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Abstract: 

An ultrafine grained 304L austenitic stainless steel was produced by martensitic 

thermomechanical processing and joined by applying friction stir welding (FSW). The 

martensitic thermomechanical processing comprised a cold roll procedure up to 80% reduction 

followed by annealing. After FSW, different grain structures in different regions of the weld 

nugget were observed due to the asymmetry in the heat generation during the welding process. 

Grain growth and dynamic recovery were found to be the most predominant phenomena in the 

region just ahead of the rotating tool during the thermal cycle of FSW. A banded structure was 

observed in the advancing side of the weld nugget. TEM observations revealed that nanometric 

sigma phase precipitates were present both in the grain boundaries and inside the grains of this 

region.  Shear textures were clearly identified in the weld center. The lack of rotated cube texture 

in the ODF sections shows that the discontinuous dynamic recrystallization (DDRX) is not active 

in the final microstructure.  Increasing the welding speed can reduce the final grain size of the 

weld nugget leading to higher hardness. Hardness is found to increase in the weld nugget and 

this is not just a grain refinement effect, but also due to the presence of sub-boundaries and a 

high density of dislocations.  

Keywords: Austenitic stainless steel, Ultrafine grain, Friction stir welding, Recrystallization 

mechanism , EBSD, Sigma phase precipitation  
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1. introduction 

Austenitic stainless steels are the most popular type of stainless steels with wide 

applications in different industries, from low-end to advanced applications like aerospace 

vehicles [1]. Although austenitic stainless steels possess high corrosion resistance, good 

formability and suitable welding properties, their relatively low hardness and yield strength have 

limited their wider applications [2-4]. Improving the mechanical properties of austenitic stainless 

steels have therefore become a critical concern, and advanced thermomechanical processing 

based on hot deformation or cold rolling-annealing is one of the most industrially applicable 

methods to produce nano- or ultrafine grained (UFG) austenitic stainless steels [5], which were 

found to exhibit high strength and ductility [2-4]. 

Most of the published research on UFG austenitic stainless steels to-date has focused on 

their production and mechanical property characterization. Weldability, as one of the most 

important factors of a material for being applicable, has not been systematically investigated. In 

the case of fusion welding of UFG materials, considerable grain growth in the heat affected zone, 

and the coarse cast structure in the weld zone, are two significant phenomena that can jeopardize 

the mechanical properties of the welded material relative to the UFG base material [6]. Monte 

Carlo simulations have shown that the average grain size of the heat affected zone in a fusion 

weld of a 2 μm grain size steel can increase up to around 120-150 μm under high heat input 

conditions [7]. Some methods have been proposed to alleviate the weld quality problems 

associated with coarsening of microstructures, including heat input control in traditional welding 

techniques [7,8], the use of high-energy fusion welding processes such as laser welding [7], and 

the use of coolants such as liquid nitrogen behind the welding zone [9], but despite these, 

deterioration of mechanical properties in the weld zone is still common. Recently, solid-state 
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welding processes like friction-stir welding have been successfully applied to join advanced 

materials [10-11]. Friction stir welding is a solid-state, hot-shear joining process in which a 

rotating tool penetrates in the material and the high heat caused by friction leads to material flow. 

FSW has been successfully applied to aluminum as well as magnesium alloys [12-14], but in 

comparison with these light alloys, limited research has been performed to study its applicability 

in high-temperature alloys such as steels, possibly due to the lack of suitable tools found for the 

FSW of such alloys [15]. According to the authors’ knowledge, there has not been any published 

record on FSW of UFG stainless steels and their microstructural evaluation during the welding 

process. Therefore, the aim of this paper is to produce a UFG 304L stainless steel and to study its 

microstructural changes during FSW.  

 

2. Materials and Methods 

A commercial AISI 304L stainless steel, in the form of a sheet with thickness 10 mm, was used 

as the initial material. Table 1 shows the chemical composition, and Fig. 1 shows the electron 

backscattered diffraction (EBSD) map, of the as-received material. The microstructure is 

equiaxed with an average austenite grain size of ~30 µm. The black, green and red lines in Fig. 1 

represent high-angle grain boundaries (HAB) with misorientations larger than 150, Σ3 twin 

boundaries and low-angle boundaries (LAB) with misorientations between 2º and 15º, 

respectively, and it can be seen that the microstructure contains large fractions of HAB and Σ3 

twin boundaries, and just a small fraction of LAB. A small amount of elongated delta ferrite is 

also observed as indicated by blue color in the microstructure.  

Table 1: Chemical composition of AISI 304L stainless steel used in this investigation 
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element C Cr Ni Mo Mn Si P S Co Cu V Fe 

Wt.% 0.026 18.35 8.01 0.15 1.24 0.323 0.024 0.005 0.129 0.24 0.1 Remain 

  

 

 

Fig 1: Grain boundary map from EBSD of the as-received 304L stainless steel 

 

Specimens with dimensions 100 mm × 40 mm were cut from the as-received material 

and cold rolled in a solution of ice and ethanol at -15 ºC up to 80 % reduction, to enable the 

initial coarse-grained austenite to transform into fine structured martensite. The cold rolled 
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samples were then annealed at 700 ºC for 300 min to obtain a UFG microstructure of austenite, 

through the reverse martensite-to-austenite transformation.  

Friction stir welding was performed on the resultant UFG 304L using a vertical milling 

machine. The welding tool was made of tungsten carbide with a shoulder diameter of 16 mm. A 

conical pin with upper and lower diameters of 5.5 and 5 mm, respectively, and length of 1.8 mm, 

was used (Fig. 2(a)) . The sample plates were fixed onto a steel backing plate using a fixture to 

prevent any displacement during welding.  For all tests, the tilt angle of the tool from normal 

direction was selected as 30. Argon gas shielding was introduced around the tool at a flow rate of 

10 L/min to prevent excessive oxidation during the welding process. Welding trials were 

performed at a constant rotational speed of 630 rpm and different welding speeds from 20 to 160 

mm/min. Fig. 2(b) shows schematic illustration of different regions on the welded sample. 

 

 

Fig. 2: (a) Schematic illustration of the tool used in the friction stir welding experiments. Q1, Q2 

and Q3 are heat generated at different parts of the tool. (b) Schematic illustration of different 

regions on the welded sample. ND, TD and WD represent normal direction, transverse direction 

and welding direction, respectively.  
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A ferritescope (Helmut Fischer GmbH, model MP30E) was used for the quantification of 

the ferromagnetic α΄-martensite phase during the cold rolling process. Electrolytic etching was 

performed at 1-2 V for about 10 seconds in a solution mixture of 65ml nitric acid and 35ml 

distilled water to reveal the austenite grain boundaries. For cross sectional examinations, samples 

were cut using a slow-speed saw and mounted in epoxy using a hot-mount equipment. 

Subsequently the samples were mechanically ground and polished using papers down to 4000-

grit followed by Al2O3 slurry. Vibration polishing was finally performed to obtain a surface 

quality suitable for EBSD. A Field Emission Scanning Electron Microscope (LEO 1530 FE-

SEM) attached with an EBSD analyzer was used to characterize the grain structure of the 

samples.  EBSD was performed using a step size of 0.05 to 2 µm based on the requirements. 

Transmission Electron Microscopy (TEM) analysis of the deformed and welded samples were 

performed using an FEI Tecnai G2 20 Scanning TEM. The TEM samples were produced by FIB 

using an FEI Quanta 200 3D system from related regions of the welds. Microhardness 

measurements were performed using a Buehler microhardness tester with a Vickers indenter at 

the load of 500 gf. 

 

3. Results and Discussion 

3.1. Production of ultrafine grained austenitic steel with bimodal grain-size distribution 

Fig. 3 shows scanning electron micrographs of the α/ martensite morphology in different 

rolling reductions. As confirmed by Ferritoscope measurements in our previous report [16], 40% 

by volume of the structure would transform into martensite after 15% cold-rolled reduction. The 

morphology of martensite in this stage is lathy (Fig. 3(a)). Increasing the rolling reduction to 
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35% (Fig. 3 (b)) caused breakdown of the lathy martensite into finer one, in addition to 

increasing the density of the martensite layers. After 55% cold-rolled reduction, almost all of the 

structure (98% by volume) has transformed into martensite, with only small regions still in 

austenite phase (Fig. 3(c)). Therefore, the rolling reduction of 55% can be described as a 

saturation state for martensite conversion.  

 

Fig. 3: SEM micrographs of the α/ martensite morphology in different rolling reductions (a) 15% 

(b) 35% and (c) 55% 

 

The austenite stability index Md 30/50, defined as the temperature at which 50% of the 

austenite will transform into α/ martensite through cold deformation to a true strain of 0.3 [1], is 

a useful factor indicating the martensitic transformability during cold rolling. Md 30/50 effectively 

indicates the temperature that limits deformation-induced martensitic transformation since 
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martensite becomes difficult to form above that temperature. The Nohara equation [17] relates 

the austenite stability index to the chemical composition and grain size (GS) of the alloy as:  

Md30/50 (
0C) = 551 - [462 (%C+%N)+9. 2%Si +8. 1 (%Mn) + 13. 7 (%Cr)+ 29 (%Ni+%Cu) + 

                      18. 5 (%Mo) + 68 (%Nb) + 1.42 (GS-8)]                                                            (1) 

where elemental compositions are in wt.%, and GS is in terms of the ASTM grain size number. 

From eqn. (1), the Md 30/50 was calculated as 37 ºC for the present AISI 304L, meaning that there 

is sufficient driving force for martensitic transformation during rolling at -15 ºC. Further rolling 

reduction after the saturation state is necessary for obtaining ultrafine grains during the 

subsequent annealing, as many more possible nucleation sites are created which cause finer 

austenite grain sizes [18-19].  Therefore, rolling reduction was continued to 80% to ensure the 

formation of ultrafine grained austenite after the subsequent annealing. 

Fig. 4 shows the SEM (Fig. 4 (a)) and TEM (Fig. 4(b)) micrographs of the 80% cold 

rolled sample followed by annealing at 700 ºC for 300 min. The microstructure consists of 

mostly UGF austenite as the phase with lighter contrast in the SEM micrograph. Embedded in 

such a matrix are precipitates in dark contrast which are delta ferrite that was present in the as-

received coarse grained 304L stainless steel and was not affected by the cold rolling and 

annealing. A bimodal distribution of the grain sizes can be easily identified in the UFG austenite 

matrix. The TEM micrograph in Fig. 4(b) also shows austenite grains with a high density of 

dislocations.  
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Fig. 4: SEM and TEM micrograph of the ultrafine grained 304L stainless steel with bimodal 

structure 

 

3.2. Microstructural observations during friction-stir welding 

Friction-stir welding was performed with a constant rotational speed of 630 rpm and 

different welding speeds of 20 mm/min-160 mm/min. The control of the heat input is very 

important during FSW of UFG stainless steels as it affects a number of processes such as grain 

growth, distortion, phase transformation and so on. Therefore, knowledge about the generation 

and distribution of heat in the welded sample is necessary. Schmidt et al [20] suggested that heat 

is generated by the friction between the rotating tool and material interface, and so the heat input 

dQ generated in an element of surface area dA during FSW is given by: 

dQ = ωr . dM = ωr . r. dF = ωr . r. τcontact dA  
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where ωr is the angular speed, M the torque, r the radius, F the normal force, and τcontact the shear 

contact stress. From this equation, for the tool geometry shown in Fig. 2, the general heat input 

can be obtained from: 

Qtotal = 
2

3
 𝜋 τcontact ωr (rs

3 + 3 rp
2Hp)  

where rs , rp and Hp are the radius of the shoulder and the radius and length of the pin, 

respectively . As shown in Fig. 2, the contributions of different parts of the present tool to the 

total heat generation are as follows: 

F1 = 
𝑄1

𝑄𝑡𝑜𝑡𝑎𝑙
= 

𝑟𝑠
3− 𝑟𝑝

3

(𝑟𝑠
3+3 𝑟𝑝

2𝐻𝑝)
 ≅ 90 % 

F2 = 
𝑄2

𝑄𝑡𝑜𝑡𝑎𝑙
= 

3 𝑟𝑝
2 𝐻𝑃

(𝑟𝑠
3+3 𝑟𝑝

2𝐻𝑝)
 ≅ 6.8 % 

F3 = 
𝑄3

𝑄𝑡𝑜𝑡𝑎𝑙
= 

𝑟𝑝
3

(𝑟𝑠
3+3 𝑟𝑝

2𝐻𝑝)
 ≅ 3.2 % 

Therefore, the contact between the tool shoulder and the sample surface generates most of the 

heat, and so the maximum temperature should be observed there [21-24]. The heat propagates 

downward from the top surface to the interior of the sample and causes material flow from the 

advancing side (AS) to the retreating side (RS). Fig. 5 shows the SEM micrographs of two 

different regions along the thickness of the FSW sample at the welding speed of 160 mm/min. 

The average grain size in the top-surface region and that at the bottom surface are 9 and 5 µm, 

respectively. These results might confirm that the grain growth happens during the FSW cooling 

cycle, and the extent of grain growth is larger in the top surface. Considering that there is a grain 

size gradient through the tickness of the material after FSW, the mid-plane was selected for the 
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study of the effect of FSW speed on the microstructure and mechanical properties of UFG 304L 

stainless steel.  

 

Fig. 5: SEM micrographs of the (a) top surface and (b) bottom surface of the sample friction stir 

welded by the welding speed of 160 mm/min 

 

EBSD measurments were performed to study the on-going events in the front of the 

rotating tool. The EBSD map of the region exactly in the front of the pin for the welding speed of 

20 mm/min is presented in Fig. 6. As before, black, red and green lines indicate HABs, LABs 

and Σ3 twin boundaries, and blue regions indicate delta ferrite phase. It can be seen that some 

amount of twin boundaries is present in the sample. The presence of the annealing twins ahead of 

the welding tool is likely to be due to the high temperature and strains experienced in this region. 

As 304L stainless steel is a low stacking fault energy material, the annealing twins are very easy 

to form. In fact in low stacking fault energy materials where dislocation climb becomes difficult 

at high temperatures, twinning comes into operation to accommodate some portion of 

deformation. Also grain growth might be another reason for the formation of annealing twins in 
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this stage. The average grain size of the region in front of the tool was found to 3 µm at welding 

speed 20 mm/min, and 1.5 µm at welding speed 80 mm/min. No considerable change was 

observed at welding speed 160 mm/min in comparison with the base metal. Some delta ferrite is 

also visible in the structure.  

 

Fig. 6: Grain boundary map of  the region just ahead of the rotating tool in the sample friction 

stir welded with the welding speed of 20 mm/min 

  

Fig. 7(a) shows a typical low-magnification cross sectional image of the sample friction-stir 

welded at 80 mm/min welding speed.  The left and right hand sides of the image correspond to 
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the advancing side (AS) and retreating side (RS) of the rotating tool, respectively. It is clearly 

seen that no volumetric defect is present in the weld. The macrostructure of the FSW weld 

consists of several regions: nugget zone (NZ), thermomechanically affected zone (TMAZ), heat 

affected zone (HAZ) and base metal (BM). There is an obvious interface between the NZ and 

TMAZ in the advancing side but the interface is not clearly observable in the retreating side. In 

addition, a banded structure is visible in the nugget zone as marked in Fig. 7 (a) and shown in 

Fig. 7(b-e). The banded area shows lower corrosion resistance in comparison with other areas of 

the weld as indicated by its heavily pitted surface.   

 

 

Fig.7 : Typical low-magnification image of the cross section in the friction stir welding along 

with higher magnification micrographs of the banded area 

 

Commented [SpUsr1]: Not obvious to me that you can tell 
these from Fig. 7a. Can you label these in Fig. 7a? 

Commented [SpUsr2]: Again, not obvious to me what 
interface you are referring to in Fig. 7a. May be better after you 
have added the labels above. 
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TEM samples were prepared from the corroded and uncorroded regions of the banded area 

shown in Fig. 7 (b), in order to study their microstructural differences. Fig. 8(a-b) and Fig. 8(c-d) 

show the TEM micrographs of the corroded and uncorroded regions, repectively. In the corroded 

region, nanometric precipitates of size 100 nm or less were present, both inside the grains and on 

the grain boundaries, and in some cases, these particles form a continous precipitate structure on 

the grain boundaries (Fig.8 (a)). EDS analysis showed that these particles are Cr rich containing 

56.3 % Fe, 39% Cr, 2.6% Ni and 2% Mn in comparison with austenite matrix containing 72.3% 

Fe, 18.54% Cr, 7.88% Ni and 1.28% Mn. Line profiles of the three major elements (Fe, Cr and 

Ni) were performed along the grain boundary of  Fig.8 (a) and the results are presented in Fig.9 

(a-e), which confirm that these precipitates are choromim rich with reduced amounts of Fe and 

Ni. Since no sign of carbon was detected in the EDS spectra of these particles so these particles 

cannot be chromium rich carbides. The chemical composition of the particles suggests that they 

are sigma phase.  Sigma phase is an intermetallic compound in the Fe-Cr binary phase diagram 

containing 30 to 50 wt.% Cr with a tetragonal crystal structure, and can form in the temperature 

range of 600 0C to 1000 0C, which completely matches the thermal conditions of FSW [25]. The 

sigma phase can form by decomposition directly from austenite, or through a transformation 

from delta ferrite [25-27]. Direct transformation of austenite to sigma phase requires very long 

time (normally more than 100h) because substantial diffusion of chromuim atoms in austenite is 

needed [25]. It has been reported that the presence of a duplex microstructure containing delta 

ferrite and austenite can accelerate the sigma phase formation [26-27]. Normally delta ferrite is a 

Cr rich region compared to austenite. Also the BCC structure of delta ferrite with a lower atomic 

packing factor in comparison with FCC austenite can faciliate Cr diffusion.  
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Fig. 8 : TEM micrographs of the corroded region (a-b) and uncorroded region (c-d) of the 

banded area shown in Fig.7 (b)  
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Fig. 9: Line map scanning of the three major elements of Fe, Ni and Cr along the grain 

boundaries of the corroded area 

 

Fig. 10 shows the EBSD maps of the advancing side (AS), weld center and retreating side 

(RS) of the sample friction-stir welded at welding speed of 160 mm/min. Delta ferrite is shown 

as blue. It is clear that there is a gradient of the grain size along the transverse direction of the 

weld nugget, such that the grain size decreases from the AS to the RS, with the average grain 

size in AS, weld center and RS being 9, 6.5 and 5.5 µm, respectively. Since the maximum 

temperature in the FSW increases with increasing of strain and strain rate, and considering the 

fact that the material in the AS should be subjected to larger shear stress and undergo larger 

strain, the maximum temperature as well as grain size should therefore be higher in the AS of the 
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weld [10]. Another important feature that can be observed from Fig. 10 is that the amount of 

delta ferrite is different in these three regions. The amount of delta ferrite is remarkably higher in 

the RS rather than AS. Increasing the temperature during the thermal cycle of FSW along with 

high strain and strain rate in the process may dissolve some of the pre-existing delta ferrite in the 

austenite matrix, and since the temperature is higher in the AS in rather than the RS, more delta 

ferrite got dissolved in the AS leading to a lower residual content there. Some amount of twin 

boundaries can be seen in the weld nugget microstructure. Fig. 11 shows TEM micrographs of 

different typical twin morphologies in the weld nugget of a sample welded at the welding speed 

of 160 mm/min. These twins have straight and parallel boundaries which elongate throughout the 

grain from a grain boundary. These twins are likely annealing twins instead of mechanical twins 

which normally show lenticular morphology with nanometric width  It has been shown that the 

plastic deformation during stirring in the weld nugget can effectively destroy all existing twins 

[28]. Therefore, the presence of annealing twins in the weld nugget microstructure can be due to 

the post dynamic recrystallization phenamena like grain growth or grain boundary migration 

induced by static recrystallization after welding. Some of these twins are located inside austenite 

grains with lower dislocation densities than other twin free grains. As the thermal conductivity of 

austenitic stainless steels is small, the cooling cycle can be relatively long, and the existence of 

twins inside grains with low dislocation density can be indicative of the fact that some degree of 

static recrystallization has happened during the cooling cycle. The existence of post dynamic 

recrystallization phenomena especially static recrystallization during the FSW cooling cycle of 

304L stainless steel was reported previously by Sato et al. [29].   
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Fig.10: Grain boundary map in midplane of weld nugget for the sample welded with the welding 

speed of 160 mm/min: (a) advancing side (b) weld center and (c) retreating side. 
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Fig. 11 : TEM micrographs of typical annealing twins observed in the stirred zone of a sample 

welded at the welding speed of 160 mm/min. 

 

Fig. 12 shows the EBSD microstructures of the weld nugget center of samples welded at 

speeds 20 and 80 mm/min. The stirred zone in both samples consists of equiaxed austenite grains 

with an average grain size of 21 and 10.5 µm at welding speeds of 20 and 80 mm/min, 

respectively. The microstructure of the weld nugget depends on the peak temperature and 

cooling rates during FSW. Meanwhile, these factors are controlled by processing parameters 

such as the rotational and welding speed that can finally determine the total heat input during 

FSW. It is clear that the excess heat input at the welding speed of 20 mm/min can cause 

accelerated grain growth and finally larger grain size after FSW.   
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Fig. 12: EBSD maps of the microstructures of the weld nugget center of samples friction-stir 

welded at speed of (a) 20 mm/min and (b) 80 mm/min. 

 

Fig. 13 (a) shows a low-magnification TEM micrograph of the weld center for the sample 

welded at 80 mm/min. Coarse austenite grains as well as smaller subgrains can be seen in the 

microstructure. The elongated phase in the microstructure was identified as delta ferrite with 

BCC structure. Fig. 13 (b) shows a high-magnification TEM image from the delta ferrite phase. 

This elongated phase is normally 500 nm in length and less that 200 nm in width. It should be 

noted that the existence of delta ferrite in the austenitic microstructure can promote sigma phase 

precipitation.  
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Fig. 13: (a) Low-magnification TEM montage micrograph of the weld center for the sample 

welded at the welding speed of 80 mm/min; (b) higher magnification showing elongated delta 

ferrite in the austenite matrix. 

 

Friction stir welding processes normally produce complex and three dimensional material flow 

patterns. It has been reported that the deformation introduced by the rotating tool during friction 

stir welding is predominantly in the form of simple shear [30], and so the resultant texture 

typically shows ideal simple shear texture components [30]. Unlike conventional deformation 

modes such as rolling, tension and compression, the samples of which are readily aligned with 
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the deformation frame of reference which is constant across the entire sample, the shear 

deformation introduced during FSW is almost never aligned with the sample coordinate system, 

and the shear orientation during FSW varies as a function of position in the welded regions. For 

this reason, as proposed by Fonda et al. [30-31], it is better to use the shear coordinate system 

rather than the normal frame (WD, TD, ND) to present the texture produced during friction stir 

welding. The shear coordinate system is defined by the shear direction (SD), the shear plane 

normal (SPN), and the rotation access direction (𝑅𝐴⃗⃗⃗⃗  ⃗ =  𝑆𝑃𝑁⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   ×  𝑆𝐷⃗⃗⃗⃗  ⃗). At any specific location in 

the weld the difference between the acquired texture orientation and the local orientation of the 

shear surface can be represented by two angles, α and β. The SD deviates from the welding 

direction as a function of position across the weld by the angle α, which is defined by [31]: 

𝛼 =  𝑠𝑖𝑛−1(
𝑥

𝑟𝑒𝑓𝑓
) 

where α is the angle between WD and the projection of SPN onto this plane, x is the distance 

from the weld centerline to the area of interest, and reff is the weld nugget radius.  The angle β 

that is required to represent data in the shear reference frame represents the deviation of 𝑅𝐴⃗⃗⃗⃗  ⃗ from 

vertical or the deviation of 𝑆𝑃𝑁⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   from the top-view plane of the sample. Because the shape of 

shear surface can be approximately obtained by rotation of the trace of the weld nugget 

boundary, β corresponds to the inclination of this boundary. This angle can be measured from the 

shape of weld nugget boundary in transverse cross section (ND-TD plane) [31].  

Fig.14 shows the (111) and (101) pole figure and also ODF cross sections of the weld nugget 

center for the sample welded at 80 mm/min after necessary rotations. In this paper Euler section 

representation is used due to the higher resolution relative to pole figures. The main focus is on 

the two sections 𝛷2 = 0 and 𝛷2 = 45 which is particularly important in steel processing. The 
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textures presented as Euler cross sections are compared to the ideal shear textures of FCC 

materials [32-33] (Fig.15) in order to identify the components. The most important ideal 

orientations in simple shear are found to be distributed along the two fibers with a 

crystallographic slip direction parallel to the shear direction and a crystallographic slip plane 

parallel to the shear plane, respectively. For fcc materials, they are the {ℎ𝑘𝑙}<110> fiber and 

{111}<uvw> fiber.  It can be seen that the main texture in the weld center is a mixture of the B/�̅� 

and A* (A*
1 / A

*
2) components, thus confirming previously reported results that the texture inside 

the weld nugget is a kind of simple shear. One of the most important findings here is the lack of 

rotated cube texture. The shear deformation texture observed here is characteristic of dynamic 

recovery (DRV) and continuous dynamic recrystallization (CDRX), while rotated cube texture is 

known to be a result of nucleation and grain growth during discontinuous dynamic 

recrystallization (DDRX) in 304L stainless steel [33-34]. The absence of rotated cube texture 

therefore indicates that DDRX is not operative during friction stir welding of the present 

material. 
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Fig.14 : (111) and (101) pole figure and ODF cross section for the sample welded at 80 mm/min  
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Fig. 15: Main ideal orientation in simple shear deformation of FCC materials [32-33] 

 

Fig. 16 shows the microhardness profile along the transverse direction of the cross section of the 

weldmens produced with different welding speeds. It should be noted that the average hardness 

of the UFG base metal is 330 HV0.5kg . It can be seen from the microhardness data that the 

hardness distribution in the weld nugget region is mostly uniform with just small differences 

between the AS and RS. The average microhardness of the weld nugget region is 190 HV0.5kg, 

285 HV0.5kg and 315 HV0.5kg for the welding speed of 20mm/min, 80 mm/min and 160 mm/min, 

respectively, and increasing the welding speed also leads to lowering of the grain size. To see if 

the hardness increment at increasing welding speed is due to the change in grain size according 

to the Hall-Petch effect, Fig. 17 shows the Hall-Petch plot of the data sets obtained from different 

welding speeds. As can be seen the relation between hardness and d-1/2 is not linear, indicating 

that the hardness increase in the weld nugget cannot be explained simply by a grain size 

reduction effect. In addition to grain size reduction, high amount of dislocation density caused 

due to the CDRX as well as sub-boundaries can also affect the hardness of the weldments. It is 

therefore likely that both grain size reduction and dislocations density as well as sub-boundries 
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can be effective in obtaining acceptable hardness of the weld nugget in comparison with the base 

metal. The presence of the sigma phase inside the weld nugget can also be one of the reasons of 

mechanical property enhancement. The microhardness of the sample welded at speed 160 

mm/min is very close to that of the base metal, confirming that FSW can be an effective way for 

joining advanced ultrafine/nano grained alloys without affecting their properties. 

 

Fig. 16: Microhardness distribution along the transverse direction of the friction stir welded 

samples at different welding speeds. Error bars mean standard deviations from 5 repeated 

measurements. 
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Fig. 17: Hall-Petch relation of the data set obtained in the experiments. 

  

4. Conclusions 

The microstructural evolution during friction-stir welding of ultrafine grained 304L stainless 

steel was characterized in this work. The most important results are as follows: 

1- The grain structure in the weld nugget region is not homogenous due to the asymmetry in 

the heat generation between the advancing and retreating sides of the rotating tool during 

FSW. 

2- Substantial grain growth was observed during the thermal cycle of the FSW, with the 

grain size of the region ahead of the welding tool grown to a large value of about 3 µm 

for the high heat input condition. Increasing the welding speed can reduce the amount of 

grain growth.  
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3- Sigma phase precipitation was identified in the banded structure inside the weld nuggetat 

both grain boundaries and grain interiors.  

4- Increasing the welding speed can decrease the final grain size of the weld nugget and 

improve the mechanical properties of the weld. Hardness was found to increase in the 

weld nugget due to both grain size reduction and the presence of dislocations and sub-

boundaries in the weld nugget.  

5- Shear textures were clearly identified in the weld center. The lack of rotated cube texture 

in the ODF sections shows that the discontinuous dynamic recrystallization (DDRX) is 

not active in the final microstructure.  
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