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Abstract: The novel combination of friction stir processing (FSP) and additive manufacturing 

(AM) was studied in present work. Laser-based powder bed fusion of metals (PBF-LB/M) was 

employed to establish 316L stainless steel with a bimodal microstructure. Upon FSP, the as-built 

bimodal microstructure with an average grain size of 179 μm was transformed into a unimodal 

microstructure containing ultra-fine grains with an average grain size of 1.2 μm. Results obtained 

by mechanical testing revealed that after FSP; the hardness, the yield point and the ultimate strength 

of additively manufactured 316L were enhanced by 45%, 77% and 62%, respectively. 

Microstructure assessment revealed that such a unique improvement in the mechanical properties 

was due to considerable structural refinement leading to grain boundary strengthening. Energy-

dispersive X-ray diffraction analysis revealed that phase transformation did not occur upon FSP. 

Fracture analysis further indicated that severe plastic deformation (SPD) during FSP can promote 

the transformation of coarse voids to fine voids and, hence, densification of as-built parts. 

Keywords: Laser powder bed fusion; Friction stir processing; Microstructure; Strength; Mechanical 

properties; Fracture 

 

1. Introduction 

Excellent corrosion resistance and superior mechanical properties of 316L stainless steel qualify 

this alloy for various applications from biomedical to petrochemical industries [1]–[4]. Due to the 

addition of molybdenum, the corrosion performance of 316L stainless steel was found to be even 

better than that of the 304L alloy [5]–[7]. 316L stainless steel is also characterized by high strain 

hardening, pointing at good workability, as well as acceptable weldability broadening the number of 

potential engineering applications [8]–[11]. However, the material (especially in the as-cast condition) 
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suffers from a poor yield strength (YS) like numerous austenitic alloys [12]. A promising technology 

to overcome this strength-ductility trade-off is additive manufacturing (AM). Among different AM 

methods, laser-based powder bed fusion of metals (PBF-LB/M) combines the fabrication of near-

net shape components of complex geometry with excellent mechanical properties [4][13]–[16]. The 

PBF-LB/M process is based on the consecutive consolidation of metallic powders by a laser and the 

repetitive fusing of thin layers on top of each other [17]–[19]. 

For years, the processability and the corresponding mechanical properties of 316L stainless steel 

parts fabricated via PBF-LB/M have been in the focus of investigations [4][20]–[22]. Most of these 

research works tried to optimize AM parameters (e.g., laser power, hatch spacing and building 

direction) in order to directly design superior microstructures and, hence, mechanical properties. 

Generally, the influence of laser power on the mechanical properties and microstructure of 316L 

stainless steel was more noticeable than other processing parameters such as building direction and 

hatch spacing due to its dominant influence on the thermal history [21]. By the utilization of different 

laser powers, mechanical properties and microstructure of this alloy were successfully tailored 

[4][13]. In any case the processed material exhibits relatively coarse, columnar grains after PBF-

LB/M. Nevertheless, in comparison to conventionally manufactured counterparts the PBF-LB/M 

specimens reveal an increased strength with retained high ductility. The high strength is mainly 

attributed to the intrinsic cooling conditions. Small melt pool sizes combined with consecutive 

melting of individual layers in this manufacturing process result in high cooling rates up to 106 K/s 

eventually promoting high internal stresses. Those stresses induced by the intrinsic heat treatment 

and thermal history promote the evolution of a dislocation network and subgrain structures, 

respectively, wherefore the YS is increased. It was already reported that such subgrains play a key 

role in grain boundary engineering (GBE) of additively manufactured components [23][24].  

A combination of various AM parameters (i.e., different scanning speeds ranging from 400 mm/s to 

800 mm/s and laser power ranging from 40 W to 70 W) and post-process thermomechanical 

treatments i.e., strain- annealing cycles, were already utilized for GBE of 316L [22]. It was observed 

that the stored energy in a 7.7 % deformed microstructure was adequate to drive the onset of 

recrystallization in this alloy. Besides, attaining control over the solute segregation at cell 

boundaries in PBF-LB/M processing was found to be crucial to completely recrystallize the 

microstructure and increase the twin boundary fraction. Higher scanning speed shortened the 

available time for diffusion and eventually promoted the solute segregation at cell boundaries 

retarding the occurrence of recrystallization and hindering the formation of deformation twins. 

Since cell boundaries containing solutes acted as dislocation sinks, the critical stress required for 

deformation twinning rose. However, lower scanning speed caused a coarser cellular structure 

eventually promoting nucleation and growth of newly recrystallized grains. 
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Previously, friction stir processing (FSP) as a severe plastic deformation (SPD) technique was used 

to improve the strength of 316L stainless steel fabricated by conventional methods [2][25]–[27]. 

Despite 50% reduction in elongation at failure (EF), FSP could increase YS and ultimate tensile 

strength (UTS) of the base metal 316L alloy 1.6 and 1.2 times, respectively [26]. Another study 

showed that optimization of process parameters in FSP of 316L stainless steel can even result in 

nanograins with sizes below 200 nm [2]. Due to the noticeable refinement level, twofold rise in wear 

resistance and threefold rise in hardness were achieved. The increase in the strength and hardness of 

this alloy upon FSP was rationalized by the well-known grain boundary (GB) strengthening 

mechanism. 

Recently, the feasibility of enhancing the mechanical properties of additively manufactured metals 

in general and 316L stainless steel in particular via various SPD methods such as FSP, friction stir 

welding (FSW), equal channel angular extrusion/pressing (ECAE/P) and high-pressure torsion 

(HPT) has attracted attention [28]–[34]. During SPD, fragmentation and recrystallization of additively 

manufactured microstructures led to the formation of ultra-fine grained (UFG) materials showing 

outstanding mechanical behavior. A very recent study showed that FSP has a great potential 

towards enhancing mechanical properties of additively manufactured 316L stainless steel since this 

process could improve tensile strength by 18 % with only minimum loss in ductility [33]. 

In the present work, FSP as a surface modification technique was applied to as-built 316L stainless 

steel to form a unique microstructure containing ultra-fine and equiaxed grains. Based on the 

promising findings obtained herein, the UFG microstructure introduced via FSP results in superior 

mechanical behavior benefiting the envisaged applications for additively manufactured 316L 

stainless steel. Mechanical behavior and microstructural evolution elaborated in the present study 

were exploited to establish process-microstructure-property relationships. These relationships will 

assist to pave the path for densification and improvement of the mechanical properties in additively 

manufactured components via processing by SPD techniques. 

 

2. Experimental Procedure 

2.1. Laser-Based Powder Bed Fusion 

Plates of 316L stainless steel were fabricated via PBF-LB/M utilizing a SLM280HL machine by 

SLM Solutions GmbH (Lübeck, Germany). The SLM280HL machine is equipped with both 400 W 

and 1000 W lasers and provides a build chamber size of 280 × 280 × 365 mm3. 316L powder 

supplied by TLS Technik (Bitterfeld, Germany) with the particle size distribution of 20 – 63 μm 

was processed in the chamber filled with argon gas. During PBF-LB/M, a laser power of 325 W, a 

layer thickness of 50 μm, a hatch spacing of 120 μm and a scanning speed of 800 mm/s were 

chosen. The base plate was heated up to 200 °C. The scanning strategy comprised a rotation of 90° 
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in each consecutive layer. Plates of 316L with the dimensions of 40 × 3 × 100 mm3 were 

manufactured via PBF-LB/M (the 100 mm axis being alongside build direction (BD)). 

2.2. Friction Stir Processing 

The base material (BM) used for FSP was the 316L stainless steel plate fabricated via PBF-LB/M. 

To conduct FSP, a conventional milling machine was employed. A tool made of WC-5%CO 

composed of a shoulder with a diameter of 15 mm, a pin with a diameter of 3 mm and a height of 

1.7 mm was utilized for single-pass FSP. Traverse and rotational speeds were kept constant at 85 

mm/min, and 1180 rpm, respectively. The tilt angle (the angle between tool axis and normal 

direction of the plate surface) was set to 2°. 

 

Figure 1. Schematic of the FSP setup used including the geometry of the tensile sample 

highlighting most relevant characteristics of the process. The plate being treated was initially 

manufactured by PBF-LB/M, the build direction (BD) is marked by an arrow. The dimensions of 

the specimens used for tensile testing are shown to the left of the image. 

 

2.3. Mechanical Testing 

Microhardness and tensile tests were employed for characterization of the mechanical properties of 

as-built and FSP conditions. The reported microhardness values for each condition are the average 

of five indents taken from five different locations of the specimen. Vickers microhardness tests 

were performed by applying 500 gram-force (gf) on the specimen surface for a duration of 15 s. 

Flat dog-bone shaped specimens with a gauge length of 15 mm and loading axis parallel to the 

processing direction (PD) and build direction (BD), respectively, (cf. Figure 1) were electro-

discharge machined (EDM). For removing residual layers affected by EDM, specimens were 

ground to 2500 grit using SiC abrasive papers. Tensile experiments were conducted at room 
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temperature under a nominal strain rate of 0.001 s-1. An extensometer with a gauge length of 12.5 

mm was used to measure strain values. 

2.4. Microstructure Analysis 

Microstructural evolution was analyzed using an optical microscope (OM) and a Zeiss ULTRA 

GEMINI scanning electron microscope (SEM) operating at a nominal voltage of 20 kV equipped 

with an electron backscatter diffraction (EBSD) unit. Beraha’s BII reagent was utilized to etch the 

specimens. A CamScan MV 2300 SEM operating at a nominal voltage of 20 kV was employed in 

both back-scattered electron (BSE) and secondary electron (SE) modes for capturing 

microstructural evolution and fracture surfaces, respectively. Specimens were ground down to 4000 

grit utilizing SiC abrasive papers and mechanically polished in a colloidal silica suspension. 

Specimens were finally vibro-polished using oxide polishing suspension (OPS) with a particle size 

of 0.04 μm for 16 h. GBs and grain sizes were analyzed based on values obtained via the TSL 

OIM 6 analysis software. Energy-dispersive (ED) X-ray diffraction (XRD) measurements were 

carried out utilizing a system equipped with a Ketek AXAS-M H80 (SDD) detector and a tungsten 

tube operated at 60 kV and 40 mA. The distance between the specimen and the detector was 340 

mm. 

3. Results and Discussion 

3.1. Microstructural Evolution 

A representative overview micrograph of the FSP specimen is shown in Figure 2a. Different 

regions, i.e., stir zone (SZ), heat affected zone (HAZ), thermo-mechanically affected zone (TMAZ) 

and BM, can be distinguished. Advancing and retreating sides as well as BD are marked on the 

overview image. As shown at higher magnification (Figure 2c and 2d), the scanning pattern can be 

clearly distinguished for the as-built BM. The micrograph captured from the SZ and TMAZ (Figure 

2b) confirms that the laser scanning pattern diminished upon FSP. In the remainder of the present 

work, changes in the microstructure of the as-built component upon FSP are assessed using 

additional characterization techniques.    
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Figure 2. (a) Overview micrograph being representative for the FSP specimen captured by optical 

microscopy; (b-d) micrographs of the rectangular regions marked in the overview image taken at 

higher magnifications; (b) was captured from the TMAZ/HAZ, (c) and (d) were taken from the BM. 

BSE contrast images of the as-built and FSP specimens are shown in Figure 3. As-built specimens 

consists of coarse grains being elongated in the direction of the thermal gradient and BD, 

respectively (Figure 3a and 3b). A high density of internal defects like pores was not found in the 

as-built condition revealing robustness of parameters used for manufacturing of the 316L parts via 

PBF-LB/M. The coarse, elongated grains are the result of epitaxial grain growth commonly 

observed in PBF-LB/M processes when the direction of the thermal gradient remains aligned with 

BD during the PBF-LB/M process [4][35][36]. The BSE contrast images of the FSP specimen reveal 

that post-processing remarkably altered the microstructure of the 316L stainless steel. At low 

magnification (Figure 3c), the so-called onion ring pattern can be seen in case of the FSP part. The 

onion rings are a well-known indicator of material transport phenomena during FSP [37]. 

Examination of the FSP specimens at higher magnification (Figure 3d) reveal that due to the 

employment of FSP, a considerable grain refinement can be achieved for the 316L stainless steel 

processed via PBF-LB/M.  A
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Figure 3. BSE contrast images of (a), (b) as-built and (c), (d) FSP specimens; details of respective 

BSE images at higher magnification are displayed and marked with yellow dashed rectangles. The 

BD and process direction (PD) are marked by arrows. 

 

For in-depth analysis of microstructural evolution and a better understanding of underlying 

mechanisms, EBSD studies were also considered in present work as highlighted in Figure 4. Low-

angle grain boundaries (LAGBs) and high-angle grain boundaries (HAGBs) are indicated by white 

and black lines, respectively. Furthermore, plots of misorientation angle versus number fraction are 

assessed as shown in Figure 4e and 4f. In case of the as-built condition <001> oriented grains 

parallel to BD can be seen in the center of the probed region (Figure 4a). In the lower and upper 

sides of the captured EBSD micrograph, a few <111> oriented grains parallel to BD are evident as 

well. For detailed texture analysis, the (100), (110), and (111) pole figures of the as-built 316L are 

illustrated in Figure 5a revealing the formation of a strong {100} texture component (with a texture 

strength of about 9) alongside BD. The presence of <001> oriented grains was already numerously 

reported for 316L stainless steel processed via PBF-LB/M. Direction of heat flow and thermal 

gradient were reported to be the key elements promoting epitaxy [14][38]. Basically, the growth of 

grains in the orientation of <001> is favored in alloys with cubic crystals [4]. Another important 
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finding of the EBSD analysis, which needs to be discussed in the following, is the characteristic 

appearance of the grain boundaries. A relatively high fraction (0.61) of LAGBs was observed for 

the as-built specimen highlighting the presence of substructures in this condition (Figure 4e). The 

influence of these substructures on the mechanical properties of 316L stainless steel is well-

discussed in literature [4][15]. Previous results obtained implied that these substructures impede 

dislocation motion and eventually result in the strengthening of the material. PBF-LB/M process 

parameters are responsible for the characteristics of the formed substructures [39]. Grain size 

distributions of both conditions are shown in Figure 4c and 4d. The average grain size of the as-

built specimen was determined to be 179 μm with a high standard deviation of 34 μm. Based on the 

analysis of the area fraction versus grain diameter of the as-built specimen, it can be deduced that 

the grain size distribution is very wide in this condition verifying the simultaneous presence of 

coarse and relatively fine grains. Such a bimodal microstructure with a wide grain size distribution 

can have a significant effect on the mechanical properties of the material [40]. This aspect will be 

further elaborated in the following chapter.  

The EBSD micrograph and the characteristic grain size distribution of the FSP specimens are 

shown in Figure 4b. Upon FSP, the bimodal microstructure of the as-built 316L is transformed into 

an UFG microstructure with an average grain size of 1.2 μm and a corresponding standard deviation 

of 0.4 μm. The grain size distribution of the FSP specimen displayed in Figure 4d confirms that the 

microstructure of this condition is unimodal and consists of equiaxed grains with grain diameters 

less than 2 μm. EBSD characterization of GBs revealed that the fraction of HAGBs is profoundly 

higher in the FSP condition compared to that of the as-built counterpart attesting the formation of 

newly recrystallized grains (Figure 4e and 4f). Therefore, grain fragmentation and the pronounced 

increase of the workpiece temperature during FSP are responsible for the recrystallization of the 

initial microstructure and transformation of the bimodal into a unimodal UFG microstructure [41]. It 

is also worth noting that despite a preferred <001> orientation in the as-built condition, fine 

equiaxed grains are characterized by randomized orientation in the FSP specimen. 
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Figure 4. (a), (b) EBSD inverse pole figure (IPF) maps, (c), (d) corresponding grain size 

distributions and (e), (f) misorientation angles of as-built and FSP specimens along BD and PD, 

respectively; the standard triangle displayed in the figure refers to color coding (with respect to 

BD). 

In Figure 5b, the (100), (110), and (111) pole figures of the SZ are shown confirming that FSP has 

significantly changed the strong texture of the BM. From Figure 5b, it can be deduced that 

characteristic shear texture components of 𝐴1
∗({111}〈1̅1̅2〉), 𝐴2

∗({111}〈112̅〉), and 𝐶({001}〈110〉) 

with an intensity of 2.2 are formed in the SZ [42]. In previous studies, FSP was found to be effective 

for the grain refinement in 316L plates processed via conventional techniques, e.g., cold working 

[2][25][26][41]. It is well documented that during FSP of materials with low stacking fault energy (SFE), 

continuous and discontinuous dynamic recrystallization (CDRX and DDRX) are the governing 
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mechanisms of grain structure formation [43]. In present work, DDRX seems to be the dominant 

factor due to the finally weak texture intensity, which is known to be the result of nucleation and 

growth stages. EBSD analysis and BSE studies clearly lay out that the FSP used in the present study 

considerably affects the grain size, texture and homogeneity of microstructure. However, changes in 

the evolution of microstructure have to be linked to the variations in the mechanical properties for 

direct GB engineering and development of additively manufactured 316L components being 

characterized by superior performance. Thus, the following chapter mainly focuses on the 

mechanical behavior of as-built and FSP 316L specimens. 

 

Figure 5. (100), (110), and (111) pole figures of (a) as-built 316L and (b) FSP 316L in conjunction 

with (111) ideal simple shear texture components in face centered cubic (FCC) materials. A1 and 

A2 are the normal directions to the BD. Texture analysis was conducted by the assessment of EBSD 

data. 

3.2. Mechanical Response 

Mechanical properties of both as-built and FSP conditions were characterized using microhardness 

measurements and tensile tests. The average microhardness of 316L stainless steel processed via 

PBF-LB/M was measured to be 213.4 ± 6.5 HV 0.5. It was previously reported that depending on 

the powder characteristics, the parameters set used in the AM process and resulting microstructure, 

the hardness value of as-built 316L is typically in the range of 200 to 291 HV [20][22][39][44]–[48]. 

Microhardness measurement on the FSP specimen showed that this process is able to increase the 

hardness of this alloy up to 310.2 ± 2.6 HV. Higher standard deviation in terms of the 

microhardness value of the as-built specimen in comparison to the FSP counterpart can be 

attributed to the presence of a bimodal microstructure in the former. 
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Stress-strain curves of the as-built and the FSP 316L specimens are displayed in Figure 6. 

Although only one representative curve for each condition is shown, three tensile experiments were 

carried out to check the repeatability. The repeatability of the tensile experiments was very good. 

The values of EF, YS and UTS for the as-built condition were found to be 65 %, 311 MPa and 511 

MPa, respectively. Tensile test results implied that upon processing of 316L via PBF-LB/M, a 

ductile component with superior mechanical properties compared to that of conventionally 

manufactured components can be achieved [49]. It is also worth noting that the as-built material is 

characterized by steady strain hardening [8][9][50]. High ductility of the as-built specimen obtained in 

the tensile experiments may be attributed to the occurrence of slip and twinning-induced plasticity 

(TWIP) effect [51][52], however, this is not further assessed in present work.  

By comparing the stress-strain curves of both conditions, it can be deduced that FSP could highly 

enhance the strength of the 316L stainless steel, however, with a gradual loss in ductility. EF, YS 

and UTS of FSP specimens were measured to be 24%, 549 MPa and 826 MPa, respectively. Values 

obtained in microhardness measurements and tensile tests revealed that upon FSP, microhardness, 

YS and UTS of this material can be increased by 45%, 77% and 62%, respectively, while EF was 

degraded by 63%. FSP processing of AM 316L stainless steel was already found to be capable of 

enhancing strength before, however, only an improvement of 18% in UTS was reported [33]. YS, 

UTS and EF values obtained in the previously published research work are compared with the 

results of the present study (Figure 6b). The significant grain refinement revealed by the results of 

microstructural investigations discussed above is the main reason for such a substantial 

enhancement in mechanical properties upon FSP. Basically, strengthening of different steels via 

grain refinement was the topic of many research works [2][33][53]–[55] since this mechanism was found 

to be very effective for metallic materials in general. For in-depth analysis and assessment of the 

obtained results, the relationship between mechanical properties and underlying elementary 

mechanisms are discussed in the remainder of present work. 

 

Figure 6. (a) Stress-strain curves of the as-built and the FSP 316L specimens; (b) Tabular 

representation of the YS, UTS and f obtained in the present study and the study by Peng et al. [33]. 
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Figure 7. SEM fracture surfaces upon tensile testing of (a-c) the as-built and (d-f) the FSP 316L 

specimens. Details of respective fracture surfaces at higher magnification are displayed and marked 

with yellow dashed rectangles. Voids captured on the fracture surfaces are marked by yellow 

arrows. 

 

Characteristic fracture surfaces upon tensile testing of the as-built and the FSP 316L specimens are 

shown in Figure 7. Dimples on the fracture surfaces of both as-built and FSP samples confirm 

ductile failure. This observation is also corroborated with the mechanical response of both 

specimens exceeding elongation levels of above 20 %. Microvoids can be observed on the fracture 

surfaces of both conditions, however, the voids captured on the SEM images of the as-built 

specimen are slightly larger in size. This can be related to the transformation of coarse voids into 

fine voids during SPD [28]. 
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3.3. Process-microstructure-property relationships 

 

Figure 8. Schematics highlighting the influence of FSP on the as-built microstructure and 

mechanical properties of 316L stainless steel. Processes employed, differences in microstructure 

and the mechanical properties are shown in the upper, middle and lower rows, respectively. 

 

Figure 8 schematically depicts most relevant process-microstructure-property relationships 

deduced from the results obtained. PBF-LB/M processing promotes the formation of a bimodal 

microstructure containing a high-density of substructures. As it is well-known, the surface of the 

previously solidified layer assists the heterogeneous solidification and reduces surface energy due 

to the bonding across the subsurface [56]–[58]. This assists the formation of columnar grains with 

orientations parallel to the orientation of the previously formed layer. Microstructural assessment in 

the present study revealed that substructures and LAGBs, respectively, were formed in the as-built 

316L stainless steel. Formation of substructures in 316L can be rationalized based on the high 

solidification rate in PBF-LB/M. High solidification rates promote in increase in the concentration 

of vacancies and eventually increase in dislocation density due to the aggregation of introduced 
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vacancies [59][60]. Besides, melting of subsequent layers generates high temperatures facilitating the 

heat treatment of the already solidified substrate containing a high density of dislocations [56][61]–[63]. 

 

Figure 9. Grain average misorientation (GAM) maps of the (a) as-built, and (b) FSP samples, 

where darker colors refer to higher density of dislocations; (c) energy-dispersive X-ray diffraction 

patterns of as built and FSP samples. Two different regions were examined for the FSP sample. 

 

In order to qualitatively assess the dislocation density in the as-built and the FSP specimen, grain 

average misorientation (GAM) maps can be employed [64]. Such GAM maps are illustrated in 

Figure 9a and 9b, in which the darker colors refer to higher density of dislocations. Basically, the 

as-built 316L (Figure 9a) contained a considerable number of dislocations stemming from rapid 

solidification and intrinsic heat treatment in PBF-LB/M. It should be noted that, after FSP, the 

number of dislocations has been even increased (Figure 9b). Obviously, rearrangement of 

dislocations during these treatments can lead to the formation of substructures in the solidified 

layers. Mechanical properties of 316L fabricated via PBF-LB/M can be rationalized based on the 

prevailing microstructure. It is well-known that ductility of austenitic stainless steels can be 
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enhanced by a combination of slip and TWIP mechanisms [51][52]. The high strain hardening and 

UTS to YS ratio obtained for the as-built specimen may also be ascribed to the interactions between 

present substructures, deformation twins and dislocations generated during tensile deformation 

[65][66]. However, any traces related to twinning have not been found in present work, high-

resolution microscopy will have to be conducted at this point, this being out of the scope of present 

work. 

As elaborated in section 3.1, upon FSP the bimodal microstructure of the AM component with its 

characteristic texture was transformed into a UFG microstructure with randomized orientations. 

Thus, FSP diminishes potential mechanical anisotropy caused by AM. Fragmentation of initial 

grains and recrystallization of microstructure during SPD are responsible for grain refinement 

[26][28][33][67]. It is apparent that the level of grain refinement induced during SPD significantly altered 

the mechanical properties of the 316L stainless steel fabricated via PBF-LB/M. According to the 

Hall-Petch relation, grain refinement enhances the strength of metallic materials by increasing the 

fraction of grain boundaries impeding dislocation motion [68]–[72]. Thus, the increased hardness, YS 

and UTS values of the FSP specimen compared to that of the as-built counterpart are imputed to the 

uniformly refined microstructure. It should also be noted that the ductility of the FSP specimens is 

lower than that of the as-built parts. However, the FSP specimens still exhibited a fairly good 

ductile behavior as their ductility was found to be above 24%. Reduction in ductility of FSP 

specimens is due to the fact that the UFG microstructure with a high density of defects (e.g., high 

density of dislocations (Figure 9) can hardly tolerate the accumulation of dislocations. Hence, 

further deformation of the material promotes crack initiation in the vicinity of microstructural 

defects [73]–[75]. Figure 9c shows the results obtained by ED-XRD of as-built and FSP specimens. 

From this figure, it can be deduced that 316L stainless steel remains in a single FCC phase upon 

FSP. Although HPT as one of the SPD methods resulted in the phase transformation of additively 

manufactured Fe-Cr-Ni stainless steel [76], in the present study FSP as another SPD method did not 

lead to phase transformation in the 316L stainless steel. The higher level of SPD strain in HPT 

compared to that of FSP may lead to the phase transformation in stainless steels [76]. However, 

having a single phase could be advantageous due to moderate ductility achieved after FSP [77]. 

Mechanical properties achieved in the present study can be directly compared to previous work on 

FSP of as-built 316L available in literature [33]. Peng et al. [33] could improve hardness, YS and UTS 

of additively manufactured 316L stainless steel by 25%, 29% and 18%, respectively, while the 

present study shows that the improvement in the strength and hardness of this alloy can even reach 

higher levels. Herein, hardness, YS and UTS of the as-built counterpart were significantly enhanced 

by 45%, 77% and 62%, respectively. The more efficient improvement in comparison to literature 

[33] can be attributed to the coarser initial microstructure of the as-built counterpart in the present 
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study (179 μm (grain size obtained using the TSL OIM 6 analysis software) in comparison to 6.6 

μm in [33] (grain size obtained using HKL CHANNEL5 software)) . Upon FSP, a significantly 

higher level of grain refinement was achieved herein as compared to that reported previously [33]. 

Consequently, the differences between hardness, YS and UTS values of the as-built and the FSP 

specimens is higher in present work. A few studies already focused on FSP and FSW of additively 

manufactured aluminum alloys [29]–[31]. It was found that an increase in temperature during FSP and 

FSW, respectively, causes the agglomeration and coarsening of Si-rich particles deteriorating the 

strength of the material. Fine Si networks formed in the rapid solidification process play a key role 

in the strengthening of additively manufactured aluminum alloys. Thus, dissolution of these 

networks adversely affects the mechanical properties of components. Another SPD method 

employed for the improvement in the strength of additively manufactured components was ECAP 

[28]. ECAP could even improve the YS and UTS of additively manufactured AlSi12 by 56% and 

11%, respectively. By comparing the results obtained in the present study and the relevant 

literature, it can be deduced that SPD processing parameters (e.g., temperature and route in 

ECAP/HPT or travel and rotational speeds in FSP/FSW) have a significant impact on the resulting 

behavior and, hence, they should be adjusted accordingly for the optimization of as-built 

microstructures facilitating enhanced mechanical response in AM metals. 

4. Conclusions 

In the present study, the impact of friction stir processing on the mechanical behavior and 

microstructure of 316L processed via laser-based powder bed fusion of metals was explored. The 

following conclusions are drawn: 

i.  The analysis of microstructure revealed that upon friction stir processing the bimodal 

microstructure of the as-built condition was transformed into a unimodal ultra-fine grained 

microstructure. Average grain sizes of the as-built and the friction stir processed specimens were 

found to be 179 µm and 1.2 µm, respectively. 

ii.  Characterization of mechanical properties via microhardness measurements and tensile 

experiments showed that despite a loss in ductility, friction stir processing can enhance hardness, 

yield point and ultimate tensile strength of 316L processed by laser-based powder bed fusion up to 

45%, 77% and 62%, respectively, due to grain refinement. 

iii.  Fracture analysis revealed that both friction stir processed and as-built conditions exhibited 

ductile failure. Finer voids captured on the fracture surfaces of the friction stir processed specimens 

compared to those of as-built specimens indicate that this process can be employed for densification 

of additively manufactured components through the transformation of coarse voids to fine voids. 

iv.  The anisotropic as-built microstructure, i.e., the strong texture, is replaced with equiaxed 

grains being characterized by random orientations. The elementary mechanism being responsible 
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(dynamic recrystallization), thus, effectively diminishes potential mechanical anisotropy induced 

during additive manufacturing. 

v.  Grain average misorientation maps revealed that due to rapid solidification and intrinsic 

heat treatment the as-built 316L is characterized by the presence of a considerable number of 

dislocations and specific dislocation arrangements, i.e., subgrains. Friction stir processing even 

resulted in further increase in dislocation density and the evolution of high-angle grain boundaries 

in this alloy. Energy-dispersive X-ray diffraction patterns revealed that there is no phase 

transformation in this alloy upon friction stir processing. 
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Table of Contents Statement and Graphical Abstract 

 

This work highlights the utilization of friction stir processing as a novel technique for the surface 

modification of additive manufactured 316L stainless steel. Mechanical behavior and 

microstructural evolution were exploited to establish the process-microstructure-property 

relationships in the severely deformed alloy. Provision of an ultra-fine grained microstructure 

demonstrates the potential of severe plastic deformation as a post-processing tool for densification 

and thereby leading to the improvement of the mechanical properties in additively manufactured 

parts. 

 

 

 

 

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved 

A
cc

ep
te

d 
A

rt
ic

le

Autorenversion von: Sajadifar, S.V., Hosseinzadeh, A., Richter, J., Krochmal, M., Wegener, T., Bolender, A., Heidarzadeh, A., Niendorf, T. 
and Yapici, G.G. (2022), On the Friction Stir Processing of Additive-Manufactured 316L Stainless Steel. Adv. Eng. Mater., 24: 2200384. 
https://doi.org/10.1002/adem.202200384




