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Abstract 

 
Friction-stir welding (FSW) is a solid-state joining process, which utilizes a 

cylindrical rotating tool consisting of a concentric threaded tool pin and tool shoulder. 

The strong metallurgical bonding during the FSW is accomplished through: (1) the severe 

plastic deformation caused by the rotation of the tool pin that plunges into the material 

and travels along the joining line; and (2) the frictional heat generated mainly from the 

pressing tool shoulder. Recently, a number of variations of the FSW have been applied to 

modify the microstructure, for example, grain refinements and homogenization of 

precipitate particles, namely friction-stir processing (FSP). Applications of the FSP/FSW 

are widespread for the transportation industries. The microstructure and mechanical 

behavior of light-weight materials subjected to the FSW/FSP are being studied extensively. 

However, separating the effect of the frictional heat and severe plastic deformation on the 

residual stress and texture has been a standing problem for the fundamental 

understanding of FSW/FSP. The fundamental issues are: i) the heat- and plastic-

deformation-induced internal stresses that may be detrimental to the integrity and 

performance of components; ii) the frictional heating that causes a microstructural 

softening due to the dissolution or growth of the precipitates in precipitation-hardenable 

Al alloys during the process; and iii) the crystallographic texture can be significantly 

altered from the original texture, which could affect the physical and mechanical 

properties. The understanding of the influences of the de-convoluted sources (e.g. 

frictional heat, severe plastic deformation, or their combination) on the residual stress, 

microstructural softening, and texture variations during FSW can be used for a physics-
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based optimization of the processing parameters and new tool designs. Furthermore, the 

analyses and characterization of the natural aging behavior and the aging kinetics can be 

practically applied to the predictions of mechanical behavior and material selection for 

the FSW/FSP. Finally, the experimental results can be useful to develop more accurate 

computational simulations. 
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Chapter I Introduction  

 

1.1. Friction-stir welding (FSW)  

 

Friction-stir welding (FSW) is a solid-state joining process, which utilizes a 

cylindrical rotating tool consisting of a concentric threaded tool pin and tool shoulder, Fig. 

1.1. FSW is known to produce a strong metallurgical bond through: (1) the severe plastic 

deformation caused by the rotation of the tool pin that plunges into the material and 

travels along the joining line and; (2) the frictional heat generated mainly from the 

pressing tool shoulder, Fig. 1.2, [1,2]. FSW has many advantages over the traditional 

fusion-welding processes, which include nearly defect-free joints due to the absence of 

solidification/liquid cracking; fine grain structures associated with severe plastic 

deformation, and minimized angular distortion due to the relatively uniform through-

thickness temperature distributions [3,4]. 

The FSW technique has generated tremendous interests in industries because of: 

(1) its simplified fabricating procedure with high-integrity products without need for the 

joint preparation, filler metal, or protection from the atmosphere and; (2) minimized 

health hazards, such as fume, spatter, and radiation. Current and potential applications of 

FSW are widespread for the transportation industries including engine support frames, 

liquefied-petroleum-gas storage vessels, and cryogenic tanks for the space launch system 

[5,6]. 
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Fig. 1-1. Schematic of the friction-stir welding (FSW). 

 

(Thomas WM et al., GB Patent Application No. 9125978.8; Dec 1991.[1])  
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Fig. 1-2. Schematic of a cylindrical threaded pin used in Friction-stir welding (FSW). 

 

(Thomas WM et al., Mater Design 1997;18;269 [5])  
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1.2. Friction-stir processing (FSP)  

 

Friction-stir processing (FSP) is a newly developed technique, which is a 

variation of the FSW method. The FSP method has been applied to microstructural 

modifications for enhanced mechanical properties via localized grain refinement, Fig. 1.3, 

[7]. The benefits of FSP also include homogenization of precipitates in various aluminum 

alloys and composites [8-11]. More recent applications of the FSP include the processing 

of the microstructure amenable to the high-strain-rate superplasticity. Ma et al. reported 

the superplasticity in aluminum alloys subjected to the grain-size refinements via FSP [9]. 

Furthermore, Su et al. reported that the FSP technique could be applied to produce bulk 

ultrafine-grained alloys [12,13], based on the principles of severe plastic deformation 

techniques [14]. 

 

1.3.  Neutron diffraction characterization  

 

The deep penetration capability of neutrons into most metallic materials makes 

neutron diffraction a unique and powerful tool in characterizing their microstructures and 

properties [15-17]. In particular, spatially-resolved neutron-diffraction studies can be 

used to determine stress , texture, and phase transformation [18-21]. The determination of 

residual strains using neutron diffraction is based on the volume-averaged measurement 

of interplanar spacings (d-spacings) in various crystallographic and geometric 

orientations, Fig. 1.4, [22,23]. In a neutron diffraction experiment, one measures the d-

spacings of a crystalline material based on the Bragg’s law. 
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Fig. 1-3. Optical micrographs showing grain structures of commercial 7075 Al rolled 

plates subjected to the FSP. The results show grain refinements from about 150 µm to 4-9 

µm via FSP. 

 

(Mishra RS et al., Scripta Mater 2000;42;163 [7]) 
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Fig. 1-4. A spallation source neutron diffraction instrument with the two detector systems 

including two focusing collimators 

 

(Albertini G et al., Meas Sci Technol 1999;10;R56 [23]) 
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The lattice strain (ε) is defined as the change of the d-spacing from its stress-free 

state [16]: 

oo ddd /)( −=ε                                                        (1) 

where d is the d-spacing of diffracted plane under stress and temperature, and do is the 

stress-free d-spacing. Thus, the lattice strain can be measured using the expansion or 

contraction of the lattice plane of a material. The residual strain data are converted to the 

principal residual stresses (i.e., σx, σy, and σz) using Hooke’s law [23]: 
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                                       (2) 

where i=x, y, z corresponding to longitudinal, transverse, and normal direction, 

respectively; E, Young’s modulus (GPa); ν, Poissons ratio. Henceforth, LD, TD, and ND 

denote longitudinal, transverse, and normal directions. 

            Furthermore, neutron-diffraction measurements can provide insights to the texture 

variations. The intensity of a diffraction peak is related to the texture. The integrated 

intensity (Iτ) can be used for the texture studies [24]: 
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sin
                                                   (3) 

where λ is the wavelength, Zτ is the multiplicity of the reflection, F(τ) is the structure 

factor, 2θ is the scattering angle, Ns is the number of the scattering unit cells satisfying 

Bragg’s law, and Vcell is the volume of scattering unit cell. Thus, the concept of integrated 

intensity can be used to analyze the preferred orientation and details will be described in 

Section 6.2. 
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1.4.  Motivation and outline of the research 

 

Friction-stir welding (FSW) of aluminum alloys has been used in practice to 

produce a strong and sound metallurgical joint. However, the heat and plastic 

deformation involved in the FSW can induce significant changes in residual stresses that 

may be detrimental to the integrity and performance of components [25-34]. For example, 

Reynolds et al. reported maximum longitudinal residual stresses approaching 100% of 

the yield strength (300 MPa) of the base material in a 304L stainless steel FSW [34]. 

Although the heat input is considered as the main source of internal stresses in a FSW, 

direct experimental evidence supporting this is not available in the literature to date. 

Furthermore, the significant changes in the microstructure caused by the frictional 

heat and severe plastic deformation during FSW could also be detrimental to the integrity 

and performance of components [35-39]. The microstructural softening due to the 

dissolution and/or growth of strengthening precipitates in FSP-affected regions is a 

significant and a specific problem for precipitation-hardenable Al alloys. The reduction 

of precipitates deteriorates the tensile strength of the FSP-affected region [40-45]. Sato et 

al. showed the dissolution and growth sequences of precipitates as a function of 

temperature in 6063 Al alloys subjected to FSW [41-43]. The reduction of precipitates 

significantly deteriorates the tensile strength of the FSP-affected region and the 

mechanical properties can be significantly altered during the post-FSP natural aging 

[44,45]. Therefore, the effects of frictional heating and severe plastic deformation during 

FSP on the microstructural softening, the post-FSP natural aging, its long term kinetics, 
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and their influence on the residual strain profiles of a 6061-T6 Al alloy are important 

fundamental issues. 

Finally, during the FSW the crystallographic texture can be significantly altered 

from the original rolling texture in aluminum-alloy [46-50] or magnesium-alloy [51,52] 

plates, which can significantly affect the physical and mechanical properties. Fonda et al. 

showed, based on the crystallographic texture analysis of a Al 2519 FSW, that the texture 

variation is significant across the boundary between the thermo-mechanically affected 

zone (TMAZ) and the heat-affected zone (HAZ) due to macroscopic rigid-body rotations 

of the grains around the stirring pin of the FSW tool [46,47]. Park et al. reported that the 

texture variation can strongly affect the tensile properties in the FSW AZ61 magnesium 

alloy [51,52]. In the current literature, severe plastic deformation is considered as the 

main source of texture alteration during the FSW, Fig. 1.5. However, direct experimental 

evidence is not available to date.  

Thus, objectives of this study are: (i) separate possible sources (heat and plastic 

deformation) that develop internal strains, (ii) understand the effects of the stirring pin 

and the tool shoulder on the microstructural softening during the FSP and the post-FSP 

natural aging, (iii) investigate the asymmetric distribution of residual stress and the 

relationship between the residual stress and the angular distortion, and (iv) examine of the 

texture variation in the characteristic regions and the main cause of the changes in the 

initial recrystallized rolling texture of the plate summarized in Fig. 1.6. These 

fundamental issues/tasks were addressed using various experimental tools including the 

neutron diffraction technique, Figs. 1.5 and 1.6. The experimental results can be  
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Fig. 1-5. Proposed potential sources of residual stress and sample preparation  
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Figure 1.6. Objectives, tasks, and expected results of the current dissertation. 
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useful in developing more accurate computational simulations [53-59], leading to a 

physics-based optimization of the processing parameters and tool design [60-65]. 
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Chapter II Literature review 

 

2.1 Overview of friction-stir welding (FSW) 

  

2.1.1. Background and methodology 

The definition of friction-stir welding (FSW) is described as “a solid state joining 

technique, in which a severe plastic deformation is used to plasticize in a confined region, 

which results in a strong metallurgical bond that creates intimate contact between 

materials on either side of the joint line [1].” In detail, the welding is accomplished using 

inserting a threaded pin, also called as a probe or a nib, into the surface of plates which 

are to be butt-welded. The pin, which is typically slightly shorter than the thickness of the 

plate and its diameter is approximately the thickness of the work piece, is mounted on a 

shoulder that has a diameter three times that of the pin. The stirring pin and tool shoulder 

are pressed against the plates, rotated at hundreds revolutions per minute, and travels 

along the intended joining line [2-5]. 

In 1991, the Welding Institute (TWI), Cambridge, UK developed a novel welding 

method and called the process as friction-stir welding (FSW). The major researcher, 

Wayne M. Thomas enrolled the International Patent No. PCT/GB92/02203), US Patent 

No. 5,460,317, and GB Patent No. 9125978.8 [1]. Previously a solid-state process, 

friction welding, was developed and used from the 1950s; however, the method was 

usually restricted to a special condition of welding. The FSW technique, on the other 

hand, is a totally different joining process and is considered as one of the most advanced 

technologies in welding community [2,3]. The most important advantage of the FSW is 
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the ability to produces nearly defect-free welds at lower cost than conventional fusion 

welds in aluminum alloys [5]. During FSW, the maximum temperature produced by the 

tool is approximately 80% of the melting temperature of aluminum, which causes the 

base material to soften along the welding bead. The softened plasticized material is also 

forged by the pressing tool shoulder [3]. This benefits the ability to join materials such as 

2xxx and 7xxx aluminum alloys, which are difficult to fusion weld. Furthermore, there 

are a number of advantages compared to the conventional fusion welding: (1) eliminates 

the liquidation or solidification cracking problems during the solidification of the welded 

metal that may occur during fusion welding,; (2) no loss of alloying elements and 

unchanged alloy composition; and (3) grain refinement resulting in an excellent 

mechanical properties such as enhanced fatigue, tensile, and bend properties. It was 

reported that fatigue resistance improved twice compared to that of fusion weld due to the 

minimized ranges of heat damage and angular distortion, Fig. 2.1 [2,3]. However, several 

disadvantages were also reported for the FSW technique such as; (1) limitation of the 

weld thickness based on the mechanical properties of the tool, (e.g., up to 50 mm for Al 

alloys, up to 25 mm for Ti alloys and Steels), (2) asymmetric microstructure between the 

advancing side and retreating side due to the relative direction of the rotation and travel 

of the tool, (3) difficulty in the plate fitting to minimize the gap variation within 10 % of 

the material thickness to prevent mismatch of the plates, (4) the deterioration of 

properties as a result of welding in the softened region and residual stress in the 

TMAZ/HAZ, and (5) the mechanism of the process is not fully understood [5,6].  

FSW has been extensively used to join various aluminum alloys because solid 

state process does not melt aluminum alloys. The research and development efforts on  
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Fig. 2.1. Improved fatigue resistance and low deformation of the FSW compared to a 

Metal-inert-gas (MIG) arc fusion weld. 

 

(Maddox SJ. Inter J Fatigue, 2003;25:1357 [2]) 
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FSW has been mainly focused on  Al alloy series 2000, 6000, and 7000, which are 

difficult to weld by the traditional fusion welding [2,5]. In particular, the microsturctural 

softening due to the dissolution of the strengthening precipitates of heat-treatable 

aluminum alloys subjected to the FSW process have been investigated, for example, 

6061-T5/T6 (K N. Krishnan et al., 1997) [66,67], 7075-T651 (C. G. Rhodes et al., 1997) 

[68,69], 2024-T6 (Y. Li et al., 1999) [70], 6063-T5 (Y. S. Sato et al., 1999) [42,43], 

2195-T8 (J. Corral et al., 2000) [71], 7475- T76 (I. Charit et al., 2002) [44], 2024-T3 (M. 

A. Sutton et al., 2003) [72,73]. The microstructural softening can also be a problem in the 

FSW joints of non-heat-treatable alloys (strain-hardened alloys) due to the reduced 

dislocation density in the FSW-affected zone (stir zone and heat-affected zone). The 

examples of the FSW in the non-heat treatable aluminum alloys include 1100 (H. J. Liu 

et al., 2003) [74,75] and 1050 (Y. S. Sato et al., 2004) [76].  

During FSW, the rotating (stirring) tool with a profiled pin penetrates the base 

material, causes plastic deformation and heating while the tool shoulder generates 

additional frictional heat. Together they make the base material soft while travels along 

the desired joint line. The rotating tool should be a harder material than the welded 

material. The plates to be joined are necessary constrained with pressure using clamps 

along the sides of the plates [1-3]. In detail, Fig. 2.2(a) describes the tool rotating at a 

high speed and positioned above the intended welding line of the plates. Fig. 2.2(b) 

shows the pin plunging into the welding line and generating frictional heat from the 

cylindrical shoulder surface and a small region of material underneath the tool pin (i.e., 

initial tipping period). Then, the rotating cylindrical shoulder presses the plate material 

along the direction normal to the plate which supplies most of the frictional heat.  



  - 17 -  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. Schematic diagram of the procedure of the FSW 

 

(Mahoney MW et al., Mater Trans A 1998;29A;1955 [3]) 
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The pressure supplies highly plasticized material and avoid overflowing the fluid 

material out of the welding pool (i.e., transient plunging period), Fig. 2.2(c). At this 

moment, the thermally softened region due to the frictional heat grows wider at the top 

surface, which is in direct contact with the shoulder, while inside of the welding pool, the 

plasticized materials are constantly produced in contact with the surface of the tool pin 

and pressing shoulder around the traveling tool (i.e., steady state extrusion period), Fig. 

2.2(d). The amount of frictional heat produced by the shoulder can vary depends on the 

welding parameters (e.g., tool design, pressure, and rotation/translation speeds).    

 

2.1.2. Applications and critical issues 

The TWI has developed a number of FSW welding processes applicable to many 

kinds of the aluminum alloys, such as 2xxx, 5xxx, 6xxx, 7xxx, and 8xxx alloys, and 

reported high-integrity welds with good yield strengths [63-65]. Recently, they showed a 

possibility of welding up to 100-mm thick 6082 aluminum-alloy plate using two-pass 

FSW technique, Fig. 2.3, [77]. The speed of FSW for aluminum alloys is about 5 mm/s, 

which is three times faster than normal fusion welding such as metal inert gas (MIG) 

welding, with lower heat input without requiring shielding gases and costly filler 

materials. Thus, industry is currently using the FSW technology for joining aluminum 

alloys for many structural applications. The industrial applications range from small-scale 

components to large panels. Examples include cooling elements, electric engines, high 

speed rail ways, wagons, offshore structures, external fuel tanks of rockets, and bridge 

constructions. In particular, FSW has been widely applied in the transportation industries. 

Examples include engine support frames for the automotive industry; bulk carrier tanks  
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Fig. 2.3. Transverse section through double-sided friction stir weld in 75-mm thick 6082-

aluminum alloy 

 

(Sanderson A et al., Fusion Eng Design 2000;49:77 [77]) 
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for the transportation industry; hulls, decks, and internal structures for high speed ferries; 

and liquefied-petroleum-gas storage vessels for the shipbuilding industry, Fig. 2.4.  [78].  

Meantime, academic and R&D communities focused on the unsolved problems of 

the FSW technique. One of the critical issues of the FSW is the lack of fundamental 

correlation between the processing, microstructure, and mechanical properties of the 

FSW products compared to the well-established theories of conventional welding/joining 

technologies. For example, for the FSW, issues related to the asymmetric microstructures, 

mechanical properties deterioration, the residual stress characteristics, softening of the 

welds, and texture development remain as critical research topics [70-75]. Initially the 

temperature distribution during the FSW was extensively investigated and its effect on 

the microstructural characteristics and mechanical properties has been studied using 

thermo-mechanical modeling of different types of aluminum alloy [53-59]. Secondly, the 

measurements and predictions of the mechanical behavior of materials after the FSW 

were performed. For example, influences of the residual stresses and texture on the 

mechanical properties were examined using neutron, synchrotron, and x-ray diffraction 

[61-63]. Webster et al. reported the mapping of the residual strain in combination with 

the finite element modeling (FEM), Fig. 2.5, [31]. 

Another critical issue is the broadening of the application of FSW to other kinds 

of material (i.e., not only to aluminum alloys). The potential immediate applications of 

the FSW process includes magnesium, magnesium alloys [51,52], copper, copper alloys 

[65], lead, titanium [79], zinc, and steel [6]. According to the report of Reynolds et al. [6], 

the microstructure of the hot-rolled steel such as DH36, Fig. 2.6(a), can contain “swirl 

zone”, known as a defect such as wormholes or tunnels due to the complex material flow  
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Fig. 2.4. Industrial applications; a high-speed train and airplane. 

 

(Thomas WM. Advanced Eng Mat 2003;5:485 [78], courtesy of Hitachi Co., Ltd and 

Airbus Bremen Co., Ltd ) 
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Fig. 2.5. Modeling of the longitudinal residual stress distribution of a FSW.  

 

(Webster PJ et al., J strain analysis 2001;36:61 [31]) 
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Fig. 2.6. (a) Microstructure of FSW DH36 and (b) basic principle of the skew-stir pin 

 

(Reynolds AP et al., J Sci Tech Weld Join 2003;8:455 [6] and Thomas WM. Advanced 

Eng Mat 2003;5:485 [78]) 
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and phase transformations in carbon steel welds, unlike aluminum alloys. Thomas et al., 

at TWI, reported newly-developed tools, named skew-stir probe, to solve the 

microstructural issues in the ferrous alloys using the uniform flow of materials during the 

FSW, Fig. 2.6(b) [78].   

 

2.1.3. Microstructure and mechanical properties 

The microstructural evolution [68] and the mechanical properties of the FSW 

welds [75] will be briefly summarized here. Figure 2.7 shows a typical cross-section of a 

FSW 2024-T351 joint, which exhibits the recrystallized zone (DXZ), thermo-

mechanically affected zone (TMAZ), and heat-affected zone (HAZ). The microstructural 

softening within the TMAZ and HAZ is a problem [42,43] similar to that in a fusion weld 

[25]. In metal inert gas (MIG) fusion welding, the microstructure of the weld has dendrite 

structures in the fusion zone, large recrystallized grains in the HAZ, and typical grains in 

the base material, Fig. 2.8. On the other hand, Fig. 2.9 shows the microstructure of a 

FSW showing DXZ, TMAZ, and the base material. It shows very fine crystallized grains 

in the DXZ, partially recrystallized/plastically deformed grains in the TMAZ, and the 

initial elongated grains in the base material [25,76]. 

Figure 2.10 shows the microstructural evolution of 6063 aluminum alloys 

during/after the FSW [42]. The 6063 base metal has Mg2Si precipitates, which show two 

distinctly different morphologies categorized as the fine needle-shape precipitate and rod-

shape precipitate. The fine needle precipitate is known as the main strengthening 

precipitate and coherent with the matrix, while rod-shape shape precipitates have a low 

coherency with the matrix. The fine needle precipitates were observed in the Al 
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Fig. 2.7. Typical transverse cross section of an as-welded FSW 2024-T351 joint. 

 

(Bussu. G et al., Inter J Fatigue, 2003;25;77 [26]) 
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Fig. 2.8. Cross-section of a fusion weld and microstructure in three regions: 

(a) fusion zone (FZ), (b) heat-affected zone (HAZ), and (c) base material (BM) of MIG 

AA5083. 

 

(Thomas WM et al., Adv Eng Mat 2003;5:485 [25]) 
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Fig. 2.9. Cross-section of a FSW and microstructure in three regions: 

(a) Recrystallized zone (DXZ), (b) thermo-mechanical affected zone (TMAZ) and (c) 

base material of FSW AA5083. 

 

 (Thomas WM et al., Adv Eng Mat 2003;5:485 [25])  
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Fig. 2.10. TEM micrographs of an Al 6061 FSW: (a) base material; (b) TMAZ; and (c) 

DXZ. 

 

(Sato YS et al., Metall Mater Trans A 1999;30;2429.[42]) 
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matrix of the base material and there are several rod-shape precipitates in the base 

material (BM), Fig. 2.10(a). However, the precipitates disappeared in the FSW stir zone 

(DXZ), Fig. 2.10(c). This indicates that the temperature of the FSW-effected zone 

reached the solvus temperature of the precipitates. As a result the DXZ is mainly 

composed of the dynamic recrystallized grain structure. The transition region had a high 

density of the coarser rod-shape precipitates, Fig. 2.10(b), due to the slightly lower 

processing temperature [42]. 

Figure 2.11 shows a typical hardness profile across the FSW plate. The minimum 

hardness location was located at about 6 mm from the centerline suggesting that the DXZ 

was significantly harder than the TMAZ. The highest hardness was found about 22 mm 

from the centerline, and a small hardness decrease occurred at about 28 mm from the 

centerline [80]. Hardness profiles show that a distinct soft region is located at the 

boundary between the TMAZ and HAZ. Figure 2.12 shows the variation in the tensile 

properties of the joints with different revolutionary pitch, which is the ratio of the 

welding speed to rotation speed [75]. The 0.2% proof strength increases with the 

revolutionary pitch increase (decreased heat input), since the degree of softening 

decreases. Thus, there is an optimum revolutionary pitch in terms of the tensile strength 

under the different welding conditions. 
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Fig. 2. 11. Microhardness traverse across the FSW at various positions. 

 

(Bussu G et al., Inter J Fat 2003;25:77 [80])  
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Fig. 2.12. Tensile properties of the joints welded at different revolutionary pitches. 

 

 (Liu HJ et al., Sci Tech Weld Joining 2003;8:450 [75]) 
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2.2 Residual stress and modeling 

 

2.2.1.  Residual stress  

The FSW is known to cause lower residual stresses compared to fusion welding 

techniques, but it still produces a considerable amount of residual stresses, which can 

significantly affect the mechanical properties of FSW components. Thus, accurate 

measurements and understanding of the residual stresses and their modeling are 

important. Recently, the minimization of the residual stresses became one of the most 

important objectives in FSW research. The residual stress measurements have been 

conducted using x-ray diffraction (including synchrotron), sectioning methods, strain 

gage hole-drilling methods, and neutron diffraction [81-84]. The results using neutron 

and synchrotron diffractions are reported for the FSW Al 7108-T78 (P. J. Webster et al., 

2002) [27], Al 2024-T3 (M. A. Sutton et al., 2002) [67], AA5083 (M. Peel et al., 2003) 

[63], and 304L Stainless Steel (A. P. Reynold et al, 2003) [34].  

In general, compressive residual stress is considered to be beneficial, whereas 

tensile residual stress regions are susceptible to crack initiation and propagation, 

particularly near the surface and defects. Figure 2.13 shows a general distribution of 

residual stresses in a steel fusion weld [32]. The strain gage hole drilling methods and x-

ray diffraction techniques are not quite suitable because welding residual stresses are 

distributed non-uniformly through the thickness of the plate as well as in the two in-plane 

direction. The neutron diffraction method is most useful for three-dimensional residual 

stress determination [84]. The main difference between the x-ray diffraction and neutron 

diffraction is the penetration depth the case of neutron diffraction) [81]. Thus, the neutron  
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Fig. 2.13. Schematic of the restraints exerted by the cooler parts and the clamping of the 

plates. 

 

(Webster PJ et al., J strain analysis 2001;36:61 [32]) 
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diffraction measurements are quite suitable for the characterization of the residual 

stresses in a FSW. 

Figure 2.14 shows the principles of strain measurements using neutron diffraction. 

A collimated neutron beam with the wavelength λ is diffracted by the polycrystalline 

sample with a diffraction angle of 2θ and passes through a second collimator to reach the 

detector [23]. The slits of the two collimators define the ‘gauge’ volume, which is 

normally more than 1 mm x 1 mm in the case of neutron–diffraction strain mapping. The 

neutron beam height is typically 1 to 20 mm. From the detected peak, the interplanar 

distance dhkl (where hkls are the Miller indices of the lattice planes) can be determined 

using the Bragg law: 

θλ sin2 hkld=                                                         (4) 

where the 2θ is the diffraction angle corresponds to the maximum of the Bragg-diffracted 

peak. The corresponding lattice strain is defined as: 

 
o

ohkl
hkl d

dd )( −
=ε                                                        (5) 

where do is the hkl stress-free interplanar distance. The direction of the measured lattice 

strain is related to the Q vector shown in Fig. 2.14. Note that Q = KH - K0, where KH and 

K0 are the wave vectors of the diffracted and incident beams, respectively. Basically, the 

relationship between strain and stress can be represented by 3 x 3 symmetric tensors ε 

and σ, respectively.  

Fig. 2.15 shows the arbitrarily chosen OXYZ reference frame in the sample. A 

generic strain εφψ with direction defined by the φ and ψ angles is expressed [23]: 

 zxyzxyzzyyxx εααεααεααεαεαεαεϕψ 133221
2
3

2
2

2
1 222 +++++=                (6) 
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Fig. 2.14. A schematic representation of strain measurement using neutron diffraction  

 

(Albertini G et al., Meas Sci Technol 1999;10;R56 [23]). 
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Fig. 2.15. The definition of the directions of the strain εφψ with respect to an arbitrarily 

chosen reference system within the sample.  

 

(Albertini G et al., Meas Sci Technol 1999;10;R56 [23]). 
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ϕψα cossin1 = ,  ϕψα sinsin2 = ,  ψα cos3 =                            (7) 

The six unknowns εxx, εyy, εzz, εxy, εyz and εzx are all the elements of the ε tensor with 

symmetry, εij = εji. In principle, the strains εφψ measured along six independent directions 

are required to solve the equation for the six strain components. In an elastically isotropic 

model E is Young’s modulus and ν is Poisson’s ratio. The principal stresses σxx, σyy, σzz 

are related to the strains as below; 

[ ])()1(
)21)(1( zzyyxxxx

E εενεν
νν

σ ++−
−+

=                              (8-a)           

[ ])()1(
)21)(1( zzxxyyyy

E εενεν
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σ ++−
−+

=                              (8-b)                         

[ ])()1(
)21)(1( xxyyzzxx

E εενεν
νν

σ ++−
−+

=                              (8-c) 

 By diagonalizing the strain tensor, ε, to the principal strain axes OX’Y’Z’, the 

principal strains, ε, can be found. Recently, a number of neutron-diffraction results on the 

residual stresses in FSWs have been reported [34,45,65,67]. Reynolds et al. measured 

residual stresses in 3.2-mm thick, 305-mm wide and 102-mm long specimens of 304L 

stainless stee, Fig 2.16, [34]. They showed that the longitudinal residual stresses were 

higher than the transverse stresses in the thin specimens and found that the peak tensile 

value is around 300 MPa, which is similar to the yield strength of a parent material, Fig. 

2.17. Sutton et al. measured the three principal components of the residual stresses 

through the thickness of the 2024-T3 aluminum alloy plate and reported maximum 

longitudinal residual stresses of about 105 MPa, Fig. 2.18, [67]. 
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Fig. 2.16. Schematic of the weld dimensions and residual stress measurement locations. 

 

(Reynolds AP et al., Scripta Mater. 2003;48;1289 [34]) 
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Fig. 2.17. Longitudinal and transverse residual stresses in a stainless steel FSW. 

 

(Reynolds AP et al., Scripta Mater. 2003;48;1289 [34]) 
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Fig. 2.18. Stress distribution through the thickness of the cross-sections 

 

(Sutton MA et al., J Eng Mater Tech 2002;124:215 [67]) 
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2.2.2. Analytical and finite-element modeling 

Three kinds of modeling work on the FSW process have been reported. The first 

type is an analytical thermal modeling [56,58,59], the second type is a Finite Element 

Model (FEM) based on the solid thermal and thermo-mechanical modeling [54,57,84], 

and the last is a computational fluid dynamic model (CFD) [55,70]. Based on the heat 

generation and its flux distribution, a number of analytical thermal models have been 

proposed. For instance, M. J. Russell et al., J. E Gould et al., Z. Feng et al. presented at 

the 1st International Symposium on FSW (ISFSW) in 1998. Y. J. Chao et al. [56], at the 

2nd ISFSW in 1999, P. Colegrove et al. in 2001, O. Frigaard et al., and H. Schmidt et al. 

[59] in 2004. 

Several CFD models using commercial packages have been developed, which 

address the influence of the plasticized material flow, with the analytical calculation such 

as C. B. Smith et al. (1999), T. U. Seidel (2001), and H. R. Shercliff et al. (2002). 

Recently, several papers presented two and three dimensional solid mechanical FE model 

using ABAQUS Explicit or the thermo-mechanical FE modeling program using the 

experimentally-observed mechanical data, e.g., M. Z. H. Khandkar et al. (2003) and M. 

Song et al. (2003) [84]. 

 First, the analytical thermal model estimated the heat generation under the 

different contact conditions, e.g. sliding and/or sticking conditions between tool conical 

surfaces and materials in FSW joints [59]. The simplified tool design is presented in Fig. 

2.19, where Q1 is the heat generated under the tool shoulder, Q2 at the tool pin side, and 

Q3 at the tool pin bottom tip, hence the total heat generation, Qtotal = Q1 + Q2 + Q3. The  
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Fig. 2.19. Schematic drawings of surface orientations and infinitesimal segment areas 

used in analytical estimates of the heat from the three regions denoted by Q1, Q2, and Q3. 

(a) Cross-section of a simplified tool design and (b) Horizontal, Vertical, Conical/tilted 

surface 

 

(Schmidt H et al., Modelling Simul Mater Sci Eng 2004;12;143 [59]) 
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surface was characterized by either being conical, vertical, or horizontal for the different 

quantities. The total heat generation from the each part of the shoulder/pin can be 

calculated, Table 2.1. In case of the shear stress for the sticking condition, since the yield 

shear stress is estimated to be the yield stress divided by 3 , τcontact = τyield =σyield / 3 . 

The ratio of heat generation by the shoulder is presented as follows: 

86.0
3)tan1)((
)tan1)((

3333

33
1 =

+++−

+−
==

probeprobeprobeprobeshoulder

probeshoulder

total
shoulder HRRRR

RR
Q

Qf
α

α
  (9) 

Secondly, a finite element modeling of the FSW was used for the prediction of 

three orthogonal components of the residual stresses, σxx, σyy, and σzz. The model 

incorporates the mechanical reaction of the tool with the thermo-mechanical processing 

between the material and the pin/shoulder. For the quantitative understanding of the FSW 

dynamics, the thermal history and the evolution of longitudinal, transverse, and through-

thickness stresses in the FSW are simulated numerically by Fourlier’s equation [83]:  

Ω+⋅= inqgradTdiv
dt
dTc )(κρ                                          (10) 

where q is the power generated by friction between the tool and the top of the work piece 

and by the plastic deformation work of the central weld zone, T is the temperature, κ is 

the conductivity, ρ is the material density, and c is the heat capacity. Khandkar et al. 

introduced a torque based heat input model, where the torque/power known from 

experiments is used in the expression for the heat source. Figure 2.20 shows the residual 

stress contours in three principal directions of the FSW. The longitudinal and transverse 

residual-stress contours show the predicted maximum stress and shows that the  

longitudinal residual stress is greater than the transverse residual stress at the top surface 
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Table 2.1. Analytical formulae for the heat generated by each part of the tool. 

 

 

 

 

 

 

 

 

 

 

 

  

 

(Schmidt H et al., Modelling Simul Mater Sci Eng 2004;12;143 [59]) 
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Fig. 2.20. Predicted three-dimensional residual stress distribution in the FSW plate 

 

(Chen CM et al., Intern J Machine Tools & Manufacture 2003;43:1319 [54]) 
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of the weld. 

In the view of thermal/fluid dynamics, the flow visualization was firstly 

performed via the bimetals technique using inserted vortices of Cu into Al, Fig 2.21. 

Surrounding the pin (indicated by the arrows A) there is an open space with no material, a 

nearly circular region outside this open region (indicated by the arrows B), and a 

transition zone (marked as the arrow C) outside of the rotational zone. The material on 

the retreating side of the pin is transferred into this transition zone and 

recrystallized/equiaxed entrained grains show near D, Fig. 2.21(a) [55]. Besides, Fig. 

2.21(b) shows that the material flow in the top one-third of the figure is determined by 

the tool shoulder rather than by the tool pin. It suggests that the upper part is stirred and 

plasticized by mainly the tool shoulder and is different from the middle and lower parts in 

microstructural characterization of the FSW. In summary, the extensive research in FSW 

has mainly focused on the characterization, analysis, evaluation, and modeling of the 

mechanical properties, particularly residual stresses and tensile behavior. 
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Fig. 2. 21. Materials flow experiment using a Cu foil marker of the frozen tool pin; 

(a) surface and (b) cross-section with the frozen pin.  

 

(Guerra M et al., Mater Char 2003;49:95 [55]) 
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Chapter III Residual strain in a FSP aluminum alloy 

 

3.1. Materials, processing, and sample preparation 

 

3.1.1. Objectives 

Heat and plastic deformation involved in the friction-stir processing (FSP) can 

induce significant internal stresses that may be detrimental to the integrity and 

performance of components. For example, Synchrotron x-ray diffraction studies by Peel 

et al. suggested that the longitudinal residual stresses are dominated by the thermal input 

rather than the mechanical deformation by the tool pin [63]. Although the heat input is 

considered as the main source of internal stresses in the FSP, direct experimental 

evidence supporting this is not available in the literature to date. This chapter will present 

(i) a novel experimental approach used in the specimen preparation and (ii) neutron-

diffraction measurement results to de-convolute the effects of heat and plastic 

deformation on the development of internal strains during the FSP. 

 

3.1.2. Materials and specially designed processing 

Al 6061 alloy was selected due to the extensive 6xxx series alloy’s usage as a 

structural material. Commercial 6061-T6 aluminum-alloy rolled plates were solution heat 

treated and artificially aged for 6 hours at 185°C. The nominal chemical composition in 

weight percent is 1.0 Mg, 0.6 Si, 0.3 Cu, and balance Al. The dimensions of the two FSP 

specimens prepared at the Oak Ridge National Laboratory were 306 x 306 x 6.5 mm, Fig.  
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3.1. The four corners of the transverse sides (y-direction) were clamped during the 

processing. The clamping was removed after the plate was cooled to 25 °C after the 

processing. It should be noted that all samples were prepared by performing the “bead-

on-plate” processing method, known as the friction-stir processing (FSP), to eliminate the 

complications from the gap variations. Two different plates were prepared to determine 

the effects of the frictional heating and severe plastic deformation on the internal-strain 

distribution in the plate. (i) Case 1 (a typical FSP): a plate processed with both stirring 

pin and tool shoulder, i.e., a regular friction-stir processing plate subjected to both severe 

plastic deformation and frictional heating and (ii) Case 2 was processed under the same 

conditions as Case 1, but utilizing a special tool without the pin and, hence, was 

subjected mainly to the frictional heating from the tool shoulder.  

 

3.1.3. Tool design and processing parameters 

Typical tool and specially designed tool will be prepared for the two different 

characteristic plates. Typical tool will be made of an H-13 tool steel using 19.05 mm 

shoulder diameter and 6.35 mm pin diameter with 6.23 mm pin depth for full penetration 

into the plates. On the other hand, the special tool had no stirring tool pin at the shoulder 

center to minimize the plastic deformation imposed on the sample as shown in Fig. 3.2. 

The processing parameters were decided by several preliminary experiments for the 

highest quality FSP bead. Cases 1 and 2 were processed using the following parameters: 

4.7 mm/sec traveling speed, 1,250 rpm clockwise rotatin g speed, and 12.4 MPa 

compressive pressure. Note that Case 2 was processed under the same conditions as Case 

1, but utilizing a special tool without the stirring pin, Fig. 3.2. 
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Fig. 3.1. Schematic of (a) the friction-stir processing (FSP), (b) the spatially-resolved 

neutron-diffraction measurement positions, (c) the hardness measurement positions, and 

(d) the positions where the coupons were machined out for the volume-averaged texture 

measurements. 
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Fig. 3.2. Schematic of the tool design for the Cases 1 and 2. 
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 3.2. Residual strain measurements and analyses 

 

Spatially-resolved neutron strain scanning is a well-established technique [22-24]. 

The determination of residual strains using neutron diffraction is based on the volume-

averaged measurement of interplanar spacings (d-spacings) in various crystallographic 

and geometric orientations [15]. The residual strains in the FSP plates were measured 

using the SMARTS (Spectrometer for MAterials Research at Temperature and Stress) 

diffractometer at the Los Alamos Neutron Science Center, Fig. 3.3, [17].  

The internal strains were measured from FSP 6061-T6 Al plates using neutron 

diffraction. The two FSP specimens, i.e., Case 1 subjected to both heating and plastic 

deformation and Case 2 subjected mainly to the heating effect, were examined to study 

the influence of the heat input from the tool shoulder on the internal strains. First, the FSP 

plate was positioned on the xyz-ω stage of the instrument using two theodolites with an 

accuracy of 0.05 mm in directions and 0.1 º in angle. The scattering volume was defined 

by using height and width of incident-beam slits and radial collimators for the diffracted 

beams. The diffraction patterns were measured at 21 points along the center and 9 points 

each along the face and root as shown in Fig. 3.1(b).  

Two sets of scans were performed at various locations across and through the 

thickness of the cross section of the FSP plates, Fig. 3.4. The diffraction patterns with 

their scattering vectors parallel to the LD (x) and ND (z) were measured simultaneously 

at the middle of the plate length (x) and thickness (z) along the y-direction using 2-mm 

height (x) and width (z) of incident beam slits and 2-mm radial collimators (y) leading to 

gauge volumes of a 2 (x) × 2 (y) × 2 (z) mm3. The diffraction patterns with their  
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Fig. 3.3. Schematic view of the SMARTS diffractometer. 

 

(Bourke MAM et al., Appl Phys A 2002;74;S1707 [17]) 
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Fig. 3.4. Schematic view of the neutron diffraction measurement geometry. 
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scattering vectors parallel to the TD (y) and ND (z) were also measured using a scattering 

volume of 20 (x) × 2 (y) × 2 (z) mm3 with the long dimension along the LD [67]. 

Second, the lattice spacing (a) was obtained by Rietveld refinement of the 

diffraction patterns using the General Structure Analysis System (GSAS) [85]. Rietveld 

method is a method for the whole peak adjustment between the characteristics of the 

experimental peaks and the calculated diffraction pattern associated with the alumimum 

crystallographic structure (or atomic positions, space group, and texture) and instrumental 

parameters (background and peakshape), Fig. 3.5. Residual strains can be calculated 

using the Eq. (1). 

 

3.3.  Residual strain distribution 

 

Figure 3.6 shows the residual-strain profiles (εxx, εyy, and εzz) measured by neutron 

diffraction from the typical FSP plate. For Case 1, the three strain components have a 

characteristic peak-and-valley shape. For example, εxx is tensile near the bead, which is 

19 mm wide. Following the strain profile on the retreating side, it shows a plateau, which 

fluctuates between 980 ~ 1,200 µε within the bead, increases to about 2,140 µε around 11 

mm, and drops to small compressive strains about 25 mm away from the centerline. 

Compressive εyy near the centerline is balanced by small tensile strains away from the 

bead. Similarly, εzz is also in compression with a slightly higher magnitude than εyy. 

Overall, the results of Case 1 are qualitatively consistent with the literature [34,63]. The 

shoulder-only case (Case 2), subjected mainly to the frictional heating, is presented in Fig. 
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Fig. 3.5. An example of the measured neutron-diffraction pattern in Aluminum (red), the 

calculated pattern (green), and the difference pattern (purple). 
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Fig. 3.6. Longitudinal (εxx), transverse (εyy), and through-thickness (εzz) strains measured 

in the typical FSP (Case 1) 
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3.7. εxx does not show the plateau region within the bead width; instead it linearly 

increases from 1,530 µε at the centerline to 2,120 µε at 9 mm, and then drops to small 

compressive strains on the retreating side. 

 

3.4. Sources of the residual strains 

 

First, the residual-strain profiles of Case 2 are compared with well-established 

results on the conventional fusion welding (e.g., K. Masubuchi [86]). The overall shape 

of εxx, shown in Fig. 3.7, is similar to that of a typical arc weld in that maximum tensile 

appears near the bead. The similarity in the profile is attributed to the fact that εxx in both 

processes is generated due to the localized thermal expansion by the moving heat source 

under the restraint of the base material during welding, followed by a hindered shrinkage 

during the subsequent cooling. Note that the distance from the centerline to the peaks of 

the strain profile is around 9 ~ 10 mm, which is similar to the radius of the tool shoulder 

(9.5 mm). The peaks of all three strain components at around ±9.5 mm are associated 

with the interplay between gradients of the thermal flux caused by the rotating tool 

shoulder and a softening caused by the yield-stress reduction [87] due to microstructural 

changes such as aging [42] and/or grain size changes [63]. 

Let us now compare Cases 1 and 2 to discuss the effect of the stirring pin. In Fig. 

3.8, comparing εxx for the two cases, Case 2 exhibits internal strains comparable to Case 

1 in terms of both magnitude and profile shape. This clearly shows that the frictional 

heating from the tool shoulder is the major source of internal strains in the FSP, which a 
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Fig. 3.7. Longitudinal (εxx), transverse (εyy), and through-thickness (εzz) strains measured 

in the shoulder only case (Case 2) 
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Fig. 3.8. Comparison of the longitudinal strain profiles in Case 1 (typical FSP) and Case 

2 (the shoulder-only case). It shows the frictional heating affects significant the residual 

strain profiles and main source of the residual strains. 
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confirms previous analytical result. Schmidt et al. suggested that 86% of heat during 

FSW is generated by the friction of the shoulder contacting on the surface in a “sticking 

condition”, where frictional shear stress exceeds the yield stress of the material [59].   

Another implication is that when the FSP is used to modify the surface microstructure 

even without using the pin, it should be expected that the materials could have residual 

strains comparable to a typical FSW part. In addition, there are a few clear differences 

between Cases 1 and 2. Firstly, Case 1 shows a plateau region, of which the strain 

magnitude is smaller (980 ~ 1,200 µε) compared to that of the minimum in Case 2 (1,530 

µε). The plateau in the strain profile is related to the severely-deformed recrystallized 

zone caused by the pin, resulting in the localized softening of the material and as a 

consequence strain relief [63]. Secondly, the width of the strain profile (e.g., the peak-to-

peak distance) for Case 1 is about 6 mm wider than that of Case 2, which may be related 

to the flow of material creating the plasticized zones such as thermo-mechanical zones in 

addition to the heat-affected zone [42,55]. The plateau and broader peak-to-peak distance 

in the strain profile of Case 1 are the characteristics of the typical FSW caused by 

synergistic effects of the pin and shoulder. 

In summary, the residual strains were measured from friction-stir processed (FSP) 

6061-T6 Al plates using neutron diffraction. The comparison between a regular FSP 

specimen (subjected to both heating and deformation) and a plate processed only with the 

tool shoulder (subjected mainly to the heating effect) clearly showed that the heat input 

from the tool shoulder is a major source of the residual strains. 
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Chapter IV Residual stresses and angular distortion in a FSP aluminum alloy 

 

4.1. Residual stress analyses 

 

4.1.1. Objectives 

Residual stresses generated during FSW/FSP can be detrimental to the integrity 

and performance of components. Sutton et al. reported asymmetric residual stress 

distributions in the transverse and through-thickness directions of 2024-T3 Al alloy FSW 

plates measured using neutron-diffraction technique [67]. Furthermore, neutron-

diffraction studies of the 304L stainless steel FSW plate by Reynolds et al. showed the 

opposite sign of the transverse residual stress between the upper and the lower parts of 

the plate suggesting that the residual stress can cause a bending moment around the 

longitudinal axis, resulting in an angular distortion [34]. 

The objective of the current chapter is to understand the cause of the asymmetric 

through-thickness residual stress distribution and its relationship to the non-uniform 

thermal distributions through the thickness of the plate and the subsequent angular 

distortion. The results will be useful for the development of more accurate computational 

simulations and the optimization of processing conditions. 

 

4.1.2. Through-thickness measurement and analysis 

Localized residual stresses can be detrimental to the integrity and performance of 

components due to the effect of the residual stress on deformations including angular 

distortions [86,87]. To understand the cause of the asymmetric through-thickness residual 
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stress distribution and its relationship to the angular distortion by the case studies of FSP 

plates, approximately 40 points were measured along the middle of the plate thickness (z), 

1.26 mm above the middle, and 1.26 mm below the middle, namely center, face, and root, 

respectively, Fig. 3.1(b). Residual strains can be calculated using the Eq. (1) and the 

residual strain data are converted to the principal residual stresses (i.e., σx, σy, and σz) 

using Eq. (2), where E, Young’s modulus (69 GPa); ν, Poissons ratio (0.345) for the Al 

6061-T6 alloy. Non-uniform frictional heat distributions through the thickness of the 

plate followed by the geometric expansion and contraction with constraints are generally 

considered as the cause of the angular distortion. The direct comparison between Cases 1 

and 2 can provide the relationship between the geometric angular distortion and residual 

stress distribution through the thickness of the plate generated during the FSW/FSP. 

 

4.1.3. Stress-free lattice parameter (do) measurements 

For the neutron diffraction measurements, a careful investigation of the stress-free 

lattice parameter (do) is required as a reference to determine accurate residual strains, 

since the lattice parameter could be significantly altered by the microstructural changes 

via re-distribution of the chemical compositions introducing large errors in the results. 

For example, Peel et al. suggested that error in residual strain caused by the 

microstructural changes such as the precipitation or dissolution of precipitates (Mg-Si 

particles) could be about ±150 µε in the AA5083 friction stir welds [63]. To verify the 

potential influence of chemical composition changes on the do changes in the current 

study, the do was carefully determined using coupons (2 x 2 x 2 mm3) machined from the 

FSP plate to relieve the macroscopic residual stresses. The variation of the do results from 
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measurements provided the d-spacing variations and corresponding the apparent strain of 

the FSP Al 6061-T6 alloy.  

 

4.2. Macrostructure and through-thickness residual stress distribution 

 

Figures 4.1 and 4.2 show macrostructures of Cases 1 and 2, respectively. Figure 

4.1 shows the cross-sectional macrostructure of Case 1, which reveals characteristic 

regions of the FSP: the initial base material (BM), the heat-affected zone (HAZ), the 

thermo-mechanically affected zone (TMAZ), and the dynamic recrystallized zone (DXZ). 

The DXZ is known to have a refined grain structure caused by the severe plastic 

deformation due to the stirring tool pin near the centerline [35,42]. Figure 4.2 shows the 

macrostructure of Case 2, which is distinctly different from that of Case 1. Clearly, the 

DXZ is absent in Case 2. The dark half-circle region in the upper part of the cross-section 

is directly affected by the tool shoulder and designated as TMAZ (face), since it is 

subjected to both heating and partial plastic deformation from the pressing tool shoulder. 

The other parts are designated as the HAZ (root), HAZ, and BM similar to Case 1. Figure 

4.3 shows almost no bending in Case 1, while approximately 1-mm concave bending at 

the edge of the plate and a non-homogeneous macrostructure though the thickness of the 

plate in Case 2. 

Figures 4.4 and 4.5 show the residual strain profiles measured through the 

thickness of the plates using neutron diffraction. Overall, Case 1 shows relatively little 

variations in the residual strain profiles between the face, center, and root, Fig. 4.4, while 

Case 2 exhibits significant through-thickness variations as shown in Fig. 4.5. First, for  
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Fig. 4.1. The cross-sectional macrostructure of Case 1 (typical FSP) showing the base 

material (BM), heat-affected zone (HAZ), thermo-mechanically affected zone (TMAZ), 

and dynamic recrystallized zone (DXZ) of the FSP 6061-T6 Al alloy.  
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Fig. 4.2. The cross-sectional macrostructure of Case 2 (the shoulder-only case) showing 

the base material (BM), heat-affected zone (HAZ-root and HAZ), and thermo-

mechanically affected zone (TMAZ-face). 
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Fig. 4.3. Schematics of the observed angular distortion: (a) Case 1 (a typical FSP), (b) 

Case 2 (the shoulder-only case). 
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Fig. 4.4. Longitudinal (εxx), transverse (εyy), and through-thickness (εzz) residual strains 

along the face, center, and root of Case 1. 
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Fig. 4.5. Longitudinal (εxx), transverse (εyy), and through-thickness (εzz) residual strains 

along the face, center, and root of Case 2. 
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Case 1, the three strain components have the characteristic peak-and-valley shape. For 

example, the εxx is tensile, Fig. 4.4(a), and the εyy is highly compressive near the TMAZ 

and HAZ boundary, which is balanced by small tensile strains at about 25 mm away, Fig. 

4.4(b). Similarly, εzz is also in compression with a slightly higher magnitude than εyy, Fig. 

4.4(c). The reason of the large tensile strain along LD near the centerline balancing away 

to the small compression can be explained by the conventional fusion welds. Similarly to 

the welding, the residual strains in the FSP mainly can be generated by the localized 

thermal expansion with the moving heat source under the constraints of the surrounding 

cold base material, followed by a hindered shrinkage during the subsequent cooling [86]. 

In terms of the through-thickness variations between the face, center, and root in Case 1 

are almost equal to each other under the current measurement conditions.  

Secondly, the strain profiles of the shoulder-only case (Case 2) also show the 

peak-and-valley shape, Fig. 4.5. However, through-thickness strain profiles among the 

face, center, and root in Case 2 show significant different gradients near the centerline 

compared to Case 1. For example, the εyy profile of the root in Case 2, Fig. 4.5, shows a 

large compression (-550 ~ -870 µε) compared to the εyy of the face and the center near the 

centerline. The peak position of the profile at 9 mm is similar to the 9.5-mm radius of the 

tool shoulder, the different gradients in the profiles could be related to the interplay 

between non-uniform thermal distributions caused by the tool shoulder and a softening 

caused by the yield-stress reduction due to microstructural changes such as dissolutions 

or aging of the precipitates [35,87]. This trend was not seen in Case 1, where the pin 

acting as an additional heat source and also a heat-transfer medium through the thickness 
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of the plate. Thus, it could be said that the significant effect of the stirring pin is to 

minimize the through-thickness variations of the residual strains during the FSP. 

Figures 4.6 and 4.7 show the residual stress profiles in Cases 1 and 2 through the 

thickness of the plate. Overall, two profiles are more complicate than the strain profiles. 

First of all, comparing σy in Cases 1 and 2, Figs. 4.6(b) and 4.7(b), the residual stress 

profiles of the face and root are widely ranged in Case 2. For example, the residual stress 

along the face is mostly tensile while the residual stress at the root is compressive in Case 

2 and unlike Case 1. Figures 4.8 and 4.9 more clearly show the asymmetric distributions 

of the residual stress through the thickness of the plate based on the through-thickness 

profiles of the σyy component, Figs. 4.6(b) and 4.7(b). Note that white dashed lines, Fig. 

4.8, present the boundaries of change in the residual stress from the tension to the 

compression. Case 1 exhibits almost vertical contour lines indicating insignificant 

through-thickness residual stress variations. On the other hand, most of the contour lines 

in Case 2 show about a 45º gradients indicating asymmetric residual stress distributions 

through the thickness of the plate. Note that the edges of the tool shoulder are located at 

around 9.5 mm from the centerline. 

 

4.3. Residual stresses and angular distortion 

 

The relationship between the through-thickness residual stress variation and 

angular distortion about the LD axis of the plates will be discussed. The residual stress 

profiles and mapping in Case 2 show an asymmetric through-thickness distribution of the 

residual stress compared to Case 1, Fig. 4.8. To know the relationship between measured  
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Fig. 4.6. Longitudinal (σxx), transverse (σyy), and through-thickness (σzz) residual stresses 

in Case 1. 
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Fig. 4.7. Longitudinal (σxx), transverse (σyy), and through-thickness (σzz) residual stresses 

in Case 2. 
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Fig. 4.8. Two dimensional mapping of the transverse residual stress (σyy) in the FSP 

plates: (a) Case 1 and (b) Case 2. Note that the dash line indicates the boundary between 

tension and compression. 
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Fig. 4.9. Through thickness variations of the transverse residual stress (σyy) in Cases 1 

and 2. 
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residual stress results and geometric angular distortion, the σyy, which is considered as the 

most important component for the angular distortion, was investigated. In fact, the σyy at 

root of Case 2 is compressive in the angular distorted plate, Fig. 4.3(b), which does not 

intuitively agree with the observation of the concave distortion considered as tensile at 

the root of the plate.  

The relationship between the residual stress and angular distortion in the FSP 

could be explained with the aid of the well-known theory by Masubuchi [86]. Figure 4.10 

shows the relationship between transient deformations due to the localized heating and 

transient thermal stresses. Fig. 4.10(a) shows how the heat source on the surface of the 

plate can cause the angular distortion as a function of time in a rectangular plate without 

constraints. For example, if all thermal stresses were completely eliminated in an elastic 

condition, the deflection (δ) follows ABC profile resulting in no angular distortion after 

the process. However, an inelastic thermal residual stress condition cause a permanent 

deflection (AB'C' profile) which produces the angular distortion.  

For the current FSP, the material expanded during heating (A ~ B) and transient 

compressive thermal stresses (i.e., thermally-induced residual stresses) could be 

generated due to the thermal expansion and constraints by the cold material during the 

FSP, Fig. 4.10(b). It could be noted that the thermal stress can be tensile away from the 

bead balancing the compression within the bead. Supposing that the face of the plate is 

subjected to a larger thermal flux than the root, the magnitude of thermal stress should be 

nonuniform through the thickness of the plate, which could be the initial source of the 

angular distortion. During cooling, tensile residual stress could be generated near the 

centerline (B ~ C) due to the thermal contraction of the bead constrained by the cold  
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Fig. 4.10. Schematic illustration of the relationship between the transverse residual 

stresses distribution and angular distortion during FSP. 
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material again. The asymmetric compressive residual stress distribution through the 

thickness of the plate in the elastic zone (i.e., outside of the bead) could cause the angular  

distortion, when the clamps are removed after completely cooling down (after C). In turn, 

the initial large compressive residual stress at the face could be reduced and the 

compressive residual stress at the root enhanced. The final state of the σyy was measured 

in Fig. 4.10(b). In summary, the non-uniform thermal distributions in Case 2 could 

generate asymmetric through-thickness residual stress variations upon cooling with 

constraints and distort the plate upon removing the clamps. Finally, the distortion 

(relaxation) would modify the residual stress in the final components and could be 

measured by the neutron diffraction experiment. 
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Chapter V   Microstructure, hardness, and natural aging kinetics in a FSP 

aluminum alloy 

 

5.1.  Microstructure and hardness 

 

5.1.1. Objectives 

The significant changes in the microstructure, caused by the frictional heat and 

severe plastic deformation during the FSP, could also be detrimental to the integrity and 

performance of components [35,36]. One of the most harmful problems could be the 

residual stress, which has been extensively studied [27-34]. Furthermore, microstructural 

softening due to the dissolution or growth of strengthening precipitates in FSP-affected 

regions is a significant and a specific problem for the precipitation-hardenable Al alloys. 

The reduction of precipitates deteriorates the tensile strength of the FSP-affected region. 

Sato et al. showed the dissolution and growth sequences of precipitates as a function of 

temperature in 6063 Al alloys subjected to FSW [42,43]. Furthermore, Nelson et al. 

reported that the post weld natural aging can partially restore the tensile strength and alter 

the failure location due to the change of the location of hardness minimum in an actively-

cooled FSW 7075 aluminum alloy [36]. 

In this chapter, the effects of the stirring pin and the tool shoulder on the 

microstructural softening during the FSP and the post-FSP natural aging of a 6061-T6 Al 

alloy will be presented. This includes measurements of the changes in the microstructure 

and hardness at various locations in the cross-section of the FSP plates as a function of 

time up to 8 months after the FSP. Furthermore, the effect of the microstructural 
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softening on the residual strain profiles was examined. Finally, the natural aging kinetics 

in various regions in the FSP plate was discussed. 

 

5.1.2. Microstructure and hardness analysis 

The cross-section of the FSP plate was cut in the middle along the LD for the 

microstructural characterization, Fig. 3.1(b). The as-received Al plate contains elongated 

grains having average grain size about 200 µm in the rolling direction with a typical 

recrystallized rolling texture and precipitate phase. The cross-sectional sample was cold-

mounted, ground, polished, and etched with Keller’s reagent (150 ml water, 3 ml nitric 

acid, 6 ml hydrochloric acid, and 6 ml hydrofluoric acid) at room temperature for optical 

microscopy. In addition, transmission electron microscopy (TEM) observations were 

performed to investigate precipitates. The disc specimens were prepared by an electrical 

discharge machining (EDM), mechanical grinding to 100 µm thickness of foil, and 

electropolishing using a 30% nitric acid solution in methanol, 25 volts for 20 seconds at -

30 °C.  

Vickers microhardness (Hv) was measured along the TD on the polished cross-

section using 100 gf of applied load. A total of five lines were measured with 0.25 ~ 0.5 

mm horizontal spacings and through the thickness of the plate along the middle of the 

plate thickness (center), ±1.26 mm from the middle (face and root), and ±2.26 mm from 

the middle (top and bottom) as shown in Fig. 3.1(c). The changes in Vickers 

microhardness (Hv) at various locations in the polished cross-section of the FSP plates 

was examined as a function of time after FSP. In addition, the hardness after fully natural 

aging was investigated through the thickness of the plate to construct a mapping of the 
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hardness for Cases 1 and 2. 

 

5.1.3. Hardness in Cases 1 and 2 

Figure 5.1 shows hardness profiles measured along the face and root in Case 1. 

Also shown in the figure are the contour hardness maps constructed using five hardness 

measurement lines through the thickness of the cross-section. The hardness profiles were 

measured after 1 week and 8 months after the FSP. Note that the specimens were kept at 

the ambient condition after processing. First, the hardness profiles show significant 

decrease near the bead edge of 60 Hv at 10 mm (FSP-affected zone). It shows a hardness 

minimum compared to 110 Hv at 20 mm from the centerline (BM), Fig. 5.1(a). The range 

of the decreased hardness is about ±20 mm from the centerline, which is wider than the 

bead width (± 10 mm) measured on the surface of the plate. Second, the hardness profiles 

measured after 8 months, Fig. 5.1(b), show a noticeable change near the centerline 

compared to the 1-week data from about 70 Hv to 90 Hv. It is important to note that there 

is little variation through the thickness (i.e., face vs. root) as shown in Figs. 5.1(a) and 

5.1(b). Finally, the hardness contour map shows the two-dimensional variation of the 

hardness after the FSP. The contour map in Fig. 5.1(a) shows a wider blue region near the 

bead due to the decreased hardness, and Fig. 5.1(b) shows clear boundaries at the edge of 

the bead due to the increased hardness within the DXZ after 8 months of the FSP. 

Figure 5.2 shows the comparison of hardness profiles measured along the face 

and root after 1 week and 8 months of the FSP of Case 2. First, the hardness decreases 

near the bead, Fig. 5.2(a), which is similar to Case 1, Fig. 5.1(a). It indicates that heat 

alone by the tool shoulder (e.g., root of Case 2) induces the significant decrease of the  
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Fig. 5.1. Hardness profiles measured along the face and root in Case 1 and hardness 

contour maps constructed using five hardness profile lines measured throughout the 

thickness: (a) 1 week and (b) 8 months after the FSP.  
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Fig. 5.2. Hardness profiles measured along the face and root in Case 2 and hardness 

contour maps: (a) 1 week and (b) 8 months after the FSP.  
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hardness in the FSP-affected zone. Second, the increased hardness within the bead area 

after 8 months, which was observed throughout the thickness in Case 1, is only seen near 

the face in Case 2 causing a significant difference in the hardness profiles between the 

face and root. Finally, the contour maps clearly show the decreased hardness in the FSP-

affected zone after 1 week, Fig. 5.2(a). The increased hardness at the upper part of the 

plate creates an apparent bright half-circle boundary, indicating through thickness 

variation of the hardness after 8 months, Fig. 5.2(b). 

 

5.1.4. Microstructure analyses  

Figures 5.3 and 5.4 show TEM bright-field images of Cases 1 and 2, which were 

measured after 8 months after the FSP. Figure 5.3(a) shows TEM bright-field images of 

Cases 1 and 2, which were measured 8 months after the FSP. To understand the aging 

responses TEM images were investigated in each specific position such as BM, DXZ in 

Case 1 and HAZ (root), TMAZ (face) in Case 2. In detail, four types of precipitates are 

reported in the FSW precipitate-strengthened 6xxx aluminum alloys (Al-Mg-Si system) 

[42,88]: pin dot-like precipitate (spherical Guinier-Preston-I zone), fine needle-shaped 

precipitate (β'' or Guinier-Preston-II zone), rod-shaped precipitate (β'), and coarse 

equilibrium precipitate (platelet or spherical β). Figure 5.3(b) shows the microstructure in 

the BM of Case 1, which was taken 30 mm away from the centerline. It shows a high 

density of the needle-shaped precipitates (typically about 7 nm Ф × 200 nm L, 

Widmanstätten structure) effective for the strengthening and the coarse (about 125 nm Ф) 

spherical precipitates, which is a typical microstructure of an as-received 6061-T6 

aluminum alloy [88]. Figure 5.4(a) exhibits the dissolution of the needle-shaped  
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Fig. 5.3. TEM bright-field images measured 8 months after the FSP: (a) BM, (b) DXZ of 

Case 1 (as marked in Fig. 5.1b) 
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Fig.5.4. TEM bright-field images measured 8 months after the FSP: (a) HAZ (root), (b) 

TMAZ (face) of Case 2 (as marked in Fig. 5.2b). 
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precipitates but appearance of new fine pin dot-like precipitates (about 5 nm Ф) in the 

DXZ of Case 1, which is also known to increase the hardness [42,89]. Figure 5.4(b) 

shows dissolution of the needle-shaped precipitates and a growth of thick plates at the 

interface of the coarse spherical particles in the HAZ (root) of Case 2. Figure 5.4(b), at 

the TMAZ (face) of Case 2, also shows dissolution of the needle-shape precipitates and 

re-precipitation of particles whose morphology is quite similar to the pin dot-like 

precipitates in the DXZ of Case 1. Overall, the coarse spherical particles did not seem to 

be affected by the softening and aging process after the FSP. These microstructures are 

related to the variation of the hardness in Cases 1 and 2 and discussed in the following 

sections. 

 

5.2. Microstructural softening  

 

Typically, the size of precipitates in the FSW precipitate-strengthened 6xxx 

aluminum alloy (Al-Mg-Si system) were reported: pin-dot like precipitate (GP zone), 

needle-shaped precipitate (β'', 20 ~ 50 nm), and rod-shaped precipitate (β', 50 ~ 700 nm) 

[42,43]. The dissolution or growth of the precipitates during FSP can cause the 

microstructural softening since the strength of 6xxx aluminum alloys mainly depends on 

the density of needle-shape precipitate (β''). Considering the solvus temperature of the β'' 

(about 353 ºC), the microstructure analyses (the dissolution or growth of β'') under the 

current processing conditions and the peak temperature during the FSP can provide the 

possibility of the microstructural softening of the age-hardenable aluminum alloys [35].  
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The dissolution of β'' was observed under the current processing condition as 

revealed by comparison of Figs. 5.3(a) and 5.4(a). Note that the peak temperature 

measured during the FSP using thermocouples attached to the surface of the plate was 

about 360 ºC. Considering the solvus temperature of the β'' (below 353 ºC), the 

temperature inside the material during the FSP can be high enough to dissolve the initial 

strengthening precipitates (β''), resulting in the microstructural softening for the 

precipitation-hardenable 6061-T6 Al alloys [89]. Furthermore, the microstructural 

softening due to the precipitate dissolution is clearly manifested by the significant 

hardness decreases near the FSP-affected zone in both Cases 1 and 2, Figs. 5.1(a) and 

5.2(a). A maximum decrease of about 50 Hv (about 45% reduction of the hardness) was 

observed within about ± 20-mm from the centerline after 1 week compared to the as-

received state. Comparison of the hardness profiles of Cases 1 and 2 shows that 

microstructural softening can be caused by the tool shoulder alone. It is interesting to 

note that the softening was also found in the root of Case 2, which was subjected only to 

the heating caused by the tool shoulder. Thus, the hardness results suggest that the 

frictional heating by the tool shoulder is sufficient to cause the microstructural softening 

without the severe plastic deformation (and additional heating) by the stirring pin during 

the FSP. 

 

5.3.  Softening effect on residual strain profile 

 

The longitudinal residual strain component was presented and the influence of 

microstructural softening was investigated. Figure 5.5 shows longitudinal residual strains  
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Fig. 5.5. Longitudinal residual strains (εxx) of Case 1 measured after 1 week of the FSP. 

The face and root profiles were measured at 1.26 mm above and below the center on the 

retreating side as shown in Fig. 3.1(b)  

-5 0 5 10 15 20 25 30 35 40
-500

0

500

1000

1500

2000

2500

 face
 center
 root

Distance from the centerline (mm)

 
St

ra
in

 (x
10

-6
, µ

ε)
DXZ TMAZ HAZ BM

Shoulder
Pin

Bead

-5 0 5 10 15 20 25 30 35 40
-500

0

500

1000

1500

2000

2500

 face
 center
 root

Distance from the centerline (mm)

 
St

ra
in

 (x
10

-6
, µ

ε)
DXZ TMAZ HAZ BM

Shoulder
Pin

Bead



  - 90 -  

(εxx) measured along the face, center, and root on the retreating side of Case 1, Fig. 3.1(b), 

using neutron diffraction, 1 week after the FSP. The εxx measured along the center shows 

a small compressive strain until 20 mm away from the centerline. The εxx increases to a 

maximum tensile strain of about 2,100 x 10-6 (or µε) near the TMAZ/HAZ interface, 

drops significantly at the TMAZ boundary, and fluctuates between 980 ~ 1,200 µε in the 

DXZ within the bead. Overall, the characteristic peak-and-valley shape of εxx profile is 

consistent with the literature [34,63]. The reduction of residual strain profiles near the 

bead in Case 1 was observed in previous neutron-diffraction studies [87] . Such reduction 

of the residual strains is related to the decreased yield strength (microstructural softening) 

in the bead area due to the dissolution (or growth) of the strengthening precipitates 

caused by the frictional heat from the tool shoulder during the FSP. In addition, the εxx 

profiles at the face, center, and root are quite similar, i.e., there are no significant 

through-thickness variations. Furthermore, the diameter of the shoulder (and the bead) is 

similar to the width of the reduction in the residual strain profiles, which is consistent 

with the hardness reduction shown in Fig. 5.1(a). The uniform softening in Case 1 is due 

to the stirring pin acting as an additional heat source and heat transfer medium which also 

causes uniform decrease in hardness and residual strain profiles through the thickness of 

the plate.  

To verify the potential influence of chemical composition changes on the do 

changes in the current study, the do was carefully measured using coupons (2 x 2 x 2 

mm3) machined from the FSP plate using EDM to relieve the macroscopic residual 

stresses. Figure 5.6 shows do results from the LD measurements using the Al 200  
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Fig. 5.6. Stress-free d-spacing (do) variation as a function of distance from the centerline. 

Longitudinal component of do was measured using 2 x 2 x 2 mm3 coupons machined 

from the FSP plate and corresponding apparent strain shifts were estimated. 
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reflection. The do changes near the centerline are significant indicating a 0.001 Å 

variations in the d-spacing, which corresponds to about ± 280 µε  of apparent strain 

shifts. Note that, for the current study, the residual strain profiles presented in Fig. 5.5 

were not noticeably changed when corrected by the measured do. 

 

5.4. Natural aging kinetics 

 

5.4.1. Natural aging and kinetics after FSP 

Natural aging is known as a precipitation hardening phenomenon at room 

temperature after solution heat-treatment processing [90-93]. The rapid cooling from a 

temperature above the solvus temperature creates a supersaturated solid solution and 

facilitates the re-precipitation with time. The mechanical properties can be significantly 

altered during the post-FSP natural aging [43]. Nelson et al. reported that the post weld 

natural aging can partially restore the tensile strength and alter the failure location 

corresponding to the change of the hardness minimum in an actively-cooled FSW 7075 

aluminum alloy [36]. Thus, kinetics of the natural aging should be examined by 

observing the hardness changes as a function of time for a long period. To study the 

natural aging kinetics of the characteristic regions (i.e., DXZ, TMAZ, and HAZ), the 

hardness variation during natural aging can be modeled by an equation [91]: 

tBAHV log+=                                                      (11) 

where A is temperature-dependent rate constant (Hv), B is the regression coefficient 

depending on the solution-heat-treatment temperature (Hv/log hour). 



  - 93 -  

5.4.2. Comparison among the DXZ, TMAZ, and HAZ in Case 1 

Figure 5.7 shows the kinetics of the natural aging, which was examined by 

observing the hardness changes as a function of time. The hardness was measured 4 

hours, 1 week, 2 weeks, 3 weeks, and 8 months after the FSP for Case 1, Fig. 5.1. Note 

that the hardness was measured within ± 3, ± 4~7, ± 8~12-mm positions along the center 

(marked as short horizontal lines in Fig. 4.1) to study the natural aging kinetics of the 

DXZ, TMAZ, and HAZ, respectively. The hardness values were averaged for a given 

time and fitted to a linear model using the least squares method. The hardness variation 

during natural aging can be modeled by an equation Eq. (11). The coefficients of the 

hardness evolution during the natural aging of the FSP 6061-T6 Al alloy (Case 1) is 

summarized in Table 5.1. 

The aging behavior of the DXZ is similar to the TMAZ exhibiting a significant 

increase in hardness with time, but is clearly different from the HAZ, Fig. 5.7. First, more 

significant softening was found in the DXZ and TMAZ than the HAZ after 4 hours of the 

FSP. It has been reported in the literature [36,43] that the softening in the DXZ and 

TMAZ is mainly related to the complete dissolution of needle-shape precipitates (β''), 

while the softening in the HAZ is due to the partial dissolution of β'' and the growth of 

the rod-shape precipitates (β'). Subsequently, the natural aging (hardness increases with 

time) observed in the DXZ and TMAZ is due to the re-precipitation of the pin-dot like 

precipitates observed in Fig. 5.3(b), while the HAZ remained unchanged. The slopes of 

the kinetic equation were estimated as 4.3 (DXZ), 3.0 (TMAZ), and ~0 (HAZ) Hv/log 

hour, Table 5.1. The reasons for the (faster) aging in the DXZ and TMAZ than in the 

HAZ of Case 1 may be due to the partially solution-heat-treated condition at the higher  
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Fig. 5.7. Hardness evolution during the natural aging: (a) DXZ, TMAZ, and HAZ in Case 

1 (typical FSW) and (b) TMAZ (face) and HAZ (root) in Case 2 (shoulder only) after 4 

hours, 1 week, 2 weeks, 3 weeks, and 8 months of the FSP 6061-T6 Al alloy. The precise 

positions of the hardness measurements are marked as short lines in Figs. 4.1 and 4.2. 

The error bars in the hardness data represent the spread of the hardness values within 

each zone. 

1 10 100 1000 10000
50

55

60

65

70

75

80

85

90

Natural aging time (Log hour) 

(a) Case 1

 

 
H

ar
dn

es
s (

H
v)

8 months
3 weeks

2 weeks
1 week

4 hours

DXZ (center)
TMAZ (center)
HAZ (center)

DXZ

TMAZ

HAZ

1 10 100 1000 10000
50

55

60

65

70

75

80

85

90

8 months
3 weeks

2 weeks

1 week

4 hours

(b) Case 2

H
ar

dn
es

s (
H

v)

Natural aging time (Log hour) 

TMAZ (face)
HAZ (root)

TMAZ

HAZ

1 10 100 1000 10000
50

55

60

65

70

75

80

85

90

Natural aging time (Log hour) 

(a) Case 1

 

 
H

ar
dn

es
s (

H
v)

8 months
3 weeks

2 weeks
1 week

4 hours

DXZ (center)
TMAZ (center)
HAZ (center)

DXZ

TMAZ

HAZ

1 10 100 1000 10000
50

55

60

65

70

75

80

85

90

8 months
3 weeks

2 weeks

1 week

4 hours

(b) Case 2

H
ar

dn
es

s (
H

v)

Natural aging time (Log hour) 

TMAZ (face)
HAZ (root)

TMAZ

HAZ

1 10 100 1000 10000
50

55

60

65

70

75

80

85

90

8 months
3 weeks

2 weeks

1 week

4 hours

(b) Case 2

H
ar

dn
es

s (
H

v)

Natural aging time (Log hour) 

TMAZ (face)
HAZ (root)

TMAZ

HAZ



  - 95 -  

 

 

 

 

Table 5.1. Natural aging kinetics of various regions in the FSP. A (intercept constant in 

Hv) and B (slope coefficient in Hv/log hour) were obtained by the linear fitting of the 

measured hardness data. 
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 peak temperature in the DXZ and TMAZ than in the HAZ [90]. Furthermore, the refined 

grains (increased grain boundaries) caused by the recrystallization in the DXZ and the 

increased dislocation density in the TMAZ during the FSP may result in high diffusivity 

paths for the solute atoms facilitating faster re-precipitation [93]. In addition, supposing 

the higher peak temperature in the DXZ and TMAZ than in the HAZ during the FSP, 

more excess vacancy concentration may have been provided during the rapid cooling, 

resulting in a faster diffusion [36,92]. 

 

5.4.3. Comparison between Case 1 and Case 2 

Figure 5.7(b) shows the natural aging kinetics of the TMAZ (face) and HAZ 

(root) in Case 2. Note that the hardness measurement positions for the aging kinetics 

studies are marked with short horizontal lines in Fig. 4.2. Figure 5.7(b) shows faster 

hardness increases in the TMAZ (face) than in the HAZ (root) with the slopes of 5.4 and 

1.5 Hv/log hour, respectively, Table 5.1. The aging kinetics of the TMAZ (face) in Case 2 

is similar to the DXZ and TMAZ in Case 1, which is due to the re-precipitation of the 

fine pin-dot like particles as shown in Fig. 5.3(b). On the other hand, the absence of the 

re-precipitation of needle-shape precipitates and pin dot-like precipitates in the HAZ 

(root) in Case 2, Fig. 5.4(a), is consistent with the marginal natural aging observed in Fig. 

5.7(b). The results show that the frictional heating from the tool shoulder causes 

significant natural aging only near the top surface of the FSP plate in Case 2, while the 

combination of the tool pin and the tool shoulder in Case 1 results in a more uniform 

aging behavior through the thickness of the FSP plate. In summary, as schematically 

shown in Fig. 5.8, the results in the present study provide the softening and aging  
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Fig. 5.8. Schematic illustration of the softening and natural aging sequence in the 

characteristic regions of the friction-stir processed 6061-T6 Al alloy.  
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sequence in the DXZ, TMAZ, HAZ, and BM of the FSP. Hardness variation as a function 

of elapsed time after the FSP can suggest the microstructural softening and natural aging 

behavior. Furthermore, it was verified by the dissolution and re-precipitations of 

strengthening precipitates in each characteristic region of the FSP Al alloy.
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Chapter VI  Texture in a FSP aluminum alloy  

 

6.1.  Texture measurements and analyses 

 

6.1.1. Objectives 

The frictional heating and severe plastic deformation necessary for the joining 

also generate significant residual stresses. The influence of the frictional heating and 

severe plastic deformation on the residual strains in a FSP 6061-T6 aluminum alloy was 

reported previously [62]. Furthermore, during FSW the crystallographic texture can be 

significantly altered from the original rolling texture in aluminum-alloy [46-50] or 

magnesium-alloy [51,52] plates, which could significantly affect the physical and 

mechanical properties. Fonda et al. showed, based on the crystallographic texture analysis 

of a Al 2519 FSW, that the texture variation is significant across the boundary between 

the TMAZ and HAZ due to macroscopic rigid-body rotations of the grains around the 

stirring pin of the FSW tool [46,47]. Sato et al. reported about 40-degree rotation of the 

<111> texture in the weld center after a postweld heat treatment [48]. They suggested 

that the texture variation during the FSW is due to the dynamic recrystallization of the 

thermally-unstable center region. Using electron backscattered diffraction (EBSD), Field 

et al. showed that severe gradients in crystallographic texture exist through the thickness 

and across the width of FSW [49]. Finally, Park et al. reported that the texture variation 

can strongly affect the tensile properties in FSW AZ61 magnesium alloy [51,52]. In the 

current literature, severe plastic deformation is considered as the main source of texture 

alteration during the FSW. However, direct experimental evidence is not available to date. 
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Neutron diffraction is well suited for spatially-resolved measurements of the 

strain and texture in the bulk material due to the deep penetration of neutrons into most 

engineering materials (e.g., a 7 cm thick aluminum plate will reduce the transmitted 

intensity of the incident beam by 50 %) and the capability to distinguish phases and 

crystal planes. Bulk texture measurements using the neutron time-of-flight technique and 

multiple detector system proved to be very efficient [94,95]. For example, Carr et al. 

recently reported quantitative texture variations in a zircaloy-4 weld using neutron 

diffraction [24].   

In this chapter, neutron diffraction results are presented: (1) volume-averaged 

textures measured from the base material, HAZ, and TMAZ/dynamic recrystallized zone 

(DXZ); and (2) spatially-resolved texture measurements using the changes in the reduced 

peak intensity at various locations across the centerline and through the thickness of the 

FSP 6061-T6 aluminum alloy plate. Finally, the main cause of the changes in the initial 

recrystallized rolling texture of the plate during the FSP was identified. 

 

6.1.2. Orientation distribution functions (ODFs) and Pole figure texture analyses 

Texture measurements using neutron time-of-flight (TOF) diffraction [15] is a 

well-established technique [94-98]. Neutron diffraction measurements were performed 

using the HIPPO (High Pressure Preferred Orientation) diffractometer [94,95] at Los 

Alamos National Laboratory, Fig. 6.1. A total of three coupons were cut out from each 

plate with the dimensions of 10 (x) × 10 (y) × 6.5 (z) mm3. The center positions of the 

three coupons are at 0, 15, and 35 mm away from the centerline on the retreating side, 

marked C, B, and A coupons, respectively, as shown in Fig. 3.1(d). The measurement  
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Fig. 6.1. Schematic view of the HIPPO diffractometer 

 

(Wenk HR et al., Nuc Instrum Meth A 2003;515:575 [94]) 
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time for each coupon was 16 minutes due to the high count rates with three banks of a 

total of 30 detector panels arranged on rings in the HIPPO instrument. Details of the 

HIPPO instrument and texture measurement schemes can be found elsewhere [94,95]. 

Each coupon was rotated into four different orientations (0º, 45º, 67.5º, and 90º) to 

enhance the coverage of the pole figures, providing 120 histograms. Note that the 

coordinate axes of pole figures are the same as those of the plate sample (i.e., LD, TD, 

and ND of the plate) shown in Fig 3.1(a).  

For the texture analysis, the TOF diffraction data was analyzed using the Rietveld 

structure refinement method, which is a method for the whole pattern adjustment between 

the intensities of the peaks in the measured pattern and calculated intensities based on the 

crystallographic space group [96]. To perform the Rietveld texture analysis, the GSAS 

software package was used to analyze 98 selected histograms from each specimen [85]. A 

precise fitting of the peak positions and widths was achieved using the spherical 

harmonics model during the Rietveld refinement [97]. Three individual complete pole 

figures at an interval of 5º x 5º along the polar and azimuthal angles are generated from 

the time-of-flight spectra. The orientation distribution functions (ODFs), presented by the 

three Euler angles (i.e., φ1, φ, φ2) in Bunge’s notation, are obtained from the three pole 

figures by using popLA software [99]. 

 

6.1.3. ODFs and Pole figure texture measurements  

Figure 6.2 shows the ODF sections measured using the HIPPO instrument from 

the three coupons prepared from Cases 1 and 2. First, the textures were analyzed with the 

help of ODF determined by the series expansion method, since the ODF exhibits the 



  - 103 -  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6.2. ODFs of Case 1: (a) A coupon (BM: base material), (b) B coupon (HAZ: heat-

affected zone), (c) C coupon (TMAZ/DXZ: thermo-mechanically affected zone and 

dynamic recrystallized zone) 
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higher resolution than the pole figure for the interpretation of the texture [98]. Note that 

the A, B, and C coupons are marked with dotted squares in Fig. 3.1(d) and mainly cover 

the BM, HAZ, and TMAZ/DXZ, respectively. The texture can be usually labeled as 

{hkl}<uvw>, where {hkl} is crystallographic plane perpendicular to the LD and <uvw> is 

the crystallographic direction parallel to the ND. Figure 6.2 shows the ODFs of Case 1. 

The texture from the A coupon (BM) and B coupon (HAZ), Figs. 6.2(a) and 6.2(b), 

shows the strong cube or mixed cube and Goss texture, which is known as a typical 

recrystallized rolling texture of Al alloy plates, Fig. 6.3, [48,98]. On the other hand, the 

ODF of the C coupon (TMAZ/DXZ) shows a significantly different texture, Fig. 6.2(c). It 

shows a shear texture in the DXZ of the FSP, also known as the rotated ideal simple-

shear texture in the fcc metals [46,98]. For Case 2 Figs. 6.4 show the cube, Goss, and 

weak shear textures in the ODFs of the three coupons. Overall, the texture results of Case 

2 show little qualitative changes at the three different regions unlike Case 1. 

Figure 6.5 shows the (200), (220), and (111) pole figures from Case 1. The 

texture from the A coupon (BM) shows a strong (200) preferred orientation along the LD 

and ND. Note that pole densities are given in multiples of random distribution (m.r.d.) for 

LD, TD, and ND in Fig. 6.5. The (200) pole figure of the B coupon (HAZ) is similar to 

the A coupon. For example, the maximum 3.8 m.r.d. of (200) pole figure in the B coupon 

(HAZ) is comparable to the A coupon (BM). On the other hand, the pole figures of the C 

coupon (TMAZ/DXZ) show a different texture compared A coupon (BM). The texture of 

(200) pole figure is significantly weaker compared to the other coupons and is rotated 

about 40 degrees to the counter-clockwise direction around the LD axis. It should be 

noted that a weak texture appears along the ND in the (111) pole figure of the C coupon  
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Fig. 6.3 A diagram for the texture interpretation of the ODFs 
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Fig. 6.4. ODFs of Case 2: (a) A coupon (BM), (b) B coupon (HAZ), (c) C coupon 

(HAZ/TMAZ)  
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Fig. 6.5. (200), (220), and (111) pole figures measured in Case 1, from A coupon (BM: 

base material), B coupon (HAZ: heat-affected zone), and C coupon (TMAZ/DXZ: 

thermo-mechanically affected zone and dynamic recrystallized zone). Note that all pole 

figures are drawn on a common scale of multiples of random distribution (m.r.d).  
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with the maximum of 1.4 m.r.d., which is rotated approximately 10 degrees clockwise 

around the LD axis. 

Figure 6.6 shows the (200), (220), and (111) pole figures of Case 2. First, in both 

A and B coupons, a strong (200) preferred orientation was observed along the LD and 

ND, which is qualitatively similar to the results of Case 1.  However, the C coupon of 

Case 2 shows almost no variation in the texture unlike the C coupon of Case 1, which 

showed considerable changes in the texture. It should be pointed out that the C coupon of 

Case 2 partially include the TMAZ at the upper part (face) of the specimen as shown in 

the macrostructure, Fig. 4.2. Indeed, the maximum (200) pole density weakens from 4.1 

m.r.d. in the A coupon to 2.9 m.r.d. in the C coupon due to the volume averaging of the 

face (TMAZ) and root (HAZ) regions data in Case 2. 

 
6.2. Reduced intensity 
 

6.2.1. Diffraction measurement and analysis 

Spatially-resolved neutron-diffraction measurements can also provide quantitative 

insights to the texture variations [24]. The SMARTS instrument was used to measure 

diffraction from the grain set with their reflecting hkl lattice plane normal oriented 

parallel to LD, TD, and ND [17]. Note that the intensity values are corrected for the 

unequal background intensity measured from different positions to present on a common 

scale. In each scan set, approximately 40 locations were measured along the middle of the 

plate thickness, 1.26 mm above the middle, and 1.26 mm below the middle, namely 

center, face, and root scans, respectively, Fig. 3.1(b). The integrated intensities of 

multiple reflections were obtained using the single peak fitting method in the 
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Fig. 6.6. (200), (220), and (111) pole figures measured in Case 2 from A coupon (BM), B 

coupon (HAZ), and C coupon (HAZ/TMAZ).  
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GSAS [85] and (200), (220), and (111) results are presented here. 

The intensity of a diffraction peak is related to the texture. The height of the peak 

is not a reliable intensity and the integrated intensity (Iτ) is used in this study. Specifically, 

the “reduced intensity” is proportional to the number of unit cells oriented to satisfy 

Bragg’s law within the scattering volume. First, the Iτ of a diffraction peak observed in 

the TOF diffraction pattern is given by [15]:  

*)()( ∆Ω⎟
⎠
⎞

⎜
⎝
⎛

Ω
=

d
dNntI sL
σδλλδτ                                            (12) 

where δt is the time channel, nL(λ) is the incident intensity per unit wavelength range, δλ 

is the wavelength interval, Ns is the number of scattering unit cells, and ∆Ω* is the 

counter solid angle corresponding to 2πsinθ∆2θf, (2θ is the scattering angle, ∆2θ is the 

spread scattering angle, and f is the fraction of the Debye-Scherrer cone intercepted by 

the counter). Finally, (dσ/dΩ) is the differential cross-section integrated over the 

reflection of the total cross-section: 

2
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where λ is the wavelength, Zτ is the multiplicity of the reflection, Vcell is the volume of 

scattering unit cell, δλ is the wavelength interval, and F(τ) is the structure factor. 

Combining the equations (12) and (13) yields: 
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Here, Ired is proportional to the number of the scattering unit cells (Ns). The reduced 

intensity can be obtained for each reflection by dividing the measured intensities by the 
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proper terms, i.e., λ4, Zτ, and F(τ)2 that vary for each reflection in Eq. (14). In summary, 

the reduced intensities of a specific (hkl) reflection measured in LD, TD, and ND of the 

plate are proportional to the number of unit cells in the scattering volume with their (hkl)-

plane normal and the scattering vector parallel to these three directions. Therefore, the 

concept of reduced intensity can be used to analyze the preferred orientation. Note that if 

the texture is random, the reduced intensities are the same for all reflections. 

 

6.2.2. Peak intensity variation  

Figure 6.7 shows the diffraction patterns (cross symbols) measured with the 

scattering vector parallel to the ND (z-direction) in the BM, HAZ, TMAZ and DXZ in 

Case 1. The lines shown with the data represent the calculated results using Rietveld  

refinement without considering the texture. Thus, the discrepancy between the measured 

(crosses) and calculated (lines) data qualitatively illustrates the presence of texture in the 

specimen. In the BM, the measured (200) peak is much stronger than the calculated 

intensity assuming a random texture, which reveals the initial recrystallized rolling 

texture in the as-received Al plate. Accordingly, the measured intensity of the (111) 

reflection is slightly weaker than the random texture case. The intensities in the HAZ are 

similar to those observed in the BM. Note that the TMAZ shows a noticeable increase of 

the measured (111) reflection. Finally, in the DXZ, the measured peak intensity of (111) 

reflection is higher than the calculated intensity. Such considerable change indicates the 

texture variation in the DXZ.  

Figure 6.8 shows the diffraction patterns measured at the BM, HAZ, HAZ at root, 

and TMAZ at face in Case 2. First, the diffraction patterns of the BM and HAZ do not 
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Fig. 6.7. The diffraction patterns of Case 1 measured with the scattering vector parallel to 

ND at various positions along TD: base material (BM), heat-affected zone (HAZ), 

thermo-mechanically affected zone (TMAZ), and dynamic recrystallized zone (DXZ). 

The symbols (crosses) are the measured data and the lines overlapping the crosses are the 

calculated data using Rietveld refinement without considering the texture. Thus, the 

discrepancy between the measured and calculated data (shown with the arrows for the 

(111) and (200) reflections) indicates the texture in the specimen. 
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Fig. 6.8. The diffraction patterns of Case 2 at BM, HAZ, HAZ at the root, and TMAZ at 

the face. 
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show significant differences in the peak intensities. In both regions the intensity of the 

(200) peak is higher than that predicted by the Rietveld refinement without texture 

consideration, showing the preservation of the initial recrystallized rolling texture. For 

the diffraction pattern of HAZ measured at root, it shows an increase in (200) peak 

intensity, which may be attributed to the variation in the recrystallized rolling texture 

through the thickness of the as-received plate. Finally, the (200) and (111) peak 

intensities measured in the TMAZ (face) of Case 2 are similar to those of the TMAZ in 

Case 1.  

 

6.2.3. Texture analysis using the reduced intensity  

Figures 6.9 and 6.10 show the variations of the reduced intensities across the 

centerline in Cases 1 and 2 along the middle of the thickness of the plates (center). The 

reduced intensity of a particular (hkl) reflection is proportional to the number of unit cells 

in the scattering volume with its [hkl] parallel to the scattering vector. Therefore, the 

reduced intensities provides quantitative insights to the texture variation obtained by 

observing the intensity ratio among various (hkl) reflections. 

Figure 6.9(a)-(c) show the LD, TD, and ND components of the (200), (220), and 

(111) reduced intensities in Case 1, respectively. Firstly, the reduced intensities exhibit 

2.3 for (200) and 0.9 for (220) at the -30 mm position in Fig. 6.9(a). It indicates that there 

are approximately 2.6 times more unit cells oriented with (200) normal to LD than (220) 

oriented normal to LD. The relative ratio among the three reflections in a given 

measurement direction is comparable to the volume-averaged pole density in the pole  
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Fig. 6.9. The reduced intensities of the (200), (220), and (111) reflections measured along 

the middle of the plate thickness (center) with their scattering vectors parallel to the 

longitudinal, transverse, and normal directions as a function of the distance from the 

centerline. (a) LD, (b) TD, and (c) ND of Case 1. 
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Fig. 6.10. The reduced intensities of the (200), (220), and (111) reflections measured 

along the middle of the plate thickness (center) with their scattering vectors parallel to the 

longitudinal, transverse, and normal directions as a function of the distance from the 

centerline. (a) LD, (b) TD, and (c) ND of Case 2. 
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figure results measured by the HIPPO instrument. For example, in the BM (A coupon), 

the m.r.d. parallel to the LD in the (200) pole figure is 2.9 and the m.r.d. parallel to the 

(220) pole figure is 1.3 resulting in the m.r.d. ratio of 2.2, Fig. 6.9(a). Hirsch et al. 

reported that the texture of recrystallized pure (99.99%) aluminum plate, which was 

subjected to a cold rolling with the 95% thickness reduction followed by heating for 10 

seconds at 500 ºC, was composed of 56% of cube (200) grains and 17% of Goss (220) 

grains (approximately a ratio of 3) along the LD [50]. Secondly, in the HAZ the reduced 

intensities are similar to the BM. Finally, in the DXZ/TMAZ the reduced intensities show 

considerable variations in all three directions in Case 1. For example, the reduced 

intensities of (200) significantly decreased, while the (111) intensities increases near the 

DXZ, which experienced the severe plastic deformation during FSP.  

Figure 6.10 shows the reduced intensities in Case 2. The reduced intensity 

profiles of Case 2 do not show significant variations near the centerline, which is 

consistent with the pole figure results near the centerline. The reduced intensity results 

for both Cases 1 and 2 in all orientations show consistent results in the BM region 

indicating a good reproducibility in measurements and data analyses. For example, the 

reduced intensities of the (200) reflections vary in the range of about 2.0 ~ 2.5 in the LD 

measurements in the BM in both cases, Figs. 6.9(a) and 6.10(a). 

 

6.2.4. Reduced intensity variations through the thickness of the plate 

Figures 6.11 and 6.12 show the reduced intensity variations through the thickness 

of the plates, which were measured along the face, center, and root on the retreating side 

of Cases 1 and 2. The reduced intensities through the thickness are shown here with the  
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Fig. 6.11. The reduced intensities of the (200), (220), and (111) reflections measured 

through the thickness of the plates (face, center, and root) on the retreating side with their 

scattering vector parallel to ND as a function of the distance from the centerline. (a) face, 

(b) center, and (c) root of Case 1. 
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Fig. 6.12. The reduced intensities of the (200), (220), and (111) reflections measured 

through the thickness of the plates (face, center, and root) on the retreating side with their 

scattering vector parallel to ND as a function of the distance from the centerline. (a) face, 

(b) center, and (c) root of Case 2. 
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scattering vector parallel to the ND only. Note that measurements were performed along 

all three directions and show similar results. In the BM and HAZ of both Cases 1 and 2, 

the reduced intensity of all reflections spread wider at the face and root compared to the 

center scan. This trend indicates that the top and bottom surfaces of the plate have 

stronger initial recrystallized rolling texture. 

In Case 1, approaching near the centerline towards TMAZ and DXZ, the (200) 

reduced intensities decreased sharply, while the (111) reduced intensities increased. The 

changes are more significant at the face as shown in Fig. 6.11(a) compared to the center 

and root in Figs. 6.11(b) and (c). Comparing the (111) reduced intensities between the  

face and root, Figs. 6.11(a) and (c), the face has up to about 5 times more (111) unit cells 

than the root in the DXZ region. On the other hand, the Case 2, Figs. 6.12(a)-(c), shows 

little differences among the face, center, and root except a small decrease of the (200) 

reduced intensities near the centerline at the face in Fig. 6.12(a). This observation indeed 

suggests that the dark upper region in Case 2 shown in Fig. 4.2 is the TMAZ where the 

compressing tool shoulder caused the partial plastic deformation. Also note that the width 

of the variation in the profile is similar to the width of the TMAZ caused by the pressing 

tool shoulder. 

 

6.2.5. Pole figure and reduced intensity  

The reduced intensity results are consistent with the pole figure results. For 

example, in the BM, Figs. 6.9(a) and (c) show the significantly decreased (200) reduced 

intensities in Case 1 along LD and ND, which is consistent with the strong initial 

recrystallized rolling texture observed in the (200) pole figure of the A coupon (BM) as 
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shown in Fig. 6.5. Similarly, in the HAZ, the strong texture could be found in both the 

(200) reduced intensity and pole figure results. For the DXZ/TMAZ, the significant 

decrease in (200) reduced intensities accompanied by the increase in (111) reduced 

intensity shown in Figs. 6.9(a)-(c) is similar to the results of the weak (200) pole figure 

and the relatively strong (111) pole figure as shown in Fig. 6.5. Both the pole figure and 

reduced intensity results for Case 2 clearly show the absence of the significant texture 

variation. One discrepancy could be found in the pole figure of the C coupon, Fig. 6.5, 

where the (200) texture in the pole figure is remaining at 40° from the ND. It could be 

due to the volume-averaged measurements performed on the relatively large coupon used 

in the current study (10 × 10 × 6.5 mm3).  

 

6.3. Dynamic recrystallization 

 

Previous texture studies suggested that the DXZ could be caused by the dynamic 

recrystallization that forms the new strain-free recrystallized fine grains in the severely 

deformed zone during and after the FSW [92]. In the present study the presence of the 

DXZ in Case 1 and the absence of the DXZ in Case 2 clearly show that the dynamic 

recrystallization is due to the severe plastic deformation caused by the rotating tool pin. 

Furthermore, the current neutron-diffraction observation is consistent with the literature 

in that there is a dramatic texture variation in the DXZ in Case 1 [46-50]. Thus, the 

comparison of ODFs, pole figures, and reduced intensities between Cases 1 and 2 reveals 

that the cause of the texture variation can be related to the dynamic recrysyallization 

associated with the severe plastic deformation due to the stirring tool pin, which is 
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evident from the significant increase in the {111} shear texture from the initial cube and 

mixed cube/Goss texture in Case 1 [46,48]. Furthermore, the absence of the texture 

variation in Case 2, which was subjected to little plastic deformation, shows that the 

frictional heating alone does not cause a texture variation. 

It was previously reported that the dominant source of the residual stress in FSP 

aluminum alloys is the frictional heating rather than the plastic deformation from the tool 

pin [62,63]. Thus, the microstructure and mechanical properties of the FSP Al, in general, 

could be affected by both the pin and tool shoulder. More specifically, the severe plastic 

deformation and the frictional heating affect the mechanical properties of the FSP Al 

through the variation of the texture and through the increase in the residual stress, 

respectively. In addition, the combination of the plastic deformation and heat also 

modifies other microstructural features such as precipitates (aging), grain sizes, etc, 

which also affect the mechanical behavior of the FSP Al alloy. 

 

6.4. Material flow and the shear texture 

 

The texture variation within about the 19 mm around the centerline in Case 1 is 

similar to the size of the DXZ/TMAZ, Fig. 6.9(a). The 7-mm-wide DXZ is similar to the 

6.35-mm pin diameter; while the 19-mm-wide DXZ/TMAZ is close to the 19.05-mm 

shoulder diameter. Such similarity between the tool geometry and the extent of texture 

variation is, in turn, related to the material flow pattern during the FSP. Seidel and 

Reynolds revealed using a marker insert technique that material transportation during the 

FSP follows the streamlines surrounding the rotating pin [100]. 
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Figure 6.13(a) illustrates the material flow associated with the rotation and travel 

of the tool during the FSP. Note that the flow is a solid-state material transportation  

within the region contacting the rotating tool with the other stationary body (i.e., cold 

base material) known as a quasi-hydrodynamic bearing zone. In the contacting region 

that may roughly surround the tool pin surface the frictional force could cause the shear 

stress to generate the severe shear slip during the FSP. Sato et al. suggested that the 

{111} slip planes sliding along the <110> directions can alter the texture during the FSP 

[48]. The shear stress can cause easy gliding on {111} slip planes along the <110> slip 

directions, which is parallel to the rotating pin’s surface. It constructs a trace of {111} 

planes around the rotating pin. The texture (reduced intensities) variations observed in 

this study are in good agreement with the relationship between the material flow during 

the FSP and the slip system of aluminum alloys, in that the intensity of (200) along the 

LD and ND significantly decreases, while the (111) intensity increases along the LD and 

ND in the DXZ/TMAZ, Figs. 6.9(a) and (c). 

The through-thickness texture variation also could be related to the characteristic 

material flow associated with the geometry of the tool. The reason for the through-

thickness variations in the texture can be the strong frictional force (shear stress) on the 

surface of the plate by the direct contact of the tool shoulder, resulting in the relatively 

stronger (111) intensity along ND at face as shown in Fig. 6.11(a). Field et al. showed the 

existence of strong shearing planes beneath the tool shoulder along the ND, which 

suggested severe texture gradient through the thickness of FSW plate [49]. Seidel and 

Reynolds also suggested vertical circular flow of material behind the traveling tool pin 

[100]. It was shown that the circular flow of the material is downwards on the advancing 
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Fig. 6.13. The relationship between the material flow during FSP and the texture 

variation. (a) Material flow (dashed line) during the FSP and (b) through-thickness 

contour plot of the reduced intensities of (111) along the ND in Case 1  
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side and upwards on the retreating side followed by the material transportation from the 

retreating side to the advancing side to occupy the empty space on the advancing side as 

illustrated in Fig. 6.13(a). Such material flow may cause the observed texture gradient 

through the thickness. The precise material flow should be dependent on the exact tool 

geometry and the processing parameters used. However, the screw type and weld pitch 

used in their study are similar to the current experimental condition. Finally, Fig. 6.13(b) 

shows the through-thickness contour plot of the reduced intensities of (111) along the ND 

in Case 1. Note that the plot was constructed using the through-thickness data using the 

bilinear interpolation method. The contour plot shows that (111) texture is stronger near 

the tool pin and under the tool shoulder. The investigation of the overall texture 

variations as a function of distance from the centerline clearly shows that the shear 

texture is mainly caused by the severe shear deformation from the stirring tool pin during 

FSP.
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Chapter VII   On-going/future work: FSP of magnesium alloys 

 

7.1.  Microstructure and tensile properties 

 

7.1.1.  Objectives 

 Recently, various studies have been reported on the FSW/FSP of magnesium 

alloys [101-105] that includes microstructural evolutions of wrought Mg alloy AZ31B 

[101], heat-resistant Mg-Al-Ca alloy [102], and fabrication of highly formable AZ91D 

magnesium plates via the grain refinement and homogenization after the multi-pass FSP 

[103]. Tailoring of microstructure could facilitate localized superplasticity at specific 

locations that are subjected to severe plastic deformation during the FSP. 

Magnesium alloy is one of the lightest metals in use for structural applications 

[106]. However, poor workability, due to the limited number of available slip systems in 

the hexagonal close packed (hcp) structure, imposes manufacturing limitations [107]. To 

enhance and control mechanical properties (e.g., tensile strength and elongation) of 

magnesium alloys, extensive research efforts have been focusing on microstructural 

modifications including equal channel angular processing (ECAP) [108-111]. It has been 

reported that texture of the Mg alloy significantly influences mechanical properties, such 

as tensile elongation at room temperature, after ECAP [108,109]. 

Likewise, the integrity and performance of magnesium alloys can be significantly 

influenced due to the changes in the texture during the FSP [112]. Recently, Park et al. 

observed the fractured surface of a FSW AZ61 Mg alloy tensile specimen and found a 

strong texture (i.e., basal plane was tilted 45º from the fracture surface normal) [52]. 
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Other examples include: micro-texture evolutions in AZ61 [51], tensile properties of 

AZ31B-H24 [104], and grain size/orientation of AZ31 [105] after the FSW/FSP. 

However, direct correlation of the spatially-resolved texture variation to tensile 

strength/elongations and to the resulting fracture locations of FSP magnesium alloys is 

not available in the literature to date. 

In this chapter, tensile properties were investigated using specimens prepared 

from various locations in the FSP AZ-31B plate with the gage length cut parallel and 

perpendicular to the processing direction. Furthermore, the diffraction peak-intensity 

changes were measured using the neutron diffraction technique and analyzed to present 

texture variations as a function of distance from the centerline after the processing. The 

results provide the relationship between texture distributions and tensile properties that 

include enhanced elongation, decreased tensile strength, and the location of the fracture. 

 

7.1.2. Sample preparation and tensile test 

Commercial AZ31B magnesium-alloy rolled plates were used in the annealed 

condition (O tempering). The nominal chemical composition in weight percent is 3.0 Al, 

1.0 Zn, 0.2 Mn, and balance Mg. The dimension of the FSP specimen was 306 x 306 x 

6.5 mm, Fig. 7.1. The plate was processed using the following parameters: 0.97 mm/sec 

traveling speed, 600 rpm clockwise rotating speed, and 12.4 MPa compressive pressure 

using a tool with a 19.05-mm shoulder diameter and a 6.35-mm pin diameter with a 5.72-

mm pin height. The tool was tilted 3 degrees opposite to the processing direction, which 

coincides with the rolling direction of the plate. Note that LD, TD, and ND denote 

longitudinal, transverse, and normal directions of the plate, Fig. 7.1.  
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Fig. 7.1. Schematic of the friction-stir processing and spatially-resolved neutron-

diffraction measurement positions across the centerline of the AZ-31B magnesium alloy 

plate. 
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  A number of tensile specimens were prepared from the FSP plates. First, TD 

tensile specimens (gage length normal to the processing direction) were cut from the base 

material and FSP plates at the middle of the plate length, Fig. 7.2(a). In addition, a total 

of six (one from base material and five from the FSP plate) LD tensile specimens (gage 

length parallel to the processing direction) were prepared, Fig. 7.2(b). Note that LD 

specimens were cut parallel to the processing and rolling direction to present the various 

zones in the FSP plate. In particular, the LD tensile specimen prepared from “0” mm will 

illustrate the tensile behavior of the “stir zone”. All tensile specimens were prepared 

using electrical-discharge machining with the subsize dimension (i.e., 25-mm gage length 

and the 6-mm width) following ASTM E 8M-04, Fig. 7.2(b). Tensile tests were 

performed using the Material Test System using hydraulic wedge-grips at a constant 

crosshead velocity providing an initial strain rate of about 6.68 x 10-4 s-1 at room 

temperature. Microstructural characterization was performed at the yz-plane cross-

sections, of the base material and FSP plates. The samples were cold-mounted, ground, 

polished, and etched by a mixture of 4.2 g picric acid, 10 ml acetic acid, 70 ml ethanol, 

and 10 ml diluted water solution for about 10 s. 

 

7.1.3. Tensile properties and microstructure 

Figure 7.3 shows the results of TD tensile tests of a sample taken from the base 

material and one across FSP region. The base material shows a 230 MPa tensile strength 

and 28% total elongation, which is consistent with the literature [52]. Compared to the 

base material, the FSP plate has decreased tensile strength of about 180 MPa and 

elongation of about 12 %. 
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Fig. 7.2. Tensile test specimens were cut along (a) the transverse and (b) longitudinal 

directions. Specimens were prepared from both base material and various locations in the 

friction-stir processed plates based on ASTM E 8M-04. 
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Fig. 7.3. Tensile test results of AZ-31B magnesium alloy. Transverse tensile properties of 

base material and friction-stir processed (FSP) specimens  
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Figure 7.4 shows the results of LD tensile tests on samples taken from the base 

material and at several positions in the FSP plates. Specifically samples were cut at ±20 

mm, ±10 mm, and 0 mm from the processing centerline. Approximately, 250 MPa tensile 

strength and 32 % elongation were measured for the base material along the LD, which is 

similar to the TD results. However, the results of LD FSP tensile specimens show quite 

different behavior depending on the location from which the tensile specimen was 

machined. First, the tensile behavior of the FSP specimen, which was cut out from the 

centerline (i.e., at 0 mm), shows 41 % elongation and about 200 MPa tensile strength. 

Note that the width of the LD specimen covers -3 ~ 3 mm from the centerline due to the 6 

mm width of the specimen, Fig. 7.4, which is corresponding to the severe plastic 

deformed region (also known as the dynamically recrystallized zone) during the FSP 

[51,101]. On the other hand, the LD tensile results of the other specimens show slightly 

decreased elongation and tensile strength compared to the base material. The mechanical 

properties between the advancing side and retreating side seem to be different, which 

may be due to the asymmetric flow of plasticized materials during the FSP [100]. For 

example, the elongation of specimens in the advancing side is relatively lower than that 

of the retreating side. 

Figure 7.5 shows microstructure and texture of the base material (AZ31B-O rolled 

plate). The pole figure, Fig. 7.5(a), presents a strong texture (the maximum pole density 

of 10.3 multiples of random) where the (0002) basal plane normal is parallel to the ND, 

which is the well-known hot-rolling texture of Mg alloys [51]. Figure 7.5(b) shows the 

optical microscopy investigated about 50 µm of the average grain size (based on the 

linear intercept method) for the as-received condition. Figure 7.6 shows the  
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Fig. 7.4. Tensile test results of AZ-31B magnesium alloy. Longitudinal tensile properties 

of the base material (BM) and five specimens prepared from various positions in FSP 

plate as shown in Fig. 7.2(b).  
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Fig. 7.5. Texture and microstructure of base material. Note that the strong initial texture 

of the base material shows the (0002) basal plane normal parallel to the plate thickness 

direction (ND). 
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Fig. 7.6. Macrostructure and microstructure of the FSP Mg; (a) the base material (BM), 

transition region (TR), and stir zone (SZ) are marked, (b) microstructure of the SZ. 
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macrostructure and microstructure of the stir zone in the FSP. The macrostructure 

designated as the base material (BM), transition region (TR), and stir zone (SZ), Fig. 

7.6(a). Note that no significant difference in the average grain size could be found in the 

stir zone compared to the base material under the current processing conditions. 

 

7.2.  Texture measurements 

 

Spatially-resolved neutron-diffraction measurements were performed to obtain 

texture variations [15]. The SMARTS instrument [17] was used to measure the 

diffraction from grains with their reflecting hkl lattice plane normal oriented parallel to 

LD, TD, and ND [24]. Note that the peak intensities from each plane were obtained using 

the single peak fitting method in the GSAS [85]. Only results of (0002) basal plane are 

presented here because it is the primary slip plane of Mg at the relatively high strain rates 

and high temperatures (e.g., about 400ºC) associated with the FSP [51,105]. The peak 

intensities were measured at various locations (a total of 25 positions) along the middle of 

the plate thickness, Fig. 7.1. A complete orientation distribution function of the base 

material was determined on the HIPPO diffractometer. 

The integrated intensity (Iτ) measured using neutron diffraction is proportionally 

related to the number of the scattering unit cells (Ns) [15]. The integrated intensity can be 

converted to the reduced intensity, presented on a common scale, can provide the 

quantitative comparison among the various orientations. Figure 7.7 shows reduced 

intensity variations of the (0002) basal plane as a function of distance from the centerline. 

In the base material (at - 60 mm), the basal plane intensity along the ND is about 6 times  
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Fig. 7.7. Reduced intensities of (0002) reflection measured along the middle of the plate 

thickness with their scattering vectors parallel to (a) the normal direction (ND) and (b) 

the transverse directions (TD) as a function of distance from the centerline of the FSP 

plate. No intensity data is available along the longitudinal direction due to the very weak 

intensity of the basal plane.  
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stronger than that along the TD, which reflects a strong rolling texture of the as-received 

Mg plate. The result is consistent with the pole figure shown in Fig. 7.5(a). Moreover, Fig. 

7.7(a) shows that 1.4 scale of the basal plane normal was parallel to the ND at -60 mm on 

the advancing side. It increased to 2.3 at -20 mm and significantly decreased to 0.7 near 0 

mm (the stir zone). On the other hand, the TD intensity, Fig. 7.7(b), was only about 0.2 at 

-60 mm, maximized at -10 mm, and decreased near the centerline. The reduced intensity 

results suggest that the basal plane normal is parallel to the ND at base material, but is 

parallel to the TD near the transition region. Finally, the strong texture of the (0002) basal 

plane can be significantly weakened in the stir zone due to severe plastic deformation. 

 

7.3.  Tensile properties 

 

The texture variations suggest that shear plastic flow during the FSP causes about 

90 º rotation of the basal plane near the processing zone so that its normal is parallel to 

the TD in the transition region. In addition, the severe plastic deformation destroys the 

texture in the stir zone via dynamic recrystallization and results in a texture in which the 

basal plane normal is roughly surrounding the rotating pin surface [51]. Figure 7.8 shows 

a schematic illustration for dominant textures in the base material, transition region, and 

stir zone. Due to the shear deformation of the hcp magnesium alloy during the FSP, the 

basal plane rotated and rearranged to crystallographically characteristic directions in each 

region.  

Based on the texture characterization, the nature of the tensile behavior could be 

related to the slip system and associated Schmid factor. Table 7.1 summarizes the Schmid  
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Fig. 7.8. Schematic of basal plane tracing from the base material, transition region, to stir 

zone on the advancing side of the FSP Mg plate. Note that fracture occurred at -10 mm 

on the advancing side during the transverse tensile tests, Fig. 7.2. Note that λ is the angle 

between the slip direction and the tensile axis, Ф is the angle between the normal to the 

slip plane and the tensile axis, σ is the applied tensile stress, N is the direction normal to 

the slip plane, and τR is the critical resolved shear stress. 
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Table. 7.1. Schmid factors (m = cos Ф cos λ) for the longitudinal tensile test in 

characteristic regions of the FSP with the dominant texture, slip system, and simplified 

angles. Note that λ is the angle between the slip direction and the tensile axis and Ф is the 

angle between the normal to the slip plane and the tensile axis. 
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factor using the dominant texture and slip system of the three regions. The calculated 

results show that the preferred orientation of the basal planes in the stir zone of FSP 

results in a maximum (~ 0.5) Schmid factor due to about 45 º angle between the applied 

stress and slip directions. The texture variation and the resulting high Schmid factor value 

for the basal slip are consistent with the enhanced elongation and lower tensile strength 

observed in the LD tensile specimen cut from the stir zone as shown in Fig. 7.4.  

An interesting observation is the fracture location in the TD tensile test of the FSP. 

The fracture occurred at about -10 mm on the advancing side of the plate, Fig. 7.8. The 

amount of grains that have their basal plane normal parallel to TD are maximum near the 

±10 mm of the plate resulting in significant texture variation and minimized Schmid 

factor, Fig. 7.7(b). Furthermore, considering lower elongations of tensile specimens at -

20 mm and -10 mm on advancing side compared to those at 10 mm and 20 mm on the 

retreating side, Fig. 7.4, the fracture location on the advancing side is reasonable. The 

specific fracture location is close to the boundary between the transition region and stir 

zone on advancing side. The incompatibility between the plasticity in the stir zone and 

transition region may have caused the fracture near the -10 mm location. 
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Chapter VIII   Summary and Conclusions 

 

1. Neutron diffraction was used to investigate the residual stress changes in the 

friction-stir processed (FSPed) 6061-T6 aluminum alloy plates. Two FSP specimens were 

prepared with a purpose of separating the effects of frictional heating and severe plastic 

deformation on the changes of the as-received rolled and recrystallized 6061-T6 

aluminum-alloy plates: (Case 1) a plate processed with both stirring pin and tool shoulder, 

i.e., a regular friction-stir processing plate subjected to both plastic deformation and 

frictional heating, and (Case 2) a plate processed only with the tool shoulder, i.e., 

subjected mainly to the frictional heating.  

The comparison between a regular FSP specimen (subjected to both heating and 

deformation) and a plate processed only with the tool shoulder (subjected mainly to the 

heating effect) clearly showed that the heat input from the tool shoulder is a major source 

of the internal strains. 

This portion of the study also focused on the residual stresses distributions 

through the thickness of the FSP plates and its effect on the angular distortion. Residual 

strain profiles were measured through the thickness of the FSP 6061-T6 aluminum-alloy 

plates using neutron diffraction. A regular FSP (Case 1) and the “shoulder-only” (Case 2) 

studies show that the tool pin acting as a heat-transfer medium in Case 1 and the tool 

shoulder as a non-uniform heat distributor in Case 2. The results of the through-thickness 

residual stress variations in the “shoulder-only” case show that non-uniform (asymmetric) 

residual stress distributions can be related to the angular distortion. The current study 

suggests that an optimal combination of the effects from the stirring pin and the tool 
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shoulder could minimize the through-thickness variations of residual stress and angular 

distortions in the FSP. 

 

2. Furthermore, the reduction of the longitudinal residual strain profiles within the 

bead area measured by the neutron diffraction was correlated to the microstructural 

softening and the reduction of the hardness. The presence of the dynamic recrystallized 

zone (DXZ) in Case 1 and the absence of the DXZ in Case 2 is a direct evidence that the 

DXZ is a result of the severe plastic deformation caused by the stirring tool pin during the 

FSP. Microstructure and hardness profiles of Cases 1 and 2 show that the microstructural 

softening was mainly caused by the frictional heating from the tool shoulder during the 

FSP. In Case 1, the softening in the DXZ and thermo-mechanically affected zone 

(TMAZ) is related to the dissolution of fine needle-shape precipitates (β'') due to the 

frictional heating, which reduced the microhardness (Hv) from the initial 110 Hv to 70 Hv. 

On the other hand, in the heat-affected zone (HAZ), the softening is related to the 

dissolution of β'' and growth of the coarse precipitate phase, which reduced the initial 

hardness to 60 Hv. In Case 2, the TMAZ (near the top surface) and the HAZ show similar 

softening behavior as in Case 1. 

 

3. Natural aging behavior was investigated by observing the changes in the 

microhardness values as a function of time (t=hour) over a period of 8 months after the 

FSP. In Case 1, the natural aging kinetics of the FSP-affected regions was quantified as 

follows: Hv = 63 + 4.3 log (t) for the DXZ and Hv = 64 + 3.0 log (t) for the TMAZ of 

Case 1 under the current processing conditions. On the other hand, little or no natural 
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aging was observed in the HAZ in both Cases 1 and 2. In Case 2, natural aging was 

observed in the TMAZ (face); where Hv = 61 + 5.4 log (t). The results suggest that the 

frictional heating from the tool shoulder facilitates the natural aging only near the top 

surface, while the presence of the tool pin results in a more homogeneous aging process 

though the thickness of the FSP plate. 

 

4. Neutron diffraction was used to investigate the texture variations in the FSP 

aluminum alloy plates. Two FSP specimens were prepared with a purpose of separating 

the effects of frictional heating and severe plastic deformation on the texture changes of 

the as-received rolled and recrystallized 6061-T6 aluminum-alloy plates. The results of 

the ODFs show that the base material has the strong cube or mixed cube and Goss texture, 

which is known as a typical recrystallized rolling texture of Al alloy plates. On the other 

hand, the ODF of the recrystallized region shows the shear texture in the FSP. 

Comparison of the pole figures of the two cases shows that the variations of the 

preferred orientation are significant near the centerline in Case 1, which experienced 

severe plastic deformation. On the other hand, Case 2 shows little texture variations 

across the centerline. The profiles of the reduced intensities reveal the quantitative texture 

variations at various positions across the centerline and through the thickness of the bulk 

FSP plates non-destructively. In Case 1, the number of the unit cells with the (200) plane 

normal parallel to the normal direction of the plate (i.e., reduced intensity along the 

through-thickness direction) was significantly decreased near the centerline, while the 

number of the unit cells with the (111) plane normal parallel to the normal direction of 

the plate was increased. On the other hand, Case 2 does not show significant variations in 
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the reduced intensities. The current results from both pole-figure and reduced-intensity 

measurements clearly show that the severe plastic deformation from the stirring pin 

affects the preferred orientation during the FSP, while heating alone from the tool 

shoulder has little effects.  

 

5. Finally, hkl specific diffraction peak intensities were measured using spatially-

resolved neutron-diffraction technique to investigate the texture changes across the 

processing line in the FSP AZ-31B magnesium-alloy plate. The results showed that the 

texture variations are significant between the transition region and stir zone of the plate. 

The tensile behavior of the longitudinal specimen including mainly the stir zone shows 

significant increase in elongation and decrease in tensile strength compared to the base 

material. The correlation between the texture and tensile test results suggests that the 

drastic texture variation during the FSP significantly affects tensile behavior of the FSP 

Mg alloy plate. The incompatible boundary between the transition region and stir zone of 

FSP causes a fracture in the anisotropic hcp magnesium alloy. 
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