Materials Science & Engineering A 881 (2023) 145397

Contents lists available at ScienceDirect

Materials Science & Engineering A

journal homepage: www.elsevier.com/locate/msea

Check for

Application of gradient severe shot peening as a novel mechanical surface [%&s
treatment on fatigue behavior of additively manufactured AlSi10Mg

Erfan Maleki”, Sara Bagherifard ™ , Asghar Heydari Astaraee®, Simone Sgarbazzini?,

Michele Bandini ”, Mario Guagliano®

@ Department of Mechanical Engineering, Politecnico di Milano, Milano, Italy
b peen Service Srl, Bologna, ITtaly

ARTICLE INFO ABSTRACT

Keywords:

Additive manufacturing

Gradient severe shot peening (GSSP)
Surface treatment

Surface roughness

Fatigue

Post-processing methods can be crucial in addressing the associated anomalies of the as-built state of additively
manufactured materials. In this study, for the first time, the effects of gradient severe shot peening as a novel
mechanical surface treatment, along with other types of shot peening treatments, including conventional, severe,
and over shot peening processes were investigated individually and combined with heat treatment on fatigue
behavior of hourglass AlSi10Mg samples fabricated by laser powder bed fusion. Detailed experimental charac-

terizations in terms of microstructure, porosity, surface texture, hardness and residual stresses as well as rotating
bending fatigue behavior were conducted. The experimental results revealed a significant fatigue behavior
improvement after applying gradient severe shot peening treatments due to their remarkable capacity to
modulate surface texture, known as a side effect of peening, besides surface layer nanocrystallization, enhanced
hardness, and high compressive residual stresses.

1. Introduction

As-built (AB) configurations of metallic materials fabricated by ad-
ditive manufacturing (AM) exhibit microstructural anisotropy [1,2] and
volumetric defects [3], as well as high surface imperfections [4]. These
defects potentially affect the performance of the AM materials in terms
of wear and corrosion resistance as well as their fatigue behavior
negatively. Notably, under cyclic loading, surface defects act as local
stress concentration zones resulting in early crack initiation and thus
early fatigue failure [5]. Hence, post-processing methods are essential to
address these challenges [6].

Several impact-based surface treatments have been proposed as non-
subtractive post-treatments for addressing surface flaws in AM. These
treatments include shot peening (SP) [7,8], ultrasonic shot peening
(USP) [9], cavitation peening (CP) [10,11], ultrasonic shot peening
(USP) [12], laser shock peening (LSP) [13-16], and ultrasonic nano-
crystal surface modification (UNSM) [17,18].

In our previous studies, we extensively examined the impact of
various post-treatments on the microstructure, porosity, surface char-
acteristics, mechanical properties, and fatigue performance of AlSi10Mg
produced through AM. These post-treatments included ultrasonic
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nanocrystal surface modification (UNSM) [19], USP [19], severe shot
peening (SSP) [19], severe vibratory peening (SVP) [19,20], laser shock
peening (LSP) [21-23], chemical polishing (CP) [24], electro-chemical
polishing (ECP) [24], as well as hybrid treatments such as LSP +
UNSM [21], SP + ECP [25], UNSM + ECP [25], and SVP + ECP [25].
The objective was to comprehensively investigate their effects on me-
chanical performance of AM materials. Dealing with the effects of
different impact-based surface treatments, the findings revealed that
these post-processing methods had a significant influence on both the
internal structure and surface characteristics of the treated material.
Among the treatments, UNSM exhibited the highest efficacy in
enhancing fatigue behavior (i.e., 55-fold increase in fatigue life
compared to the as-built state when subjected to a fixed stress level of
110 MPa), followed by SVP, USP, and SSP treatments that resulted in
fatigue life improvements of 43, 33, and 28 times higher than the
as-built state, respectively [19].

Among different post-treatments, peening-based approaches such as
SP have been widely used on AM materials due to their low cost,
simplicity, and efficiency in improving mechanical properties [7,26,27].
In the SP process, the material’s surface is bombarded by small
impacting media under controlled conditions.

Fig. 1a reveals the schematic illustration of the SP process applied on
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Abbreviations

AM Additive Manufacturing

R, Arithmetic roughness

ASSP Ascending severe shot peening

ADSSP  Ascending-descending severe shot peening
CRS Compressive residual stresses

CSP Conventional shot peening

EBSD Electron backscattered diffraction

EDS Energy dispersive spectrometry

GSSP Gradient severe shot peening

GB Grain boundary

HT Heat Treatment

IPF Inverse Pole Figure

KAM Kernel average misorientation
PBF-LB Laser Powder Bed Fusion

LSP Laser shock peening

OM Optical microscopy

OSP Over shot peening

R Recrystallization

Rq Root mean square roughness
SEM Scanning electron microscopy
SSp Severe Shot Peening

Svp Severe vibratory peening

Sp Shot Peening

SC Strain contouring

UNSM  Ultrasonic nanocrystal surface modification
USP Ultrasonic shot peening

Fig. 1. (a) Schematic illustration of the SP process applied to an AM part (b) comparison of different CSP, SSP and OSP processes concerning the values of Almen
intensity and surface coverage. (c) Comparison of the CSP, SSP, OSP, ASSP and ADSSP processes considering projection pressure and peening duration. Schematic
illustration comparing the surface morphology, porosity, hardness and residual stresses of AM materials in (f) as-built condition and (g) after applying SP-based
treatments. Schematic illustration of comparison of the microstructure of AM materials in (f) as-built state and (g) after applying SP-based treatments.

an AM part. SP induces grain refinement, hardening and compressive
residual stresses (CRS) in the surface layer [28]. However, due to the
shot impacts and formation of dimples and craters with overlaps, the
surface morphology of the material can be considerably altered after SP
[29].

Generally, the SP process can be controlled via Almen intensity and
surface coverage parameters, which can be assessed by air projection
pressure and peening duration, respectively. Severe shot peening (SSP)
can be achieved by enhancing the kinetic energy of the SP process via
increasing Almen intensity and surface coverage in comparison with the

parameters used the conventional shot peening (CSP) [30,31].

SSP has been reported to have more beneficial effects than CSP in
terms of mechanical properties and fatigue behavior improvement due
to surface layer nanocrystallization and inducing higher and deeper CRS
[32-38]. On the other hand, by employing higher levels of Almen in-
tensity and coverage than the optimized and favorable ones used in SSP,
over shot peening (OSP) can be obtained. OSP was found to detrimen-
tally affect fatigue strength due to excessively high surface roughness
and the formation of various surface defects such as nano/micro-cracks
[39-43]. Fig. 1b compares the ranges of Almen intensity and surface
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Fig. 2. (a) Shape and size of the as-designed and as-built hourglass PBF-LB AlSi10Mg samples. (b) The corresponding projection pressure and peening duration of

different applied SP treatments of CSP, SSP, OSP, ASSP and ADSSP.

coverage used for CSP, SSP and OSP processes.

We recently introduced a novel SP-based treatment named gradient
severe shot peening (GSSP), designed to avoid the negative influences of
OSP, while taking advantage of surface layer nano-crystallization,
hardening and high CRS. When applied to classic bulk materials, the
suggested GSSP treatment improved fatigue strength considerably [44].

In the GSSP process, variant pressures are used instead of employing
constant projection pressures during the peening process. According to
the trends of considered pressure variation, two different GSSP processes
of ascending severe shot peening (ASSP) and ascending-descending se-
vere shot peening (ADSSP) were suggested [44]. Fig. 1c schematically
compares the CSP, SSP, OSP, ASSP and ADSSP processes considering
projection pressure and peening duration. Fig. 1d and e depict the effects
of SP treatment on as-built AM material in terms of surface morphology
modification, sub-surface pore closure, hardening, and induced CRS. In
addition, surface grain refinement after SP treatment compared to the
as-built AM material is indicated in Fig. 1f and g.

In this particular investigation, the authors aimed to explore the ef-
fects of a novel post-processing technique of GSSP on an AM material. It
is worth noting that, to the best of the authors’ knowledge, this study
represents the first investigation of GSSP in AM field. Herein, compre-
hensive experimental approaches were implemented to thoroughly
analyze and understand the impact of various SP treatments on
hourglass-shaped laser powder bed fused (PBF-LB) AlSi10Mg samples.
The SP treatments investigated are CSP, SSP, OSP, ASSP and ADSSP. The
experiments were designed to assess multiple factors, including the
microstructure, porosity, surface roughness and morphology, hardness,
residual stresses, and fatigue behavior of the samples. The acquired re-
sults were subjected to critical analysis and thorough discussion,
emphasizing the advantages and benefits offered by the GSSP approach.
The unique strengths and benefits of the GSSP method are discussed in
detail.

By shedding light on the effects of GSSP on AM materials and
comparing its performance with other SP treatments, this study con-
tributes to the existing body of knowledge in the field. It is important to
highlight that this study builds upon our previous studies, which focused
on investigating the impacts of various post-processing techniques on
the surface characteristics, mechanical properties, and fatigue strength
of PBF-LB AlSi10Mg. Relying upon our previous work, we aim to gain
further insights into the potential of post-processing techniques for
improving the overall performance of PBF-LB AlSi10Mg specimens/
components.

Table 1

The parameters of the SP treatments for CSP, SSP, OSP, ASSP and ADSSP.
SP Shot Projection Almen Peening Surface
treatment  diameter pressure intensity duration Coverage

(mm) (Bar) (0.01 inch (s) (%)
A)
CSP 0.43 3.4 14 15 100
SSp 0.43 3.4 14 150 1000
OSP 0.43 3.4 14 300 2000
ASSP 0.43 1.4- 3.4 7 - 14 300 -
ADSSP 0.43 1.4 > 7 - 14-7 300 -
3.4-1.4

2. Material and methods

Cylindrical hourglass fatigue test specimens were manufactured
using PBF-LB with gas-atomized spherical powder of AlSi10Mg having a
mean particle diameter of 50 pm. The specimens were fabricated in the
vertical direction using SLM 500 HL system equipped with Yttrium fiber
lasers applying optimized processing parameters stated in Ref. [45]. The
shape and size of the as-designed and as-built specimens are depicted in
Fig. 2a.

The specimens were treated using various SP treatments, including
CSP, SSP, OSP, ASSP, and ADSSP, as well as their combination with heat
treatment (HT). Microstructural homogenization and relaxation of ten-
sile residual stresses in the as-built condition were achieved using T6 HT
based on the time and temperature cycles reported in our previous study
[46]. The SP treatments were performed in an air blast SP machine using
standard S170 steel shots and with a 10 cm of stand-off distance. The
related projection pressures and peening durations are shown in Fig. 2b.
Almen intensity was measured using Almen strips of type A following
the procedure in the SAE J443 standard [47].

The SP process parameters are listed in detail in Table 1. The peening
interval for both ASSP and ADSSP was set to be identical to the one of
OSP, which was the longest exposure time (300 s). It is worth
mentioning that it was not straightforward to measure the peening
coverage for GSSP treatments based on the standard methodologies
mainly due to the gradual variation in pressure during the treatment,
which directly influenced the dimensions of the formed dimples on the
surface. Thus, a time interval equal to 15 s, corresponding to 100%
peening coverage with constant pressure on the same specimens, was
selected as the basis for the variation of the projection pressure for GSSP
treatments.

12 sets of samples including AB, AB + CSP, AB + SSP, AB + OSP, AB
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Fig. 3. Typical microstructure of as-built (left row) and heat treated (right row) samples obtained by (a) OM, and (b) IPF, (c) KAM, and (d) SC maps achieved
by EBSD.
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Fig. 4. EBSD results regarding GB, IPF, R and SC in the surface layer of the samples subjected to different peening treatments.
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-+ ASSP, AB + ADSSP, AB + HT, AB + HT + CSP, AB + HT + SSP, AB +
HT + OSP, AB + HT + ASSP, and AB + HT + ADSSP were studied to
evaluate the sole and hybrid effects of the applied post-treatments.

Microstructural investigations were carried out using Nikon Eclipse
LV150NL optical microscope and high-resolution Zeiss Sigma 500 VP
field-emission scanning electron microscope equipped with electron
backscattered diffraction (EBSD) and energy dispersive spectrometry
(EDS). The section of the samples was cut longitudinally and trans-
versally with respect to the build direction and the polished cross-
sections were etched chemically for 20 s with Keller’s reagent. The Al
matrix was solely taken into account to obtain high-resolution EBSD
results. Inverse pole figure (IPF-Z), Kernel average misorientation
(KAM), and strain contouring (SC) maps were captured by processing
EBSD data in AZtecHKL software following the approach for EBSD
sample characterization in our previous study [48].

Porosity was measured based on image analysis using optical mi-
croscopy (OM) images. The method developed by Kim et al. [49] was
employed for binarizing the images for local thresholding and attaining
the highest clarity of the smaller pores.

Surface morphology was studied by a Zeiss EVO50 scanning electron
microscope and Alicona Infinite Focus confocal microscope with a
lateral resolution of 0.10 pm and a vertical resolution of 10 nm. Surface
roughness quantification was performed based on the ISO 25178-2
standard [50] in terms of the arithmetic mean (R,) and root mean
square (Rq) parameters.

Microhardness was measured on the polished transversal cross-
sections (xy-plane) using a Leica WMHT30A micro-Vickers indentation
testing machine with a load of 25 gf, dwell time of 15 s and a 50 pm
distance between indentations. The microhardness values were aver-
aged based on three different measurements at each depth.

Residual stress profiles were acquired using AST X-Stress 3000
portable X-ray diffractometer equipped with CrKa radiation. In-depth
profiles were obtained on a path perpendicular to the build direction
from the surface through the core up to a depth of 750 pm. Thin layers of
material were removed by electrochemical polishing in a solution of
acetic acid (94%) and perchloric acid (6%) and at a voltage of 40 V
before each in-depth X-ray diffraction.

All sets of samples were exposed to rotating bending fatigue tests
using the Italsigma testing machine with a constant amplitude stress of
110 MPa, a run-out limit of 1 x 10”cycles, a stress ratio of R = —1 and a
rotational speed of about 2500 rpm. The fatigue test was repeated three
times for each set and thus the average fatigue lives were reported. The
fractography analysis of the fracture surfaces was performed using Zeiss
EVO50 scanning electron microscopy (SEM).

3. Results and discussions

This section of the study presents the findings obtained from various
analyses conducted to evaluate material properties before and after
applied HT and SP processes. These analyses include microstructural
examination, porosity assessment, surface morphology and roughness
characterization, microhardness measurement, residual stress evalua-
tion, and fatigue behavior analysis.

Microstructural analyses were performed to gain insights into the
internal structure of the material in terms of isotropy and influence of
post-treatments. This involved investigating the arrangement and dis-
tribution of the constituent phases, grain size, and any potential defects
or anomalies present within the microstructure. Porosity analyses were
conducted to quantify the extent of internal defects within the material.
The aim was to assess the quality and integrity of the fabricated samples
and determine the extent of porosity, as excessive porosity can signifi-
cantly impact the mechanical performance of the material. Surface
morphology and roughness analyses were carried out to examine the
external appearance and texture of the material’s surface. Parameters
such as surface roughness and topographical features were measured
and analyzed to understand the quality of the surfaces before and after
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applying SP treatments. Microhardness measurements were performed
to determine the material’s hardness variation in depth at a microscopic
scale. This measurement provides valuable information about the ma-
terial’s resistance to deformation and its overall strength characteristics.
Residual stress measurements were conducted to assess the presence of
any internal or introduced stresses due to the fabrication process and
surface treatments. These residual stresses can influence the material’s
mechanical properties and potentially affect its performance under
different loading conditions. Finally, the fatigue behavior of the material
was investigated. The results obtained from these comprehensive ana-
lyses provide valuable insights into the material’s properties and per-
formance characteristics affected by the designed post-processing
methods.

3.1. Microstructural analyses

As in this study, half of the samples were heat treated; firstly, the AB
and AB + HT samples were characterized by their microstructure using
OM and EBSD methods. Fig. 3a reveals the OM images of the typical
microstructure of the AB and AB + HT samples demonstrating the
removal of melt pool boundaries after applying HT. Fig. 3b indicates the
IPF maps and crystallographic orientation of the AB and AB + HT
samples showing epitaxial columnar grain growth parallel to the build
direction as the solidification of PBF-LB materials occurs along the build
direction due to the favorable direction of heat transfer [51-53]. In
addition, the formation of small equiaxed grains around the melt pool
boundaries can be observed, which is a common phenomenon in PBF-LB
materials [54]. Fig. 3c shows the KAM maps of AB and AB + HT samples.
The results indicate the occurrence of stress relief after applying HT
based on the mean KAM values of 0.67 and 0.51° for AB and AB + HT
samples, respectively. SC maps indexing strain variations was also
achieved for AB and AB + HT samples, as presented in Fig. 3d. The re-
sults indicate higher strains around the melt pool boundaries where the
density of equiaxed grains is relatively higher. Lower maximum local-
ized strain values of 3 were obtained for the AB + HT samples compared
to the AB ones with a maximum strain of 3.5 due to considerable strain
release after HT.

The microstructure in the surface layers of the samples subjected to
different SP treatments was also characterized by EBSD considering a
scan area of 40 x 120 pmz on transversal (xy plane) cross-section, as
illustrated in Fig. 4. Grain boundary (GB) maps reveal a very high
density of grain boundaries on the top surface layer as a result of grain
refinement to different extents after applying SP treatments. IPF-Z maps
indicate the formation of gradient microstructures with a gradual in-
crease in grain size from nano-crystallized grains in the top surface to the
coarse grains through the bulk material in the samples. As a scanning
step size of 0.1 pm was considered for EBSD characterization, the
nanostructured grains (with grain size <100 nm) were not detected and
zero solutions were shown in black. In addition, it can be observed that
in the shot peened samples with as-built initial states, the depths of
nanostructured layers are higher than the ones with initial heat treated
conditions (due to higher ductility of heat treated states). The results
reveal that OSP had the most increased effects on surface layer nano-
crystallization (in terms of depth from the surface), followed by ASSP,
SSP and ADSSP, respectively, for both as-built and heat treated initial
states.

Dynamic recrystallization (R) maps show the formation of deformed
grains in the top surface layer, which gradually decreased through the
interior and were replaced with recrystallized and substrutured grains.
The SC maps indicated significant plastic strains due to surface severe
plastic deformation in the SP treated samples. The maximum localized
plastic strains of 12.1, 13.2, 12.7, 11.8, 6.9, 7.4, 8.1, and 6.7 were ob-
tained for AB + SSP, AB + OSP, AB + ASSP, AB + ADSSP, AB + HT +
SSP, AB + HT + OSP, AB + HT + ASSP, and AB + HT + ADSSP samples,
respectively. It should be noted that the occurrence of maximum values
of induced plastic strains in the sub-surface is expected in the materials
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Fig. 5. (a) Layered EDS maps of shot peened samples. (b) Chemical composition by EDS point analysis in the top and sub-surface layer of the shot peened samples.
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Fig. 6. OM image-based porosity analyses of all sets of samples considering sub-surface pore closure in the shot peened series.

subjected to plastic deformation methods [55-57].

Our previous studies on PBF-LB materials subjected to surface severe
plastic deformation indicated that apart from the formation of micro-
structural gradient caused by surface layer grain refinement, a chemical
gradient of the Si phase in the surface layer can also occur [20]. Hence,
in this study, EDS point and map analyses were carried out on the shot
peened samples to survey this phenomenon, as presented in Fig. 5a. Two
spectrum points were considered in a scan area of 5 x 30 pm? consid-
ering one spectrum point on top of the peened surface layer and another

one in the sub-surface, 25 pm below the surface. As can be seen in the
layered EDS maps, the fraction of the Si phase (blue phase) is increased
to different extents considerably compared to the deeper parts, while the
Al phase (green phase) was reduced after SP treatments.

Moreover, a transformation of fibrous Si networks in the as-built
state to spherical Si particles in the heat-treated configuration can be
observed. Fig. 5b shows the quantitative results of EDS analyses for
fractions of Al and Si phases. In the top surfaces, Si weight percentages of
37.2, 39.6, 38.5, 31.5, 27.4, 30.7, 28.1 and 24.7% and 31.7% were
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Fig. 7. Quantitative results of porosity measurements in terms of (a) mean porosity and (b) depth of pore closure for all sets of samples.

obtained for AB + SSP, AB + OSP, AB + ASSP, AB + ADSSP, AB + HT +
SSP, AB + HT + OSP, AB + HT + ASSP and AB + HT + ADSSP samples,
respectively. At the same time, Si weight percentages of 13.5-17.3 and
8.8-14.7% were achieved in the sub-surface of the peened samples with
initial as-built and heat-treated states, respectively. Increasing Si con-
tent in Al-Si alloys can improve the tensile strength, hardness, and
tribological properties but leads to decreased elongation [58-62]. The
simultaneous formation of microstructural and chemical gradients
revealed by EBSD and EDS results can lead to enhanced performance
and local surface layer strengthening.

3.2. Porosity analyses

Fig. 6 illustrates the merged and binarized OM images of transversal
cross-sections (xy-plane) that were used for porosity measurement on
the mid-section of all samples. In the images, the white area (repre-
sented by a white ring) corresponds to the region where pores have been
closed because of the induced severe plastic deformation by SP treat-
ments. For porosity analysis, three different samples from each set were
selected. The mean porosity values were determined for various sample
sets of AB, AB + CSP, AB + SSP, AB + OSP, AB + ASSP, AB + ADSSP, AB
+ HT, AB + HT + CSP, AB + HT + SSP, AB + HT + OSP, AB + HT +
ASSP and AB + HT + ADSSP and the mean porosity values obtained
were 0.61, 0.56, 0.35, 0.29, 0.37, 0.41, 0.57, 0.54, 0.31, 0.22, 0.36 and
0.38% respectively, as shown in Fig. 7a. It is worth noting that the
application of high-intensity SP treatments has been previously reported
to result in a reduction in mean porosity, which aligns with the findings
of this study [8]. Additionally, Fig. 7b illustrates the effects of different
treatments on sub-surface pore closure in both the as-built and
heat-treated states. It is evident from the figure that OSP had the most
significant impact on closing sub-surface pores, followed by SSP, ASSP,
ADSSP and CSP treatments for both as-built and heat-treated samples.

This phenomenon can be attributed to several mechanisms associ-
ated with the impact of high-velocity shot particles on the material’s
surface: (i) when SP is applied to AM materials, the high-energy impacts
of the shot particles create compressive stress waves that propagate
beneath the surface. These stress waves induce plastic deformation in
the material, causing localized surface expansion. As a result, the ma-
terial experiences CRS near the surface, which can contribute to sub-
surface pore closure; (ii) moreover, during the SP process (or other
impact-based techniques such as UNSM, USP, etc.), the plastic defor-
mation and compression of the material promote the movement and
rearrangement of its microstructural features, including pores. The high
intensity impacts of the shot particles exert pressure on the material,
leading to the closure of sub-surface pores. This closure occurs as the
material’s particles are displaced, pressed, and rearranged, effectively
reducing the size and accessibility of the pores; (iii) additionally, the
plastic deformation induced by SP can result in a densification effect in

surface layer (as shown in Figs. 4 and 5). As the shot particles strike the
surface of material, they create localized deformation zones that cause
the material to flow and compact. This compaction effect contributes to
pore closure by squeezing and compacting the material around the
pores, reducing their size and diminishing their connectivity. By pro-
moting plastic deformation and compaction in the material, SP, like
other mechanical surface treatments, facilitates the closure of sub-
surface pores in AM materials. Overall, the combination of compres-
sive stress waves, plastic deformation, and densification effects induced
by high-velocity impacts helps minimizing porosity and improving
mechanical properties, and fatigue resistance of the material.

3.3. Surface morphology and roughness analyses

Surface morphologies of the AB series and SP treated samples ob-
tained from SEM and confocal microscopy observations are presented in
Fig. 8a. Different types of surface imperfections, including randomly
positioned unmelted and partially melted powders as well as spatters
can be observed on the surface of AB and AB + HT samples. However,
these surface defects were considerably removed after applying SP
treatments resulting in highly uniform surface morphologies with a
particular pattern of dimples and overlaps typical of the SP process.
Fig. 8b depicts the surface roughness measurement results regarding R,
and Rg. The results reveal that R, values of AB and AB + HT samples with
9.34 and 9.26 pm, respectively, were reduced after applying CSP, SSP,
ASSP and ADSSP down to 6.1, 8.68, 8.34, 5.23, 7.70, 8.91, 7.59 and
5.68 pm for AB + CSP, AB + SSP, AB + ASSP, AB + ADSSP, AB + HT +
CSP, AB + HT + SSP, AB + HT + ASSP and AB + HT + ADSSP samples,
respectively. However, the surface roughness values after OSP were
enhanced to 10.12 and 12.02 pm for AB + OSP, and AB + HT + OSP
samples, respectively, exhibiting adverse effects of OSP on surface
roughness modification. In addition, the surface roughness of the sam-
ples with initial as-built configuration is lower than the ones with initial
heat-treated states. This can be attributed to the lower strength of heat-
treated samples allowing the different SP treatments to form deeper
dimples on the treated surfaces. It should be noted that other roughness
parameters, such as Rq values that are not presented for brevity, showed
a similar trend with R,. Fig. 8c illustrates the effects of each SP treatment
on surface roughness variation in terms of R, compared to the as-built
state. It can be noted that ADSSP had the most decisive influence on
surface roughness reduction with —44 and —39% roughness variation in
AB + ADSSP and AB + HT + ADSSP samples, respectively.

Gradual raising of the projection pressure in the ASSP and ADSSP
treatments with the same peening duration of OSP acts as a pre-
hardening stage for the subsequent higher pressures, which leads the
material to avoid forming high surface roughness and surface defects.
During ASSP, on the other hand, as the pressure grows ascendingly
during the exposure time, instead of forming dimple-shaped surface
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Fig. 8. (a) Surface morphologies of the as-built series and SP treated samples obtained from SEM and confocal morphological observations (b) Surface roughness in
terms of R, and Ry in all sets of samples (c) Comparison of the effects of each SP treatment on surface roughness variation in terms of R, compared to the as-built state.
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Fig. 9. Microhardness profiles for all sets of samples with initial (a) as-built and (b) heat-treated configurations; The distributions of residual stresses for all sets of

samples with initial (a) as-built and (b) heat-treated states.

morphologies (similar to the ones in samples with treated SSP and OSP),
a relatively smoother surface with hierarchical roughness is obtained.
Dealing with ADSSP, a smoother surface with very low dimple-shaped
surface morphology as well as lower hierarchical roughness was ob-
tained. The first ascending stage is mainly used for applying plastic
deformation. In contrast, besides inducing plastic deformation, the
second descending stage primarily acts as a re-peening process to reduce
surface roughness.

3.4. Microhardness and residual stress measurements

The microhardness profiles for the as-built and heat treated series are
depicted in Fig. 9a and b, respectively. AB + HT samples, due to higher
ductility and lower strength, demonstrated lower microhardness
compared to the as-built series. In addition, shot peened samples
exhibited significant surface layer hardening with the highest micro-
hardness improvement on the top surface, gradually decreasing through
the interior. This considerable surface layer grain refinement can be
justified by forming gradient microstructural features and reducing
grain size following the Hall-Petch relation [63]. Surface microhardness
improvements of 11, 17, 26, 24, 23, 13, 22, 41, 37 and 25% were ach-
ieved for AB + CSP, AB + SSP, AB + ASSP, AB + ADSSP, AB + HT + CSP,
AB + HT + SSP, AB + HT + ASSP and AB + HT + ADSSP samples,
respectively. The results reveal higher hardness improvement in HT
samples due to their lower strength.

Residual stress distributions from the top surface through the bulk
material in the samples with as-built and heat-treated initial states are
presented in Fig. 9¢ and d, respectively. It can be observed that the
tensile residual stresses in the AB sample are released and transformed
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into compressive ones in the AB + HT sample. In addition, shot peened
samples exhibit high CRS with surface residual stresses of 55, -54, —43,
—46, —45, —66, —25, —21, —12, —16, —15, —22 MPa measured for AB,
AB + CSP, AB + SSP, AB + ASSP, AB + ADSSP, AB + HT, AB + HT +
CSP, AB + HT + SSP, AB + HT + ASSP and AB + HT + ADSSP samples,
respectively. Also, the highest maximum in-depth CRS of —156, —206,
—189, —194, —-162, —121, —152, —168, —180 and —190 MPa are
determined for shot peened samples of AB + CSP, AB + SSP, AB + ASSP,
AB + ADSSP, AB + HT + CSP, AB + HT + SSP, AB + HT + ASSP and AB
+ HT + ADSSP, respectively at a depth of 200-300 pm beneath the
surface. Due to the gradual increase in the intensity of GSSP treatments
induced, higher CRS, especially in the samples with a heat-treated initial
state, were induced.

3.5. Fatigue behavior

As illustrated in Fig. 10a, rotating bending fatigue test results
demonstrate that all the applied treatments, including SP processes and
their combination with HT, positively influence the fatigue behavior of
hourglass PBF-LB AlSi10Mg samples.

Due to its efficiency in microstructural homogenization, ductility
improvement, and release of tensile residual stresses, the heat treatment
enhanced the fatigue life. While SP improved the fatigue behavior due to
sub-surface pores closure, surface roughness reduction, enhanced sur-
face layer hardness, and inducing significant in-depth CRS. It should be
mentioned that the hybrid HT + SP treatments exploit the positive ef-
fects of both surface and bulk treatments. Considering the fixed stress
amplitude of 110 MPa, average fatigue lives of 1.95 x 10°, 4.66 x 10°,
5.71 x 10%, 4.19 x 10%, 6.98 x 10%, 7.5 x 105, 5.51 x 10%, 5.24 x 105,
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Fig. 10. (a) Rotating bending fatigue test results at a fixed stress amplitude of 110 MPa for all sets of samples (b) Fatigue life enhancement of post-processed samples
compared with the as-built state. (¢c) SEM images of fracture surfaces of all sets of samples showing crack initiation site and crack propagation direction.
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4.38 x 10%,8.15 x 10% and 9.84 x 10° cycles were obtained for AB, AB
+ CSP, AB + SSP, AB + ASSP, AB + ADSSP, AB + HT, AB + HT + CSP,
AB + HT + SSP, AB + HT + ASSP and AB + HT + ADSSP samples,
respectively. Although the OSP treatment increased the fatigue life
compared to AB and AB + HT samples, it had the lowest efficiency
compared with other SP processes (including CSP, SSP and GSSPs) due
to the excessive surface roughness and formation of micro-crack surface
defects.

Fig. 10b depicts the corresponding fatigue life improvement of post-
processed samples compared with as-built and heat-treated states
demonstrating that ADSSP had the highest efficiency in fatigue behavior
enhancement followed by ASSP, SSP, CSP, and OSP, respectively.

The use of GSSP treatments resulted in further enhancements in fa-
tigue behavior. This can be attributed to several factors. Firstly, the
GSSP process led to a significant refinement of the surface layer grains,
resulting in improved material strength and resistance to fatigue failure.
Additionally, the GSSP treatments contributed to higher Si density in the
surface layer. Moreover, GSSP treatments induced high levels of CRS at
the surface and in-depth, which are known to increase the fatigue
strength of the materials. The considerable depth achieved with closed
sub-surface pores in GSSP treated samples also played a role in
improving fatigue behavior by reducing the number of stress concen-
tration sites and thus lowering the likelihood of crack initiation.
Furthermore, GSSP treated samples exhibited lower surface roughness,
which is beneficial for fatigue resistance as it reduces the risk of surface
stress concentration and the initiation of fatigue cracks. In terms of
specific performance improvements, the ADSSP treatment significantly
enhanced fatigue life up to 38 times (AB + ADSSP) compared to the AB
sample and 50 times (AB + HT + ADSSP) compared to the AB + HT
sample. Similarly, the ASSP treatment improved fatigue life up to 35
times (AB + ASSP) compared to the AB sample and 41 times (AB + HT +
ASSP) compared to the AB + HT sample. Although less than GSSP
treatments, also the CSP and SSP treatments also showed substantial
improvements, increasing fatigue life by approximately 25 and 30 times,
respectively, compared to the AB and AB + HT conditions.

Fig. 10c represents the SEM images of the fracture surface of the
failed samples after fatigue tests. In the AB, AB + OSP, AB + HT and AB
-+ HT + OSP samples, the cracks initiated from the surface and propa-
gated to the other side due to the very poor surface quality and high
surface roughness. However, in the shot peened samples (both AB and
HT configurations), similar sub-surface crack initiation patterns were
observed due to high CRS.

4. Conclusions

As PBF-LB materials exhibit high internal and surface anomalies in
as-built condition, applying favorable post-processing methods to
address these imperfections to achieve higher performance in terms of
mechanical properties is essential. The present study investigated the
effect of a novel SP treatment named GSSP on PBF-LB AlSi10Mg for the
first time to address the issues associated with common SP treatments.
Comprehensive experimental analyses were conducted to highlight
higher beneficial effects of GSSP compared to the preveisluy known SP
processes of CSP, SSP and OSP. According to the obtained results, the
following points can be concluded.

e GSSP, like the other high-energy SP treatments, can simultaneously
form microstructural and chemical gradients in the top surface layer
of the treated material. The formation of nanostructured grains in the
surface layer with higher Si content led to increased surface layer
hardening. The surface hardness after ASSP and ADSSP improved up
to about 25% starting from the as-built condition and up to 37 and
25% starting from heat treated state, respectively.

All the applied SP treatments positively affected sub-surface pore
closure but to different extents. ASSP was the most efficient in pore
closure with an affected depth of about 160 pm in both as-built and
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heat treated states compared to the ADSSP with 102 and 121 pm
depth in as-built and heat treated conditions, respectively. It should
be noted that CSP could close the sub-surface porosities just up to the
depth of 30 pm.

The tensile surface residual stresses in the as-built configuration (55
MPa) were transformed to high CRS in the shot peened and heat
treated series. All the considered SP treatments on samples with the
as-built initial state (—43 to —66 MPa) and heat treated initial con-
ditions (—12 to —25 MPa) were induced in the same range of CRS.
ASSP and ADSSP treatments exhibited higher in-depth CRS up to
—200 MPa in both as-built and heat treated conditions.

ADSSP had the highest effect on surface roughness reduction, down
to about 40% compared to initial as-built and heat treated states,
followed by CSP/ASSP and SSP, respectively. At the same time, OSP
increased the surface roughness due to the formation of high over-
lapping peaks and deep valleys on the surface. In the samples sub-
jected to GSSP treatments, due to gradual variation of the projection
pressure, which acted as a pre-hardening/smoothening stage for the
subsequent pressures, a more uniform surface with shallower
dimple-shaped surface morphologies can be obtained.

ADSSP treatment exhibited the highest effectiveness for improved
fatigue life, followed by ASSP, SSP, CSP, and OSP, respectively. GSSP
treatments led to higher fatigue behavior enhancement due to the
significant surface layer grain refinement, hardening and higher Si
content, high surface and in-depth CRS, considerable depth with
closed sub-surface pores, and lower surface roughness. ADSSP
improved the fatigue life up to 38 and 50 times higher compared to
the AB and AB + HT samples, respectively, and ASSP enhanced the
fatigue life up to 35 and 41 times in comparison with AB and AB +
HT series. While CSP and SSP improved the fatigue life up to about
25 and 30 times higher, respectively, compared to the AB and AB +
HT states.
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