-

phase. All the SPôed weld joints showed ɻȟ-phase. This reveals that during SP treatment, ɻȟ 

transformation occurred (ɔ Ÿ ɔ + ɻȟ). In addition, the SP caused a reduction in the intensity 

of the ɔ(200), ɔ(220), and ɔ(311) peaks.  Notably, the diffraction intensity of ɔ-phase peaks 

decreased with increasing coverage, while the diffraction intensity of ɻȟ peaks 
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(ɻȟρρπ ÁÎÄ ɻȟςρρ increased. The SP-1000 specimen surface contains the majority of 

ɻȟ-phase. Following SP, a notable observation was the shift of characteristic peaks toward 

smaller 2ɗ angles compared to their original positions. It is widely recognized that 

introducing RCS shifts the peaks to lower diffraction angles [134]. Compared to SP-100 

and SP-500, a maximum peak shift was observed on the surface of SP-1000. This can be 

ascribed to the higher peening coverage and higher plastic deformation associated with the 

SP-1000 specimen.  

 

Figure 5.4. The diffractogram of the weld joint and SPôed specimens. 

The grain refinement during SP can be analyzed by calculating the crystallite size of the 

SPôed specimen using the Willaimson-Hall (W-H) equation. The provided equation offers 

information about the crystallite size and microstrain on the surface. As indicated in  
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Table 5.1, there is an observable trend where the crystallite size decreases with an increase 

in coverage while the microstrain exhibits an increase. However, the crystallite size 

reduction was not prominent in SP-500 and SP-1000 specimens. The SP induces grain 

refinement on the surface and subsurface layers. The reduction in crystallite size depends 

on the parameters used for SP [150]. 

 

Table 5.1. Crystallite size and microstrain obtained from XRD. 

 

 

 

 

 

 

 

To calculate the phase fraction of ɔ and ɻȟ the XRD profiles were autofitted using Origin 

software. The corresponding volume fraction of these phases was calculated using Eq. 

(1)[135]. The volume fraction of ɔ is ὅ and ɻȟ is ὅȟ. The variation of ὅ and ὅȟ during 

SP is shown in Table 5.2. It is clear from the table that ὅȟ increasing and ὅ is decreasing 

with SP coverage. 

Table 5.2. The variation of  ὅ and ὅȟ during SP 

Specimen ὅ (%) ὅȟ (%) 

SP-100 86.45 13.55 

SP-500 69.20 30.80 

SP-1000 35.96 64.04 

 

5.1.4 Residual stress  

The RS distribution on the surface of the weld joint encompassing FZ, HAZ, and BM 

region was measured and depicted in Figure 5.5. It can be visualized from the Figure that 

Specimen Average crystallite size (nm)  Microstrain (x10-3) 

SP-100 64.49 3.15 

SP-500 51.91 6.21 

SP-1000 44.41 6.98 
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RTS was present in the FZ. Non-uniform heating and cooling occur during welding, which 

induces RTS [119]. The FZ of the weld joint exhibited a maximum RTS of 150 MPa. 

Moving away from the FZ, RCS was observed in the HAZ, and an almost zero-stress state 

was observed on the BM. SP caused weld joints to undergo a high strain rate, during which 

plastic strain developed in the matrix, inducing RCS in the weld joint. In the case of weld 

joints, the RS quantification  is purely from the ɔ-phase; however, after doing the SP, the 

RS quantification was composed of RS from ɔ-phase and ɻȟ-phase [155]. The inconsistency 

in the RS in the FZ is likely because of inconsistency in the weld or the RS measurements 

in the weld. In addition, it can be due to the segregated microstructure, the second phase, 

and the weld bead's non-uniform nature. Also, it is very likely due to coarse 

grain/anisotropy effects. Next, one SPôed weld joint (SP-100) specimen was considered for 

RS measurement. The RS measurement is conducted on the surface and subsurface region 

covering FZ, HAZ, and BM (Figure 5.5 (b)). The SP-100 specimen showed a stable RCS 

distribution in the HAZ and BM regions. The BM region observed the highest RCS because 

of the almost zero-stress nature. The RCS induced in the HAZ was almost stable. The figure 

shows that the SP process induced high RCS in the subsurface region. Almost stable RCS 

was observed in the HAZ and BM, with a maximum RCS induced at a depth of 25 µm 

from the surface. It is anticipated that along the depth direction, RS will gradually decrease 

and eventually reach zero at a specific depth, a phenomenon known as the depth effect. 

The introduction of stable RCS in the weld joint can stabilize the passive layer and prevent 

the pit initiation on the surface [15].  
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Figure 5.5. A depiction of the variation in RS distribution on the (a) surface of the weld joint and (b) 

surface and subsurface region of the SP-100 specimen. 

The RS measurements were carried out on the U-W specimen at three distinct spots, as 

depicted in Figure 5.6 (a). The chosen spots were labeled A, B, and C. Spot A corresponds 

to the top of the U bend, where the most pronounced bending effect occurs. Consequently, 

Spot A exhibited the highest RTS. Spot B, located on the flange side of the U bend, showed 

higher RTS than Spot C, which is positioned on the flat portion near the bolt section and 

experiences no influence from bending. Further, RS measurement is performed at Spot A 

in the subsurface regions (up to 100 ɛm) with an interval of 25 ɛm to understand the 

variation of RTS along the depth direction (Figure 5.6 (b)). Spot A showed RTS 1172 MPa, 

and a gradient variation in RTS was observed from the surface to the subsurface. The RTS 

decreased by 47 % to 648 MPa, at 100 ɛm. Further, RS measurements were conducted on 

U-W-SP-100, U-W-SP-500, and U-W-SP-1000 specimens at locations A, B, and C on the 

surface and subsurface, as shown in Figure 5.6 (c)-(e). The SP changed the RTS on all the 

spots on the U bend surface and induced RCS on the surface and subsurface regions.  
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Figure 5.6. A depiction of RS of (a) U-W specimen on the surface at three spots, (b) subsurface 

region on U-W specimen at spot A, (c) U-W-SP-100, (d) U-W-SP-500, and (e) and U-W-SP-1000 

specimens at three spots. 

 

5.1.5 Plastic Strain 

 

The FWHM variation on the surface of the weld joint and SP-100 specimen is shown in 

Figure 5.7. The work hardening associated with SP processes can be obtained from FWHM 

analysis. The work hardening rate is typically proportional to the level of SPD [122]. SPD 
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during SP introduces lattice defects, increasing FWHM [156]. The SP process creates 

distinct plastic zones [157]. The figure shows that the weld joint exhibits a lower FWHM 

compared to the SP-100 specimens. This difference can be attributed to the segregated 

microstructure and coarse grain/anisotropy. The observed increase in FWHM for the SP-

100 specimen compared to the weld joint indicates a refinement in crystallite size due to 

lattice distortion and microstrain [123].  

 

Figure 5.7. A depiction of FWHM variation on the weld joint surface and SP-100 specimen surface. 

Figure 5.8 illustrates the variation of FWHM for the SPôed U bend specimens. A thorough 

observation of FWHM variation during SP with different coverage reveals that SP can 

induce a high amount of SPD. The SPD effect is more pronounced at spot A. During U 

bending, spot A possesses significantly higher RTS than spots B and C; however, after SP, 

almost similar plastic strain is induced even at spot A. For all the spots considered in this 

study, the FWHM decreases with increased depth from the surface. Upon closer inspection, 
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it can be visualized from the figure that with increased SP coverage, the FWHM on the 

surface at spot A is increasing significantly. 

 

 

Figure 5.8. FWHM at three spots on the (a) U-W-SP-100, (b) U-W-SP-500, and (c) U-W-SP-

1000 specimen. 

 

Spot A on the SP-100 specimen has a FWHM of 5.1Á, which increased to 7.8Á and 8.7Á for 

SP-500 and SP-1000 specimens. This demonstrates superior work hardening and grain 

refinement on the specimen SP-1000 compared to SP-100. Cold work induced by SP will 

increase the local yield strength and the RS [158]. This ultimately helps the U bend to 

withstand SCC testing in an aggressive chloride solution. 
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5.1.6 Stress corrosion testing 

The SCC tests were first performed on U-B and U-W specimens, and both U bends 

experienced failure at approximately 15 and 12 hours, respectively. The failed U-W 

specimen is depicted in Figure 5.9 (a), with a magnified view of the failed region shown in 

Figure 5.9 (b). The notable presence of high RTS and coarse elongated grains in the U bend 

specimens, such as U-W and U-B, significantly influenced the SCC resistance. The 

combined effects of high RTS and coarse elongated grains create favorable conditions for 

crack initiation and propagation. High RTS causes premature rupture of the passive layer, 

and the coarse grain facilitates easy crack propagation into the bulk material [159]. A 

multitude of transgranular cracks were observed on the failed specimen. To assess the 

extent of SCC, the U-W specimen was subjected to testing for an extended period, even 

after the appearance of the initial crack. Eventually, the U-W specimen failed into two 

pieces after approximately 42 hours of testing. This failure can be attributed to the 

continuous proliferation of the crack on the surface in the corrosive environment, leading 

to extensive crack growth in the subsurface region and eventual failure [127]. The tested 

U bends, such as U-B and U-W specimens, failed near the flange side (between Spot A and 

Spot B). During U bending, the original coarse grain of the weld specimen gets elongated 

in the bending direction. The elongation of the grains is maximum at the top of the U bend. 

The development of such a high RTS on the top region worsens the situation. During the 

SCC testing, the protective Cr2O3 passive layer breaks under the influence of RTS, causing 

the rapid dissolution of the surface. This leads to pit initiation, and eventually, pitting 

corrosion occurs [126]. Chloride ions expedite pitting corrosion by inhibiting passive film 

repair [44]. This situation ultimately leads to the SCC initiation. Once the crack initiates, 
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the crack propagation to the bulk is much easier because of the coarse grain. SCC resistance 

can be correlated with grain size. Higher grain size in a susceptible material like ASS and 

RTS in a corrosive environment causes a higher probability of SCC [125]. Refined grains 

have higher SCC resistance than their coarse counterparts [15,160]. SEM images were 

captured from the surface of failed U-W depicted in Figure 5.9 (a), (b) (between Spot A 

and Spot B) to understand the crack propagation (Figure 5.9 (c)-(f)).  Figure 5.9 (c), (d) 

represent the SE and BSE images collected near the edge of the failed region (location 1). 

Figure 5.9 (e), (f) represent the SE and  BSE images collected from the surface away from 

the edge of the failed region (location 2).  

 

Figure 5.9. SEM of (a) completely failed U-W specimen, (b) magnified view of the U-W specimen, 

cracks observed on the surface of the U-W specimen in SE and BSE modes (c,d) location 1 and 

(e,f) location 2. 

 


























































































