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A B S T R A C T   

In the recent years, laser powder bed fusion of aluminum alloys has attracted extensive attention due to their 
capacious application in the biomedical, aerospace, and other industrial sectors. This is due to the combined 
capabilities of the laser powder bed fusion process and aluminum alloys bringing about complex shapes with 
high performance associated with light-weight design. Despite their high potential, parts produced by laser 
powder bed fusion suffer from residual stresses, surface irregularities and sub-surface defects limiting their full 
exploitation in fatigue sensitive applications. Consequently, post-processing methods such as laser shock peening 
can be employed to countermeasure these short-comings. This article reports on the effect of laser shock peening 
on the fatigue life of AlSi7Mg alloy fabricated via laser powder bed fusion. Laser shock peening induced a 
substantial improvement (around 50%) in the fatigue life when compared to the as-built parts. The improve
ments were attributed to the closure of surface and sub-surface pores, re-entrant surface features and in 
particular, induced compressive residual stress profile. The effects of laser shock peening were investigated 
through systematic multi-scale analysis through destructive and non-destructive methods. Furthermore, a simple 
fracture mechanics model was utilized to elucidate the effect of induced compressive residual stresses as the 
principal actor in the corresponding fatigue life improvement.   

1. Introduction 

Laser Powder-Bed Fusion (L-PBF) is an Additive Manufacturing (AM) 
process that relies on a laser to selectively melt successive layers of 
metallic powder according to a given scanning strategy [1–3]. In the 
past two decades, L-PBF attracted much attention in industry and 
academia as a new fabrication method enabling the production of 
complex geometries with short lead time and low material wastage. 
Despite these advantages, the high surface roughness, the formation of 
defects such as porosity [4,5] and the presence of a high level of tensile 
residual stresses (TRS) [6] significantly impact the fatigue properties 
and impede a broad-range industrialization of L-PBF parts [5,7–13]. 
Various strategies have been developed in the past 10 years to address 
these issues, with most efforts being concentrated on post-process 
treatments of L-PBF parts [14]. These include on one hand volumetric 
treatments such as heat treatments for residual stress relief, or Hot 
Isostatic Pressing (HIP) for porosity reduction, and on the other hand 

surface treatments for roughness reduction [9,15,16]. 
The efficiency of HIP has been largely documented for the removal of 

gas pores, lack-of-fusion defects, and even large-scale internal porosity. 
However, Du Plessis and Macdonald [17] showed that HIP was not 
effective in removing all internal pores, with some pores shrinking 
beyond the detection limit, and re-opening upon subsequent heat 
treatment. Besides, HIP is incapable of closing sub-surface defects con
nected to the surface because of the presence of confining gas into the 
pores during the treatment [18]. Such pores located in near-surface re
gions are particularly detrimental to fatigue properties acting as “killer” 
defects during cyclic loading and contributing to the larger scatter in the 
fatigue life [19]. A previous work investigated the combined effect of 
surface features and volumetric defects on the fatigue properties of 
AlSi7Mg and demonstrated that deep cavities and sub-surface pores 
cause large stress intensities and favor fatigue crack nucleation [7]. 

Surface treatments such as machining, vibro-finishing or (electro-) 
chemical etching can remove critical surface features acting as notches 
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and favoring local stress concentration and fatigue crack initiation [20]. 
In order to further enhance fatigue properties, the introduction of 
compressive residual stresses (CRS) in the near-surface region through 
specific surface treatments such as sand blasting [21], shot peening [22] 
or laser shock peening (LSP) [23–27] has demonstrated its efficiency. In 
sand blasting and shot peening, the surface of the part is impacted with a 
high-pressure stream of abrasive material or with shots of small metallic 
or ceramic balls, respectively, generating a layer of high compressive 
residual stresses via plastic deformation of the near-surface region 
[28,29]. In addition, shot peening favors pore closure in the sub-surface 
region [30]. Although it has been reported that shot peening was 
influential in the improvement of fatigue strength [29,30], increasing 
the surface roughness and cracking of subsurface precipitates in the soft 
materials could have a negative effect on the fatigue performance of the 
part [31]. 

Among the processes mentioned above, LSP is a well-established 
post-processing method to improve the fatigue performance of 
metallic parts in aerospace applications such as jet engines and 
compressor blades [23]. During LSP, high-intensity laser pulses generate 
a hot plasma whose expansion underneath a thin water layer creates a 
pressure wave that propagates into the material, compressing it to 
depths that can vary depending on the LSP process parameters 
[20,23,32,33] In industrial applications, e.g. in aeronautics, geometrical 
features such as small fillet radii, sharp edges and notched areas act as 
local stress concentrators upon cyclic loading. Unlike shot peening, LSP 
can be selectively applied to such localized potential fatigue failure “hot 
spots” in order to induce compressive stresses over small areas and 
enhance the fatigue life accordingly [20,23,34]. Furthermore, LSP ap
plies a higher level of CRS with respect to shot peening, hence increasing 
the effective depth of the affected material [35]. 

Most of prior research works reported an increase in the fatigue life 
of various alloys after LSP compared to as-built (AB) L-PBF condition or 
even to wrought material [23,24,35,36]. This is attributed to the elim
ination of tensile residual stresses, which are often replaced by extensive 
CRS and to the microstructural changes (i.e. grain refinement and higher 
dislocation content [24,32,33,37–47] that LSP can induce in the surface 
and near-surface layers. Furthermore, LSP demonstrated its ability to 
close critical (sub-)surface pores [48] typically acting as crack initiation 
sites. Luo et al. reported a 23.6% increase in the fatigue strength of 
LSPed TC17 titanium alloy, compared to AB condition [24]. Hackel et al. 
observed that laser peening provides a fatigue strength improvement in 
the range of 60% for notched L-PBF 316 L specimens [23]. Yella et al. 
reported an improvement in fatigue life of 316LN LSP samples by about 
12.5% [49]. Huang et al. measured an increment of 48–75% on fatigue 
life for LSPed TC4 titanium specimens depending on the applied laser 
power density [50], while according to Yang et al., fatigue life is 
increased by about 2.5 times in the High-Cycle Fatigue (HCF) regime 
after LSP of a Ti6Al4V titanium alloy [51]. 

However, contradicting reports were made by Qin et al. and Jiang 
et al. who observed a decrease in the fatigue life of LSP-treated speci
mens, for 2024-T351 aluminum alloy and Ti6Al4V alloy under high 
cycle and ultra-high cycle fatigue conditions, respectively [36,52]. With 
most of the crack initiation sites being located in the subsurface region of 
the specimens after LSP, Qin et al. attributed this decrease in HCF 
strength to the tensile residual stresses (TRS) induced in this region to 
balance surface compressive residual stresses, promoting fatigue crack 
initiation and growth through the increase of the effective mean stress 
during fatigue loading [52]. Jiang et al. made similar observations, 
highlighting fatigue cracks initiating from an internal defect in some 
laser-shock peened specimens. Additionally, they reported an increase 
in surface roughness related to LSP, which is detrimental to the final 
fatigue strength, especially in the UHCF regime [36]. 

The present paper aims at evaluating the effect of LSP on the fatigue 
properties of AlSi7Mg specimens manufactured by L-PBF, which, to our 
knowledge, has not yet been documented in the literature. Using 
different sets of L-PBF process parameters, three different types of 

surfaces with specific features (e.g. attached spatter particles, open 
surface cavities, overhangs, closed sub-surface pores) are tailored in 
order to evaluate the effect of such (sub-)surface artifacts on the LSP 
process efficiency, in terms of post-LSP surface morphology, micro
structure, residual stress distribution, defect distribution and resulting 
fatigue behavior. 

2. Materials and methods 

2.1. Material and sample manufacturing 

All samples in this study were manufactured by L-PBF utilizing a 
Renishaw AM250 system (Wotton-under-Edge, UK) that utilizes a single 
mode pulsed fibre laser with a maximum power of 200 W, focused to a 
spot size of 75 μm. The powder adopted was a commercial gas atomized 
AlSi7Mg (A357) alloy supplied by LPW Technology (LPW Technology 
Ltd., Runcorn, UK), whose chemical composition is reported in Table 1. 

Cuboid specimens with a size of 15 mm × 15 mm × 10 mm were 
printed on the reduced volume build platform (RBV) in a circular dis
tribution, with equal radial distance (50 mm) and orientation from the 
axis of the laser source to avoid the effects of position dependency on the 
printed parts. All samples were printed with identical core process pa
rameters (defined according to previous experience) and different con
tour line process parameters in order to generate different surface 
features and promote various sub-surface defects, mainly located at the 
contour-core interface regions. The energy input of a single scan vector 
(e.g. contour line energy EL) for a L-PBF system equipped with pulsed 
laser can be calculated by the ratio of the laser power (PL), the exposure 
time (tS) and the point distance (Pd) according to Eq. 1. 

EL =
PL.ts

Pd
(1) 

The process parameters of the core and contour line used for the 
manufacturing of the cubes are presented in Table 2 and Table 3 
respectively, where TL, Dh, and r0 are the powder layer thickness, hatch 
distance, and spot size, respectively. If we consider the data about hatch 
distance and spot size given in Table 2, we can observe that a significant 
overlapping of the tracks is expected. A relatively large overlapping of 
the tracks (both laterally and in-depth) is desirable to improve the ho
mogeneity of the structure and circumvent defects related to lack of 
fusion at track edges. A number of line energies were chosen based on 
results previously published by the authors [7] to deliberately tailor 
distinct surface features in pursuance of drawing a better outline on the 
effect of surface irregularities on the fatigue behavior of AlSi7Mg alloy 
obtained by L-PBF. 

2.2. Laser shock peening (LSP) 

Once the cubic specimens were manufactured via L-PBF, they were 
subjected to LSP in the as-built condition. LSP experiments were done 
utilizing a Nd:YAG SAGA HP laser source (Thales Group, France) oper
ating at 1064 nm of wavelength with a pulse duration of 6.3 ns under 
water confinement regime. A laser spot of 1 mm with a laser energy of 1 
J and a pulse frequency of 5 Hz was chosen, based on previous in
vestigations on a wide range of metallic alloys [35,46,47]. This gave a 
power density of 18 GW/cm2. Utilizing the empirical equation P (GPa) =
1.75

̅̅̅̅
I0

√ (
GW/cm2) from [53], the pressure created at the surface of the 

part was estimated at 7.4 GPa. The beam spatial energy distribution was 
set to top-hat with a near-Gaussian pulse shape. The LSP treatments 

Table 1 
Chemical composition of the AlSi7Mg alloy powder (wt%).  

Si Mg Mn Fe Ti Zn Cu Al 

6.7–7.3 0.25–0.45 0.5–0.6 0.14 0.08–0.12 0.09 0.04 bal.  
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were applied to the side vertical surface of 9 cubic specimens (three 
specimens per surface code) with a spot overlap of 50% (all parts of the 
surface are scanned at least twice) to evaluate the distribution of the 
residual stresses with respect to the initial surface roughness profile. 

2.3. Residual stress measurements 

Hole Drilling Method (HDM) was employed for the residual stress 
measurements of the AB and LSPed surfaces, using a RESTAN – MTS 
3000 (SINT Technology, Italy) hole drilling instrument. This technique 
is widely used for the determination of in-depth residual stress profiles 
in parts subjected to high energy impact-based surface treatments [54]. 
The measurements were done according to the ASTM standard E837 
[55]. In this process, a 1.8 mm diameter hole with 1 mm depth is drilled 
into the specimen and the strain resulted from residual stress relaxation 
due to the drilling is obtained by a strain gage rosette with three grids. 
Residual stresses were measured on the surfaces of samples produced 
according to the three parameter sets (S01, S05 and S07), in AB and 
LSPed conditions, with three repetition per case (18 measurements in 
total). A variable depth increment was applied to achieve more precise 
results in the near surface region. In the region from the surface down to 
100 μm depth, measurements were carried out every 10 μm; from 0.1 
mm to 0.5 mm in depth, measurements were done every 25 μm; and 
from 0.5 mm to 1 mm, every 50 μm. 

2.4. Microhardness measurements 

Microhardness profiles in depth were collected using LSPed cross- 
sectioned samples, testing the evolution of microhardness when mov
ing from the surface directly exposed to LSP process into the depth of the 
specimen. Vickers microhardness were done using a 10 g load and a 12 s 
hold time at room temperature, utilizing a Q10A instrument (Qness 
GmbH, Germany). The distance between two consecutive indentations 
followed the recommendation from ISO 6507-1. Three parallel rows per 
specimen (S01, S05 and S07) of 30 indentation separated by 50 μm 
gapes were made along the specimen’s depth. The average microhard
ness and the corresponding standard deviation were plotted by consid
ering three measurements at each depth level per specimen. 

2.5. Morphology, metrology and texture analysis of the surfaces 

A non-contact-based metrology method was employed to distinguish 
the effect of LSP on the morphological aspects of the L-PBFed AB sur
faces. These measurements were obtained by employing a Keyence VK- 
X1100 confocal microscope equipped with violet semi-conductor laser 
with lateral resolution of 1 nm and a vertical resolution of 0.5 nm. The 
specimens were measured utilizing a 10 × 0.3 NA (numerical aperture) 
objective and an areal test field of 2.9 mm × 2.9 mm. Nine acquisitions, 
each 1 mm × 1 mm in size, were collected for each sample and stitched 
together with 5% overlapping. Before any surface parameter calcula
tion, the three-axes raw data were subjected to a linear form removal, 

followed by a spatial filter (median denoising 5 × 5) to remove spurious 
points. Subsequently, a Gaussian convolution F-filter with a 2.9 mm cut- 
off was applied equal to the length of the test field in order to eliminate 
the waviness at scales larger than the field of view, thus obtaining S–F 
surfaces. Afterwards, another Gaussian convolution L-filter with a 0.8 
mm cut-off was applied to circumvent smaller scale waviness, thus 
obtaining S-L surfaces. These cut-off values were selected based on vi
sual inspection of the analysed surfaces and in agreement with previ
ously published works [56]. The data were then processed to obtain the 
surface parameters based on the ISO 25178-2 starndard [57]. 

Images of the surface profile were obtained from the samples 
sectioned along planes parallel to the build direction (z axis) after 
grinding, polishing and etching by Keller’s reagent. The images were 
taken employing a Nikon Eclipse LV150NL optical microscope (OM) to 
acquire a detailed evaluation of the sub-surface defects. Particular 
attention was paid to the microstructure along the regions intersecting 
the surface profiles and just beneath them, in the altered material zone 
[58]. Furthermore, Surface morphology and microstructural analysis 
were done using a Zeiss-Gemini2 field emission scanning electron mi
croscope (SEM). SEM-EDX analysis were done on the LSPed surfaces to 
investigate the possible surface contamination as a result of the LSP 
process. Electron Back Scattered Diffraction (EBSD) maps were acquired 
close to surfaces of fatigue specimens sectioned along the build direction 
with the same microscope equipped with the Symmetry camera and 
Aztec acquisition software (Oxford instruments). The maps were ac
quired at 25 kV with the step size of 0.5 μm with the acquisition rate of 
200 Hz with detection of 10 bands, gain of 2 in mode speed 1. 

2.6. Fatigue testing 

The three sets of represented surfaces (S01, S05 and S07) were 
selected to evaluate the potential improvement in fatigue performance 
induced by LSP with respect to the AB surfaces, already investigated and 
published by current authors [7]. 

Ten three-point bending fatigue samples per surface condition were 
thus fabricated using the process parameters for the core and contour 
scans presented in Table 2 and Table 3 respectively, according to the 
design depicted in Fig. 1a. The fatigue specimens were printed hori
zontally with the surface of interest being parallel to the build direction 
(Fig. 1b). In order to accelerate the tests and reduce the experimental 
efforts for evaluating the effects of LSP on the AB surfaces and the cor
responding fatigue properties, the design proposed by Boniotti et al. 
[59] was employed for these small specimens. Prior to the LSP treat
ment, the fatigue specimens were subjected to direct aging at 160 ◦C for 
4 h (T5 heat treatment) [60]. Consequently, the specimens went through 
LSP treatment with the parameters presented in Section 2.2. The LSP 
treatment was applied to the central area of the fatigue specimens’ curve 
with a treatment length of 12 mm Fig. 1c and e. 

Three-point bending fatigue tests were performed in the load- 
controlled mode utilizing an MTS Acuman 3 electrodynamic test sys
tem equipped with a load cell with maximum capacity of 3 kN. The 
fatigue tests were performed on the LSPed samples with a load ratio R of 
0.1 in an ambient temperature environment, at constant stress ranges, 
with a maximum applied stress varying from 200 to 300 MPa, to 
investigate fatigue lives ranging from 4 × 104 cycles to the runout limit, 
which was set to 5 × 106 cycles under frequency of 30 Hz. Finally, Post- 
mortem fractographical analyses were performed on all the broken fa
tigue specimens utilizing the SEM to identify on fracture surfaces the 
nucleation site, the extent of crack growth region and to perform sta
tistical analysis on their extents. 

2.7. X-ray tomography investigation 

To measure the porosity in the AB and LSPed fatigue specimens, X- 
ray tomography was applied via typical laboratory micro-CT equipment 
at the Stellenbosch CT facility [61]. Two fatigue samples per category 

Table 2 
Core process parameters used in the building of the AlSi7Mg samples.  

PL (W) ts (μs) Pd (μm) TL(μm) Dh(μm) r0 (μm) 

200 140 80 25 100 75  

Table 3 
Contour line process parameters used in the building of the AlSi7Mg samples.  

Surface code PL (W) ts (μs) Pd (μm) EL (J/m) 

S01 200 140 80 350 
S05 150 42 50 125 
S07 100 42 50 83  
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(S01, S05 and S07) and condition (AB and LSPed) were tested by non- 
destructive X-ray tomography prior to the fatigue tests. 

The voxel size of the micro-CT scan was selected as 15 μm, allowing 
analysis of all pores and surface features larger than this value, and 
providing a field of view enveloping most of the sample’s critical surface 
and sub-surface volume. Scan parameters included 150 kV and 100 μA 
for X-ray generation, with 0.5 mm copper beam filter. The sample was 
loaded in the micro-CT equipment with its longer axis vertically and 
rotated around this axis during the scan. A full 360-degree rotation was 
used for scanning in 2000 steps, at each step position the first image was 
discarded and the subsequent 3 images were averaged. Detector shift 
was enabled to minimize ring artifacts [12]. 

3. Results 

3.1. Morphology of the surfaces 

The representative SEM images of the three AB and LSPed surfaces 
are presented in Fig. 2 and Fig. 3 respectively. The most notable features 
exhibited on the AB vertical surfaces are the presence of partially fused 
spatters and melted powder particles both showing a wide variability in 
their size. The three different AB surfaces demonstrated diverse features 
in terms of type, size and amount of the above features. A substantially 
dense surface was observed in case of S01 specimen with presence of 

large spatters (showed with green arrows in Fig. 2) and partially melted 
metal powder particles stuck onto its surface (showed with dotted blue 
rectangle in Fig. 2). In samples deposited with lower contour line en
ergies (S05 and S07 samples), formation of cavities on surfaces was 
observed (showed with red arrows in Fig. 2b and 2c) as a result of 
insufficient applied energy density, incapable of fully melting the 
attached spatters and leaving behind cavities around the spatters. 
Furthermore, S07 surface showed higher number of attached particles 
on the surface which might be due to balling phenomena owing to 
Plateau-Rayleigh instabilities triggered by low deposited energy and the 
corresponding high scanning velocities. 

Upon application of LSP on the AB surfaces, the observed features in 
Fig. 2 were substantially eliminated due to the impactful waves deliv
ered via LSP, resulting in removal or deformation of the above
mentioned features. LSP treatment resulted in the removal of partially 
fused spatters and metal powders, improving the flatness in S01 surface 
(Fig. 3a) while it only accompanied the removal of fused features in S05 
and S07 surfaces (Fig. 3b and 3c). Instead the LSP treatment arose higher 
cavity density in both surfaces, which could be attributed to the already 
existing sub-surface porosities which surfaced after the subsequent LSP 
treatment. 

Taking a closer look at the magnified LSPed surfaces (Fig. 3d and 3e), 
a lay in the surface texture is seen which could be an indication on the 
plastic deformation during the LSP process. EDS analysis of the LSPed 

Fig. 1. (a) Geometry of the three-point bending fatigue specimens printed via L-PBF using AlSi7Mg powders; (b) printing orientation with the surface of interest 
being parallel to the build direction; (c and e) AB and LSPed fatigue specimens, respectively; (d) schematic of the LSP profile onto the surface of the specimens. 

Fig. 2. SEM images of the lateral AB surfaces (parallel to the build direction) of the cubes printed under different contour applied energy by L-PBF: (a) S01 EL = 350 
J/m; (b) S05 EL = 125 J/m; (c) S07 EL = 83 J/m. The images show the presence of large spatters (green arrows), partially melted metal powder particles (dotted blue 
rectangle) and cavities (red arrows) attached to the surface. 
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surface recorded a thin layer of aluminum oxide on the surface; which 
could be attributed to the type of confinement used during the LSP 
treatment (water) and the plasma induced via laser-material interaction 
and subsequent formation of aluminum oxide on the surface. 

3.2. Topography of the surfaces 

Surface topographies of AB and LSPed surfaces alongside their cor
responding surface parameters is presented in Fig. 4 and Fig. 5, 
respectively. According to data presented in Fig. 4, the LSPed surfaces 
generally show a narrower height distribution. The S01 surface features 
a distribution skewed towards positive values indicating a surface 

dominated by peaks rather than valleys. After the LSP treatment, this 
skewness reduced in association with partial removal of peaks. On the 
contrary, LSPed S05 and S07 surfaces feature significant valleys with a 
shift towards negative values (valleys) in the height distribution graphs. 
This observation is supported by SEM images represented in Fig. 2 and 
Fig. 3. 

Typical areal surface parameters based on ISO 25178-2 [57] were 
calculated based on data collected via confocal microscopy measure
ments. Three surface parameters were selected and evaluated based on 
their applicability on assessing the prospect effect of LSP process on the 
AB surfaces: the arithmetical mean height of the S-L surface (Sa), 
maximum valley depth (Sv) and developed interfacial area ratio (Sdr). 

Fig. 3. SEM images of the lateral LSPed surfaces (parallel to the build direction) of (a) S01, (b) S05 and (c) S07; (d) high magnification of the LSPed S01 surface; (d 
and e) areal EDS of the LSPed S01 surface. The images show the remaining of large spatters (green arrows) and cavities (red arrows) on the surface after 
LSP treatment. 

Fig. 4. Lateral surface topographies recorded via confocal microscopy; AB surfaces (top row) and LSPed surfaces (bottom row) of S01, S05 and S07 specimens. 
Height distribution for each surface is presented on its left side with a normalized frequency value for all surfaces. The image scaling is identical for all the surfaces. 
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Among these parameters, Sv is known to represent the deepest notch 
found on the surface, which has been shown to correlate with the fatigue 
life [7,21]. Therefore, the scanned area was divided into nine control 
areas and the Sv was extracted from these smaller areas to improve its 
statistical representation of the surface. These measurements were done 
on three specimens per category. Furthermore, Sdr represents the spe
cific build up surface area due to the presence of surface anomalies 
compared to the perfectly flat area (Sdr = 0). It is worth to mention that 
conventional areal surface topography measurement methods such as 
optical focus variation or confocal microscopy have a limited ability to 
measure internal or re-entrant surfaces such as overhangs and un
dercuts, and they can be considered as “line of sight” techniques. 
Accordingly, the surface data produced by such techniques is generally 
created as a height map with a single z value corresponding to a specific 
(x, y) position. Therefore, surfaces between steps are interpolated, 
leaving behind surface curtains at re-entrant features [62]. Nonetheless, 
LSPed surfaces showed smaller Sdr values suggesting their evolution 
towards flatness via the subsequent plastic deformation of the AB sur
face peaks. 

According to Fig. 5 and in agreement with qualitative evaluations 

resulting from confocal microscope images, a modest improvement is 
observed after the LSP process for all the AB surfaces almost with an 
identical trend. Based on these parameters, AB surfaces after LSP show a 
more similar characteristics compared to their own counterparts in AB 
condition. Statistical measurements show that the distribution of deep
est surface features does not significantly change after LSP. 

3.3. Microstructure and surface profile analysis 

The sample surface profiles were investigated by microstructural 
observations of polished sections cut perpendicularly to the build di
rection to achieve a wider overview of the surface and in particular, sub- 
surface features created by L-PBF and the prospect effect of LSP process 
on these features. As expected, based on the results of topographical 
examination, the three AB surfaces exhibit diverse surface profiles in 
terms of continuity, surface and sub-surface features and the corre
sponding frequency of their occurrence. Moreover, Re-entrant features 
such as overhangs and undercuts became clearly visible from these 
surface profile images. S01-AB surface showed a solid surface with oc
casional presence of relatively large spatters and metal powder particles, 
which were mostly eliminated after the LSP process (Fig. 6a and b). S05- 
AB and S07-AB displayed a significantly higher number of re-entrant 
features and a more pronounced sub-surface porosity in S07-AB speci
mens. However, it is very clear that the LSP process was capable of 
closing a large number of these features in regions very close to the 
surface (Fig. 6c and e). 

Fig. 7a and b provide closer views of the re-entrant features in AB 
surfaces. These defects are marked by red arrows. Moreover, the closure 
effect imposed by LSP process is demonstrated in Fig. 7c-e. From 
extensive analysis of cross-sectional profiles, it was found that the region 
plastically affected by the LSP process has a depth of around 50 μm from 
the free surface. The shockwave induced by LSP penetrates the surface 
and creates multiaxial compressive forces, regardless of its impact di
rection [48]. The imposed compressive stresses can locally overcome the 
yield strength of the material surrounding the pores in these regions and 
cause plastic deformation driven pore closure (see Fig. 7e). 

The grain structure of the AB and LSPed specimens are shown in the 
EBSD images reported in Fig. 8, with an examined surface area of 700 ×
300 μm2. The non-indexed points due to porosities are shown in black. 
The grain structure in AB specimens is fully columnar with narrow 

Fig. 5. Surface parameters: (a) Arithmetical mean height Sa, (b) Maximum 
valley depth Sv and (c) Developed interfacial area ratio Sdr measured by 
confocal microscopy. 

Fig. 6. Transverse sections of specimens taken close to surfaces by the OM: (a and b) S01 AB and LSPed surfaces; (c and d) S05 AB and LSPed surfaces; (e and f) S07 
AB and LSPed surfaces. The profile length is 12 mm and the build direction is along the horizontal axis of the images (see white arrow on Fig. 6a). 
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grains elongated in the build direction. A similar grain structure is 
observed for the LSPed specimens. However, in the regions very close to 
the surface (down to 40 um below the surface), change in grain shape 
became evident as a result of LSP. The average grain aspect ratio in the 
vicinity of the surface (an area of 700 × 40 μm2) was calculated via 
AztecCrystal (Oxford Instruments) using the fitted ellipse method. The 
average grain aspect ratio of 6.9, 5.8 and 6.5 for S01, S05 and S07 
specimens in AB condition were measured. However, after the LSP 
treatment, the average grain aspect ratio of 6.1, 4.4 and 4.8 were re
ported respectively resulting in 13% - 26% decrease in its value. 

3.4. Microhardness measurements 

Fig. 9 presents the microhardness profiles for all sets of surfaces from 
the depth of 50 μm to 1.5 mm inside the bulk of the specimen. Plastic 
deformation induced strain-hardening as a result of the LSP process 
slightly increased the hardness (around 10%) in the region close to the 
surface to a maximum depth of 300 μm. The effect of strain-hardening 
was lower in S07 surface due to its hollow sub-surface structures and 
its compliance effect. In this case, a significant portion of the energy 
from each pulse is spent to deform and close the cavities close to the 
surface. 

3.5. Residual stress measurements via hole drilling 

Fig. 10 displays the evolution of the residual stresses throughout the 
1 mm thickness layer from free surface of AB and LSPed samples. As 
expected, AB surfaces exhibit tensile residual stresses which is inherent 
to the L-PBF as a result of solidification of the molten material and the 
corresponding shrinkage effect. S05 and S07 specimens exhibited a very 
similar residual stress values at regions very close to the surface, where 
S01 specimen showed significantly lower residual stress values. The 
significant difference in the compressive residual stress values of AB S07 
very close to the surface is due to the presence of excessive break points 
on the contour, incorporating into its relaxation during the solidification 
process. It is also well established that higher scanning speeds (S05 and 
S07) can result in higher cooling rates and less uniform shrinkage in the 
consolidated part [63]. Upon application of LSP and imposed stress 
waves from surface towards the bulk of samples, the compressive re
sidual stresses take over, having their maximum value on the surface 
region and decreasing throughout the thickness down to a point when 

they shift from compressive to tensile regime. S01-LSPed specimen 
showed the highest value for the compressive residual stress compared 
to LSPed S05 and S07 initially. This could be attributed to the lower 
number of voids and cavities detected on surfaces of S01 specimens 
which would result in the absorbance and transmittance of a larger 
portion of the LSP energy compared to surfaces with porous, low density 
near surface regions (S05 and S07). It is also suggested that the porous 
regions might act as a damper layer, addressing the absorbed energy for 
pore closure and resulting in a more relaxed near surface region after the 
LSP treatment. 

3.6. X-ray micro-computed tomography 

Representative micro-CT snapshots from the lateral plane of the 
curved region in fatigue specimens in AB and LSPed conditions are 
illustrated in Fig. 11. The sub-surface region is magnified to better 
represent the contained surface notches and sub-surface porosities in AB 
condition and the corresponding improvement after the LSP treatment. 
It is confirmed that LSP was able to eliminate a large number of sub- 
surface pores in all the three conditions. However, this effect was 
more pronounced in S05 and S07 surfaces due to the higher presence of 
sub-surface porosities in AB condition. Moreover, the regions further 
away from the surface were not affected by the LSP induced plastic 
deformation. Furthermore, some of the deeper surface notches remained 
present after the LSP treatment, which is in-line with confocal micro
scopy surface measurements of the cubic specimens. 

3.7. Fatigue test results 

The results of the three-point bending fatigue tests of AB [7] and 
LSPed specimens are illustrated in Fig. 12. The tests proved to be 
repeatable and exhibited a limited scattering effect. AB fatigue results 
from the previous study [7] showed only a slight difference among the 
three surfaces, despite their significantly different characteristics. As 
expected, LSP fatigue results demonstrated the same trend between the 
surfaces with variabilities higher at lower stress levels which could 
indicate the proximity to the fatigue limit. An improvement in the range 
of 50–80 MPa was observed in the fatigue limit of LSPed specimens 
which correlates well with the changes in the residual stresses measured 
on the cubic specimens by hole drilling. 

Fig. 7. Transverse views of S07 AB and 
LSPed cuboid specimen taken by; (a 
and b) open surface notches and closed 
sub-surface pores in AB surfaces (these 
features are shown by red arrows); (c 
and d) closure to surface notches and 
sub-surface pores after LSP process; (e) 
high magnification image of closed sub- 
surface pore after LSP process (these 
features are shown by yellow arrows). 
(For interpretation of the references to 
colour in this figure legend, the reader 
is referred to the web version of this 
article.)   
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Fig. 8. EBSD inverse pole figures and Kernel average misorientation maps (KAM) of: (a & b) S01-AB; (c & d) S05-AB; (e & f) S07-AB; (g & h) S01-LSPed; (I & j) S05- 
LSPed and (k & l) S07-LSPed. 
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3.8. Fractography 

Based on the post-mortem analyses performed in the previous study 
on the AB specimens for S01, S05 and S07 surfaces [7], all of the failures 

occurred from surface roughness or volumetric defects falling in the 
surface regions. After careful analysis of the LSPed failed fracture sur
faces, a noticeable increase in surface induced failures was conveyed 
(see Table 4). The failure tendency towards surface defects might be the 
result of LSP’s ability to close the sub-surface cavities, exposing the 
surface notches as viable failure initiation sites. S01 LSPed specimens 
(see Fig. 13) failed from surface defects with 67% of occurrence while no 
failure occurred in S01-AB specimens from the surface. S05 LSPed sur
faces (see Fig. 14) exhibited a 43% occurrence of failure via surface 
defects; a trend similar to the AB counterparts. Moreover, S05 LSPed 
specimens usually failed through multiple crack nucleation at surface in 
higher stress ranges. Lastly, S07 LSPed (see Fig. 15) showed an occa
sional failure from bulk defects but they mostly failed through defects 
originated from the surface regions. 

Fig. 9. Microhardness profiles along the depth of the specimen for the three 
S01, S05 and S07 surfaces. 

Fig. 10. Average residual stress values measured via hole drilling for AB sur
faces (dashed lines) and LSPed surfaces (solid lines). 

Fig. 11. micro-CT lateral plane snapshots of fatigue specimens and the corresponding magnified arc images. AB surfaces (above row) and LSPed surfaces (below row) 
of S01 (a and d), S05 (c and d) and S07 (e and f) specimens. 

Fig. 12. Results of high cycle fatigue tests for AB surfaces (star marks) [7] and 
LSPed surfaces (filled markers on top). 

Table 4 
Fraction of failures due to surface defects in AB and LSPed fatigue specimens.  

Surface code As-built (declared from previous work [7]) LSP 

S01 0% 67% 
S05 44–55% 43% 
S07 67–78% 90%  
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Fig. 13. SEM views of the fracture surfaces of two S01-LSPed specimens that failed due to bulk and surface defects: sample tested at stress range of (a and b) 220 MPa 
via bulk defect and (c and d) 300 MPa failed via surface defect. The white arrows indicate the fracture initiation sites. 

Fig. 14. SEM views of the fracture surfaces of two S05-LSPed specimens that failed due to bulk and surface defects: sample tested at stress range of (a and b) 220 MPa 
failed via a single initiation site and (c and d) 300 MPa failed via multiple initiation sites at surface. The white arrows indicate the fracture initiation sites. 
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4. Analysis of the fatigue test results 

A comprehensive analysis of the fatigue data of the LSP specimens 

would be out of the scope of the present research work since a large 
number of different factors can potentially play a role on fatigue per
formance. First, there is a significant shielding effect on the surface due 

Fig. 15. SEM views of the fracture surfaces of two S07-LSPed specimens that failed due to surface and bulk defects: sample tested at stress range of (a and b) 220 MPa 
failed via surface defect and (c and d) 300 MPa failed via bulk defect. The white arrows indicate the fracture initiation sites. 

Fig. 16. The model for fatigue strength: (a) EIFS scheme; (b) estimation of the fatigue limit from AB to LSP specimens.  
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to the presence of many surface features [7]: a detailed analysis would 
require to have a CT scan of the specimens before and after fatigue tests 
[10] for every specimen to precisely identify the failure location based 
on reconstruction of the profile from the CT scan data. Second, the shape 
of the features of the fracture origin is ranging from deep defects (see 
Fig. 13b) to elongated shallow features (see Fig. 14d-e) to pit-like fea
tures (see Fig. 13d). 

Therefore, considering that the LSP has not significantly changed the 
surface features (see Fig. 5), we decided to adopt an Equivalent Initial 
Flaw Size (EIFS) model [13,64], as depicted in Fig. 16a, where an 
equivalent defect size is calculated from the experimentally determined 
fatigue limit. 

It has been clearly shown in the literature that surface features can be 
treated as short-cracks and that, among different models [9], a simple 
yet precise description of the fatigue strength can be obtained with a 
simple threshold model combining El-Haddad model [65] with Mur
akami’s model for Stress Intensity Factor (SIF) [66]. In detail, the fatigue 
limit could be expressed as [13]: 

Δσω = Δσωo.

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areao
√

̅̅̅̅̅̅̅̅̅
area

√
+

̅̅̅̅̅̅̅̅̅̅̅areao
√

√

(2)  

where: 

̅̅̅̅̅̅̅̅̅̅̅
areao

√
=

1
π

(
ΔKth

F.Δσωo

)2

(3) 

The El-Haddad parameter is expressed in terms of 
̅̅̅̅̅̅̅̅̅
area

√
and F =

0.65 for surface defects [67]. The two material parameters in Eq.2 are 
ΔKth and ΔSwo, being the long crack threshold and the fatigue limit for 
smooth specimens, respectively [68]. The key point in applying these 
concepts is to correctly consider the effective stress ratio due to the 
presence of residual stresses [11,46]. 

Considering the presence of residual stresses, AB and LSP samples 
exhibited residual stress (σres) values of +100 MPa and − 50 MPa 
respectively in the first 100 μm below the surface. The effective stress 
ratio (Reff) can be computed considering the fatigue limit experimentally 
obtained and the value of residual stresses close to the surface. Reff for 
AB and LSP specimens is presented in Table 5. 

Then applying the fatigue strength model and referring to material 
parameters obtained for AlSi10Mg [13] (fatigue test results on AlSi7Mg 
are quite close to AlSi10Mg), the prospective fatigue limit at different 
stress ratios is shown in Fig. 16b, where the defect size has been 
normalized with respect to 

̅̅̅̅̅̅̅̅̅
area

√
. From the fatigue limit ΔSw = 130 MPa 

at Reff = 0.46 on the AB samples, then we could estimate a fatigue limit 
in the range of 190–210 MPa at Reff = − 0.16 for LSPed specimens, which 
is perfectly in line with experimental results. 

This simple analysis clearly shows that, apart from modification of 
the internal cavities [36], the main effect of LSP is to induce compressive 
residual stresses able to significantly increase the fatigue strength 
[22,46]. 

Finally, some other aspects should be considered for a complete 
analysis of influencing factors: (i) the slight increase in hardness 
measured on all the investigated samples might produce limited modi
fications in fatigue strength; (ii) any possible relaxation of residual 
stresses and of the work-hardening condition might be expected over the 
fatigue lives of the samples. Both effects have been assumed to be 
negligible for the conditions investigated and have not been accounted 
for in the model. 

5. Conclusions 

The effects of LSP on different surface conditions (cubic specimens) 
of L-PBF AlSi7Mg were investigated considering samples fabricated with 
different laser process parameters for contour scanning, resulting in 
diverse surface profiles with different characteristics. The quality of the 

LSPed surfaces were investigated through multi-scale surface analysis 
utilizing SEM/EDS (general surface morphology and variation in the 
chemical composition of the surface as a result of LSP treatment), 
confocal microscopy (providing quantitative information on the surface 
features such as peaks and valleys), analysis of the polished cross- 
sections (allowing the observation of sub-surface and re-entrant fea
tures which are not possible to be observed through confocal micro
scopy) and hole drilling (measuring the residual stresses from the 
surface to 1 mm of depth in LSPed samples. The studied LSP condition 
was applied on the L-PBFed bending fatigue specimens and a qualitative 
correlation was found through micro-CT results of the fatigue specimens 
and the analysis of the cubic specimens. Moreover, EBSD analysis were 
performed on the LSPed fatigue specimens to evaluate the effect of LSP 
treatment on the texture evolution. The fracture surfaces were carefully 
investigated after performing bending fatigue tests on three sets of 
specimens. Furthermore, simple fracture mechanics analysis revealed 
the dominant effect of residual stresses on the fatigue life improvements 
in LSPed specimens. 

The following conclusions were drawn  

• No significant changes in the surface roughness was observed after 
LSP, while the laser peening process induced a clear compressive 
residual stress profile throughout the sample;  

• The closure of re-entrant features and sub-surface porosity was 
achieved after the LSP treatment, as confirmed through polished 
section and CT scan analysis;  

• Laser peening resulted in microstructural changes down to 50 μm 
below the surface via plastic deformation, which led to a measurable 
change in grain shape (aspect ratio) and slight increase in micro
hardness in subsurface regions up to a depth of about 300 um;  

• The fatigue strength of LSPed specimens improved substantially (by 
around 50% compared to AB specimens). Such increase can be 
attributed to the beneficial effect of compressive residual stresses. 
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