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A B S T R A C T   

The as-built selective laser melted (SLM) austenitic stainless steel 316 L components are characterized by 
presence of quality related concerns such as tensile residual stresses, poor surface finish, etc. These issues may 
prove to be detrimental during the actual usage of components and could result in poor mechanical performance. 
Therefore, it is important to perform the apt post processing such as heat treatment and shot peening to tailor 
such problems and facilitate improved mechanical performance. In the present work, additively manufactured 
(AM) 316 L samples were subjected to shot peening with different parameters including the severe shot peening 
(SSP) procedure. The identical shot peening protocol was also applied to reference samples to evaluate the 
comparable response. Both the shot peened reference and AM samples were studied for residual stresses, surface 
topography, microhardness, and the corresponding microstructure. The results indicated, that SSP induced 
higher values of compressive residual stresses deeper into the samples. This was accompanied by reduced surface 
roughness, increased grain refinement depth, and higher microhardness near the surface. The SSP resulted in 
transformation of original austenite to martensite near the surface in the reference samples.   

1. Introduction 

Selective laser melting (SLM) is a metal additive manufacturing (AM) 
method which facilitates production of intricate geometries, reduction 
in overall weight of the components, etc. [1,2]. In SLM, A laser beam is 
used as an energy source to melt and fuse the metal powder in layer-by- 
layer fashion to build the final component [3]. Even though several 
metal alloys can be manufactured with SLM, 316 L stainless steel is of 
great interest because of its excellent corrosion resistance, high strength, 
and biocompatibility [4]. The aforementioned properties enable the use 
of 316 L stainless steel in various industries including aerospace, 
biomedical, nuclear as well as ship manufacturing [5]. However, the as 
printed SLM 316 L stainless steel components are characterized by 
inevitable concerns such as presence of detrimental tensile residual 
stresses and rougher surface which could negatively affect the me-
chanical and stress corrosion performance during actual working oper-
ation in challenging environments [6]. Therefore, an apt post processing 
protocol must be applied to achieve the desirable mechanical 

performance. 
Residual stress formation is unavoidable in SLM processing of 316 L 

parts because of the lower process temperature compared to electron 
beam melting (EBM), higher temperature gradients, rapid cooling rates 
and remelting of previous layers leading to complex heating and cooling 
cycles [6,7]. When laser beam melts the powder, the melted material 
expands against the underlying layers inducing the compressive residual 
stresses. Furthermore, rapid cooling enabled by higher temperature 
gradients result in material shrinkage inhibited by already deposited 
layers resulting in formation of tensile residual stresses [7–10]. Several 
efforts are being made to control the formation of these complex and 
detrimental residual stress fields by optimizing various process param-
eters [7,11]. Furthermore, usually, a stress relief heat treatment is per-
formed on as-built SLM 316 L parts to relieve these residual stress fields 
[12]. Moreover, further tailoring of the near surface residual stresses 
could be done with post processing methods such as laser shock peening, 
shot peening, etc. [6]. Shot peening induces beneficial compressive re-
sidual stresses on surface and subsurface. Presence of relatively large 
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compressive residual stresses on surface and beneath could assist in 
improvement of fatigue performance [13]. To achieve such stresses, 
severe shot peening (SSP) could be used. SSP is an intensive shot peeing 
protocol applying increased kinetic energy or increasing exposure time 
of peening media. Previous studies reported increased compressive 
stresses which extended deeper from the surface when conventionally 
manufactured 316 L and 304 stainless steels were subjected to SSP 
[14,15]. 

In addition to higher and deeper compressive residual stresses, the 
surface properties of the AM samples could be significantly improved 
with SSP. The surface of as processed SLM 316 L samples is usually 
rough. Efforts have been made to improve the surface finish by using the 
optimal combination of process parameters [16–18]. However, further 
improvement could be facilitated by subjecting the samples to appro-
priate shot peening. Previously, Rautio et al. [19] reported improvement 
in roughness values of as built SLM AlSi10Mg when subjected to a glass 
bead shot peening. Furthermore, for the conventionally built austenitic 
stainless steels, SSP has been proven effective in enabling heavy plastic 
deformation and thus grain refinement deeper into the samples surface 
when compared to the conventional shot peening [14,15]. Previously 
Bagherifard et al. [14] reported presence of nano and sub-micron sized 
grains when conventionally manufactured AISI 316 L stainless steel was 
subjected to SSP. SSP can also enable the deformation induced phase 
transformation of austenite to martensite on the surface [15]. SSP 
induced work hardening, grain refinement as well as martensitic phase 
transformation can result in improved hardness in near surface areas 
[14]. Even though SSP of conventionally manufactured austenitic steels 
is well known [14,15], the SSP response of AM 316 L is still a work in 
progress. The AM processed 316 L stainless steel possess different 
microstructure as well as surface properties when compared to 
conventionally manufactured steels. Therefore, it is important to study 
the effect of SSP on AM manufactured 316 L and also relate/compare 
with the well-known SSP response of conventionally manufactured 316 
L steel. Moreover, with the defects being mainly concentrated in near 
surface areas of SLM built 316 L [20–22], surface and subsurface en-
hancements achieved from SSP could form the basis for the improved 
mechanical performance especially within fatigue and/or stress corro-
sion cracking. 

In the present study, additively manufactured (AM) 316 L samples 
were subjected to shot peening with different parameters. Some of the 
parameters imitated the SSP protocol with 22 and 42 number of passes. 
The SSP term utilized in this study refers to increased time scale of shot 
peening process to achieve the highest surface modifications possible. 
The time scale in this study is calculated as number of shot peening 
nozzle passes. Similar sized conventionally manufactured reference 
samples were also subjected to identical shot peening parameters as that 
of AM samples. The shot peened AM as well as reference samples were 
comprehensively characterized for microstructure including surface 
topography and roughness, phases, surface and subsurface residual 
stresses, grain refinement and microhardness. A comparable response of 
AM and reference samples when subjected to identical shot peening 
parameters is presented in this work based on aforementioned 
characterization. 

2. Materials and methods 

2.1. SLM built 316 L and REF samples 

Spherical shaped powder supplied by Carpenter Additive (United 
Kingdom) was used in the present study. The powder particle size was 

15–45 μm and had a chemical composition as shown in the Table 1. The 
AM specimens were built in a SLM solution's SLM 280HL machine sit-
uated at University of Oulu, Finland. The size of each specimen was 80 
× 20 × 2 mm. The standard printing parameters recommended by the 
machine supplier were used to build the samples. The printing chamber 
was preheated and kept constant at 150 ◦C throughout the printing 
process. The laser power of 200 W was used with a scanning speed of 
800 mm/s. The layer thickness was 30 μm and the hatch spacing was 
120 μm. The as-printed samples were subjected to stress relief annealing 
heat treatment at 600 ◦C for 2 h in a muffle furnace (Sarlin 1000HS- 
436). Similar sized (80 × 20 × 2 mm) reference samples were cut 
from a 2 mm thick AISI 316 L stainless steel sheet (EN 1.4404). 

2.2. Shot peening 

Additively manufactured as well as reference samples were subjected 
to shot peening with different parameters. Martensitic chromium media 
with hardness of 42 HRC and particle size of 0.40–0.85 mm was used. A 
6-axis industrial robot along with shot blasting pot and nozzle were used 
in a close cabinet to perform the experiments. The samples were blasted 
with optimum nozzle distance of 70 mm with a pressure of 7.4 bar. The 
Almen intensity measurement process was conducted according to [23]. 
The time scale of measurements was calculated as number of passes of 
the nozzle. Authors found use of number of passes for finding the Almen 
intensity to be most practical to achieve the repeatability of the process 
as well utilizing the shot peening for different kind of specimens. The 
intensity was determined with type A strips and the Almen saturation 
intensity was found to be 240A. Detailed description of the shot peening 
experiments have been earlier reported elsewhere by the concerned 
group [24]. 

Five different samples with different number of passes were used 
with two different nozzle diameters. The shot peening parameters along 
with samples designations are listed in Table 2. All the AM samples were 
heat treated prior to shot peening. Table 2 shows the shot peening pa-
rameters of additively manufactured + heat treated (AMHT), additively 
manufactured + heat treated + shot peened with 1 pass (AM1). AM2, 
AM4, AM22 and AM42 follow the similar terminology as that of AM1. 
Shot peening with 22 and 42 number of passed was considered as severe 
shot peening (SSP) in this work. 

Table 1 
Chemical composition of 316 L powder used in this work.  

Element Fe Cr Ni Mo Mn Si C Cu O N S P 

wt. % bal. 17.6 12.5 2.38 0.66 0.65 0.02 0.02 0.03 0.09 0.006 0.007  

Table 2 
Shot peening parameters.  

Manufacturing 
method 

Designation Shot 
peening 
passes 

Shot 
peening 
nozzle 
speed 
(mm/s) 

Corresponding 
number of passes 
for 50 mm/s speed 

SLM built AMHT 0 0 0 
AM1 1 50 1 
AM2 2 150 0.67 
AM4 4 150 1.33 
AM22 22 50 22 
AM42 42 150 14 

Reference REF 0 0 0 
REF1 1 50 1 
REF2 2 150 0.67 
REF4 4 150 1.33 
REF22 22 50 22 
REF42 42 150 14  
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2.3. Microscopic characterization and surface roughness measurement 

The samples were cut and ultrasonically cleaned in ethanol for the 
topographic analysis. For the cross-sectional analysis, the samples were 
cut along the cross section and were hot mounted in a conductive 
thermosetting resin called PolyFast. Mounted specimens were then 
ground with 320, 500, 1200 and 2000 SiC papers followed by diamond 
polishing with suspension size of 3 μm and 1 μm on Tegramin 30 
(Struers, Denmark) polisher. The cross-sectional samples were etched 
with a V2A etchant composed of water, hydrochloric acid, and nitric 
acid in 10:10:1 ratio. The etchant was first heated until the fumes were 
visible with naked eyes followed by sample immersion in solution for 10 
s. Both topographic as well as cross sectional microstructural charac-
terization was performed on JSM IT 500 (JEOL, Japan) scanning elec-
tron microscope and a field emission scanning microscope (FESEM) 
ULTRAplus (Zeiss, Germany). The surface roughness measurements 
were performed using a 3D optical profilometer (Alicona InfiniteFocus, 
G5, Austria). The area of 4 mm × 4 mm was scanned using a 10×
objective magnification. The average roughness of profile (Ra) was 
derived by drawing a zigzag line of 40 μm over the scanned area. The 
mean peak to valley height of roughness profile (Rz) values were also 
derived and they followed the similar trend as that of Ra values. 
Therefore, only Ra values are reported here for the sake of brevity. 

Similar polishing protocol was followed to prepare the samples for 
electron backscatter diffraction (EBSD) measurements. In addition to 
previous steps, 1 μm diamond polishing was followed by 0.05 μm 
colloidal silica suspension. The EBSD system by Oxford instruments 
(United Kingdom) combined with FESEM was used for the measure-
ments. Fine scans of 100 × 30 μm were performed with a step size of 70 
nm from the near surface layers. The Aztec software was used for data 
collection while the CHANNEL 5 software was used to generate the in-
verse pole figure (IPF) as well as phase maps. 

2.4. Phase identification and RS measurements 

Phase identification was made by a multipurpose X-ray diffractom-
eter (PANalytical B. V., Netherlands). Measurements were carried out by 
the CoKα radiation source with power settings of 45 mA current and 40 
kV voltage. The 2θ range of 26◦ to 96◦ with a step size of 0.026◦ was set 
for the measurements. Highscore+ software was used for the post mea-
surement analysis to identify the phases. The software uses the available 
database of the international centre for diffraction data to compare the 
existing data with previously available one. 

Xstress 3000 (Stresstech Oy, Finland), an X-ray diffractometer which 
uses modified chi method and is based on X-ray diffraction mechanism 
was used for the residual stress (RS) measurements. The equipment has 
two X-ray detectors placed symmetrically on the either side of the 
goniometer impinging the incident beam. The modified chi method 
measures and calculates the inter planar lattice distances. These spac-
ings could be either stretched out or compressed based on the type of 
residual stress field present at the measured location [25]. Measure-
ments were done with a 3 mm diameter collimator and a manganese 
(Mn) tube with diffraction angle of 152.3◦. The residual stresses were 
measured in both the longitudinal (0) as well as tangential (90) direction 

(refer Fig. 1). First, surface residual stresses were measured as a pre-
liminary investigation at four different locations as indicated on the 
Fig. 1. These locations had no significant difference in residual stress 
values. Therefore, location 1 and 3 were selected for the depth profile 
measurements. A MoviPol-5 electrolytical polisher (Struers, Denmark) 
was used to selectively remove the material for the residual stress depth 
profile measurements. The electrolyte used was A2 which composed of 
perchloric acid and ethanol. Electrolytic polishing has been proven 
reliable method for the measurement residual stress depth profile 
[26,27]. The depth of material removed after each step was measured 
using a dial gauge (Mitutoyo, Japan). Two depth profiles measured at 
location 1 and 3 exhibited similar trend and values and hence depth 
profiles at location 3 are reported in results. 

2.5. Microhardness 

The microhardness was measured along the cross section of the 
samples starting from 25 μm depth from the surface. The equipment 
used for the measurements was MMT-X7 (Matsuzawa, Japan). The load 
used was 0.05 kg and difference between each measurement was 50 μm. 
The process was repeated for three times for each sample. 

3. Results and discussion 

The AM as well as reference samples were subjected to shot peening 
with different process parameters and were investigated for 
morphology, surface roughness, residual stresses, grain structure and 
microhardness. The investigated findings are presented and discussed 
comprehensively in this chapter. 

3.1. Topographic and cross-sectional morphology 

3.1.1. Reference samples 
Fig. 2(a-f) and (á-f́) shows the topographic and the cross-sectional 

morphologies of the un-peened and shot peened reference samples 
described in Table 2. The REF 316 L steel typically exhibits the equiaxed 
grain morphology and not so wavy surface as shown in Fig. 2(a-á) [28]. 
It can be clearly seen from the figure that the shot peening has induced a 
surface waviness on the top of the samples. The bombardment of shot 
peening media impinges indents on the surface and induces waviness. 
There is no significant difference in the waviness exhibited by the 
samples REF 1, REF 2 and REF 4 (Fig. 2(b-c-d)). However, severely 
peened samples REF 22 and REF 44 have reduced surface waviness 
compared to them. The severe bombardment again evens out the in-
dentations to some extent to again reduce the waviness. Shot peening 
induced the indentation overlaps as indicated in the Fig. 2(d). The 
indentation overlaps seem to be increasing with increasing number of 
passes. The presence of particle like structures could be seen in severely 
peened samples REF 22 and REF 42 (Fig. 2(e-f)). Those are indicated by 
the black arrows. Similar observations were made previously for the 
severely shot peened commercial 304 stainless steel [15]. 

3.1.2. AM samples 
The high thermal gradients, complex heating and cooling and 

complicated metallurgical process leads to formation of distinct micro-
structure in SLM built 316 L parts compared to conventionally manu-
factured steels [29]. The typical microstructure of SLM built 316 L 
stainless steel comprised of half cylindrical melt pools and cellular 
structure as shown in Fig. 3(a-c). 

Fig. 4(a-f) and (á-f́) shows the topographic and the cross-sectional 
morphologies of the un-peened and shot peened AM samples 
described in Table 2. The laser melted tracks are clearly visible in the as- 
built heat treated (AMHT) sample. Presence of un-melted and spattered 
spherical particles can also be seen from the Fig. 4(a – á). Various pro-
cess parameters such as scanning speed, layer thickness could affect the 
formation of such particles which create irregularities on the surface 

Fig. 1. Residual stress measurement directions. The arrow on the right in-
dicates building direction for AM samples. 
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[17,30]. Subjecting the AM samples to shot peening reduced surface 
irregularities to some degree. Shot peening with 1, 2 and 4 number of 
passes have almost evened out these spherical particles on surface. 
However, some of such particles were still present on surface and can be 
seen from Fig. 4(b-c-d) (b́-ć-d́). Furthermore, 22 and 42 number of passes 
completely evened out those particles on the surface, making the surface 
less wavy (Fig. 4(e-f; é-f́)). Among the shot peened samples, indentation 
overlaps have increased with increasing number of passes. Furthermore, 
presence of particle like structures can be seen from Fig. 4(e-f) with 22 
and 42 number of passes. Previously Liu et al. [15] has reported pres-
ence of similar particles on surface of conventionally manufactured 304 
stainless steel when subjected to severe shot peening. 

To summarize, the cross-sectional analysis depicts that the surface 
quality of the as-printed SLM sample had irregular surface unlike the un- 
peened REF sample. This could be attributed to overlapping of the half 
cylindrical melt pools on each other during SLM processing of 316 L 
thereby resulting in irregular surface. Moreover, the un-melted spherical 
powder particles attached to surface by capillary action in the melt pool 
also contribute to these surface irregularities in SLM 316 L parts. Shot 

peening affects differently to AM samples as that of reference samples 
mainly because of starting surface. In case of REF sample, the un-peened 
surface was almost flat with few irregularities. Shot peening first 
induced surface waviness and SSP reduced it by a little margin. Because 
un-peened AMHT surface had high irregularities, shot peening first 
reduced them and SSP again reduces it. Indentations overlaps increase 
with increasing number of passes in both REF and AM samples with 
highest being in SSP samples. Furthermore, particle like structures were 
observed with SSP of both REF and AM samples. 

3.2. Roughness measurement 

3.2.1. Reference samples 
The 3-dimensional (3D) topographic images of un-peened as well as 

peened reference samples are shown in Fig. 5(a-f). The surface rough-
ness values derived from the 3D topographic images are indicated in 
Fig. 5(g). The un-peened reference sample was relatively smooth (Fig. 5 
(a)) and had average surface roughness value (Ra) of 0.23 ± 0.001 μm. 
The sample is indicated by a dot in the Fig. 5(g) as it was not clearly 

Fig. 2. Topographic and cross-sectional micrographs of shot peened reference samples respectively a, á) REF; b, b́) REF 1; c, ć) REF 2; d, d́) REF 4; e, é) REF 22; f, f́) 
REF 42. 

Fig. 3. Microstructure of as-printed AMHT samples observed from the cross-section (2 mm thick side).  
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Fig. 4. Topographic and cross-sectional micrographs of shot peened AM samples respectively a, á) AMHT; b, b́) AM 1; c, ć) AM 2; d, d́) AM 4; e, é) AM 22; f, f́) AM 42.  

Fig. 5. a-f) 3D topographic images of reference samples; g) Surface roughness of the reference samples derived from the corresponding topographic images.  
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visible. Shot peening increased the surface roughness (Ra) by a signifi-
cant value i.e., from 0.23 μm in un-peened sample to 5.57 μm in REF 1 
sample with just 1 pass, which can be visualized from Fig. 5(a-b). Shot 
peening media induces indentations on the surface of sample which 
results in producing rougher surface [15]. The roughness values of REF 2 
and REF 4 are closer to the roughness value of REF 1 and it can be 
visualized from Fig. 5(b-c-d). However, the roughness (Ra) values were 
reduced to 4.15 μm and 4.20 μm with 22 and 42 number of passes in REF 
22 and REF 42 respectively. Severe bombarding of shot peening media 
again reduces the roughness by a small amount [15], which can be 
visualized from Fig. 5(d-e-f). 

3.2.2. AM samples 
The 3-dimensional (3D) topographic images of un-peened as well as 

peened AM samples are shown in Fig. 6(a-f). Surface roughness values 
derived from the 3D topographic images are indicated in Fig. 6(g). The 
surface of un-peened AMHT sample was rough and had Ra value of 8.81 
μm. Previously discussed surface waviness or irregularity caused due to 
presence of spherical particles on surface of AMHT sample can be clearly 
visualized from Fig. 6(a). In AM processing of 316 L steel, the surface 
roughness is dependent on the tuning of various process parameters. 
Low energy density results in formation of cracks, pores and spherical 
particles on surface [17]. Faster scanning speeds could negatively affect 
the surface quality of AM samples [18,31]. Furthermore, layer thickness, 
scan speed, etc. could also impair the surface quality. These aforemen-
tioned surface irregularities could be minimized by optimizing the 
process parameters but cannot be completely eliminated [16]. Shot 
peening with just 1 pass improved the surface quality significantly (Ra 
= 5.81 μm) and can be clearly visualized from Fig. 6(b). Shot peeing 

with 2 (6.06 μm) and 4 (5.3 μm) number of passes did not have signif-
icant effect when compared to that with 1 pass. However, the surface 
seems to be evened out with 22 and 42 number of passes from Fig. 6(e-f) 
when compared to 4 number of passes. That is also evident from the 
surface roughness values i.e., Ra value of 5.3 reduced to 3.93 and 3.87 
with 22 and 42 number of passed respectively. 

To summarize, the response of reference and AM samples to the shot 
peening in terms of surface roughness depends on the starting roughness 
values of the corresponding samples. The un-peened REF sample was 
relatively smooth, and first shot peening increased the roughness by a 
significant value and then SSP again reduced it by a small value. How-
ever, the un-peened AMHT sample was relatively rough. Therefore, the 
shot peening first reduced the roughness by a significant value while SSP 
again reduced by a small value. 

3.3. Phase analysis and residual stress 

3.3.1. XRD phase analysis 
The XRD profiles for the reference and AM samples are presented in 

Fig. 7(a) and (b) respectively. The resolved peaks are indicated as 
austenite and martensite on the figure. Reference samples shot peened 
with 1, 2 and 4 number of passes exhibited only the austenite phase. As 
clearly evident from the Fig. 7(a), martensitic peaks were observed for 
the severely peened reference samples with 22 and 42 number of passes. 
This can be attributed to heavy plastic deformation caused due to severe 
bombardment of shot peening media leading to deformation induced 
phase transformation [32,33]. This phase transformation could be 
dominated by the direct γ (austenite) to ά (martensite) as previously 
reported by Liu et al. [15]. The AM samples did not have martensitic 

Fig. 6. a-f) 3D topographic images of AM samples; g) Surface roughness of the reference samples derived from the corresponding topographic images.  

T. Gundgire et al.                                                                                                                                                                                                                               



Materials Characterization 191 (2022) 112162

7

peaks even for the severely peened samples. This could be attributed to 
strongly oriented grain structure in SLM built 316 L which could be 
relatively more resistant to plastic deformation than the reference 
samples. The resistance to plastic deformation in AM samples is also 
evident from the relatively lower grain refinement depth of the SSP 
samples than in reference samples (refer Fig. 10(é-f́) and Fig. 11(é-f́)). 

3.3.2. Residual stress depth profiles 
The residual stresses in un-peened and shot peened reference 

samples on surface and along the depth are depicted in Fig. 8(a-b). The 
error bars are mentioned in the figure, and it is worthwhile to mention 
that the maximum deviation for the reference samples was ±74.2 MPa 
from the measured value. It is evident from the figure that shot peening 
induced compressive residual stresses on the surface and beneath in all 
the samples. Overall, the compressive residual stresses kept increasing to 
certain a depth after which the stresses again reduced. It can be seen 
from the Fig. 8(a-b) that REF 2 has lesser compressive stresses when 
compared to REF 1. This could be attributed to different nozzle speeds 

Fig. 7. Crystallographic phases detected from XRD measurements for the shot peened a) Reference samples; b) AM samples.  

Fig. 8. Residual stress depth profiles in longitudinal (0) and tangential (90) direction respectively a, b) Reference samples; b, c) AM samples.  
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used during the shot peening. REF 2 was peened with 150 mm/s while 
REF 1 with 50 mm/s. Faster nozzle speed reduces exposure time of 
nozzle and thereby peening media to sample surface. Therefore, for REF 
2, corresponding number of passes for 50 mm/s speed would be 0.67 
instead of 2 (refer Table 2). This makes REF 1 relatively more severe 
when compared to REF 2. A careful observation also reveals presence of 
relatively high compressive surface residual stresses with increasing in 
number of passes. For e.g., REF 2 had compressive residual stress of 
− 565.3 MPa on surface along tangential (90) direction while REF 42 had 
− 657.7 MPa. 

The effect of SSP on residual stress behavior of REF 22 and REF 42 
can be clearly seen from Fig. 8(a-b). Both the samples have compressive 
residual stresses of more − 500 MPa along the longitudinal direction and 
− 700 MPa along tangential direction up to 100 μm depth. Furthermore, 
even up to 200 μm depth, compressive residual stress of − 300 MPa along 
the longitudinal direction and − 400 MPa along tangential direction 
were observed. This strengthens the understanding of SSP inducing 
larger residual stresses deeper into the sample than the conventional 
peening. Previously Bagherifard et al. [14]and Liu et al. [15] have re-
ported similar response of AISI 316 L and 304 stainless steels when 
subjected to SSP. 

The residual stresses in un-peened and shot peened AM samples on 
surface and along the depth are depicted in Fig. 8(c-d). The error bars 
are mentioned in the figure, and it is worthwhile to mention that the 
maximum deviation for the AM samples was ±60.5 MPa from the 
measured value. The tangential measurement direction (90) corre-
sponds to building direction of the AM samples (refer Fig. 1). Shot 
peening induced compressive residual stresses on surface and beneath in 
all the samples both in longitudinal (0) as well as tangential direction 
(90). Overall, considering both the stress directions, sample AM 2 
exhibited the lowest compressive residual stress when compared to the 
AM 1 and AM 4. This can be attributed to different nozzle speed used 
during the shot peening as explained earlier. The order of severity was 
AM 2 > AM 1 > AM 4 when corresponding number of passes are 
calculated for 50 mm/s (refer Table 2). 

The SSP has induced larger compressive residual stresses deeper into 
the sample when compared to that of AM 1, AM 2, and AM 4 (refer Fig. 8 
(d)). REF 22 and REF 42 had compressive residual stresses of more than 
− 750 MPa up to 100 μm and more than − 600 MPa up to 200 μm depth. 
The defect density in SLM built 316 L is more in the vicinity of surface 
[20–22]. Having these larger and deeper compressive stresses near the 
surface could facilitate the improved fatigue life of the components. 

To summarize, similar residual stress behavior was observed for 
reference as well as for AM samples when subjected to shot peening. The 
peening induced compressive residual stresses on the surface and 

beneath. Furthermore, The SSP induced higher compressive residual 
stresses relatively deeper into the surface which are essential in 
improving the fatigue performance. It is worthwhile to mention the that 
maximum longitudinal compressive residual stress depth was observed 
for AM 316 L samples compared to REF 316 L samples. This could be 
attributed to the already present tensile residual stresses in AM 316 L 
unlike the REF 316 L. Previously, Zhan et al. [34] reported that increase 
in the compressive residual stresses after shot peening was directly 
proportional to the prestress state of the samples. More the prestressed 
sample, more will be the compressive residual stresses after shot peen-
ing. The AM 316 L samples had larger longitudinal compressive residual 
stresses as that of REF 316 L after shot peening which resulted from 
larger elastic recovery after the prestressed tensile stress release. 

The full width half maximum (FWHM) plots for the reference as well 
as AM samples are indicated in Fig. 9(a) and (b) respectively. It is 
worthwhile to mention that the error bars were small, and range was 
±0.05 to ±0.27. Visually, there is no significant difference between the 
FWHM behavior of REF and AM samples. The FWHM values on the 
surface are minimum for the sample with 2 number of passes. That can 
be attributed to the lowest corresponding number of passes of 0.67 for 
the 50 mm/s nozzle speed (refer Table 2). The FWHM values seem to 
have increased with higher number of passes. This can be attributed to 
an effect of induced surface hardening on the near surface areas due to 
shot peening. Furthermore, the presence of transformed martensite in 
REF SSP samples could have also affected the FWHM values. The FWHM 
values kept decreasing with depth and reached the values of bulk ma-
terial at the depth of ̴ 300 μm. 

3.4. EBSD measurements 

3.4.1. Reference samples 
EBSD inverse pole figure (IPF) maps acquired with 70 nm step size of 

the un-peened as well as shot peened reference samples are presented in 
Fig. 10(a-f). The difference between deformed grain regions among the 
samples can be visualized from the IPF maps. The smallest possible step 
size was used in order to resolve as many tiny, deformed grains near 
surface as possible. Use of smaller step size enables higher indexing 
success while reducing the amount of zero solutions [15]. The unde-
formed surface can be clearly seen for the un-peened REF sample 
(Fig. 10(a)). Shot peening with 1, 2 and 4 number of passes resulted in 
deformation of grains near the surface. Bombardment of shot peening 
media caused plastic deformation and hence grain refinement near the 
surface. The grain refinement depth of 10–15 μm was observed with 1 
and 2 passes and it increased to 20–30 μm with 4 number of passes. 
Furthermore, subjecting the samples to SSP with 22 and 42 number of 

Fig. 9. FWHM values as a function of distance from the surface for a) Reference samples; b) AM samples.  
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passes resulted in even higher grain refinement depths. It is evident from 
the figure that the grain refinement depth of 50–80 μm was achieved 
with SSP. A careful observation shows the smallest grains near the 
topmost surface and the grain size gradually increases as the depth in-
creases into the bulk material. Bagherifard et al. [14] has reported 
presence of nano and submicron sized grains near the very surface of 
severely peened AISI 316 L samples. 

The corresponding EBSD phase maps of the un-peened as well as 
peened reference samples are presented in Fig. 10(á-f́). The green colour 
represents austenite while martensite is represented by red colour. It is 
worthwhile to mention that in present study BCC ferrite is considered as 
martensite due to limited angular resolution of the EBSD system. The 
used approach is consistent with previously used approach [14]. Pres-
ence of transformed martensite can be clearly seen near the surface in 
the SSP samples with 22 and 42 number of passes (Fig. 10(é-f́)). This can 
be attributed to the highest localized strain near surface, induced due to 
sever bombardment of shot peening media. Furthermore, a small 
amount of martensite was observed in REF 1 and REF 4 samples which is 
consistent with previous findings [14]. There is a uniform layer of 
transformed martensite up to 15 μm from the surface of SSP treated 
samples. At the higher depths, the martensite layer becomes random, 
and some traces of martensite were present even at the depth of 60–80 
μm from the surface. The grain refinement depth and transformation of 
martensite resulted in significant increase in hardness values near sur-
face (refer Fig. 12(a)). Previously, transformation of austenite to 
martensite when 316 L and 304 stainless steels samples were subjected 
to shot peening was confirmed by Bagherifard et al. [14] and Liu et al. 
[15] respectively. 

3.4.2. AM samples 
IPF maps of the un-peened as well as peened AM samples presented 

in Fig. 11(a-f). Similar step size of 70 nm was used to obtain comparable 
EBSD maps. The un-deformed surface of the AMHT sample can be 
clearly seen from the Fig. 11(a). Shot peening with 1, 2 and 4 passes 
resulted in deformation of grains near surface which can be visualized 
from the Fig. 11(b-d). Shot peening caused deformation on surface due 
to bombardment of shot peening media. The difference in grain refine-
ment depth among the samples can be clearly seen from the Fig. 11(b-f). 
The grain deformation depth of 10–25 μm was achieved with 1, 2 and 4 
number of passes. The grain deformation depth seems to have increased 
slightly with 4 number of passes that that of 1 and 2. However, a clear 
differentiation cannot be made visually and hence the range is stated. 
SSP with 22 and 42 number of passes resulted in higher grain defor-
mation depth of 40–50 μm was observed. This can be attributed to 
plastic deformation and hence grain deformation occurred due to severe 
bombardment of shot peening media. 

The corresponding phase maps derived from EBSD data of AM 
sample are shown in Fig. 11(á-f́). The green colour represents austenite 
and the red colour probably corresponds to BCC ferrite phase and not the 
martensite. It is evident from Fig. 7(b) that martensite was not present in 
any of the shot peened AM samples. Furthermore, previous reports 
[35–37] also confirm the presence of ferrite phase in the SLM built 
austenitic 316 L. The presence of this ferrite phase could be detrimental 
to the corrosion response of the SLM built 316 L [35]. A clear observa-
tion reveals presence of relatively more ferrite phase near the surface of 
AMHT sample. Therefore, shot peening becomes even more critical to 
enhance the corrosion as well as stress corrosion susceptibility of the AM 
components by improving surface properties. Shot peening seemingly 
eliminated the presence of ferrite near the surface just with 1, 2 and 4 
number of passes. However, the presence of transformed martensite was 
not detected in the SSP treated AM samples even with 22 and 42 number 
of passes Fig. 11(é-f́). 

Fig. 10. a-f) Inverse pole figure (IPF) maps of reference samples; á-f́) Phase maps of reference samples. The green and red colour in the phase maps correspond to 
austenite and martensite respectively. The sample surface zone is indicated by dashed yellow line. 
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To summarize, shot peening resulted in grain refinements in both 
REF as well as AM samples. However, the grain refinement depth of the 
SSP was slightly lower in AM samples (40–50 μm) when compared to 
that of REF samples (60–80 μm). This could be attributed to relatively 
strong texture possessed by the AM samples along the building direction 
making the grains more resisting for deformation. In addition to strong 
texture, AM samples have very fine substructure in the size range of a 
few microns unlike Reference samples. Such fine substructures cloud 

also resist the deformation by SSP. Furthermore, the SSP REF samples 
were characterized by presence of transformed martensite unlike the 
SSP AM samples. This strengthens the understanding of AM built com-
ponents behaving differently to post processing treatments when 
compared to the conventionally manufactured components. 

Fig. 11. a-f) Inverse pole figure (IPF) maps of the AM samples; á-f́) Phase maps of AM samples. The green and red colour in the phase maps correspond to austenite 
and ferrite respectively. The sample surface zone is indicated by dashed yellow line. 

Fig. 12. Microhardness values along depth of a) Reference samples; b) AM samples.  
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3.5. Microhardness 

The measured microhardness values along depth of the shot peened 
reference and AM samples are depicted in Fig. 12(a) and (b) respec-
tively. The three repeated hardness profiles were similar and only one of 
them per sample is indicated on the plot for brevity. The un-peened REF 
sample had an average hardness of 183 ± 7.8 HV. Shot peening with 1, 2 
and 4 number of passes increased harness values in the range of 
330–360 HV. This 90% increase in the hardness near surface can be 
attribute to the work hardening caused during shot peening. Further-
more, SSP with 22 and 42 number of passes increased hardness values in 
the range of 480–500 HV near surface. This tremendous 160% increase 
in the hardness can be attributed to work hardening along with grain 
refinement during SSP. The grain refinement can be clearly seen from 
Fig. 10(é-f́). Furthermore, the transformation of austenite to martensite 
on the near surface areas also contributes to increased hardness (refer 
Fig. 10(é-f́)). The shot peening induced hardness depth is around 
275–325 μm after which the harness values reach around the base ma-
terial hardness of 183 HV. 

The un-peened AMHT sample had an average hardness of 230 ± 6.5 
HV. The hardness of SLM built 316 L could be affected by processes 
parameters such as scanning speed, layer thickness and orientation. Lin 
et al. [31] reported increase in hardness up to certain scanning speed 
followed by decrease in values. Furthermore lower layer thickness as 
well as 90◦ orientation was reported beneficial for achieving better 
hardness values by Saxena et al. [38]. The applied annealing protocol 
(600 ◦C, 2 h) usually does not affect the hardness of as-built SLM 316 L as 
the complex cellular microstructure remains unaffected at 600 ◦C 
[39,40]. The shot peening with 1, 2 and 4 number of passes improved 
hardness near surface in the range of 340–360 HV. This 50% increase in 
the hardness near surface could be attributed to the work hardening 
caused by shot peening. Furthermore, the hardness increased in the 
range of 470–480 HV when subjected to SSP with 22 and 42 number of 
passes. This 108% increase in the hardness could be attributed to further 
work hardening as well as grain refinement in near surface areas. The 
hardness affected depth for AM samples was in the range of 225–275 μm 
after which it reached to the base hardness of 230 HV (Refer Fig. 12(b)). 

To summarize, SSP induced higher hardness values in both the REF 
and AM samples. The hardness of REF samples was improved by 160% 
compared to base material while that of AM sample was increased by 
108%. This can be explained by the transformation of austenite to 
martensite in near surface areas of REF samples unlike AM samples. 
Also, the lesser hardness affected depth in AM samples compared to REF 
samples could be attributed to relatively more shallow grain refinement 
depth achieved due to SSP. 

4. Summary and conclusions 

SSP response of conventionally manufactured 316 L have been 
studied and is well understood. However, SSP response of AISI 316 L AM 
samples was not fully explored. This research gap was addressed by 
investigating the SSP treated AM samples in the present study. 
Furthermore, severely shot peened reference (conventionally manufac-
tured 316 L) specimens were also investigated to obtain comparable 
response. The comprehensive characterization comprised of residual 
stress behavior, surface topography, grain refinement, phase identifi-
cation and microhardness led to following findings: 

• The roughness and topography response of reference and AM sam-
ples when subjected to shot peening relied on the starting surface of 
the respective samples. The un-peened REF sample was relatively 
smooth. First, the shot peening increased waviness and roughness 
while SSP reduced roughness values slightly. The un-peened AMHT 
samples were relatively rough and hence, first shot peening reduced 
the roughness while SSP again reduced it even more. The reduced 
roughness values in both the AM and REF after SSP can be attributed 

to severe bombardment of shot peening media slightly evening out 
the surface.  

• Similar residual stress behavior was observed for both the reference 
and AM samples subjected to shot peening. SSP induced higher 
compressive stresses relatively deeper into the sample which are 
beneficial for improving the fatigue as well as stress corrosion 
cracking performance.  

• The SSP induced grain refinement relatively deeper into the sample 
in both the reference and AM samples. However, the depth was lower 
in AM samples when compared to the reference ones. Furthermore, 
the original austenitic phase was transformed to martensite when 
reference samples were subjected to SSP while no phase trans-
formation was observed in AM samples. These differences strengthen 
the understanding of different behavior of AM samples as that of 
conventionally manufactured samples when subjected identical post 
processing conditions because of different processing conditions, 
distinct microstructures, etc. 

• Microhardness of reference as well as AM samples increased signif-
icantly near surface when subjected to SSP. Two and a half times 
increase in near surface hardness values of reference samples when 
compared to two times increase of AM samples could be attributed 
the higher grain refinement depths as well as transformation of 
austenite to martensite in the top layers. 

To conclude, the results indicate that SSP induced higher and deeper 
compressive residual stresses, caused deeper grain refinement, increased 
hardness values near the surface and improved the surface roughness of 
AM samples. With such beneficial surface and subsurface structural 
improvements, it can be commented that SSP has high potential to 
facilitate the improvement of fatigue life as well as stress corrosion 
cracking resistance in the AM samples and thus ensuring their usability 
in wide range of different applications. Authors have planned to study 
and report the aforementioned fatigue and stress corrosion cracking 
tests in the future publications. 

Funding 

This research was funded by Association of Finnish Steel and Metal 
Producers, grant numbers 750 and 1475. It was also supported by Eu-
ropean Union (European Regional Development Fund, Council of Oulu 
Region) for the “Hybridi” grant number A73071 and “M3D” grant 
number A77901. 

Data availability 

The raw/processed data required to reproduce these findings cannot 
be shared at this time as the data also forms part of an ongoing study. 

CRediT authorship contribution statement 

Tejas Gundgire: Conceptualization, Formal analysis, Investigation, 
Visualization, Writing – original draft, Writing – review & editing. 
Tuomas Jokiaho: Conceptualization, Investigation, Writing – review & 
editing. Suvi Santa-aho: Conceptualization, Writing – review & editing. 
Timo Rautio: Conceptualization, Writing – review & editing. Antti 
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