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A B S T R A C T   

Post-processing methods to reduce issues associated with the presence of internal and external anomalies are 
often necessary for obtaining adequate structural performance for additively manufactured products. However, 
the choice of the proper post-treatment and the corresponding parameters is still a challenge requiring adaption 
to the material type, geometry, size and undeniably costs. In this study, four different pure impact-based me-
chanical operations involving ultrasonic nanocrystal surface modification (UNSM), ultrasonic shot peening 
(USSP), severe shot peening (SSP), and severe vibratory peening (SVP) to investigate their efficacy on the fatigue 
behavior of hourglass AlSi10Mg specimens manufactured via laser powder bed fusion (LPBF) were considered. 
Experimental characterizations involving microstructural approach, porosity level and surface texture, hardness 
and residual stresses measurements, as well as tensile and fatigue testing, were conducted. The results exhibited 
considerable improvement in mechanical/physical performances leading to substantially enhanced fatigue 
performance of the mechanically treated specimens. Based on a cost-performance analysis, it was found that 
UNSM, while having reasonable cost, presented considerable improvement on fatigue behavior.   

1. Introduction 

Laser powder bed fusion (LPBF), a complex and influential additive 
manufacturing (AM) process, provides the manufactured parts with 
intrinsic features and dimensions. However, due to the complex 
manufacturing process including layer by layer melting and rapid so-
lidification (high cooling rates of ~106 K/s [1,2]), these materials are 
majorly affected by multiple volumetric and surface anomalies [3–5]. In 
as-built configuration, these materials represent inhomogeneous 
microstructure [6], several types of volumetric defects (due to gas 
entrapment or joining failure, etc.) [7,8], hazardous residual stress [9, 
10], and surface macro/micro distortions [11]. Completely unmelted 
powder aggregates, spatters and powder metal defects are known as the 
main sources of surface imperfections [12–15]. These defects potentially 
lower the performance of LPBF materials by means of wear, scratch and 
corrosion resistance as well as their fatigue behavior [16–21]. In 
particular, surface imperfections behaving like local stress concentration 

regions lead to early crack nucleation and thus fatigue failure when 
subjected to cyclic loading [22,23]. Therefore, post-processing methods 
are being widely evaluated in the AM sector as they are essential to 
address these challenges [24,25]. 

Heat treatment (HT) can modulate some of the internal defects; in 
particular, homogenizing the microstructures and removing its anisot-
ropy, besides releasing the intrinsic tensile residual stresses (TRS). 
Ductility of the LPBF materials can also be improved with HT [26,27], 
which may lead to enhanced fatigue behavior, specifically in the 
low-cycle fatigue regime [28,29]. Hot isostatic pressing (HIP) is also a 
commonly used post-treatment that besides homogenizing the micro-
structure of AM materials, can also reduce their porosity. This process 
simultaneously subjects the component to elevated temperature and 
isostatic gas pressure in a high-pressure containment vessel [30–32]. 

Among non-subtractive post-processing methods sourced to address 
the surface inadequacy, impact-based surface treatments have gained 
considerable attention. This category can include a wide range of 
treatments, such as shot peening (SP) [33–35], ultrasonic shot peening 
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(USP) [36], severe vibratory peening (SVP) [37] and ultrasonic nano-
crystal surface modification (UNSM) [38–40]. These operations all 
follow the same concept of mechanically inducing surface plastic 
deformation; they remove the surface irregularities, homogenize the 
surface morphology and can induce grain refinement and high 
compressive residual stresses (CRS) on (and in the vicinity of) the sur-
face [41–45]. However, despite the common physics, these treatments 
differ in the type of the equipment, have dissimilarities in the range of 
treatable geometries and require different exposure times. 

AlSi10Mg parts can be fabricated by LPBF at bulk volume density 
without solidification cracks owing to near eutectic composition of this 
alloy. The occurrence of quite small cellular structure during LPBF 
process in this alloy offers acceptable combination of ductility and 
strength [46–50]. Numerous studies have revealed the effect of various 
post-treatments and mechanical performance of AlSi10Mg manufac-
tured by LPBF. The list of the applied surface post-processing methods 
(with and without material removal) and the material properties 
involving surface roughness, residual stress, hardness, corrosion and 
fatigue behavior are presented in Table 1. 

As shown in Table 1, the post-treatments can effectively decrease the 
surface roughness or modify the surface morphology, enhance the me-
chanical performance, such as wear and corrosion resistance and 
improve fatigue behavior. For example, application of USP on LPBF 
AlSi10Mg with a 17 kHz frequency and a power of 1000 W and an 
amplitude of 80 μm resulted in remarkable porosity reduction and sur-
face hardening as well as induced high surface CRS compared to the 
prior stress state, leading to notable corrosion resistance improvement 
[54]. In another study, SP process applied by Almen intensity, 10A 
[0.001 inch] and 100% coverage via steel media, led to surface rough-
ness reduction for LPBF AlSi10Mg specimens decreasing Ra from 9.0 to 
4.5 μm [58]. The combined effect of reduced surface morphology, sur-
face hardening as well as maximum in depth CRS up to − 155 MPa (on 
the contrary as-built state has 70 MPa tensile stresses), led to remarkable 
fatigue strength enhancement. 

In our prior investigations, we surveyed the impact of multiple post 
operations of conventional shot peening (CSP) [60,61], SVP [37] and 
LSP [62] combined with HT on fatigue performance of notched LPBF 
AlSi10Mg specimens. The results demonstrated noteworthy fatigue life 
enhancement up to 233, 235 and 243 times better against AB specimen 
at a stress of 110 MPa via hybrid treatments of HT + CSP, HT + SVP and 
HT + LSP, respectively. Herein, differentiating from the previous 
studies, we specifically focus on different peening-based technologies to 
evaluate their effects when applied at the same energy level, to compare 
their efficacy, advantages, and limitations. In particular, severe shot 
peening (SSP), USP, SVP and UNSM are applied individually and com-
bined with HT on LPBF AlSi10Mg specimens. Detailed experiments 
involving monotonic tensile tests, microstructural characterization, 
surface morphology and roughness measurements, porosity, hardening 

and internal residual stresses evaluations and fatigue behavior deter-
mination were conducted on all specimens to assess the efficacy of the 
applied surface post-treatments. 

2. Experimental procedures 

2.1. Material and specimens preparation 

AlSi10Mg powder produced by gas atomization with the nominal 
size interval of 20–70 μm and average diameter of 50 μm was utilized for 
manufacturing of LPBF specimens as demonstrated in Fig. 1a. Table 2 
presents powder chemical composition. The specimens were produced 
vertically as illustrated in Fig. 1b via an SLM 500 HL equipment by using 
Yttrium fiber lasers by a spot diameter of 78 μm and a power of 350 W. 
The rotation degree of 67◦ was utilized between the adjacent layers and 
contouring as depicted in Fig. 1c. The schematic view of the cylindrical 
hourglass fatigue test specimens is shown in Fig. 1d. In addition, mini-
ature flat tensile test specimens were prepared later by wire cutting out 
of the fatigue specimens as shown in Fig. 1e. The shape of the miniature 
specimens follows the specifications presented by Cosa et al. [63] 
(Fig. 1f). Fig. 1g and h shows the schematic illustration of the 
manufacturing process of the specimens, layer-by-layer via LPBF tech-
nology and the variety of their possible internal and surface anomalies, 
respectively. 

2.2. Post-processing methods 

Different impact-based mechanical surface operations involving SSP, 
USP, SVP and UNSM as well as their combination with HT were applied 
to hourglass LPBF AlSi10Mg specimens. T6 type thermal treatment was 
applied to the specimens (merely half of the whole) aiming to homog-
enize the overall structure and vanish the TRS of the as-built state. T6 HT 
was applied according to durations and temperature zones demon-
strated in the prior work [60], with an initial temperature towards 
520 ◦C, solution based HT for 1 h, water quench for 1 h, subsequent to 
reaching temperature to 160 ◦C and aging for 6 h at 160 ◦C, followed by 
water quenching. 

During the SSP, the surface of the specimen is exposed to shot flow 
either using high values of Almen intensity (index of deformation 
capability) or surface coverage (associated with peening duration) as 
presented in Fig. 2a. In the USP treatment, larger impacting media under 
an ultrasonic frequency in a peening chamber as depicted in Fig. 2b. The 
SVP treatment, on the other hand, utilizes high-frequency vibration and 
thus induces severe plastic deformation as presented in Fig. 2c. Finally, 
during the UNSM treatment, high frequency elastic waves generated by 
ultrasonic generator are amplified by a WC horn, which is impacted to 
the surface of specimen using a defined scanning direction as shown in 
Fig. 2d. Here, to compare the impact of these mechanical operations on 

Abbreviations 

AM Additive Manufacturing 
CRS Compressive Residual Stresses 
CSP Conventional Shot Peening 
ECP Electro-Chemical Polishing 
EL Elongation To Fracture 
HT Heat Treatment 
HIP Hot Isostatic Pressure 
IPF Inverse Pole Figure 
KAM Kernel Average Misorientation 
LP Laser Polishing 
LPBF/LB-PBF Laser Powder Bed Fusion 
LRM Laser Re-Melting 

LSP Laser Shock Peening 
M Machining 
P Polishing 
SB Sand Blasting 
SSP Severe Shot Peening 
SVP Severe Vibratory Peening 
SP Shot Peening 
TRS Tensile Residual Stresses 
UTS Ultimate Tensile Strength 
UNSM Ultrasonic Nanocrystal Surface Modification 
USSP Ultrasonic Shot Peening 
VF Vibratory Finishing 
YS Yield Strength  
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Table 1 
Summary of typical post-processing methods applied on LPBF AlSi10Mg 
specimens.  

Post-processing 
method 

Categorya Remarks Ref. 

Laser polishing 
(LP) 

No additional removing 
operation  

• Surface roughness 
reduction 

Surface roughness of as- 
built state: Ra

b = 8 μm 
Surface roughness of LP: 
Ra = 0.25 μm 

[51] 

Laser shock 
peening (LSP) 

No additional removing 
operation  

• Sub-surface porosity 
reduction 

Porosity in as-built state: 
~0.87% 
Porosity after LSP: 
~0.02% 

[52] 

Vibratory finishing 
(VF) 

Additional removing 
operation  

• Surface roughness 
reduction 

Surface roughness of as- 
built state: Sa = 14 μm 
Surface roughness of VF: 
Sa = 4 μm 

[53] 

Ultrasonic shot 
peening (USP) 

No additional removing 
operation  

• Increasing surface 
hardness 

Surface microhardness of 
as-built state: 116 Hv 
Surface microhardness of 
USP: 142 Hv  
• Inducing CRS 
Surface residual stress of 
as-built state: 38 MPa 
Surface residual stress of 
USP: − 155 MPa  
• Increasing corrosion 

resistance 

[54] 

Sand blasting (SB), 
VF, Machining 
(M) and 
Polishing (P) 

No additional removing 
operation for SB and 
additional removing 
operation for VF, M and 
P  

• Surface roughness 
reduction 

Surface roughness of as- 
built state: Sa = 15.4 μm 
Surface roughness after 
SB: Sa = 8.3 μm 
Surface roughness after 
VF: Sa = 2.3 μm 
Surface roughness after 
M + P: Sa = 0.5 μm  
• Increasing fatigue 

strength 
Fatigue strength in as- 
built state: 50–62 MPa 
Fatigue strength after SB: 
152.5 MPa 
Fatigue strength after VF: 
95 MPa 
Fatigue strength after M 
+ P: 194 MPa 

[55] 

Laser re-melting 
(LRM) 

No additional removing 
operation  

• Surface roughness 
reduction 

Surface roughness in as- 
built state: Ra = 20.6 μm 
Surface roughness after 
SB: Ra = 10.8 μm  
• Porosity reduction 
Porosity in as-built state: 
0.15 vol% 
Porosity after LRM: 0.09 
vol% 

[56] 

M, P, electro- 
chemical 
polishing (ECP), 
Shot peening 
(SP) 

Additional removing 
operation for M, P, ECP 
and no additional 
removing operation for 
SP  

• Surface roughness 
reduction 

Surface roughness in as- 
built state: Ra = 8.92 μm 
Surface roughness after 
M: Ra = 1.75 μm 
Surface roughness after 
M + P: Ra = 0.59 μm 
Surface roughness after 
SP: Ra = 4.60 μm 

[57]  

Table 1 (continued ) 

Post-processing 
method 

Categorya Remarks Ref. 

Surface roughness after 
SP + P: Ra = 2.15 μm 
Surface roughness after 
SP + ECP: Ra = 1.77 μm  
• Increasing fatigue 

strength (smooth 
sample) 

Fatigue strength of as- 
built state: 75 MPa 
Fatigue strength after SP: 
105 MPa 

SP and SB No additional removing 
operation  

• Surface roughness 
reduction 

Surface roughness of as- 
built state: Ra = 9.1 μm 
Surface roughness after 
M: Ra = 6.5 μm 
Surface roughness after 
SB: Ra = 4.8 μm  
• Increasing surface 

hardness 
Surface microhardness in 
as-built state: 131 Hv 
Surface microhardness 
after SP: 157 Hv 
Surface microhardness 
after SB: 145 Hv 
•Inducing CRS 
Surface residual stress in 
as-built state: 49 MPa 
Surface residual stress 
after SP: − 80 MPa 
Surface residual stress 
after SB: − 85 MPa  
• Increasing fatigue 

strength (Smooth 
sample) 

Fatigue strength of as- 
built state: 50 MPa 
Fatigue strength after SP: 
185 MPa 
Fatigue strength after SB: 
173 MPa 

[58] 

M, SP Additional removing 
operation M and no 
additional removing 
operation for SP  

• Surface roughness 
reduction 

Surface roughness of as- 
built state: Ra = 6.89 μm 
Surface roughness after 
SP: Ra = 5.82 μm Surface 
roughness after M: Ra 

0.22 μm 
Surface roughness after 
SP: Ra = 2.05 μm  
• Increasing surface 

hardness 
Surface microhardness in 
as-built state: 120 Hv 
Surface microhardness 
after SP: 154 Hv 
Surface microhardness 
after M: 128 Hv 
Surface microhardness 
after M + SP: 145 Hv  
• Inducing CRS 
Surface residual stress in 
as-built state: 11 MPa 
Surface residual stress 
after SP: − 152 MPa 
Surface residual stress 
after M: − 79 MPa 
Surface residual stress 
after M + SP: − 140 MPa 

[59] 

SP No additional removing 
operation  

• Surface morphology 
modification 

[60] 

(continued on next page) 
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specimens, equal level of kinetic energy was used for all operations by 
specifying the same range of Almen intensity that is majorly employed 
among SP operations. Each treatment was operated on an Almen strip A 
to reach Almen intensities of 10–12A [0.001 inch], by measuring the arc 
heights of the strips. Fig. 2e presents the measured arc heights in 
different exposure times for each considered treatment. The detail of 
parameters of the applied treatments are listed in Tables 3–6. Overall, a 
total of 10 sets of specimens involving AB, AB + SSP, AB + USP, AB +
SVP, AB + UNSM, AB + HT, AB + HT + SSP, AB + HT + USP, AB + HT 
+ SVP and AB + HT + UNSM were prepared in this study to examine the 
mere and hybrid influence of several post-processing treatments. 

2.3. Experimental characterizations 

Microstructural analyses were performed by using an optical mi-
croscope (Nikon Eclipse LV150NL) and a Zeiss Sigma 500 VP scanning 
electron microscope (SEM) equipped with electron back-scatter 
diffraction (EBSD) and energy dispersive spectrometry (EDS) de-
tectors. EBSD results were processed by AZtecHKL software. Considering 
build direction, the specimens were cut through cross-sections and were 

etched using Keller’s reagent for 20 s. In addition, XRD analyses were 
carried out using Rigaku SmartLab XRD equipment with CuKα radiation, 
with around 40 kV voltage, and 30 mA current. The average width of at 
half height (FWHM) parameter was evaluated using Gaussian approach. 
Afterwards, the crystallite size was calculated via Williamson-Hall 
relation described in Ref. [64]. 

Porosity measurments were conducted via X-ray computed tomog-
raphy (Nikon XTH 225ST micro-CT) at 190 kV voltage, 40 μA current 
and 3900 ms exposure time. Specimens’ surface morphology was 
analyzed using a Zeiss EVO50 SEM. Roughness investigation around the 
highest stress concentration zone (middle of the specimens) was con-
ducted via Alicona Infinite Focus microscope. ISO 25178-2 standard [60, 
65] was followed to obtain the values of roughness parameters of 
arithmetic roughness average of the surface (Ra) and the root mean 
square of the surface roughness (Rq). Microhardness tests were carried 
out on polished longitudinal yz-plane (considering z axis for build di-
rection) via Leica WMHT30A equipment (microvickers) with the load of 
0.25 N and the load application duration of 15 s considering 50 μm 
spacing between indentations. Three paths were used on each specimen 
from surface through 740 μm interior. X-ray diffraction (XRD) was 
performed to obtain the variation of residual stress using AST X-Stress 
3000 CrKα radiated XRD equipment. Measurements were performed 
from surface towards the inside of the specimen for a depth of 700 μm to 
assess the perpendicular path with respect to the build direction. ECP 
was employed for thinner layer removal in each step using acetic (94%) 
and perchloric acid (6%) solution at 40 V. 

The tensile tests were performed via electromechanical universal 
testing equipment of MTS QTEST/100 at an operation speed of 1.5 mm/ 
min at 25 ◦C using a miniature MTS 632.29 extensometer with the gage 
length of 5 mm. The utilized extensometer had the strain measurement 
capacity of − 10%–30%, which was extensively convenient for the sub-
size tensile test specimens for dilatometry. Fatigue behavior of speci-
mens was assessed using an Italsigma rotating bending fatigue test 
equipment at a constant stress of 110 MPa, the stress ratio of R = − 1 and 
the angular speed of 2500 rpm. The run-out limit was determined as 1.5 
× 107 cycles. Three specimens were tested for each condition and the 
average fatigue lives were used for all comparisons. In addition, frac-
tography assessment was conducted to the failed specimen by using 
Zeiss EVO50 SEM. 

3. Results 

3.1. Tensile behavior 

Fig. 3a and b shows the comparison of stress-strain curves for all the 
specimens. Histograms in Fig. 3c and d shows the average data of the 
three tested specimens. Tensile test outputs revealed a considerable 
distinction between the quasi-static tensile properties pre and post HT 
(AB vs. AB + HT) demonstrating a notable enhancement of elongation to 
fracture (EL) along with reduction of yield (YS) and ultimate tensile 
strength (UTS). EL was raised from 3% up to 14% after HT, however, YS 
and UTS diminished from 273 to 385 MPa down to 201 and 264 MPa, 
respectively. 

The mechanical surface treatments, on the other hand, increased 
both YS and UTS while slightly diminishing the EL, as summarized in 
Table 7. As similarly reported for conventional and AM materials sub-
jected to mechanical surface treatments, changes in YS were more sig-
nificant than that of the UTS [66–70]. This strengthening effect induced 
by the peening based surface treatments can be associated with surface 
grain refinement and the presence of CRS [71]. 

3.2. Microstructural analyses 

Fig. 4a depicts the optical microscopy (OM) investigations of AB/AB 
+ HT specimens in both transverse and longitudinal cross-sections. In 
the AB specimen inhomogeneous microstructure can be observed with 

Table 1 (continued ) 

Post-processing 
method 

Categorya Remarks Ref.  

• Increasing surface 
hardness 

Surface microhardness in 
as-built state: 121 Hv 
Surface microhardness 
after SP: 155 Hv  
• Inducing CRS 
Surface residual stress in 
as-built state: − 11 MPa 
Surface residual stress 
after SP: − 83 MPa  
• Increasing fatigue 

strength (Notched 
sample) 

Fatigue strength in as- 
built state: 6 MPa 
Fatigue strength after SP: 
92 MPa 

Chemical 
polishing (CP) 
and ECP and SP 

Additional removing 
operation for CP and 
ECP and no additional 
removing operation for 
SP  

• Surface morphology 
modification  

• Surface roughness 
reduction 

Surface roughness in as- 
built state: Ra = 4.49 μm 
Surface roughness after 
CP: Ra = 3.19 μm 
Surface roughness after 
ECP: Ra = 2.96 μm 
Surface roughness after 
SP: Ra = 4.61 μm 
Surface roughness after 
SP + ECP: Ra = 3.29 μm  
• Increasing fatigue life 

(notched sample; stress 
amplitude of 110 MPa) 

Fatigue life in as-built 
state: 1.26 × 104 

Fatigue life after CP: 1.41 
× 105 

Fatigue life after ECP: 
2.15 × 105 

Fatigue life after SP: 1.19 
× 106 

Fatigue life after SP +
ECP: 3.67 × 106 

[61] 

***Sa: arithmetical mean height of an area. 
a Based on the classification of post operations of AM products presented in 

Ref. [25]. 
b Ra: arithmetical mean of height. 
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tracks of melt pool boundaries and hatching lines. While, in the AB + HT 
specimen, the boundaries of melt pool and hatch like traces are less 
noticeable resulting in considerable homogenized microstructure. Only 
few faded melt pool boundaries persist, which is likely phenomena in 

LPBF AlSi10Mg heat treated at temperatures around 240–450 ◦C [72]. 
This homogenization leads to enhanced ductility after HT. 

EBSD analyses were also performed on both AB/AB + HT specimens 
to obtain the maps of grain boundaries, inverse pole figure, grain size 

Fig. 1. (a) Morphology of the employed gas atom-
ized AlSi10Mg powder and corresponding micro-
structure. (b) Cylindrical specimens fabricated along 
vertical build direction. (c) Schematic view of 67◦

rotation between adjacent layers for contouring. (d) 
Shape of the cylindrical hourglass fatigue test spec-
imens. (e) Preparation of miniature tensile test 
specimens by wire cutting of the cylindrical parts of 
the fatigue test specimens and (f) shape and di-
mensions of the subsize tensile test specimens. (g) 
Schematic illustration of the manufacturing stages of 
the hourglass specimens layer-by-layer via LPBF 
technology, and (h) the possible internal and surface 
anomalies of these specimens. All dimensions are in 
mm.   

Table 2 
AlSi10Mg powder chemical composition.  

Element Al Si Fe Cu Mn Mg Zn Ti Ni Pb Sn 

AlSiMg10 (wt%) Balance 9.87 0.07 <0.01 0.002 0.35 <0.01 <0.01 <0.01 <0.01 <0.01  
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distributions and strain contouring. Fig. 4b illustrates the grain bound-
ary zones of both AB/AB + HT specimens with different misorientations 
of 2◦< (green lines) and 5◦< (black lines). Formation of finer equiaxed 
grains around the boundaries of melt pool (in both xy-plane and yz- 
plane) as well as epitaxial growth of columnar grains (in yz-plane), 
which is a common phenomenon in LPBF metallic materials, can be 
noted [73]. In addition, in the semi-visible melt pool boundaries of AB +
HT condition, the elongation of columnar grains have also been reported 
by previous studies [74]. 

Fig. 4c indicates the inverse pole figure (IPF) maps and the oriented 
crystallography of the both AB/AB + HT specimens. The outputs exhibit 
random orientation of the grains with domination of (001) orientation in 
xy-planes which is parallel to the build direction in the longitudinal 
planes; this is because of the solidification along the direction of the heat 
transfer and the resulting epitaxial grain growth [75–78]. 

Fig. 4d demonstrates the corresponding grain size distribution maps 
exhibiting grain growth after HT. The mean grain areas of 2.8 and 44.8 
μm2 were estimated on xy/yz planes for AB specimens, respectively. 

Fig. 2. Schematic illustration of different mechanical surface treatments including (a) SSP, (b) USP, (c) SVP and (d) UNSM, as well as (e) measured arc heights in 
different exposure times for all the considered treatments resulting in Almen intensity of 10–12 A [0.001 inch] in all of them. 

Table 3 
Parameters of the SSP treatment applied to the LPBF AlSi10Mg specimens.  

Treatment Shot material Shot hardness (HRC) Shot diameter (mm) Projection pressure 
(Bar) 

Peening duration (s) Surface coverage 
(%) 

Incident distance 
(mm) 

SSP Steel 48–50 0.43 3 1500 1000 120  

Table 4 
Parameters of USP treatment applied to the LPBF AlSi10Mg specimens.  

Treatment Shot material Shot hardness (HRC) Shot diameter (mm) Shot number Amplitude (μm) Peening duration (s) Incident distance (mm) 

USP Steel 48–50 0.58 250 50 300 50  

Table 5 
Parameters of SVP treatment parameters for the LPBF AlSi10Mg specimens.  

Treatment Shot material Shot hardness (HRC) Frequency (Hz) Shot type Shot diameter (mm) Lubrication state Peening duration (min) 

SVP Steel 52 50 100Cr6 1 Dry 30  

Table 6 
Parameters of the UNSM treatment applied to the LPBF AlSi10Mg specimens.  

Treatment Impacting material Frequency (kHz) Amplitude (μm) Linear speed (mm/min) Static load (N) Path Interval (μm) Ball diameter (mm) 

UNSM WC 20 30 2000 50 65 2.5  
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While, in the AB + HT specimens, elongated grains with larger size were 
measured with mean grain areas of 5.7 and 53.3 μm2 on xy and yz 
planes, respectively. The obtained values of mean grain sizes are 
compatible with the prior works [79–81]. 

Strain contouring maps that can be used as an index of plastic strain 
variations were obtained for AB/AB + HT specimens as revealed in 
Fig. 4e. Strain contouring reveals local plastic strain by interpretation of 
the inferred lattice distortion and dislocation density [82,83]. The re-
sults reveal that effective strains are located onto the melt pool regions 
where the density of equiaxed grains is higher mainly where the 
boundaries overlap. In addition, due to the significant homogenization 
of microstructure after HT as well strain relief, a lower maximum 
localized strain of 3 was obtained for AB +HT specimen compared to the 
AB specimen with a maximum strain of 3.5. 

Surface layer of the specimens subjected to the peening-based 
treatments was assessed by EBSD analyses on the transverse cross- 
section concentrating on a scan area of 30 × 150 μm2. Fig. 5 depicts 
IPF-Z, dynamic recrystallization (DR) intensity, kernel average misori-
entation (KAM) and strain contour (SC) maps all together. IPF-Z maps 
prove the coarsening of grains from nano-size in the outmost surface 
towards the core in pure mechanically operated specimens for both AB 
and HT conditions. It should be noted that the black fields in IPF-Z 
figures are related to the nanosized grains with an approximate size of 
100 nm that were too small to be detected by using the allowable step 
size. Recrystallization maps indicate the level of mechanical deforma-
tion on the grains by using color mapping; severely deformed grains 
around the top surface are shown with concentrated red color. It is 
noticeable that the deformation density gradually decreases as they are 

Fig. 3. Comparison of stress-strain curves of all sets of post-processed specimens in (a) as-built and (b) heat treated conditions. The average data of the three 
specimens tested for each set, in terms of (c) YS and UTS and (d) EL. 

Table 7 
Variation of tensile properties after surface post-processing in as-built and heat treated conditions.   

YS increase compared to 
the AB state (%) 

UTS increase compared 
to the AB state (%) 

EL reduction compared 
to the AB state (%) 

YS increase compared to 
the HT state (%) 

UTS increase compared 
to the HT state (%) 

EL reduction compared 
to the HT state (%) 

After 
SSP 

13.55 10.98 − 0.05 6.95 6.22 − 0.32 

After 
USP 

12.45 8.42 − 0.03 4.02 4.39 − 0.18 

After 
SVP 

18.68 13.18 − 0.10 10.98 8.05 − 0.47 

After 
UNSM 

21.61 15.38 − 0.13 14.65 9.89 − 0.58  
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Fig. 4. Microstructural characterization results in both transversal and longitudinal cross-sections for as-built (2 left columns) and heat treated (2 right columns) 
states obtained by (a) OM investigations and EBSD analyses by means of (b) grain boundaries, (c) IPF, (d) grain size distributions and (e) strain contouring maps. 
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replaced with sub-structured (yellow phase) and recrystallized (blue 
phase) grains towards the interior. The fraction of these three phases 
varies among the specimens due to the different impacting approach of 
the surface treatments as well as the initial differences of strength in the 

as-built and HT conditions. 
KAM maps that reflect the variations of applied plastic deformation 

and cold working [84–86], indicate the highest values in the surface 
outmost zone, which gradually decreases towards the center. The 

Fig. 5. EBSD results of IPF-Z, DR, KAM and SC maps in the single step treatments of AB + SSP, AB + USP, AB + SVP and AB + UNSM, as well as hybrid treatments of 
AB + HT + SSP, AB + HT + USP, AB + HT + SVP and AB + HT + UNSM. 

Fig. 6. Quantitative outputs of (a) mean grain area and (b) relative frequency of recrystallized, substructured and severely deformed grains detected by EBSD around 
the outmost layer. 
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Fig. 7. (a) XRD patterns of the sets of specimens, (b) surface crystallites size and (c) micro-strains obtained by XRD analyses.  

Fig. 8. (a) The obtained EDS maps and the spectrum points for treated specimens; EDS point analysis in the outmost layer for surface treated specimens (b) without 
and (c) with HT. 
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maximum KAM outputs were identified in certain regions with severe 
plastically deformed grain fields. The results reveal that specimens 
treated with UNSM had the highest average KAM values followed by 
SVP, SSP and USP, respectively, in both AB and HT conditions. In 
particular, mean KAM values of 1.77, 1.61, 1.87, 1.93, 1.26, 1.11, 1.52 
and 1.67◦ were accomplished for AB + SSP, AB + USP, AB + SVP, AB +
UNSM, AB + HT + SSP, AB + HT + USP, AB + HT + SVP and AB + HT +
UNSM specimens, respectively. Furthermore, the high-KAM depths, 
corresponding to about 2◦, compared to that of low-KAM values, cor-
responding to about 1◦, indicates a good agreement with the depth of 
refined grains in the IPF-Z maps. 

Strain contouring maps demonstrate that the highest plastic strains 
were induced in the specimens treated with UNSM followed by SVP, SSP 
and USP, respectively. The max. localized plastic strains of 11.9, 11.6, 

13.1, 13.6, 7.3, 7.1, 8.8 and 9.2 were determined for AB + SSP, AB +
USP, AB + SVP, AB + UNSM, AB + HT + SSP, AB + HT + USP, AB + HT 
+ SVP and AB + HT + UNSM parts, respectively. It has to be mentioned 
that the max. plastic strains were located just below the surface as is 
common in the mechanically surface treated materials [87–89]. The 
results of KAM and strain contouring maps confirm that the applied 
surface treatments led to lower strain on the HT sets owing to better 
ductility compared with the sets with initial AB condition. 

Quantitative grains size analysis based on EBSD data, shown in 
Fig. 6a, demonstrates mean grain size reduction in the considered scan 
area in the surface treated specimens. Mean grain areas of 1.7, 1.8, 1.6, 
1.3, 2.8, 3.3, 2.5 and 2.2 μm2 were measured for AB + SSP, AB + USP, 
AB + SVP, AB + UNSM, AB +HT + SSP, AB +HT +USP, AB +HT + SVP 
and AB + HT + UNSM specimens, respectively. UNSM was shown to be 

Fig. 9. (a) Mid-section scanned area for porosity measurement by X-ray computed tomography, (b) micro-CT images in transverse sections of the specimens, 
quantitative data of (b) mean porosities for all sets of specimens and (c) pore closure depth measured from the outmost zone in the mechanically surface 
treated specimens. 
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Fig. 10. (a) Surface morphologies of specimens using SEM and confocal observations, (b) calculated surface roughness parameters Ra and Rq, and (c) comparison of 
the effects of all post-processing methods on roughness reduction compared to initial state (based on Ra values). 
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the most effective on refining the grains followed by SVP, SSP and USP. 
Moreover, as presented in Fig. 6b, specimens treated with UNSM ach-
ieved the highest fraction of plastically deformed grain intensity per unit 
area followed by SVP, SSP and USP. 

XRD analyses were also used for the determination of top surface 
crystallite size employing Williamson-Hall methods. Fig. 7a presents the 
XRD patterns of all the conditions. The applied mechanical surface post- 
treatments diminished the peak intensity and caused peak-broadening 
and shift owing to the severe plastic deformation. Fig. 7b indicates 
that the calculated top surface crystallites size of the surface treated 
specimens is lower than 100 nm. In particular, surface crystallites size of 
32, 36, 25,19, 52, 60, 44 and 28 nm were measured after AB + SSP, AB 
+ USP, AB + SVP, AB + UNSM, AB + HT + SSP, AB + HT + USP, AB +
HT + SVP and AB + HT + UNSM operations, respectively. The UNSM 
treatment had the highest influence on top surface nanocrystallization 
thereafter SVP, SSP and USP, while all these treatments were imple-
mented using the same intensity of 10–12 A [0.001 inch]. The micro- 
strains for the specimens are demonstrated in Fig. 7c showing consid-
erable plastic strain induced by the mechanical surface treatments. 
Moreover, it was found that trends of variations of grains size and plastic 
strains obtained by XRD agree with the ones obtained for grains size by 
KAM and strain contouring maps from EBSD analysis (see Figs. 5 and 
6a). 

In the previous works on the effects of SVP on microstructural evo-
lution and fatigue performance of V-notched LPBF AlSi10Mg [37], we 
reported that besides the formation of gradient microstructure caused by 
grain refinement, a chemical gradient of Si phase was also observed. 
Herein, to investigate this phenomenon, EDS analysis was performed on 
the surface as depicted in Fig. 8a. Two spectrum points were considered 

in each specimen. EDS maps were obtained in the same area used for 
EBSD analyses (30 × 150 μm2), adding one spectrum point on the 
outmost deformed surface and another one in the sub-surface area, i.e. 
130 μm below the surface. The results reveal that the fraction of Al phase 
was reduced after surface treatments while Si phase fraction increased 
on the outmost zone. In addition, the fibrous Si networks observed in the 
AB state were transformed to homogeneously dispersed spherical Si 
particles after HT. This considerable increase of Si fraction on the 
outmost surface is quantitatively demonstrated in Fig. 8b and c. 

In the top surfaces, Si fractions of 34.2, 28.6, 38.7, 40.1, 21.4, 15.7, 
27.1 and 31.7% resulted from AB + SSP, AB + USP, AB + SVP, AB +
UNSM, AB + HT + SSP, AB + HT + USP, AB + HT + SVP and AB + HT +
UNSM operations, respectively. However, in the sub-surface regions, the 
Si fractions were only 7.3–15.1 and 5.7–9.4% for plastically deformed 
specimens with initial AB and HT conditions, respectively. The results 
indicate the occurrence of Si phase chemical gradient near the surface 
zone. The amount and distribution of Si content can considerably impact 
the tensile strength and tribological features of Al–Si alloys [90,91]. 
Increasing the content of Si in Al alloy can enhance the hardenability, 
which typically leads to reduced EL [92]. It has been shown that by 
increasing the content of Si in LPBF Al–Si alloys, the solidification 
cracking risk can be decreased [93] and tensile strength can be improved 
[94]. Therefore, application of these surface treatments can enhance 
performance and local strengthening through simultaneous induction of 
microstructural (confirmed by EBSD analyses) and chemical (confirmed 
by EDS analyses) gradients. 

Fig. 11. Microhardness profiles for surface treated specimens with initial (a) AB and (b) AB + HT states, and distributions of residual stresses for surface treated 
specimens with initial (c) AB and (d) AB + HT states. 
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Fig. 12. (a) Fatigue test results at a stress of 110 MPa, (b) fatigue life alteration of post-processed specimens compared to the AB ones and (c) fracture surfaces 
specifying crack nucleation site and crack propagation direction. 
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3.3. Porosity analysis 

Fig. 9a indicates the scanned area using X-ray computed tomography 
for porosity measurement on the mid-part of the specimens. The nar-
rowest section of specimens was selected as it theoretically should be the 
most critical section prone to fatigue failure. Three different specimens 
were employed for porosity analysis of each condition. Fig. 9b shows the 
micro-CT images of the specimens in which the heterogeneously 
distributed pores can be distinguished with black color. The micro-CT 
images reveal that porosity was reduced by the mechanical surface 
treatments. Considering all the scanning area, mean porosities of 0.61, 
0.39, 0.43, 0.28, 0.21, 0.57, 0.31, 0.38, 0.21 and 0.16% were measured 
for AB, AB + SSP, AB + USP, AB + SVP, AB + UNSM, AB + HT, AB + HT 
+ SSP, AB + HT + USP, AB + HT + SVP and AB + HT + UNSM speci-
mens, respectively (see Fig. 9c). 

In addition, most of the sub-surface porosities were closed in the 
mechanically treated specimens; however, within different depths. As 
shown in Fig. 9d, depths of pore closure from surface were measured to 
be 155, 141, 194, 247, 169, 151, 221 and 278 μm after AB + SSP, AB +
USP, AB + SVP, AB + UNSM, AB + HT + SSP, AB + HT + USP, AB + HT 
+ SVP and AB + HT + UNSM operations, respectively. UNSM exhibited 
the highest efficacy for pore closure, followed by SVP, SSP and USP, 
respectively. Overall, the depth of pores closure was higher in the HT 
series due to their lower strength, resulting in deeper effect of me-
chanical surface treatment, compared to the specimens in AB initial 
condition. 

3.4. Surface roughness and morphology analysis 

The SEM and confocal surface morphological observations of all 
specimens are presented in Fig. 10a. Due to the attached unmelted/ 
partially melted powders, the surface of both AB/AB + HT specimens 
were considerably rough. However, these powder particles were 
removed after the application of peening-based treatments leading to 
more uniform surface morphologies. Due to the physics of the surface 
operations and the specifics of the corresponding apparatus, each 
method created a unique surface morphology. In the case of SSP, USP 
and SVP treatments, the impact of shots created dimples and over-
lapping craters, with different depth and shapes due to the differences in 
the used media for each treatment. Nevertheless, the UNSM treated 
specimens exhibited a totally different surface morphology with semi- 
parallel tracks indicating the scanning directions. 

The roughness parameters of Ra and Rq are presented in Fig. 10b for 
each surface treatment condition. The results reveal that Ra values of 
both AB/AB + HT specimens with 9.34 and 9.26 μm, respectively, were 
decreased after mechanical surface treatments down to 8.12, 6.13, 4.02, 
3.41, 9.26, 8.57, 7.55, 5.27 and 4.66 μm for AB + SSP, AB + USP, AB +
SVP, AB +UNSME, AB +HT + SSP, AB +HT + USP, AB +HT + SVP and 
AB + HT + UNSM specimens, respectively. Roughness of the surface 
treated specimens in the non-HT state were generally lower than the 
ones in heat treated condition. The phenomena could be clarified via 
higher deformability of HT specimens allowing the mechanical treat-
ments to induce deeper surface deformation. Rq values exhibited a 
similar trend with Ra. Fig. 10c shows the effectiveness of the post- 
processing methods on surface roughness reduction by comparing 
their resulting Ra to the initial untreated specimens. UNSM was the most 
influential operation on surface texture followed by SVP, USP and SSP. 
Although SSP induced higher plastic strains compared to USP (according 
to the obtained results of microstructural characterization in section 3.2 
and porosity analyses in section 3.3), surface morphology images reveal 
a more uniform surface after USP. In addition, it was found that USP can 
be more effective than SSP in surface roughness reduction. Similar re-
sults were reported comparing the application of USP and SP processes 
with almost same intensities on LPBF Ti–6Al–4V [95]. The phenomenon 
is due to the intrinsic differences between the two treatments. 

3.5. Microhardness and residual stress measurement 

The near surface microhardness profiles of specimens in non-HT and 
HT conditions are presented in Fig. 11a and b, respectively. AB + HT 
specimens, with higher ductility and lower strength, exhibit lower 
microhardness compared to the AB ones [58]. The surface treatments 
led to considerable surface layer hardening with the highest micro-
hardness on the outmost surface that steadily decreases towards the 
center of the specimen. Grain size reduction is well known to induce 
strengthening [96]. Considering grain refinement data obtained from 
the EBSD analysis, as expected UNSM exhibited the highest surface 
hardness followed by SVP, SSP and USP. Surface microhardness im-
provements of 31, 25, 40, 48, 47, 40, 56 and 59% were accomplished for 
AB + SSP, AB + USP, AB + SVP, AB + UNSME, AB + HT + SSP, AB + HT 
+ USP, AB + HT + SVP and AB + HT + UNSM specimens, respectively. 
As results indicate, higher hardness improvement was obtianed in HT 
specimens owing to their higher deformability. 

The residual stress distributions from the outmost layer towards the 
inside of the specimens for all conditions are presented in Fig. 11c and d. 
TRS in the AB specimens were released and transformed to CRS in the 
AB + HT specimens. Mechanical surface post-treatments remarkably 
induced CRS in the specimens in both AB and HT initial condition. The 
trend of the induced CRS varied based on the applied surface treatment. 
Surface residual stresses of 55, -45, − 21, − 141, − 67, − 25, − 32, − 24, 
− 28 and − 18 were measured for AB, AB + SSP, AB + USP, AB + SVP, 
AB + UNSME, AB + HT, AB + HT + SSP, AB + HT + USP, AB + HT +
SVP and AB + HT + UNSM conditions, respectively. Among surface 
treated specimens that were initially non-HT, the highest maximum CRS 
was obtained for the AB + SVP specimens (− 292 MPa) and the highest 
depth of CRS was achieved in AB + UNSM specimens (1100 μm). 

3.6. Fatigue behavior 

Rotating bending fatigue experiments at stress level of 110 MPa were 
conducted using 3 specimens per set to assess the fatigue behavior of 
LPBF AlSi10Mg as affected by post-processing. Fig. 12a presents the 
results of fatigue tests confirming that all the individual and hybrid post- 
treatments positively impact the fatigue performance of the hourglass 
LPBF AlSi10Mg specimens. Fatigue lives improved after applying HT 
because of microstructural homogenization, enhanced ductility, and 
relaxation of the TRS. From another perspective, mechanical surface 
treatments enhanced the fatigue performance resulting from the com-
bined effects of considerable pore closure just below the surface, surface 
grain refinement and hardening, induced CRS and surface texture 
reduction. The hybrid post-processing methods (HT + surface treat-
ments) take advantage of all the above-mentioned effects in a synergistic 
manner. 

Mean fatigue lives of 1.95 × 105, 5.51 × 106, 6.47 × 106, 8.53 × 106, 
1.08 × 107, 5.5 × 105, 6.19 × 106, 6.98 × 106, 1.03 × 107 and 1.20 ×
107 cycles were obtained for AB, AB + SSP, AB + USP, AB + SVP, AB +
UNSM, AB + HT, AB + HT + SSP, AB + HT + USP, AB + HT + SVP and 
AB + HT + UNSM conditions, respectively. The results exhibited note-
worthy fatigue life improvement particularly in HT + UNSM, HT + SVP 
and UNSM processes with over 107 cycles. Fig. 12b represents the cor-
responding fatigue life enhancement by post-processing in comparison 
with the AB condition. UNSM demonstrated higher fatigue resistance 
than SVP, USP and SSP operations for both AB and AB + HT conditions. 
The results indicate that while SSP treated specimens had higher hard-
ness and CRS as well as more porosity reduction compared to the SVP 
treated ones, the SVP sets exhibited higher fatigue lives highlighting 
substantial effect of lower surface roughness and morphology regularity. 

Fatigue fracture surfaces are shown in Fig. 12c. The crack initiated 
from surface and propagated in the bulk in both AB and AB + HT 
specimens. Nevertheless, in the specimens subjected to mechanical 
surface treatments (in both initially AB and AB + HT states), sub-surface 
crack initiations were observed resulting from surface roughness 
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reduction, as well as surface layer hardening and CRS. 

4. Discussions 

According to the obtained results it was found that applying post- 
processing methods can highly modify the internal and surface anom-
alies of LPBF AlSi10Mg specimen compared to the as-built state. Fig. 13 
schematically illustrates the near-surface state of AB specimens with the 
intrinsic internal and surface anomalies compared to the specimens 
subjected to mechanical surface treatments. These surface post- 
processing methods induced gradients in microstructure and chemical 
composition on the surface, resulting from the formation of nanosized 
grains and promoting the density of Si particles. UNSM showed the best 
performance on surface nanocrystallization, formation of structural and 
chemical gradients, inducing plastic strains and surface layer hardening 
followed by SVP, SSP and USSP. Formation of gradients in surface layer 
led to improved hardness and strength, induce CRS and sub-surface pore 

closure, while at the same time enhance the surface morphology and 
reduce surface texture. In addition, mechanical surface treatments were 
effective in inducing sub-surface pore closure and compressive residual 
stresses. A maximum depth of pore closure of 278 μm was obtained 
through the hybrid post-treatment of HT + UNSM. Also, the deepest 
compressive residual stresses were achieved with UNSM (up to the depth 
1100 μm). 

UNSM demonstrated highest efficiency for improved fatigue 
behavior followed by SVP, USP and SSP operations, respectively, for 
both as-built and heat treated conditions. In addition, the results 
revealed that the effective parameters of relative density, depth of pore 
closure, surface layer grain refinement and hardening, residual stress 
distributions and surface texture as well tensile properties, all together 
simultaneously affect the fatigue behavior but with different impacts. 
For instance, the results indicate that while SSP treated specimens had 
higher hardness and CRS as well as more porosity reduction compared to 
the USP treated series, the USP sets exhibited higher fatigue lives 

Fig. 13. Schematic illustration of the (a) AB specimen with internal and surface defects compared to the (b) specimen subjected to mechanical surface treatments 
with modified properties. 

Fig. 14. Comparison of the effect of post-processing methods on YS and UTS, ductility, grain refinement and hardening, roughness, CRS, and fatigue performance.  
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Fig. 15. Rating variables using five levels and associated scores for (a) Time-Money, (b) Cost-Performance outputs and (c) obtained scores of considered post- 
processing methods by means of cost/performance analysis, as well as overall ranks based on the results of Cost-Performance analyses by considering priority for 
(d) performance and (e) cost. 
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highlighting substantial effect of lower surface roughness and regular 
morphology. The influence of each post-processing method individually 
on YS and UTS, ductility, grain refinement and hardening, pore closure, 
surface texture modification and CRS and finally fatigue performance of 
the post-treated specimens are summarized in Fig. 14. 

Moreover, in order to compare the performance of applied post- 
treatments in economical fashion, Cost analysis and Cost-Performance 
analysis were carried out to determine the efficiency of the post- 
operations, particularly in terms of fatigue performance improvement. 
Following the methods used in risk analysis [97,98], each input was 
assessed as five levels of quite (very) low, low, moderate, high and quite 
(very) high with progressive scores of 1–5. Subsequently, a matrix was 
used for each set of data (Time-Money or Cost-Performance) to calculate 
scores for the post-operations [99]. The developed matrices of duration 
(Time)-Money and Cost-Performance relations are shown in Fig. 15a and 
b, respectively. The scores and ranks of cost (Time-Money) analysis were 
used in the Cost-Performance analysis. The determined scores for 
post-processing methods and the evaluated final ranks are shown in 
Fig. 15c. The criteria of assigning levels to time (considering required 
time for treatment of 15 specimens) and performance parameters are 
presented in Appendix A. The comparative cost and time levels related 
to each treatment were determined based on the authors’ experience. 
The analysis results indicate similar rankings for some of the treatments 
regarding both cost and performance related factors. Considering the 
priorities of performance and cost, the applied post-treatments can be 
ranked as depicted in Fig. 15d and e, respectively. For instance, by 
considering the priority of performance in the Cost-Performance ana-
lyses, UNSM was found as the first rank treatment followed by USP, SSP, 
HT + SVP, SVP, HT + UNSM, HT, HT + SSP and HT + USP. 

5. Conclusions 

In this study, the efficacy of various mechanical surface post- 
treatments, involving SSP, USSP, SVP and UNSM, independent of and 
combined with T6 type heat treatment, was investigated on reducing the 
hazardous influence of internal and external (surface) imperfections on 
fatigue performance of LPBF AlSi10Mg specimens. Based on the exper-
imental observations and analysis of the results, the following conclu-
sions can be drawn:  

• The mechanical surface treatments induced maximum of 0.5% 
reduction of elongation, while improving the yield and ultimate 
tensile strengths up by 21 and 15%, respectively, owing to grain size 
reduction and compressive residual stresses. 

• While each mechanical surface treatment generated a distinct sur-
face morphology, all of them eliminated the surface imperfections 
and reduced the surface roughness leading to a more uniform surface 
morphology. Contrary to all surface treatments that generated 

overlapping surface dimples due to impacting of shots with different 
depths and shapes of valleys, UNSM induced semi-parallel lines 
along scanning directions. UNSM was found to be the most influen-
tial technique in surface roughness reduction, followed by SVP, USP 
and SSP, in order.  

• In general, all the employed mechanical surface treatments improved 
the fatigue performance due to their remarkable synergistic effect of 
increasing tensile strength, inducing pore closure, reducing the sur-
face grain size, increasing the surface hardening, and inducing 
compressive residual stresses in addition to surface texture reduc-
tion. The best fatigue life enhancement was obtained for the hybrid 
treatments; heat treatment + UNSM ( × 61) followed by UNSM ( ×
55) and heat treatment + SVP ( × 52) compared to the AB condition. 

• Obtained results of Cost-Performance analyses by considering pa-
rameters of time, cost and performance with a special focus on fa-
tigue behavior identified UNSM as the first-rank treatment followed 
by USP, SVP, HT + SVP, SVP, HT + UNSM, HT, HT + SSP and HT +
USP. However, it should be noted that the selection of a proper shot- 
processing treatment for additively manufactured parts requires a 
case-by-case study in which the effect of geometry and material 
properties should be also considered. 
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Appendix A  

Table A1 
Time intervals considered for assigning time levels  

Time level Very low Low Moderate High Very high 

Time interval (min) 0–199 200–399 400–599 600–799 800–1000   
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Table A2 
Fatigue life improvement intervals considered for assigning performance levels  

Performance level Very low Low Moderate High Very high 

Fatigue life improvement (times) 0–12.3 12.4–24.7 24.8–37.1 37.2–49.5 49.6–62   

Table A3 
Assigned levels of time and performance for all the applied post-treatments  

Post- 
treatment 

Required time for treatment of 1 sample 
(min) 

Required time for treatment of 15 samples 
(min) 

Time level Fatigue life improvement 
(times) 

Performance 
level 

HT 550 550 Moderate 2.8 Very low 
SSP 25 25 × 15 = 375 Low 28.2 Moderate 
USP 5 5 × 15 = 75 Very low 33.1 Moderate 
SVP 30 30 × 15 = 450 Moderate 43.6 High 
UNSM 15 15 × 15 = 225 Low 55.6 Very high 
HT + SSP 550 + 25 550+(25 × 15) = 925 Very high 31.7 Moderate 
HT + USP 550 + 5 550+(5 × 15) = 625 High 35.7 Moderate 
HT + SVP 550 + 30 550+(30 × 15) = 1000 Very high 52.9 Very high 
HT + UNSM 550 + 15 550+(15 × 15) = 775 High 61.6 Very high  
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