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ABSTRACT 
 
Full Name : [MD. EYASIN ARAFAT]  

Thesis Title : [Friction Stir Processing Effects on Fatigue Crack Propagation in Super 
Duplex Stainless Steel] 
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Date of Degree : [December 2020] 

 

The use of duplex stainless steels (DSSs) is increasing in several industries because of its 

better performances compared to traditional austenitic and ferritic steel grades. DSSs and 

mainly super DSS (UNS S32750 (SAF 2507)) are considered excellent materials for 

desalination plants, power plants, and petrochemical plants. Therefore, understanding the 

fatigue behavior of emerging materials such as super duplex steel (SDSS) is an essential 

element in the design of structures and machine components as this type of loading is 

known to represent 80 to 90% of the total failures in the industry.  Friction stir processing 

(FSP) is a grain refinement technique that improves metals mechanical properties (i.e. 

enhance metals fatigue and fracture properties). The goal of this study is to investigate the 

effects of friction stir processing (FSP) of UNS S32750 (SAF 2507) on the fatigue crack 

propagation (FCP) properties . Optimal FSP parameters are employed to process SAF 2507 

plates in the rolling direction. Compact tension specimens (CT) are fatigue tested under 

constant amplitude load, at a stress ratio (R) of 0.1 and frequency of 10 Hz. Crack length 

is measured by a high-resolution camera. The  developed  residual stresses after FSP are 

determined by the drill-hole technique and the temperature is measured by infrared camera. 

The measured parameters (such temperature, residual stress etc.) are used to validate the 

specially developed finite element model for the friction stir process and to explain some 
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of the effects of FSP on fatigue crack growth behavior of the material. The results of this 

study show that friction stir processed (FSPed) specimens have higher fatigue crack growth 

(FCG) resistance and fatigue life compared to the base material. This mainly is due to grain 

refinement and reorientation in the stir zone (SZ), through which the crack grows. Scanning 

electron microscopic analyses of the fracture surfaces revealed a significant change in 

fracture mechanisms and micro-mechanisms in SDSS (SAF-2507) due to FSP. FSPed 

specimens fracture surfaces are characterized by numerous crack initiations site and 

complicated crack propagation paths, which contributed to the retardation of the crack 

propagation. 
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1 CHAPTER 1 

 INTRODUCTION  

1.1 Background 

1.1.1   Friction stir porcessing 

 Friction stir processing (FSP) and Friction stir welding (FSW) technologies are believed 

to be the most important and most popular solid-state processing methods that have 

developed over the last few decades. The FSW method was developed in 1991 and patented 

in 1994 by Technical Welding Institute (TWI) [1]. Several potential applications of this 

process are available in the domain of shipbuilding, automotive, oil and gas, military fields, 

and aerospace industries.  

 

Figure 1-1: Schematic model of friction stir welding (FSW)[2]. 

FSW includes three main steps: tool plunging, tool traversing and tool retracting. FSP 

which is used mainly for material surface processing, goes through the same steps. The 
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Figure 1-3: TTT Diagram showing the formation of intermetallic phases on steel SAF 2507 [19]. 

 

1.1.4   Friction Stir Processing and fatigue crack growth 
 

FSP is considered as an emerging and prominent solid-state surface modification 

technology that can refine the microstructures, remove casting defects, and associated 

mechanical property enhancements in the processed area. Thus, developing ductility and 

strength, enhance formability, and improve resistance against fatigue and corrosion [20-

23]. The principles of solid-state processing method FSP and FSW are invariant [24] except 

that it is applied onto one piece of metal. The process alters the local microstructure to 

obtain the anticipated properties by surface adapting rather than accumulating the sample 

(Figure 1-1). Figure 1-1 shows the FSP process; the tool (rod) has a flat shoulder and there 

are threads on the lateral surface of the cone-shaped probe attached below. The mechanism 

first drives the high-speed spinning rod during operation to pass into the set work piece. 

When the contact is completely established by the tool shoulder, it travels around the work 

piece. The tool produces a considerable amount of heat from the friction between the tool 

and the work piece as it rotates and crosses the work piece. The matrix surrounding the tool 

softens when the temperature is ~ 0.7Tmp and can undergo substantial deformation [26]. 
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1. To optimize the friction stir process of super duplex stainless steel (SAF 2507)  

2. To develop a finite element model to simulate FSP of SAF 2507 and estimate 

developed residual stresses, deformations and temperatures. 

3. To determine the residual stress state induced by FSP by the drill-hole technique 

and use these experimental results along with measured temperature to validate the 

finite element model.  

4. To investigate the effects of FSP on Fatigue Crack Propagation (FCP) 

characteristics using linear elastic fracture Mechanics (LEFM) 

5. To deteremine the mechanisms of fracture controlling FCG in BM and FSPed SAF 

2507 

1.3 Research Methodology 

In this work, the previously mentioned objectives will be addressed through the following 

approach:  

1. State of the art literature review. 

This research begins with the state of the art literature review that is related to duplex 

stainless steel, friction stir processing, fatigue crack growth, finite element modelling, 

residual stress determination procedure, fractography and the required analytical equation 

for calculating the generation of heat from the FSP tool. 

2. Friction Stir Processing SAF 2507 

Friction Stir Processing of SAF 2507 was performed using an RM-1 friction stir welder. 

Various pin depths and traveling speeds were applied at a constant rotation speed to 
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optimize the friction stir process.  The processing details like (rotational and processing 

speed, clamping system) are discussed in chapter 3. 

3. FE modeling and analysis of Friction stir process 

The FE model was build and deveopled  in ABAQUS 2019 environment. Where the real 

tool is replaced by Gaussian moving heat source. The simplified real tool geometry was 

used to calculate the generation of heat flux for the simiplicity of heat calculation through 

analytical equation. The measured pressure and calculated heat was introduce in the FE 

model using user subroutine code of DLOAD and DFLUX. The problem idealization and 

the outcome from the FE modeling discussed elaborately in chapter 4 and 5. 

4. Materials characterization after FSP 

Material characterization was performed after FSP by determining the residual stress, 

fatigue crack growth rate, and fractography and study the mechanical and microstructural 

properties of SDSS SAF 2507. To determine the residual stress state induced by FSP a 

semi-destructive technique called hole drilling was used. The reason to choose this method 

and the details experimental setup are discussed in  chapter 3.The fatigue crack growth test 

was perform on INSTRON 8801 computer regulated servohydraulic machine with 100kN 

capacity. Both optical and SEM analysis were conducted for expalning the fracture 

mechanism. 

5. Fatigue crack propagation (FCP) behavior of SDSS before and after FSP 

The fatigue crack propagation rate of SDSS SAF 2507  has been determine for both BM 

and Friction stir processed (FSPed) material using linear elastic fracture mechanics 
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(LEFM) with application of Paris law. First the crack length with number of cycles were 

determined using high magnification camera and plotted the crack length vs number of 

cycles.  The crack growth constant C and m were determine from the fatigue crack growth 

rate vs stress intensity curves.  The details results are discussed in chapter 5. 

6. Fractography 

An Opto-digital microscope (OLYMPUS DSX510) used to investigate the physical 

micromechanisms and identifies the crack colonies. After that Scanning Electron 

Microscope (SEM) was conducted  to depicts the fracture regions (initiation, propagation, 

and final fracture) of BM and FSPed material after fatigue testing without any surface 

treatment. 

1.4 Motivation  

The demand for Stainless Steel, especially duplex grade, has increased dramatically over 

the last decade, creating a new market. Duplex stainless steels (DSS) are sought after for 

their strength, corrosion resistance, attractive appearance, and low cost of maintenance. 

DSS is viable commercially also because they do not need protective coating and painting. 

In addition to that, DSS has outstanding mechanical properties, which make it a suitable 

candidate to replace the austenitic stainless steels, exclusively for the petrochemical and 

marine industry. Few studies have been carried out on the fatigue crack growth behavior 

of SAF 2507. Friction stir processing and its effect on the fatigue crack behavior of DSS 

and SDSS has not been addressed. Thus, the present work is designed to study the fatigue 

crack growth behavior of SDSS SAF 2507 and how it is affected FSP. The investigation 

starts with the optimization of the friction stir process for this high temperature material. 
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The state of residual stresses after FSP is then determined experimentally and by a 

specially developed finite element model. Finally, fatigue crack propagation 

characteristics and mechanisms are determined revealing the influence of friction stir 

processing on the FCP behavior of this important material. 

1.5 Thesis Summary 

This thesis comprises six chapters. Chapter one includes: an introduction, objectives, and 

motivations. Chapter two is the state of art literature review that covers the issues related 

to Friction stir processing, fatigue crack growth, fracture analysis, FEM, and heat source 

model. The experimental procedure is detailed in chapter three.  It includes all the 

experimental setups and procedures for fatigue crack growth testing and fractography as 

well as the method for determining the residual stresses. Chapter four explains how the 

finite element model was developed to simulate the friction stir processing using a heat 

source with the help of user subroutine. In this chapter, problem idealization, heat 

generation equation, loads and boundary conditions, and meshing are discussed 

elaborately. Chapter five details the experimental and numerical results along with 

validations and discussion of all the outcomes. Finally, chapter six summarizes the research 

conclusions and recommendations for future work. 
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example, equal channel angular pressing (ECAP), friction stir processing (FSP), and 

thermo-mechanical controlled processing (TMCP) [38]. FSP is a unique solid-state metal-

working process, similar to Friction stir welding (FSW). In this process, a rotating tool is 

dipped into the workpiece and travel along a focused direction. In the beginning, this novel 

process was used for soft materials like magnesium alloy, aluminum etc. However, today, 

with the current advancement of instruments and equipment, it is feasible to perform FSP 

on high strength materials [39]. 

FSP is a metal-working method which is similar to FSW [40]. The schematic representation 

in Figure 2-1 illustrates the friction stir processing operation. 

 

Figure 2-1: FSP schematic representation [41] 

 

The movement of the materials around the friction processing tool may be substantially 

different and tremendously intricate from one tool to another due to the different 

geometrical structures of the tools. Three metallurgical zones develop because of FSP; Stir 

Zone (SZ), also referred to as Nugget Zone in comparison to conventional welding 

processes or (NZ), Thermo-Mechanical Affected Zone (TMAZ) and Heat Affected Zone 

(HAZ). Generally, the stir zone consists of fine grains structure because of dynamic 

recrystallization and simple plastic deformation [42].  
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hand, the scale of the grain from base metal (BM) to the RS SZ was steadily decreased. 

Sato et al.[49] has documented similar results using Polycrystalline Cubic Boron Nitride 

(PCBN) at 60 mm/min and a rotational speed of 450 rpm, for friction-stir-processed 

(FSPed) 2507 SDSS. Grain refinement has increased DSS strength and hardness in the SZ. 

Santos et al. [50] explored the impact of the microstructure and strength of DSS on 

rotational and processing speeds. The processing speeds for 200-600 rpm and 50-150 

mm/min with a PCBN stir tool is considered. The AS had higher stresses than the RS, 

contributing to more grain refining at the axial load of 22 and 37 kN. The SZ was also 

found to be more tensile and strong compared to BM. 

Figure 2-2 displays the base metal (a), one pass SZ (b) two pass SZ , and (c) phase map by 

EBSD. For the sample of SDSS (grade 2507). Base metal comprises lengthened grains of 

austenite and ferrite. One pass, SZ sample grains size reduced significantly. However, with 

the increase in pass number, grain size is reduced. The dynamic recrystallization occurs 

due to the refinement of grain size [40]. The austenite and ferrite restoration process is the 

dynamic recrystallization and active recovery correspondingly [41]. Santos et al. illustrated 

that for simple deformation of DSS, from dynamic recovery the restoration mechanism is 

shifted to dynamic recrystallization [42] 

                   

Figure 2-2: Base metal (a), one pass SZ (b), and two pass SZ (c) phase map by EBSD [40]. 
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Takahara et al. [40] have shown that among the reasons for improved mechanical 

properties are as the presence of favorable residual stress distribution induced by the 

friction stir process. Abubaker et al. [41]  observed the changes in the microstructure  of 

SDSS SAF 2507 from the base material to the treated area in the various points (a, b , c , 

d) in Figure 2-3. The line intercept technique was used to calculate the average grain size 

within the BM and SZ, as 160 microns in the BM and 2 to 30 microns in the SZ. The 

refining of the grains in the SZ was mainly due to the nuclear dynamic recrystallization. In 

Figure 2-3, the grain sizes of the SZ can also be observed. The author results was similar 

to the findings published on FSWs for similar materials from Mishra et al [48] and Santos 

et al [50]. 

 

Figure 2-3: Processed material (SAF 2507) microstructure (a) Base Metal, (b) Boundary of TMAZ-AS, (c) SZ, and (d) 
Boundary of TMAZ-RS [41]. 
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2.3  Residual Stress in FSW  

 

Residual stresses (RS) are locked in stresses present in the engineering components, even 

when there is no external load. They may be formed throughout the life of a mechanical 

component or may be initiated in objects due to previous loading or technological processes 

like forging, thermal processing and rolling, etc. Residual stresses (RS) mainly develop 

due to the non-uniform volumetric change in the materials. This change can take place 

during the manufacturing of the component due to the application of heat like heat 

treatment and welding processes and deformation control based approach like friction stir 

processing.  

Further, the residual stresses can be of either tensile type or the compressive type, 

depending upon the location and the nature of the non-uniform volumetric change, which 

is taking place. Most of the time, tensile residual stress is found harmful for the 

performance of the weld joints as compared to the compressive residual stresses because 

many times, compressive residual stresses are intentionally developed to enhance the 

performance. Compressive residual stresses are generally useful because they retard/stop 

initiation and fatigue crack propagation and increase corrosion resistance and wear. The 

residual stresses nature can vary depending upon how the contraction after the heating is 

taking place and how, the mechanical forces are being applied in a very localized manner 

[51]. Operations that generate destructive tensile stresses are wire or rod drawing, 

machining, welding, and grinding [52]. 

In the last decades, numerous methods were established by the researchers to measure the 

residual stresses of various components. Residual stresses measuring techniques are of 
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Thin workpieces are recommended only for uniform stress measurements, whereas thick 

workpieces are suitable for the measures of both uniform and non-uniform stress. The hole-

drilling process measures the relieved strains by drilling a small hole of a component 

surface, at the strain gauge rosette center. The maximum allowable hole depth is about 0.4 

D.  The average values of surface strain are obtained through the single measurements in 

the grid area initiated by the stress relaxation, and the more sensitive relaxation is observed 

close to the surface. The sensitivity decreases with the increase in depth and goes until 

zero. The measured strain values at the hole location are then used to calculate the residual 

stresses. The released strains rely on the stresses that are initially present at the drilled hole 

boundaries, and the residual stresses around the strain gauge rosette are presumed to act 

consistently over the in-plane region and to vary with the material thickness. The released 

strains drop quickly with distance from the edge of the hole, and the stresses measured in 

the hole vicinity by the strain gauges represent about 25% to 40% of the original residual 

stresses.  

There are some limitations of this technique as the maximum residual stresses of the 

materials do not exceed 50% of yield stress.  If the residual stresses exceed 50% of yield 

stress, a correction method is defined, and that can be applied wherever stresses remain the 

same with depth. ASTM standard reported the limitation related to the thickness of the 

component, and that is the approximate results will be considered if the thickness is 

between 0.4 D and 1.2 D [51-56]. 
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(FSW) and showed that FSW resulted in superior FCG resistance and fatigue life compared 

to the base material. They concluded that the enhancement of fatigue properties was mostly 

caused by the synergetic effect of the twin phase microstructure of DSS, favorable residual 

stresses, and improved tensile properties. Toumpis et al. [66] have undertaken a 

comprehensive assessment of fatigue performance of DH36 steel after friction stir welding 

and concluded that slow friction stir welding speed produces highly refined and flawless 

microstructure with higher fatigue life. Similar results were obtained by Lakshminarayanan 

and Balasubramanian [65]. They found that friction stir welded AISI 409M showed higher 

fatigue crack propagation (FCP) resistance and fatigue life compared to that of the base 

metal (BM) because of finer microstructure and compressive residual stress distribution. 

 

2.4.6   Dual Phase (DP) steels fracture behavior 
 

The brittle fracture of DP steels occurs due to the existence of a coarse microstructure [67-

69] and interrelated martensite islands [70,71]. In the ferrite grain, a cleavage crack is 

triggered owing to stress building up at the tip of crack when breaks the martensite. With 

the increase of volume fraction, crack is growing up as the martensite phase size increase. 

Martensite connectivity is enhanced for large volume fraction, which is the main reason 

for cleavage occurrence in the ferrite. For the QT-700-37%, dimples cover the central part 

of the rupture surface, and there is no uniform distribution of cleavage on the fracture 

surface. Under the uniaxial tension, failure happens due to the fracture, as a yielding rupture 

is a primary mechanism to pledge in the middle of the samples [72,73]. 
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Figure 2-14: Damage Mechanism of QT-700-37% and fracture surface void observation [72]. 

 

Figure 2-14 display the damage mechanism of QT-700-37%, which relates to large volume 

fraction for dual-phase steel. The Large void at the martensite bands (Figure 2-14a), 

martensite fracture was observed (Figure 2-14b). Between the combination of two adjacent 

large voids. The formation of Penny-shape voids by the block boundary is shown in Figure 

2-14d while martensite fracture in Figure 2-14c . 

2.4.7   Fracture surface analysis 
 

In ship structures, particularly in stiffened panel DH36 steel  is commonly used. The steel 

plates with 6 mm thickness was friction stir welded using Megastir Q70 pcBN-WRe tool 

with a scrolled shoulder diameter of  36.8 mm and stepped spiral probe of 5.7 mm length. 

As shown in Table 2-1, FSW was carried out at various traverse and rotational speeds. 

Table 2-1: Sets of welding parameters [74]. 
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al. [96] assumed a circular Gaussian heat source stirring at a fixed speed over a solid surface 

with fini te width and depth.  In 1998, Chao et al.  [97] published a 3-D heat transfer FE 

model, where a constant heat flux input was assumed from the tool shoulder/workpiece 

interface, this paper adjusted the heat input with the measured temperature on the trial-and-

error basis. Al-Badour et al. [98] developed a 3-D thermomechanical FE model to 

investigate the residual stresses of FSSealW of tube-tube sheet joint using DFLUX and 

DLOAD and validated the outcome by experimental result. In that investigation, the author 

used the temperature-dependent properties of the materials. Frigaard et al. [99] developed 

an FSW model, where the tool shoulder frictional heat was assumed as heat input.  Based 

on the calculated temperature, the friction coefficient; used to calculate heat input, 

throughout the welding process was adjusted in order not to exceed the melting point of 

the material.  This FSW model used the Rosenthal equation for thin plate heat transfer. 

Recently, the researcher focused on FSW thermal analysis and heat transfer. Few authors 

[100-102] recommended a simple model of heat transfer to forecast the workpiece 

temperature distributions. FE formulation for a moving heat source applicable for welding 

applications was developed in [103]. Several FSW processes were examined for coupled 

thermo-mechanical modeling [93,104]. The amount of heat energy generated through FSW 

obtained numerically was compared with experimental data. Khandkar et al. [105] 

introduced a torque-based heat input model, where heat source expression used the 

innovative torque/power. Similarly, Shi et al. [106] used experimental mechanical power 

as an input in a 3D thermo-mechanical FE model and observed the effect of torque and 

plunge force on the residual stresses. 
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3 CHAPTER 3 

Experimental Investigation 

In this chapter, a short description of processed material, as well as experimental setup and 

the calculation procedures for fatigue crack growth, have been considered. The residual 

stress determination procedure, types, and the selection of hole drilled methods for 

measuring the residual stress have been reviewed in detail. The hole drilled method 

measurement principle, scope, and experimental setup have been presented elaborately. 

3.1 Base materials 
 

The material utilized in this study is SDSS grade UNS S32760 (SAF2705) manufactured 

by ArcelorMittal [107].  The as-received base material chemical composition is shown in 

Table 3-1, while the BM and FSPed materials mechanical properties are listed in Table 3-

2. Typical optical micrograph of the as-received base material in the rolling direction is 

shown in Figure 3-1. The microstructure consists of a ferrite matrix with austenite islands. 

Table 3-1: Chemical composition (wt. %) of as-received SAF 2507 [107]. 

%Ni %Si %C %Cu %S %P %Mo %Cr %Mn %N %Fe PRE 

6.681 0.357 0.026 0.114 0.0002 0.027 3.729 25.299 0.847 0.28 Balance 42 
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3.2 Friction Stir Processing  

 

FSP is considered as an emerging and prominent solid-state surface modification 

technology that can refine the microstructures, remove casting defects, and enhance the 

mechanical properties of the processed area.  FSP enhances properties such strength, 

formability and resistance against fatigue and corrosion. In the current study, SDSS 

SAF2507, a high-strength material, was subjected to FSP to manipulate the microstructure 

locally and achieve grain refinement to enhance fatigue crack propagation resistance.  

3.2.1   Experimental Setup for FSP  
 

Research-based friction stir welder RM-1 (MTI-USA) was used to process SDSS SAF2507 

plates, with dimensions (210x100x6.5 mm). A 25 mm convex-scrolled shoulder PCBN 

tool Q70 (Megastir-USA), with conical pin; 5.2 mm length, was used in this work (Figure 

3-2). A convex shoulder can monitor the footprint of the tool and the footprint relies on the 

force of the tool or the depth of penetration. A water-cooled tool holder (Megastir-USA) 

was used to maintain tool assembly within the acceptable operating temperature.  

Generally, in FSW processing, relative movement of the workpiece for the backing plate 

is not allowed, as this results in defect bond formation or shifting tool path.  Therefore, the 

workpiece must be clamped rigidly to the backing plate. Conventional clamps used in 

milling operations were utilized to rigidly fix the workpiece to a steel backing plate. FSP 

area temperatures were monitored using an infrared camera (FLIR T-660-USA). Figure 3-

3 presents the experimental setup. 
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Figure 3-2: Real tool 

 

 

Figure 3-3:  Experimental setup of FSP. 

 

3.2.2   Optimization of FSP 
 

In this study, experiments were directed to investigate the effects of FSP parameters for 

various transverse speeds 50, 100 and 150 mm/min and a rotational speed of 400 rpm on 

the weld quality of super duplex stainless steel (SDSS) as can be seen in Table 3-3, the best 

weld quality (smooth surface with little to no flash) resulted for 100 mm/min traverse speed 
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and 400 rpm rotational speeds. The processing parameters concerning the rotational speed, 

tilt angle and plunging depths were optimized in earlier work by the research team [41]. 

The optimal parameters were obtained by performing a single-pass bead under position 

control at 400 rpm and a tilt angle of 2º with a tool plunging depth of 5.8 mm. After the 

processing, specimens were cooled at room temperature. Samples were prepared 

effectively, and mechanical tests were carried out to validate the specimens such as visual 

inspection, microstructural observation of the welded surface, hardness test, and FCG test. 

Table 3-3: Optimization of Friction stirs processing (FSP). 

FSP 

No. 

Depth of 

Plunging 

in mm 

Travelling 

speed 

mm/min with 

rotation in 

rpm 

Processed surface finishing Remarks 

1 5.2 50 @400 

 

Rough 

surface with 

lateral flash 

 

2 

5.8 100@400 

 

Smooth 

surface with 

no flash 

3 6.2 150@400 

 

Smooth 

surface with 

lateral flash 
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ASTM E647 standard [109], are presented in Figure 3-5. The CT specimens surfaces were 

grounded and polished by abrasive paper before performing the fatigue test. 

 

(a) CT samples cutting from the base metal plate 

 

(b) CT samples cutting from FSPed plate 

Figure 3-4: (a) and (b) Cutting of CT specimens for BM and FSPed plate, respectively. 
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Figure 3-5:Designed C (T) specimen. 

3.3.2   FCG testing 
 

In this present study, fatigue crack propagation tests were performed on the CT samples at 

three different stress range levels, i.e., 66, 94, and 113 MPa. The tests were conducted using 

INSTRON 8801 computer-regulated Servo-Hydraulic Machine with a capacity of 100 kN. 

All experiments were performed in room temperature conditions, and at a constant load 

amplitude, a sinusoidal waveform, a constant stress ratio (R=0.1), and at 10 Hz frequency. 

The experimental setup in Figure 3-6 shows the specimen as mounted on the testing frame. 

The crack length (a) was measured using a high-resolution camera with a magnification 

factor up to 200x. 
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the strain gauge circle. That was achieved with the help of the microscope attached to the 

HD setup. 

The model P3 strain indicator data recorder (Figure 3-8(b)) was first connected to a PC for 

data acquisition. Due to the high cutting speed requirements (around 200,000 rpm), an air 

turbine (Figure 3-8(c)) was used in the drilling operation with a diamond-coated tungsten 

carbide cutter. Each new experiment required a new drill bit to minimize the errors 

associated with the shape of a drilled hole. After establishing the zero-depth and setting the 

strain readings to zero, the hole drilling was performed in increments of 0.064 mm until a 

depth of 1.0 mm. After reaching each increment, the strain readings were stabilized for a 

couple of minutes before recording the values. Following hole drilling (HD) completion, 

the drill hole diameter was measured with an optical microscope that is attached to the 

setup. 
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4 CHAPTER 4 

FINITE ELEMENT METHOD  

In this chapter, friction stir processing has been established by FEM heat source modeling 

in a commercial Software ABAQUS 2019 using user subroutine.  The details about heat 

source modeling like problem idealization, assumptions, materials model, heat generation 

equation, loads and boundary condition, and meshing have been discussed thoroughly. 

4.1 Friction Stirs Process 
 

Friction stir processing (FSP) is an emerging material enhancement technique developed 

from the solid-state welding technique known as friction stir welding (FSW). FSW was 

invented by the welding institute in the 1990s [114] with a significant number of rewards 

like improved mechanical properties and reduced material distortion compared to other 

fusion welding processes. FSP is accomplished using a specially designed rotating tool that 

exerts heat through friction on the alloy, causing the material to soften while being stirred 

as a result of combined rotational and translational motion along the desired path as 

illustrated in Figure 4-1. The mechanical properties enhancement is accomplished by 

altering the microstructure and elimination of internal voids or defects in the case of cast 

structures [115]. In FSP, the workpiece never reaches a melting point because of the solid-

state nature of the process; therefore, associate defects from melting-solidification phases 

are avoided, and processed material obtains higher mechanical properties in comparison to 
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4.1.1   Problem idealization: 
 

FSP is a fully coupled thermo-mechanical solid-state process without the use of any filler 

metal. This process consists of a tool and one or more plates. The present study uses a 

single plate of super duplex stainless steel (SAF 2507) for friction stir processing. 

 

                                           (a) (b) 

Figure 4-2: (a) Real FSP, (b) Idealize FEM model for FSP using a heat source (Q), and distributed pressure (P). 

 

As the FSP is a fully coupled thermo-mechanical process, the generation of heat is related 

to frictional or contact conditions as well as material flow. Without a pre-knowledge of the 

heat generation it cannot be feasible to predict the temperature history by the thermal model 

that is why several analytical expressions are available in the literature for the generation 

of heat for a weld as a function of welding or processing parameters (e.g., rotational speed) 

and tool geometry (e.g., tool radius). In this work, the tool heat effect was introduced as 

Gaussian moving heat source (see equation 4.1 & 4.2). The amount of heat production by 

the tool shoulder and the pin can be calculated using sticking and sliding conditions (see 

equation 4.2 to 18) of the tool throughout the processing and applied as a moving surface 

heat flux through user subroutine. Figure 4-2(a) shows the real experimental setup, and 
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Figure 4-2(b) illustrates the idealized model using heat source replacing the tool. However, 

modeling of FSW/FSP is tackled using the two forms; non-flow based modeling, where 

the tool is replaced by a heat source and distributed pressure, while the other technique is 

using flow-based simulation ( based on ALE or CEL); which are computationally heavy 

and the details of these modeling will be found [128-130]. The authors have utilized the 

non-flow-based method due to its low computational cost; also, the residual stresses within 

the HAZ are expected to be identical, using flow or non-flow simulation. Although 

researchers carried out various types of heat source models, the limitations of this model 

have not been specified clearly. As the Gaussian heat source model generated heat over a 

surface, it may not be applicable for thick plates. However, several researchers [131,132] 

proposed and established heat generation analytical equation for the friction stir tool 

because of the highest amount of heat production by the workpiece and tool shoulder 

interaction. The present study applied those simplified equations for FSP. The present 

study also specifies the limitations for this model as incapability of simulating the 

asymmetry of FSP. 

 

4.1.2   Assumption during heat source modeling 
 

The following consideration is taken into account during the heat source modeling of FSP. 

1. The isotropic tool is considered as Gaussian moving heat source. 

2. Material properties of the workpiece are temperature dependent. 

3. Workpiece as Lagrangian domain 

4. The tool is considered as a cylindrical taper tool during heat calculation. 
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movement of the pressure, i.e., forging load and heat source, was controlled using 

subroutines DLOAD and DFLUX, respectively. Both subroutines are built-in Abaqus 

(2019) that define the surface pressure distribution and surface heat flux as a function of 

position and time. For each time increment, the tool movement was simulated by changing 

the pressure and heat flux position. The pressure exerted by the tool, and the heat flux were 

applied to the surface area that is equivalent to the tool shoulder. The pressure was 

calculated using the average measured forging force during the experiment, which was 

27.8 kN during the welding phase. Figure 4-6 presents the measured forging force vs tool 

traveled distance. Practically, the forging force is steady if the process conditions are within 

an optimum window, where process temperature maintains constant (steady state) also 

force can be constant.  

Considering the efficiency of the process, where part of heat will transfer to the tool and 

the other into the workpiece, the amount of heat converted to the workpiece was calculated 

using equation (4.6), and the value f is 0.64; considering properties at room temperature. 

The total calculated heat flux is 3135.19 W, and the heat flux values were calculated using 

equations 4.3 and 4.7. Figure 4-7 presents the measured tool torque vs. tool traveled 

distance. Torque-traveled distance trend shows stable nature similar to forging force. 
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Figure 4-6: Forging force measured during FSP of SDSS. 

 

 
Figure 4-7: Load vs tool travel distance. 

 

Heat dissipation to the surrounding considered being by natural convective heat transfer. 

Researchers have used diverse values of h (convective heat transfer coefficients) for 
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FSW/FSP simulation, which is in the range of 25-30 Wm-2K-1 [125, 140]. The current work 

used 25 Wm-2K-1. A fictitious convective heat transfer was used at the back of the plate to 

mimic the heat conduction into the backing plate, which is affected by multiple factors, 

i.e., workpiece\backing plate materials and pressure at interface. The fictitious convective 

heat transfer coefficient was found in the literature to be 2000 Wm-2K-1 [141]. 

Mechanically, displacement constraints were applied to simulate the action of the clamp. 

4.1.6   Element selection and Mesh 
 

An 8-node thermally coupled brick, trilinear displacement, and temperature control 

element C3D8T was used to mesh the plate. Bias seeding was applied to generate a fine 

mesh near the processing zone with a total number of elements equal to 23040. This method 

reduces the computational time and improves the solution accuracy. The size of the mesh 

around the tool plunge; side length is 1 mm, and the outside of the tool area is 2 mm. The 

plate was partitioned into smaller cells to obtain the graded mesh. Before selecting the final 

model, several mesh densities were tried, and the present one (Figure 4-8) was found to 

provide good accuracy with reasonable computational time. Table 4-2 lists the mesh 

density vs computational time. 
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The bead developed by the FE heat source model (Figure 4-9 (b)) was compared with that 

obtained after FSP (Figure 4-9 (a)). Figure 4-9 (b) represents the contour plot of plastic 

strain magnitude estimated using the developed model. It can be easily noticed that the 

overall shape of the FEM developed bead is matching that of the real bead, with an average 

width of about 20 mm. FEM seems to have overestimated the length of the plunging zone 

by about 6%, 37.6 mm instead of 35.5 mm.   

                               

(a) The full shape of experimental FSP bead 

 

(b) Full shape contour of heat source FE bead 

Figure 4-9: Processed bead comparison (a) real bead and (d) contour of heat source model bead. 
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Figures 4-10 (a) and (b) display the optical microscope image of the bead cross-section and 

estimated plasticized zone using the developed FEM, respectively. The experimental 

optical cross-sectional image was taken from an earlier work by the team on the same 

material using the optimal friction stir processing parameters [41]. The symbols: a, b, c, 

and d indicate, respectively base metal, the advancing side (AS),  the thermo-mechanically 

affected zone (TMAZ), the stir zone (SZ), and the retreating side (RS). The comparison 

between the optical microstructural image and the predicted plasticized zone implies that 

all of these four zones are present in the simulated plasticized zone. The difference in SZ 

is mainly because the real tool is tapered, whereas the heat source model is applied on the 

surface. Moreover, the assumption of the Gaussian heat source does not capture the 

asymmetry of FSP between AS and RS. 

 

(a) Experimental optical microstructure 

          

(b) Heat source microstructure 

Figure 4-10: Microstructural comparison of SDSS SAF 2507 after FSP (a) Experimental optical microstructure [41], 
and (b) Heat source microstructure. 
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The estimated temperature profile across the processed line is shown in Figure 4-11-a. The 

figure shows that the temperature is dropping rapidly across the process line when the heat 

source travelling in the processing direction. Thus, the temperature gradient around the 

process zone is very high that denotes the key characteristics of FSP when compared to 

any other process. Figure 4-11-b presents the thermography captured experimentally 

during processing. It can be noted that the highest temperatures are almost identical. A 

good agreement is found between simulated and measured temperatures. The highest 

temperature estimated was 946.6°C, whereas the average temperature was about 677.8°C. 

The infrared camera measures the peak temperature value of 1059.5°C, but the average 

temperature is 727.8°C. Thus, the average temperature difference is about 7%. The error 

may be a result of the assumption of constant heat input in the finite element model or the 

artificially assumed conduction into backing plate.  Although the outcome is in the 

acceptable range, other parameters such as thermal boundary conditions can be considered 

to yield better results. 

     

Figure 4-11: Temperature distribution during welding (a) heat source model, and (b) experimental infrared camera. 
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Figure 4-12: (a) Contours of FEM simulated Equivalent stress (von Mises) (b) Von Mises RS of FEM over depth. 

 

Figure 4-13: Comparisions of experimental and FE simulated residual stresses at each depth. 

 

Figure 4-11-a illustrates the contours of FEM simulated von Mises residual stress profile 

using heat as shown above and Figure 4-11-b demonstrates the von Mises RS of FEM over 

depth for both the point A and B. The highest von misses residual stress was found 606 

MPa at the transition between the processed zone up to the depth of 1.0 mm.  The FE results 

show the identical von Mises stresses along the treated zone. It is because of the element 

size and the assumed constant heat input during processing. Therefore, the heat source 
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4.4 Estimated residual stresses and deformation 

 

Figure 5-16 shows the contours of FEM estimated residual stresses in the FSPed SAF 2507 

plate in the XZ plane. The average and maximum von mises stresses are approximately 

602 MPa and 676 MPa, respectively, and the maximum stress is found to occur in the 

transition zones between processed and unprocessed material. The details distribution of 

RS over the distance for longitudinal and transverse direction are shown in Figure 5-17 at 

the XZ plane of the plate. The maximum longitudinal and transverse stresses are 647 MPa 

and 607 MPa, respectively. The stress distribution is seen to be symmetric about the FSP 

centerline (see Figure 5-17-b). 

 

Figure 4-16: Contour of FEM estimated von Mises residual stresses. 
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Figure 4-17: Contour of FEM von Mises residual stress distribution (a) longitudinal direction parallel to the processed 
line, and (b) transverse direction perpendicular to the processed line. 

 

The Figure 4-18 shows the contour of compressive principal residual stresses develop in 

the plate. It is imperative to emphasize the fact that the residual stresses developed in 

friction stir processing are compressive. From the figure it can be observed that the 

compreesive residual stresses are present on the depth of the processed zone. However, on 

the top of the plate the residual stress is positive because of the constant heat input, intensity 

used  and shape of heat has a major effect. A high tensile stress was observed due to the 

balance between thermal expansion and rapid solidifications and becomes compressive 

when proceed along the processing line of the plate. 
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Figure 4- 18: Principal residual stresses (a) at the top of the plate, and (b) at the back of the plate. 

          

Figure 4-19: (a) Contour of plastic deformation, and (b) Contour of distortion. 

 

Figure 4-20: (a) Longitudinal distortion, and (b) Transverse distortion. 
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Figure 4-19-a illustrates the plastic strain distribution in the processed bead after releasing 

the clamp and cooling down the plate. The highest plastic strain in the processed bead area 

is about 7.3e-3 mm/mm. In the FSP, the plate is processed with highly localized heating that 

causes a complicated state of stress because of the contraction and expansion of the heated 

material. The critical parameter for assessing the degree of plate distortion is the plastic 

strain. The plastic strain distribution of the processed bead in both the longitudinal and 

transverse direction at all point are positive and non-uniform, which indicates that tensile 

stress caused by thermal stress cannot be entirely overcome by cooling shrinkage. 

Moreover, Figure 4-19(b) provides the distortions of the FSP plate under 100 mm/min 

processing speeds. It can be observed that the processing plate depicts a saddle shape 

distortion (see Figure 4-20), and the similar shape distortion was observed by Guo et al. 

[147] when investigating the effect of thermal input on welding distortion. The maximum 

distortions in length are 0.034 mm, and in width is 0.026 mm. Moreover, the distortion 

produced by the FSP is much smaller than conventional FSW at the same welding speed 

due to the heat source uniform heating. Both longitudinal and transverse distortion curves 

in the middle of the plate are shown in Figure 4-20. 

 

Figure 4-21: (a) Contour of residual stress distribution in the X-direction, and (b) FEM transverse stress distribution in 
X-direction perpendicular to the processed line. 
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Figure 4-22: (a) Contour of residual stress distribution in the Z-direction and (b) FEM Longitudinal stress distribution 
in the Z-direction parallel to the processed line. 

 

Figure 4-23: Contour of residual stress distribution in the Y-direction (normal stress). 

 

Figures 4-21 to 4-23 shows the maps of residual stresses for X-direction (transverse), Z-

direction (longitudinal), and Y-direction (normal). Because of constant heat input 

throughout the processing, all stresses are symmetric about the processed centerline. The 

maximum residual stresses estimated in X and  Z direction are 664 MPa and 611 MPa, 

respectively. These maximum stresses are near to the shoulder edge of the FSP plate. The 

longitudinal stress is higher than transverse stress, and there is no noticeable effect of 

normal stress, which is in the Y direction. 
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5 CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Experimental Residual stresses in the Stir Zone 

 

The metallurgical transformations and thermal cycles during FSP induced stresses in the 

processed and heat affected area due to the misfits between the various phases of the 

processing and inhomogeneous thermal strain. The residual stresses were measured 2.2 

mm away from the bead edge of both advancing sides (Point A) and retreating side (Point 

B) in the processed zone, as shown in Figure 5-1. The measured von Mises residual stresses 

at points A and B are then plotted as a function of drilled hole depth in Figure 5-2. 

 

Figure 5-1: RS measurement points A and B. 
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Figure 5-2: Measurement RS at points A and B concerning depth. 

 

Figure 5-2 describes the variation of von Mises residual stresses over 1.0 mm depth for the 

two points (A and B).  From the figure, it can be seen that von Mises stress on the bead 

near the surface is around 430 MPa at a depth of 0.064 mm, before starting to decline to an 

average value of 140 MPa. It can be seen that ignoring the variations, which may be due to 

measurement errors, the average value of von Mises residual stress seems is about 250 MPa 

within down to a depth of 0.7 mm. A significant rise in residual stresses is observed in the 

0.7 to 1.0 mm in depth. The average value within this range is about 500 MPa. The 

measured maximum von Mises stress at point A and B was 563 MPa and 514.3 respectively 

at a thickness of 1 mm from the top surface because of the rapid cooling of inner surface 

compared to the outer surface [148]. While heating, the expansion of steel is higher due to 

the higher coefficient of thermal expansion and the material undergoes compressive stress 

during heating. As cooling is the last phase of the thermal process, the precipitation-
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hardening mechanism of the material takes place from high temperatures to room 

temperature, which moves in the solubility field with sudden/fast cooling [149,150].  An 

asymmetric distribution can be observed; indeed, the advancing side of the FSP processed 

bead has the maximum stress value than the retreating side (RS). This is expected owing 

to the higher temperature at the advancing side as compared to the retreating side [151], 

which is also supported by the thermography digital photo. The FSP bead and the thermally 

modified area cool after the processing, but their contraction to the original positions 

prevented via rigid grips and the cooler and natural material surrounding them. These 

elements generate residual stresses and the asymmetric residual stress distribution in the 

workpiece is caused by the asymmetric temperature distribution as well as by the material 

flow in the stirring zone. The material flows from the retreating side, across the centerline 

of the FSP bead to the forward side. The tool tilted two degrees from a vertical position to 

boost the forging action. However, the forward side of the processed area is usually the 

hotter side because the material flows from the receding side, across the centerline of the 

FSP bead to the forward side. 

 

Figure 5-3: Measured principal stresses in the advancing and retreating sides processed area. 
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Figure 5-3 shows the favorable residual stress distribution that is present in the processed 

area of the plate, both in the advancing and retreating sides. The measurement also 

demonstrates that friction stir processing has resulted in mainly compressive principal 

stresses with a rough average close to -50 MPa. While it is expected that redistribution and 

relaxation of these residual stresses would occur, in the FSPed zone, during specimen 

preparation, a fair amount of the residual stresses can still be present [65]. 

 
5.2 Effect of FSP on Fatigue Crack Growth Behavior 

 
Figure 5-4 illustrates the variation of fatigue crack length (a) with the number of cycles (N) 

for the base material (BM) and the friction stir processed (FSPed) material of Super Duplex 

stainless steel SAF2507 at different stress levels. It can be seen from the a-N curves that, 

irrespective of stress level, the initial slope of a-N curve starts low and increases with 

increasing number of cycles. The crack initiation life is lower at higher stress levels for 

both base and FSPed materials. The effect of FSP is translated by higher initiation and total 

fatigue life for the same stress level. For example, the total fatigue life for BM at the applied 

stress range of 94 MPa is 56,093 cycles with an initiation life of 10,002 cycles, while those 

of FSPed material are respectively, 68546 and 26,100 cycles. This is an indication that 

friction stir processing improves both crack initiation and FCG resistance. The main 

reasons for this fatigue life enhancement could be due to the higher material strength and 

fracture toughness [41] as well as the presence favorable residual stress distribution as 

shown in Figure 5-3. These residual stress measurements show that friction stir processing 

has resulted in mainly compressive principal stresses with a rough average close to -50 

MPa. While it is expected that redistribution and relaxation of these residual stresses would 
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occur, in the FSPed zone, during specimen preparation, a good amount of the residual 

stresses can still be present [65]. 

 

Figure 5-4: Fatigue crack growth curves for base metal and FSPed SAF2507. 

 

Figure 5-5 shows low magnification micrographs for the fracture surfaces of BM and 

FSPed samples, tested at a stress range of 66.0 MPa. The total fatigue lives of BM and 

FSPed specimens are 120,558 cycles and 178,482 cycles, respectively. This is 

corresponding to 32% of life improvement due to material friction stir processing. It can 

be seen that for FSPed SDSS, the crack propagated for a distance 13% longer than that for 

BM.  

 

0

2

4

6

8

10

12

14

16

18

20×104
18×10416×10414×10412×1040 10×1048×1046×1044×104

C
ra

ck
 L

en
gt

h 
(a

), 
(m

m
)

Number of Cycles (N)

 113 MPa(BM)
 94 MPa(BM)
 66 MPa(BM)
 94 MPa(FSPedM)
 66 MPa(FSPedM)

�6�W�U�H�V�V���U�D�Q�J�H�V���1

2×104





85 
 

 

Figure 5-7: Microstructure of base metal and processed material in the stir zone [105]. 

 

Figures 5-7-a and 5-7-b, respectively show the distribution of ferrite and austenite grains 

in the parent material and the stir zone along the transverse direction (perpendicular to the 

crack tip). Figure 5-7-a reveals that both ferrite and austenite grains were refined by friction 

stir processing.  The grain sizes were measured using the line intercept procedure resulting 

in average sizes of about 160 µm for BM while the grain size in the stir zone was found to 

vary between 2 and 30 µm [41]. It can also be seen that besides the grain refinement, the 

orientation of the austenite grains was changed by friction stir processing. The change in 

orientation of the grains and the increase in the number of grain boundaries are expected 

to affect the crack growth behavior.  However, owing to the existence of phase boundaries 

when exposed to thermal mechanical treatment, DSSs naturally have a refined 

microstructure and thus show stronger mechanical properties and corrosion resistance 

compared to single-phase alloys [157] when two constituent phases are well-distributed. It 

is understood that material with larger grain sizes has a limited number of grain boundaries 

  

(a)                                                              (b) 
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and is weaker than material with smaller grain sizes and a substantial number of grain 

boundaries. Since the dislocation motion needs to proceed through a smaller number of 

grains boundaries in greater grain content [158,159]. Various models, such as the Hall-

Petch relationship, are available in the literature, which describe that grain size is inversely 

related to the hardness and strength of the material, and this increase in strength and 

hardness is compensated for by a decrease in ductility of the material[160,161]. The grain 

boundary is defined by the angle of misorientation to the grain boundaries. Grain 

boundaries are usually classified as low-angle grain boundaries (LAGBs) and high-angle 

grain boundaries (HAGBs). The microstructure of FSPed has large fractions of HAGBs 

that are beneficial during deformation for strain hardening, grain boundary sliding, and 

blocking slipping dislocations [162]. Therefore, large fractions of HAGBs lead to high 

tensile strength and elongation in the SZ microstructure. 

   

Figure 5-8: FCG rate variation with SIF for as-received SDSS SAF-2507 (a) without plastic zone correction and (b) 
with plastic zone correction. 
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mentioned above, grain refinement and multiplication of grain boundaries (see Figure 5-7) 

along with FSP induced residual stresses (see Figure 5-3) are the main reasons behind the 

improvement in FCG resistance. Similar observations were made by Lakshminarayanan 

and Balasubramanian for friction stir welded AISI 409M ferritic stainless steel [65]. 

Table 5-1: Plasticity correction effects on FCG constants C and m. 

Present Material (SAF 2507) C (mm/cycle) m 

BM before plasticity correction 6.02×10-10 3.56 

BM after plasticity correction 2.71×10-10 3.73 

FSPedM before plasticity correction 2.08×10-09 3.05 

FSPedM after plasticity correction 1.36×10-09 3.17 

 

5.3 Fractography 

 
Figure 5-11 depicts the fracture regions (initiation, propagation, and final fracture) of BM 

and FSPed material after fatigue crack propagation testing. The fracture surfaces of failed 

CT samples were examined by an Opto-digital microscope (OLYMPUS DSX510) without 

any surface treatment to investigate the physical micromechanisms of the crack growth. It 

can be observed that each region has a distinct microstructure for both BM and FSPed 

specimen. The FSPed specimen is showing multiple possible initiation sites and a smoother 

stable crack propagation region whereas BM specimen showing a single crack source. It 

indicates that FSP has improved the material fatigue crack growth rates. More details of 

SDSS 2507 material crack propagation behavior has been discussed through SEM analysis 

for both base material and FSPed materials which has shown in Figure 5-12. 
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Figure 5-11: Optical microscopic observation of CT specimens for both the BM and FSPedM. 
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Figure 5-12: SEM fractographs for both BM and FSPed SAF 2507, (a) initiation (BM), (b) propagation (BM), (c) final 
failure (BM), (d) initiation (FSPed), (e) propagation (FSPed), and (f) final failure (FSPed). (The double arrow indicates 

the main crack direction.) 

 

Figure 5-12 reveals the details at three different regions of the fracture surfaces. The first 

three SEM fractographs (a, b and c) correspond, respectively, to the initiation, stable crack 
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material for the similar parameters of this current study. Thus, the FSPed material is more 

refine than base material. From Figure 5-7-b it can also be noticed that the grain 

orientation has changed for the processed material due to temperature gradient. The 

change in orientation has produced large number of grain boundaries [156,163]. 

Therefore, the grain refinement and multiplication of grain boundaries retarded the crack 

propagation rate for the processed material. The material fails due to persistent slip band 

(PSB) stress levels (with respect to dislocation motion). These PSBs are capable of 

traversing low-angle grain boundaries, thereby belonging to grain clusters. The PSBs 

develop and connect with high-angle GBs as a consequence of the ongoing cyclic slip 

process, resulting in dislocation pile-ups, static extrusions at the grain boundaries (GB) in 

the form of ledges/steps. Therefore, large number of grain boundaries retard the crack 

growth.The fractography of both base and processed material fracture specimens reveal 

that the base material has single crack source and the processed material have multiple 

crack sources and the crack propagation path is complex, resulting in zigzag advance. It 

is observed that the number of secondary cracks on the stable crack growth region for 

FSPed fracture surface is higher than that of BM fracture surface. Secondary cracks 

drained energy and decreased the drive for primary crack development locally. Thus, the 

presence of secondary cracks not only increased energy consumed in fractures but also 

led to the stabilization of main crack propagation. Thus, multiple crack initiation and 

complex crack path of FSPedM has improved the crack growth resistance. It can be 

concluded from the study that the three main reason for the low fatigue crack propagation 

of FSPed SDSS SAF 2507 are (a) Grain refinement, (b) Multiplication of grain boundaries 

and change in orientation of austenite, and  (c) Favorable compressive residual stress. 
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4. Friction stir processing of SDSS SAF 2507 increased crack growth resistance of the 

material and resulted in higher Paris constant, C and lower exponent, m. 

5. The SEM fracture surface analyses revealed multiple crack initiation sites and 

secondary cracks for FSPed specimens with a significantly complicated crack path 

caused mainly by the more significant number of grain boundaries. 

6. Finite Element modeling of FSP is very challenging, owing to its multi-physics 

characteristics. However, the idealized numerical simulation of FSP was able to give 

a nice prediction of the FSP bead geometry and shape when compared to the 

experimental bead. 

7. The predicted temperature distribution during processing was in good agreement with 

experimental results obtained by an infrared camera. 

8. FE residual stress estimation was in agreement with that measured using drill hole 

residual stress measurement technique. 

9. The FSP heat source modeling of SDSS SAF 2507 can be used to visualize and analyze 

the temperature, residual stress, and deformation profiles in the processed plate 

without doing any costly experimental work.  
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6.2   Future work  

 

This study represents the effects of FSP for a single pass and similar metal only so we can 

recommend the following for future work. 

1. The work can be expanded by involving other parameters of welding (such as tool 

geometry) and using different DSS steel grade (e.g., LDSS, HDSS, etc.)  

2. The weld quality of the SDSS can be studied concerning the plunging rate and dwell 

time.  

3. Instead of a single pass on the workpiece of SDSS, multi-pass processing can be 

used to see the effect of residual stresses. 

4. The fatigue crack propagation can also be determined using various stress ratios, as 

the present study is with constant stress ratio 0.1.    

5. Different processing parameters effects on fatigue crack growth rate can be 

investigated. 
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Table 0-1: Data of crack length (a) versus Number of Cycles (N) for both BM and FSPedM of SDSS. 

BM(113 MPa) BM(94 MPa) BM(66 MPa) FSP(94 MPa) FSP(66 MPa) 

Cycles 
crack 
length Cycles 

Crack 
length Cycles 

Crack 
length Cycles 

Crack 
length Cycles 

Crack 
length 

0 18 0 18 0 18 0 18 0 18 
7015 18.1 10002 18.12 33653 18.4 26100 18.6 100035 18.3 
8032 18.16 11003 18.2 37793 18.58 28041 18.7 104017 18.54 
9163 18.27 12003 18.27 40082 18.75 30104 18.9 108012 18.82 
10019 18.35 13165 18.35 43263 19.08 32020 19.15 112020 19.09 
10503 18.44 14165 18.42 46550 19.38 34074 19.59 116026 19.38 
11065 18.53 15181 18.5 47476 19.42 36033 20.02 120067 19.67 
11500 18.63 16114 18.622 48493 19.54 38018 20.56 124092 20 
12028 18.77 17021 18.72 53601 19.82 40012 21.03 128044 20.27 
12500 18.83 18112 18.83 54609 19.9 42015 21.65 132218 20.56 
13000 18.9 19046 18.94 58744 20.22 44018 22.22 136156 21.05 
13511 19 20080 19.05 59752 20.3 46280 22.73 138249 21.22 
14000 19.13 21029 19.16 60760 20.4 48266 23.32 140000 21.43 
14600 19.28 22003 19.27 61745 20.44 50269 23.72 142409 21.66 
15000 19.324 23127 19.39 62753 20.52 52737 24.42 146226 22.23 
15680 19.501 24133 19.5 63777 20.6 54396 24.86 148040 22.4 
16000 19.57 25049 19.61 64809 20.73 56312 25.41 150057 22.6 
16500 19.773 26039 19.72 65927 20.8 58440 25.95 152124 22.9 
17000 19.887 27031 19.83 66934 20.88 60560 26.8 154206 23.2 
17500 20.02 29010 20 67941 21 62348 27.74 156120 23.53 
18000 20.14 30017 20.13 71070 21.2 64720 29.62 158062 23.9 
18500 20.27 31039 20.3 72071 21.3 65133 31.57 160001 24.25 
19000 20.37 32002 20.46 73079 21.4 65330 33.92 162049 24.81 
19500 20.46 33002 20.67 74137 21.5   163056 25.13 
20000 20.554 34018 20.88 75144 21.6   167032 26.72 
20500 20.73 35067 21.2 76152 21.75   168275 27.19 
21000 20.82 36123 21.35 77150 22   170123 27.94 
21500 20.94 37038 21.55 79081 22.08   171054 28.46 
22000 21.08 38021 21.73 80157 22.25   172037 28.9 
22500 21.22 39038 21.9 88351 23.1 

  
173163 29.85 

23000 21.33 40006 22.2 89361 23.25 
  

174096 30.9 
23500 21.516 40712 22.4 94362 23.75 

  
175000 33 

24000 21.624 41401 22.6 95412 23.91 
  

176961 35.1 
24500 21.92 42107 22.8 96117 24.05 

  
  

25000 22.11 42804 22.92 97194 24.2 
  

  
25500 22.33 43504 23.16 99297 24.55 

  
  

26000 22.5 44219 23.38 100265 24.7 
    

26500 22.86 45642 23.9 102283 24.95 
    

27000 23.012 46433 24.15 103294 25.1 
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66.43 5.67E-04 60.11 3.56E-04 82.48 0.00129         
69.25 8.04E-04 62.13 4.82E-04 92.47 0.00165         
72.47 8.57E-04 65.00 6.63E-04 102.48 0.00267         
76.12 8.78E-04 67.94 7.60E-04           
81.98 7.71E-04 70.00 6.01E-04           
89.91 0.00157 74.15 9.40E-04           
99.57 0.00155 78.02 6.99E-04           

114.02 0.00399 81.70 0.00117           
133.46 0.00406 83.94 0.00135       
153.26 0.00551 86.86 0.00103       
175.48 0.00776 89.58 0.00262       
186.55 0.00988 97.43 0.00173       

  100.44 0.002       
  106.02 0.00192       
  115.47 0.0024       

 

Table 0-4: Principal and von Mises residual stresses at point A. 

 

Depth in mm 
Principal stress in the X 
direction 

Principal stress in the Z 
direction Von Mises in Mpa 

0.02 456 49 433.6 

0.09 119 -129 214.8 

0.15 80 -121 175.3 

0.21 64 -155 195.0 

0.27 79 -97 152.7 

0.33 16 -98 106.9 

0.39 150 -252 351.9 

0.45 194 -47 221.3 

0.51 216 45 197.4 

0.57 -62 -175 153.7 

0.63 -178 -364 315.3 

0.69 616 368 536.8 

0.75 355 62 328.4 

0.81 -203 -461 400.2 

0.87 518 236 449.2 

0.93 324 41 305.6 

1 644 400 563.1 
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Table 0-5: Principal and von Mises residual stresses at point B. 

 

 

 

 

 

 

 

 

 

 

 

Depth in mm Principal stress in X direction Principal stress in Z direction Von Mises in Mpa 

0.02 411 -17 419.76 

0.09 333 25 321.23 

0.15 208 -10 213.18 

0.21 109 -84 167.61 

0.27 124 -8 128.19 

0.33 -69 -370 340.78 

0.39 -24 -207 196.10 

0.45 14 -74 81.90 

0.51 158 10 153.24 

0.57 -50 -144 126.63 

0.63 101 -27 116.86 

0.69 242 63 217.46 

0.75 11 -105 110.91 

0.81 -210 -465 403.33 

0.87 -154 -441 387.66 

0.93 561 242 487.36 

1 593 300 513.56 



http://www.stainless-steel-world.net/pdf/11021.pdf
http://www.stainless-steel-world.net/pdf/11021.pdf
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