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Abstract

Complex geometries can be produced by laser powder bed fusion (LPBF) techniques in a layer-by-layer
manner. These parts exhibit inhomogeneous microstructure and poor surface quality in their as-built state.
Performing post-treatments to modify these imperfections can play a substantial role in enhancing the
performance of LPBF parts. However, the effects of post treatments on local geometrical irregularities are
not still well documented. In this study, four different post-treatments including heat treatment, mechanical
and chemical surface treatments as well as their combination were considered. Their effect was studied on
microstructure, surface, and mechanical properties of LPBF V-notched AISil0Mg samples. The as-built
samples were subjected to two different shot peening processes (using different Almen intensity, shot
diameter, and shot hardness), chemical polishing and electro-chemical polishing, in individual and
combined configurations. Comprehensive microstructural characterization was carried out and the surface
state of the samples was studied in detail in terms of surface morphology and roughness. In addition,
mechanical properties including microhardness and residual stresses were measured and finally fatigue
behaviors of the samples were determined and compared at a constant stress level. All post treatmemnts led
to improved fatigue life. The combination of the aforementioned post-treatments led to a remarkable fatigue
life improvement up to 414 times compared to the as-built state.

Keywords: laser powder bed fusion (LPBF), shot peening, heat treatment, chemical polishing, fatigue,
notch, AISil0Mg

1. Introduction

Laser powder bed fusion (LPBF) is one of the most widely used additive manufacturing (AM)
technologies, used to fabricate mechanical components with intricate geometries. LPBF metallic materials,
due to the complex physical phenomena of melting, solidification and rapid cooling occurring during the
fabrication process are characterized with different types of surface and bulk defects [1]. These materials
exhibit highly inhomogeneous and anisotropic microstructures [2], internal and sub-surface porosities [3],
high tensile residual stresses [4,5], and quite poor surface quality [6], in their as-built state. Internal defects
and pores form by the entrapment of inert gas in the melt pool during the melting of powder [7,8], or due
to the lack of fusion caused by insufficient choosing of the LPBF process parameters such as high laser
power and scanning speed [9]. Surface related imperfections characterized by irregular and randomly
positioned surface features, are mainly caused by the presence of partially melted or unmelted feed-stock,
spatters, balling effects, melt-pool instability, stair-case effects, and support removal [6,8,10,11]. In
addition, geometrical features and orientation of specific surfaces with respect to the build direction have
defining roles on the surface quality of LPBF parts in terms of roughness and irregularities.
Each AM technology can be controlled by a set of specific parameters known as process parameters the
alteration of which directly affects the properties of the fabricated material in terms of internal and surface
quality [12]. Considerable effort has been recently put into the investigation of the role of process
parameters in LPBF technology to obtain their optimal range for fabrication of Al alloys [13-16]. The
process parameter optimization has been mostly performed with the aim to modulate a specific physical or
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mechanical property such as porosity, yield and ultimate tensile strength, hardness and surface roughness.
However, once the fabrication process is optimized to minimize the remaining surface and bulk defects that
could not be addressed due to the technological limits, post-treatments can come into play to address the
shortcomings related to the surface state of the samples.

The defects of as-built AM material and in particular the presence of irregular and inhomogeneous surface
features act as stress concentration sites causing early crack initiation [17-19], which directly affect the
load bearing properties of the AM materials especially under cyclic loading [20,21]. Therefore, application
of post-treatments on AM parts can play a crucial role in modifying their mechanical performance. Dealing
with internal defects, heat treatment (HT) can be employed for relaxation of the tensile residual stresses and
homogenizing the microstructure; hot isostatic pressing (HIP) has been also used for reducing the internal
porosities [22,23]. Regarding surface characteristics that have a defining role in mechanical performance
of LPBF parts, as most of mechanical failures such as fatigue are remarkably sensitive to the surface
properties, a wide range of post-treatments have been suggested [2,24-28]. Surface post-treatments for AM
have been categorized into four major groups including treatments that are based on material removal, no
material removal and coatings as well as hybrid treatments [29]. In the treatments based on material removal
such as chemical treatments, desirable surface morphology can be obtained by removing a thin surface layer
of material, without interfering with the other physical/microstructural properties of the AM material.
Chemical post-treatments offer the possibility to reduce the surface roughness of an AM part especially
those with complex geometries such as lattice and cellular structures as well as notched geometries. In this
regard, different chemical treatments have been suggested including chemical etching [30—32], chemical
machining [33], chemical brightening [33], chemical polishing (CP) [34,35] and electrochemical polishing
(ECP) [36]. These chemical treatments are mostly similar and are all based on dipping the AM part in baths
of chemical solutions. The differences are related to the process duration, temperature or voltage of the
solution, which affect the extent of the material removal. For instance, Jung et al. [37] investigated the
influence of ECP considering different times and voltages on surface properties of PBF pure Ti samples.
The results indicated that ECP with 600 s and 30 V had the best performance for roughness reduction.

On the other hand, surface post-treatments based on no material removal such as shot peening (SP),
induce homogeneous and regular surface morphological features besides other beneficial effects such as
surface layer hardening and inducing compressive residual stresses [38], which can have remarkable effects
on the improvement of mechanical properties and fatigue behaviour of the AM materials [17,39-46]. SP is
a cold working process based on surface plastic deformation in which the target surface is impacted with a
flow of small shots under controlled conditions [47-50]. It can considerably improve the surface and sub-
surface properties in AM materials; however, the issues associate with bulk material cannot be tackled by
SP. Thus, due to the requirements of the final applications, different post-treatments can be combined as
hybrid treatments to obtain the desirable surface or bulk properties for AM metallic materials. Synergetic
influences of SP combined with HT were studied on LPBF AlSil0Mg smooth fatigue samples, which
revealed surface morphology modification and fatigue properties improvement [51]. Different
combinations of post-treatments including HT, sand blasting (SB) and chemical etching were also
performed on LPBF Ti-6Al-4V lattice parts which led to notable surface roughness reduction after applying
hybrid treatment compared to as-built state [52].

Most studies till now have been dealing with smooth surfaces and standard geometries for AM
fabricated samples. However, more intricate geometries, that are indeed the point of strength of AM, should
be treated differently as they can respond to the post-treatments in a distinct way different from the smooth
surfaces. Notched AM parts are known to represent a more inhomogeneous surface roughness depending
on the orientation of the surfaces with respect to the build direction. Past studies have shown that the notch
area especially on its downward face contains higher extent of surface imperfections that can have adverse
effects on the part’s fatigue behaviour [53-55]. Machining is a commonly used process for removing the
surface irregularities of as-built blunt notched AM parts [56,57]. However, machining of sharp notches with
small notch root radius is quite challenging if not impossible. Consequently, using other alternative surface
post-treatments on the notched AM parts can represent a key to address the surface imperfection issues.



Following our previous study, which surveyed the effects of different post-treatments of HT, SP and
their combination on fatigue strength of notched LPBF samples [58], in this study we investigated the
effects of CP and ECP post-treatments applied on as-built and HT series, and compared the results also
with those obtained after SP treatment, both separately and combined together, on microstructure,
mechanical properties and fatigue behavior of LPBF V-notched AlISil0Mg samples. We studied the
considered treatments on V-notched samples with the peculiarities that are associated with the upskin and
downskin zones. Furthermore, the combination of different mechanical and chemical surface-post
treatments together also provides additional insight on the efficiency of such treatments on inclined
surfaces. For each of the individual post-treatments, two different set of parameters were considered. Two
SP treatments performed by steel and ceramic shots with different Almen intensities; and two processes of
chemical polishing (CP) and electro-chemical polishing (ECP) were applied. Comprehensive experimental
tests including microstructural characterization, porosity and surface morphology analysis as well as
mechanical characterization including rotating bending fatigue tests were performed on as-built and heat
treated samples before and after applying SP, CP and ECP treatments.

2. Experimental procedure
2.1. Sample preparation

Gas atomized spherical powder of AlSi10Mg (SLM solutions Group AG, DE) with particle size of 20-
63 pm and mean diameter of 46.65 um was used for LPBF samples manufacturing. Table 1 shows the
nominal chemical composition of the feedstock material. The samples were fabricated via SLM 500 HL
systems (SLM Solution Group AG, DE) with Yttrium fiber lasers. LPBF process parameters included spot
diameter of 78 um, laser power of 350 W, and scan speed of 1150 mm /s, layer thickness of 50 um and
hatch distance of 170 um. In this study, the LPBF process parameters are referenced to a previous work of
the authors [51]. The parameters were optimized for the powder type and the SLM system used for the
fabrication of the samples. Vertical direction considering a scanning strategy of 67° rotation between the
layers and contour remelting were implemented. The relevant scanning strategy is depicted in Fig. 1a. The
baseplate was pre-heated to 150 °C and the chamber was flooded with argon gas, keeping the oxygen
content below 0.2% during the fabrication process. These parameters were optimized in a previous study
performed by some of the authors [51]. Wire electrical discharge machining was used to detach the
fabricated samples from the build plate. Cylindrical samples with V-shaped notches (elastic stress
concentration factor (K;) of 2.43) were produced. Fig. 1b illustrates the shape and size of the notched fatigue
samples.

Table 1. Nominal chemical composition of AlISil0Mg powder
Element Al Si Fe Cu Mn Mg Zn Ti Ni Pb Sn
Actual Balance 9.87+1 0.07 <0.01 0.002 0.35+0.15 <0.01 <0.01 <0.01 <0.01 <0.01
(Wt%)




(a) () 2
N
~ = ©
E f"——__)
= » 8
g @ - R g
= /’ X 2 S
= PN =
= 4 N,
@ ’I ,l{t R E=
+ L a | 3
VAN 120
A
roro z
i NN /T _
Y \\ N i \\ £ a ~— i
[ S Y p
, N, DETAIL A
[ S Y I SCALEB:1
1 L |

A H12

Fig.1. (a) Schematic illustration of scanning strategy used in this study. (b) Shape and size of the cylindrical V-notched
fatigue sample with R1 notch root radius (all dimensions are presented in mm).

2.2. Post-treatments
Three different post-treatments were performed on the samples. The first one, HT, was aimed at

modifying the microstructural and residual stresses, whereas the other two were surface treatments mainly
dealing with surface imperfections.

T6 thermal treatment as a common treatment for Al alloys was performed on half of the samples
according to the time and temperature intervals recommended by Aboulkhair et al. [59]. The final
quenching step in water was considered according to the study carried out by Gharavi et al. [60] which
followed the ASM standard [61]. The samples were heated up to 560 °C, solution heat treated for 1 h,
quenched in water with a storage time of 1 h, followed by heating up to 160 °C and ageing for 6 h at 160
°C with final quenching in water [51].

Two different SP treatments were performed using different types of impacting media and also different
Almen intensities. Table 2 represents the details of considered SP processes with steel and ceramic shots
applied on both as-built and heat treated samples. Almen intensities were determined according to the SAE
J443 standard [62]. The two SP treatments (SP1 and SP2) were performed on both as-built (AB) and heat
treated (HT) samples. Hence six different sets of samples were considered to study the sole influence of
each post-treatment as well as their hybrid conditions, ie., AB, AB+HT, AB+SP1, AB+SP2,

AB+HT+SPland AB+HT+SP2.
Table 2. Details of the applied SP treatments on LPBF AlSi10Mg samples

SP treatment Shot Shot Shot Shot Almen Surface
material hardness standard diameter intensity coverage (%)
(HRC) category (mm) (A 0.001
inch)
SP1 Steel 48-50 S 170 0.43 10 100
SP2 Ceramic 60-62 Z 100 0.1-0.15 5 100

In addition, two different chemical treatments including CP and ECP were carried out on both as-built
and heat treated series. As there is no available data in the literature about the optimized conditions of CP
and ECP processes on LPBF AlSi10Mg, different process parameters were considered for both chemical
treatments. 12 different conditions were designed for each CP and ECP on as-built state and then the
optimized parameters were selected for both treatments in terms of highest roughness reduction.

In CP process, two parameters of temperature and time were considered to control the process. The CP
experiments were performed using bath of solution of 900 mL H»O + 200 g Nitrate (NO-3)+ 375 g NaOH
in three different temperatures of 25°C (room temperature), S0°C and 75 °C and 4 different polishing times
of 60s, 120 s, 180 s and 240 s. In ECP treatments, two parameters of voltage and exposure time were



considered for controlling the process. ECPs were carried out using bath of 400 mL solution with 94%
Acetic acid (CH3COOH)+6% Perchloric (HC1Os) acid at three different voltages of 5V, 10 V and 15 V
and 4 different times of 60 s, 120s, 180 s and 240 s. After the chemical treatments, the samples were
immediately washed with water and then ultrasonically cleaned in a solution of 50% acetone and 50%
desalinated water. Selected CP and ECP parameters were applied to as-built sample leading to two series
of AB+CP and AB+ECP. Then, between the CP and ECP, the treatment that had the highest effect on
fatigue behavior improvement of as-built state was chosen to apply on the other sets of heat treated and
shot peened samples (mentioned above). Fig. 2 reveals the schematic illustration of the applied surface
post-treatments in this study including SP, CP and ECP considering details of each process.

2.3. Tensile strength test

Monotonic tensile tests were carried out on dog-bone as-built and heat treated sets using three samples
per each. The samples were tested following ISO 6892-1 on an MTS Alliance RT/100 machine at a strain
rate of 0.7 mm/min up to 2% strain with constant rate of 2 mm/min. To measure the material elongation
during the experiment, an extensometer was attached to the samples.

2.4. Microstructural characterization

Firstly, samples were cut in longitudinal and transversal sections with respect to the build direction and
then were impregnated in hot mounting resin. The polishing steps were carried out with final step of
polishing using silica suspensions. The polished cross-sections were chemically etched for 20 s in Keller's
reagent (95% pure H>O, 1% HF, 1.5% HCI, 2.5% HNOs3). The microstructural characterization was carried
out using a Nikon Eclipse LV150NL optical microscope (OM, Nikon Corporation, Japan) and a high
resolution Zeiss Sigma 500 VP field-emission scanning electron microscope (FE-SEM, Carl Zeiss
Microscopy GmbH, Germany) equipped with energy dispersive spectrometry (EDS) and electron
backscattered diffraction (EBSD). AZtecHKL software was used to process the EDS and EBSD data.

Shot peening Chemical polishing Electro-chemical polishing
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Fig. 2. Schematic illustration of the applied surface post-treatments in this study including (a) SP, (b) CP and (c) ECP.

2.5. Porosity measurement

Image based analyses were employed for porosity measurements on the notch area of the samples.
Three different surfaces including top (xy-plane), middle (yz-plane) and bottom (xy-plane) surfaces of notch
area were considered for SEM observations. Three back scattered electron SEM (BSE-SEM) images were
taken from random areas of each polished surfaces. Three additional OM images were used for sub-surface
porosity analysis of all sets of samples. ImagelJ software [63] was employed for analyzing the BSE-SEM



micrographs. Also, the t-student test was utilized to obtain statistical significance between different sets of
samples.

2.6. Surface roughness measurement and morphology observation

Surface roughness measurements were performed via Mahr Perthometer (PCMESS 7024357) equipped
with MFW 250 probe with a tip diameter of 5 um. EN ISO 4287 standard [64] was followed for sampling
and cut-off wavelengths and the filtering parameters. Three samples were considered for each series and
three measurements were applied on random surface areas of each. Average values of profile roughness
parameters including arithmetic mean (R,), root mean square (Ry), maximum height of the profile (R:) and
the mean maximum height (R,) were obtained for each set. Surface morphological analysis were performed
using a Zeiss EVO50 SEM on both the notch area and the smooth cylindrical area 1 cm above the notch.
Before both surface roughness measurements and surface morphology observations, the samples were
ultrasonically cleaned in a solution of 50% acetone and 50% desalinated water for 10 min.

2.7. Microhardness measurement

Microhardness tests were performed on finely polished cross-sections of samples using a Leica
WMHT30A micro Vickers hardness tester. Loads of 25 gf and dwell time of 15 s were used for each
indentation. Measurements were performed on transversal section (xy-plane) and 5 different paths were
considered for each sample starting at a depth of 40 pm from the sub-surface towards the core material up
to a depth of 740 pm with an interval distance of 50 pm.

2.8. Residual stress measurement

X-ray diffraction (XRD) was employed to obtain the distributions of residual stresses along a
perpendicular path with respect to the build direction starting from top surface. AST X-Stress 3000 portable
X-ray diffractometer with CrKa radiation, AK alpha 1 = 2.2898 A, irradiated area of 4 mm diameter, and
sin’(y) method, was used. Diffraction angle (20) of 139° corresponding to {311}-reflex was scanned with
a total of 7 Chi tilts between 45° and —45° along three rotations of 0°, 45°and 90° with a constant step size
0f 0.028°. Measurements were applied gradually by removing a very thin layer of material about 20 um up
to the depth of 200 pm; the step size was increased to 40 um for depths> 200 um; material removal was
performed through electro-chemical polishing with a solution of acetic acid (94%) and perchloric acid (6%)
at a voltage of 40 V for 45 s. Precision Mitutoyo micrometer (IDCH0530/05060) was used to determine the
depth of material removal in each removing step. XRD is the most widely used method for residual stress
measurements and also electro-polishing is mostly used for in-depth material removal as this method does
not have any considerable effects on inducing other residual stresses if the process parameters are selected
correctly [65,66].

2.9. Fatigue tests and fractography analysis

Fatigue behavior of LPBF V-notched AISi10Mg were analyzed via rotating bending fatigue tests at a
stress ratio of R=—1 at room temperature and air relative humidity of about 50%. Italsigma (IT) equipment
with rotational speed around 2500 rpm was used. In order to compare the influence of the applied post-
treatments on fatigue life of the notched samples, fatigue tests were performed at fixed amplitude stress of
110 MPa with a run-out limit set to 6 x 10° cycles for all sets. Three samples were tested at mentioned stress
level and the average of obtained fatigue lives of each set is reported. In addition, fractography analysis
was carried out on the failed samples STEREO discovery V12 Zeiss.

3. Results and discussions
3.1. Tensile test

Quasi-static mechanical properties of the AB and AB+HT samples were obtained using tensile test on
three samples [51]. For AB series, the values of 72+1.5 GPa, 273+3 MPa, 393+20 MPa and 2.5+0.4 %
were obtained for Young modulus, yield stress, ultimate stress and elongation, respectively. The AB+HT
samples, on the other hand, exhibited tensile properties of 73+1 GPa, 201+6 MPa, 265+9 MPa and 13+1 %



for the aforementioned parameters, respectively. The results reveal the remarkable influence of the applied
heat treatment, i.e., 5-fold higher elongation of the material and therefore high ductility improvement, even
though the yield and ultimate strength were reduced. Grain growth occurred after heat treatment can be the
major reason for the observed trend, which can be justified by Hall-Petch relation [67]. The elastic modulus
in both AB and AB+HT samples were similar to the cast material reported in EN1706 [68]. The elongation
of the AB series is also analogous to the cast material. The high yield and ultimate tensile strength of AB
sample is related to the fine grain size caused by high cooling rate of about 10°K/s of melt pool occurring
during the LPBF process [69,70].

3.2. Microstructural analysis

Different analyses using OM, FESEM, EBSD and XRD were performed for microstructural

characterization of the LPBF AlSilOMg. Firstly, the AB and AB+HT samples were investigated in detail
and then the plastically deformed surface layers of the shot peened samples were analyzed. Fig. 3 presents
the microstructural observations for AB and AB+HT samples. Fig. 3a, reveals the comparison of the general
microstructure of the AB and AB+HT samples in transversal (xy-plane) and longitudinal (yz-plane) cross
sections obtained by OM. In longitudinal section of AB, the melt pool morphologies and hatching lines are
clear and grains elongated along the build direction can be observed. Whereas micrographs from the
transversal section of AB, exhibit the melt pool tracks and the inhomogeneous microstructure orientated
following the 67° rotation strategy implemented between the subsequent layers. On the AB+HT sample, on
the other hand, melt pool morphologies and hatching traces are mostly faded leading to a notable
homogeneity in both cross-sections. Also, spherical and irregular pores can be seen in both AB and AB+HT
samples.
Fig.3b illustrates the FESEM observations of AB and AB+HT samples on their longitudinal cross-sections
(yz-plane). In AB sample, fibrous Si networks surrounded by o-Al matrix can be observed; while in the
AB+HT sample, remarkable homogeneity was obtained by transformation of the Si networks to Si spherical
particles that were homogeneously dispersed in the Al matrix, as also previously reported by Wei et al.
[71]. Also, needle-like Mg,Si precipitates formed after T6 heat treatment [72,73], are present in the Al
matrix. In addition, EDS elements maps corresponding to the FESEM scanned area for both AB and
AB+HT samples are shown in Fig. 3b; these maps clearly indicate the segregation of Si particles spread in
boundaries of a-Al matrix in AB+HT sample.

Fig. 3¢ represntes the output of EBSD analyses in transversal cross-sections (xy-plane) of AB and
AB+HT samples. The band contrast images hughlight a remarkable inhomogenity in grains morphology
for the AB sample in comparison with the AB+HT one. As the solidification of grains in LPBF AISi10Mg
is facilitated along the build direction (z-dirction) due to epitaxial growth [74,75], the z-direction was
considered for EBSD inverse pole figures (IPF-Z) maps based on crystallographic parameters of the Al
phase. Epitaxial growth of grain is occured within solidification as a consequence of directional heat
transfer in LPBF fabricated materials [76]. Si phase was not considered for diffraction to avoid interference
with Al and also to get highest resolution. In the IPF-Z maps randomly oriention of the grains are can be
seen, but grains oriented along (001) (parallel to the build) direction are dominating in both AB and AB+HT
samples. In the AB sample relatively small equiaxed grains were formed mostly along the melt pool
boundary, which is a common phenomenon in LPBF AlISi10Mg [77]. This is mainly due to variation of
cooling rate at the centre and boundaries of melt pool. The applied heat treatment is noted to cause grain
growth in the samples.

Fig. 4a depicts the XRD patterns of all sets of samples and Fig. 4b illustrates the primary and secondary
peaks of the XRD patterns. Compared to the as-built and heat treated states, the intensities of the primary
and secondary peaks are enhanced in the shot peened samples and the peaks are shifted towards different
diffraction angles. The presence of Mg,Si peak confirms the FESEM observations. Mg»Si peak intensities
are not so high due to the low content of Mg (0.35 wt%) in the feedstock alloy. In addition texture coefficient
analysis was carried out using Harris’ equation, which calculates the degree of preferred orientation through
ratios between the measured peak intensities and database intensities for the same material [78], as shown
in Fig. 4c. Texture coefficient of 1 is related to material’s database and the texture coefficient of 3.5 is



corresponding to the complete preferred orientation in the plane. Peaks of Al (111), Al (200), Si (111), Si
(311) and Mg>Si (220) were considered. AB+HT+SP2 sample exhibited the highest texture coefficient with
3.24 in Al (200) followed by AB+HT+SP1, AB+SP2, AB, AB+SP1 and AB+HT samples with 2.53, 1.85,
1.42, 1.1 and 0.64, respectively; this observation indicates considerable shifts from the preferred orientation
in the columnar grown considering texture coefficient of 1. In addition, texture coefficients for Mg»Si (220)
were only obtained in the heat treated samples (AB+HT, AB+HT+SP1 and AB+HT+SP2).

AB+HT

Build direction

x\—N

Al Kal

Si Kal Si Kal Mg Kal 2

Fig. 3. Microstruc
microstructure of the AB and AB+HT samples in transversal and longitudinal cross-sections adopted from [58] (b)
FESM observations of longitudinal and transversal cross-sections indicating the Si phase morphology and the
corresponding EDS maps (c) Band contrast images and IPF-Z maps in transversal cross-sections for AB and AB+HT
samples adopted from [58].
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The results of different analyses of crystallographic orientation, grain boundary, recrystallization,
Kernel average misorientation (KAM) and strain contouring performed by processing the EBSD results for
the surface layer of the shot peened samples are shown in Fig. 5a and 5b. Transversal cross-section (xy-
plane) along the building direction was conidered for all shot peened sets. IPF-Z maps reveal the random
orientation of the grains in the surface layer compared to the dominant (001) orientation in the core material.

Grain boundaries with orientation of 2°< and 5°< were considered for processing. The grain boundary
graphs, a higher density graind indicationg some extent of grain refinement could be observed near to the
top surface of SP series. The observations confimred the presence of gradiant microstructures on SP series
starting with ultrafine-grained (UFG) structure (< 0.5 um) on the top surface layers gradually increasing to
reach the original grain size at subsurface. SP1 treatment with higher intensity was found to be more
effective regarding in-depth grain refinement on both AB and AB+HT series upto a depth of about 25 and
20 um, respectively. SP2, on the other hand, showed thinner grain-refined layers with depths of about 12
and 7 pm on AB and AB+HT samples, respectively. It should be noted that both SP treatments were found
to be more effective on AB samples rather than the AB+HT ones, due to the lower ductility and
conformability of the material in AB condition.

Recrystalliazation graphs depict the distributions of recrystallized, substructured and deformed grains.
In AB+SP2, AB+HT+SP1 and AB+HT+SP2 samples, deformed grains are mostly seen on the top surface
layer upto the depth of about 15 pm; these samples have relatively high amounts of substructured grains
and less scattered recrystallized grains. However, in the AB+SP1, due to the higher kinetic energy of the
Applied SP treatment combined with the lower ductility of the base material in AB configuration, a very
dense layer of highly deformed grians is generated on the top surface layer, which is gradually decresaded



through the ending part of the scanned area. In this sample, due to the presence of large number of deformed
grians, the density of recrystallized and substructured grains are reduced considerably comapred to the other
SP series.

KAM values can be used as an index of high plastic defrmation [79,80]. In all SP series, most
concentrations are observed in the top surface layer with gradual reduction through the interior parts. The
maximum KAM values were found in the regions with higher densities of refined grains.

Strain contouring maps can reflect the plastic strain variations of material after SP. The obtained strain
contouring maps indicate that the strain increased from the bulk material to the shot peened surface. The
strain values of the localized deformation for AB+SP1, AB+SP2, AB+HT+SP1 and AB+HT+SP2 samples
are determined as 9.4, 6.4, 5.7 and 5.1 respectively. High grain refinment and surface layer hardening after
SP lead to the increase of the plastic strain; as expected, the treatment with the highest intensity and kinetic
energy (SP1) was the most efficient in inducing plastic strain. The variations of strain values are in
agreement with the variations in the grain boundaries and misorientation distributions. In addition, it can
be observed that the maximum values of strain were in the sub-surface and not exactly on the top treated
surface, which is typicall for the surface plastically deformed materials [81,82]. Quantitative analysis of
recrystallized, substructured and deformed grains are shown in Fig. 6a. Based on the EBSD results obtained
within the scanned area of 32x10 pm?, the average grain areas of 2.15, 0.56, 0.86, 5.5, 3.69 and 5.03 um?
were determined for AB, AB+SP1, AB+SP2, AB+HT, AB+HT+SP1 and AB+HT+SP2 samples,
respectively (Fig. 6b). These results confirm grain size increase after heat treatment and the effect of SP in
grain refienment. Similar trends were obtained for grain aspect ratio, which were decreased after SP (Fig.
6¢).
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Fig. 5. EBSD analyses in terms of IPF-Z, grain boundary, dynamic recrystallization, KAM and strain contouring maps
for (a) AB+SP series and (b) AB+HT+SP series.
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Formation of columnar grains along the build direction in FCC metals [83] is reported to lead to the
evolution of (001) fiber texture in AM state [84]. IPF-Z of samples presented in Fig. 7 clearly confirm the
presence of (001) fiber textures in the both AB and AB+HT samples indicating that the applied heat
treatment did not condierably affect the grain orientation, although it increase microstructural homogeneity.
However, it can be seen that after SP, the grains are oriented in different random directions with different
dominated texture orientations. For instance in AB+SP1 sample, (111) orientation is the dominated with
strength of about 1.
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Fig. 7. Inverse pole figures (in z-direction) of as-built, heat-traed and shot peened samples.

3.3. Porosity analysis

The porosity measurements were carried out on all sets based on image analysis of BSE-SEM and OM
micrographs in the notch area. The analysis was mainly focused on the internal and sub-surface porosities
around the notch as presented in Fig. 8a and 8b, respectively. Similar trends were observed in the top and
bottom areas with respect to the notch in all samples although the porosity in top surface was found to be
slightly lower. The lowest porosity was detected in the mid area of the notch. OM observations near to the
treated surface indicated that the SP treatments had no remarkable influence on the reduction of sub-surface
porosities due to the low kinetic energy of the SP process parameters used in this study. However, as
reported by Lesyk et al. [85], where higher SP parameters including intensity of 6-10C and peening duration
of 60 s were used, pore closure and porosity reduction can be obtained. Porosity in the notched area was
notably decreased after applying HT, which could be caused from cooling rate differences and different
thermal histories. As reported by Bergant et al. [86] if suitable heat treatment is applied to AM material,
the pores can be reduced and also most of the irregular pores can be transformed to spherical ones. Similar
results are obtained in this study as presented in binarized micrographs of the AB and AB+HT samples in
Fig. 8c.
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porosities in all sets of samples adopted from [58] (¢) Analysis of pore shape in terms of spherical and irregular pores
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Quantitative image analysis results for porosity measurements illustrated in Fig. 9 indicate a porosity
range of 0.40-0.48% for the inner parts of the samples in the notch root zone while in the sub-surface the
porosities are slightly higher in the range of 0.51-0.56%.
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Fig. 9. Obtained results of porosity measurements using different methods for all sets of samples; *p < 0.05, **p <
0.01 and ***p < 0.001 obtained by statistical analysis.

3.4. Microhardness and residual stresses

Vickers microhardness tests were performed from the depth of 40 up to 740 um in the transversal
section of all sets as shown in Fig. 10a. The AB+HT series exhibit a remarkably reduced microhardness;
AB and AB+HT samples showed hardness values of about 105 and 65 Hv, respectively. Similar trend for
hardness reduction after thermal treatment was also reported in the study carried out by Zakay [87] on as-
built and heat treated LPBF AlSi10Mg samples. However, after shot peening, the samples in both as-built
and heat treated conditions represented a gradient profile of microhardness showing the maximum value
on the top surface, which gradually decreased through the interior. As already discussed in the
microstructural characterization section, the UFG microstructure and the grain refinement on the top surface
layer induced by the plastic deformation caused by SP, will lead to increased hardening also based on the
Hall-Petch relation. The depths of plastically deformed layer in shot peened samples (as-built and heat
treated) were determined as 200 um and 250 pm, respectively. Considering the initial hardness of AB and
AB+HT samples, the top surface layer microhardness (measured at the depth 40 pm) in the shot peened
series of AB+SP1, AB+SP2, AB+HT+SP1 and AB+HT+SP2 was enhanced up to about 15, 7, 20 and 6 %,
respectively.

Residual stresses distributions were obtained by in-depth XRD analyses along a path perpendicular to
the build direction as presented in Fig. 10a. In the AB sample, tensile residual stresses with a maximum of
31 MPa were determined. However, these tensile stresses were mostly relaxed after applying HT. In the
shot peened samples, on-surface compressive stresses of —83 and -65 MPa, were continuously raised to
reach a maximum value of —157 MPa at the depth of 180 pum and —170 MPa at the depth of 200 pm in
AB+SP1 and AB+SP2 samples, respectively. The total depths affected by compressive stresses were
measured as 530 um and 480 um for AB+SP1 and AB+SP2 samples, respectively. The total depth affected
by compressive residual stresses was higher in the AB+SP1 sample in comparison with AB+SP2, caused
by the higher Almen intensity of SP1 treatment.

On the other hand, in the heat treated condition although more compressive residual stresses are induced
after relaxation of the tensile stresses, the results revealed lower surface residual stresses after applying SP
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on heat treated samples. This can be attributed to the lower hardness and higher ductility of these sets as
previously reported by Bagherifard et al. [S1]. Similar to the AB condition, on-surface residual stresses of
-46 and -31 MPa, increased to reach a peak value of -113 MPa at the depth of 400 um and —103 MPa at the
depth of 140 pum, respectively for HT+SP1 and HT+SP2 samples. However, affected depths by residual
stresses are considerably increased up to 840 and 640 um for HT+SP1 and HT+SP2 samples, respectively.
The mechanical surface post-treatments were more efficient in terms of the maximum compressive residual
stresses in AB series compared to the AB+HT ones, due to the initial different hardness [51]. The induced
compressive residual stresses have major effects on improving the fatigue performance by the reduction of
crack propagation rate.
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Fig. 10. (a) microhardness profiles and (b) distributions of determined residual stresses for all sets adopted from
[58].

3.5. Surface morphology and roughness

Generally, LPBF materials have poor surface quality due to the formation of irregular surface features.
In LPBF parts with complex geometries such as notches, which have downward and upward faces, more
surface irregularities are observed especially in the downward surfaces, caused by the particular thermal
history and the lower cooling rate [88]. Fig. 11a and 11b depict the surface morphologies of an AB sample
in notch area and a smooth area, located 1 cm above the notch. In the smooth area, poor surface quality can
be seen clearly. In the notch area, however, three distinct regions of upward face, notch root and downwards
face can be identified with specific surface morphologies; the qualitative comparison shows the lowest
surface quality for the downward face with a high density of surface irregularities followed by the notch
root and then the upward face. Fig. 11¢ reveals different types of common surface defects including spatter,
balling, unmelted and partially melted powders on downward face, which are specified based on the
characteristics of surface imperfections in LPBF materials, categorized in the literature [6,89]. Spatters
mainly form from ejection of liquid droplets from the melt pool due to the high power density of the
reflected laser beam [90,91]. On the other hand, balling usually occurs after solidification of melt pool in
the surface layer with discontinuity caused by the condensing oxide vapor on the liquid surface due to the
high temperature gradient [92].
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Fig. 11. Surface morphologies of LPBF AlISi10Mg in its as-built state in different regions of (a) smooth area and (b)
notch area considering upward face of the notch, notch root and downwards face of the notch adopted from [58] (c,d)

few representative surface defects specified in downward skin adopted from [58].

To modify the surface morphology and reduce the surface roughness, initially CP and ECP treatments
were performed on the smooth area of AB samples, using 12 different parameter settings. The treated
samples were screened in terms of qualitative analysis of surface morphology and quantitative effects on
surface roughness reduction, and the best combination were applied on notched samples for further analysis.
Fig. 12a and 12b represent the SEM observations of CP and ECP treated samples using different
combinations of temperature or voltage and exposure times. It can be observed that by increasing time and
temperature of CP, more regular surface morphologies were obtained with almost no signs of surface
imperfections that were observed in the as-built condition. However, some oxidized areas and indications
of pitting corrosion can be observed on the samples’ surface, especially at higher exposure time. Similarly,
in the ECP series, by increasing the time and voltage of the process, the efficiency of the treatment in

inducing surface regularity became more notable.

17



25°C

Chemical polishing
50 °C

75°C

—_
=
~—

Electro-chemical polishing
v 5V

15V

L0 Eer, 2405
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The obtained surface roughness parameters and mass loss are illustrated in Fig. 13a and 13b for CP and
Fig. 13c and 13d for ECP samples, respectively; roughness values in terms of R,, R,max and Ry are presented
in Appendix A, for all measurements. Surface roughness was continuously reduced by simultaneous
increasing of considered process parameters both for CP and ECP. The best combinations induced a
roughness reduction of 4.49 um in terms of R, to 3.19 um after CP with parameters of 75 °C and 240 s; the
same initial R, was reduced to 2.96 pm after ECP with a parameter combination of 15 V and 240 s.
Therefore, these two chemical treatments were selected as optimum conditions of CP and ECP, respectively
to be used for further analysis. These treatments correspond to mass loss of 8.65 and 1.87 % for the CP and
ECP series, respectively. It was reported by Scherillo [33] that applying chemical brightening using a
solution made of water, H;PO4,H,SO4, HNO3, HF and CuSOs at 95°C for 7.5 min can reduce the surface
roughness of LPBF AISi10Mg up to 25% in the best scenario. Here, however, a further surface roughness
reduction of 34% was obtained after applying ECP with 15 V and 240 s.
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Fig. 13. Surface roughness paramters after applying (a) CP and (c) ECP treatments. The obtained mass loss of the
chemically treated samples after (b) CP and (d) ECP treatments.

3.5. Fatigue behavior

The selected CP and ECP treatments were performed on AB notched samples to assess the contribution
of these treatments to their fatigue behavior. Fig. 14a depicts the SEM micrographs taken from the notch
area in AB, AB+CP and AB+ECP samples. The observations confirm that after CP, almost all the surface
imperfections existed in the as-built state were eliminated; however, due to the high rate of corrosion, few
new surface irregularities were formed on the surface of the material corresponding to the laser tracks.
However, in the AB+ECP sample, many the surface defects were removed with no deep corrosion pits
observed on the surface. In comparison with the effects of CP and ECP on the smooth area (Fig. 14a), the
SEM observations at the notch area indicate that the efficiencies of the chemical treatments were decreased
when applied on the notch area. 8.55 and 1.95 % mass loss were obtained for AB+CP and AB+ECP samples
respectively considering initial mass of the samples (Fig. 14b). The diameter of the notch root in AB sample
was reduced from 8.13 mm to 7.92 mm in AB+CP sample due to high degradation. On the other hand, after
applying ECP as conformed by the low percentage of mass loss, the diameter of the notch root reduced to
8.03 mm, which is very close the as-designed dimension.
Rotating bending fatigue tests at fixed stress amplitude of 110 MPa were carried out on AB, AB+CP and
AB+ECP series. Three samples were used for each set and the obtained fatigue lives are reported in Fig.
14c. The results indicate considerable fatigue life improvement after chemical treatments. Average fatigue
life of AB sample with about 1.27x10* cycles, increased up to about 1.41x10° and 2.15%10° cycles in
AB+CP and AB+ECP samples, respectively. The results indicate that among the two considered chemical
treatments, ECP is more effective than CP in terms of fatigue life improvement of LPBF AlSil0OMg
samples. Compared to the AB sample, the notch root diameter is reduced by 2.5 and 1.2% in AB+CP and
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AB+ECP samples, respectively. The notch root diameter in the AB+CP sample is lower than the diameter
in the as-designed geometry. This can result in further stress concentration in the notch area. In addition,
AB+CP samples exhibited higher surface roughness compared to the AB+ECP series. Therefore, AB+ECP
samples with lower surface roughness and less stress concentration in the notch root could reach higher
fatigue life with respect to the AB+CP series. Hence, in the next step, the ECP treatment (15 V and 240 s)
was applied to the heat treated and shot peened samples to also evaluate the effect of hybrid surface
treatments on the fatigue performance of the samples.
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Fig. 14. (a) SEM observations of notch area in AB, AB+CP and AB+ECP samples (b) mass loss and notch root
dimension of chemically treated samples (c) fatigue lives obatained at amplitude stress of 110 MPa for AB, AB+CP
and AB+ECP series.
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Fig. 15a represents the initial states of surface morphologies of shot peened sample as well as the heat
treated one in the cylindrical part of the samples. Considering AB and AB+HT seriess (HT has no effect on
surface morphology variation) with very high surface irregularties, it can be observed that in the shot peened
samples surface imperfections and irregularities are remarkably reduced and the surface morphologies are
highly modifed to become more regular compared to the initial AB state. Surface morphology modification
of LPBF AlSi10Mg after applying SP was also investigated by Uzan et al. [17]. They utilized steel shots of
S110 with Almen intensity 5 A [0.001 inch] at a surface coverage of 100%. In addition, comparing the
effects of the two applied SP treatments (SP1 and SP2) reveals that SP2 has higher influnce on surface
modification by forming more regular surfaces. These results indiacte that with respect to the same coverage
of 100%, smaller impacting media of SP with higher hardness (ceramic shot) can be more effective for
surface morphology modification compared to the larger shot with lower hardness (steel shot), even if it
has lower Almen intensity.

AB+SP1+ECP

AB+HT+ECP

AB+HT+SP2+ECP

®)
Fig. 15. SEM micrographs of shot peened and heat treated samples’ surfaces (a) before and (b) after applying ECP.
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Fig. 15b presents the SEM surface morphologies of the samples initially heat treated and shot peened
samples after applying hybrid treatments with the final step of ECP. The results indicate high efficiency of
ECP on modifying the surface morphologies. The previously formed dimples caused by the shot impacts
were almost completely removed through the application of the chemical treatment. In addition, in both AB
and AB+HT samples, the traces of pitting corrosions could be observed in some parts. However, in the shot
peened samples, the higher surface hardness led to a higher resistance to pitting corrosions [93]; these
samples also exhibited a more homogenous surface morphology almost free from the surface defects.

Fig. 16a represents the surface roughness parameters for all treated samples and compares them with
the initial as-built state. Considering the effects of single step treatments, the AB and AB+HT samples
represented the identical surface roughness of 4.48 um and 4.43 pm, respectively in terms of R,, both were
reduced after ECP to 2.96 um and increased after SP1 and SP2 to 4.61 and 8.60 um, respectively. SP2
which uses harder and smaller shots enhanced the roughness more than SP1, despite its lower Almen
intensity.

In the hybrid treatments obtained by combination of HT and SP, the microstructural homogenization
and improved ductility after the heat treatment, led to the formation of deeper dimples by the impacting
shots during SP. Hence, AB+HT-+SP1 and AB+HT+SP2 samples showed slightly higher surface roughness
of 6.67 and 8.91 um in terms of R, respectively, compared to the not heat treated counterparts.

Contrastingly, due to the material removal nature of ECP, the samples subjected to hybrid treatments
with the final step of ECP showed considerable roughness reduction representing R, values of 3.29, 3.44,
2.61, 4.12 and 4.21 um for AB+SP1+ECP, AB+SP2+ECP, AB+HT+ECP, AB+HT+SP1+ECP and
AB+HT+SP2+ECP samples, respectively. The final material removal step was able to reduce the surface
roughness compared to the as-built condition in the AB+SP2 and AB+HT+SP2 samples, which had
relatively high surface roughness before chemical treatment.

Fig. 16b depicts the measured mass loss after applying ECP on heat treated and shot peened samples.
AB+HT+ECP and AB+ECP with 1.85 and 1.95 % show the highest mass loss among the considered
samples. The heat treated samples, on the other hand, show lower rate of material removal due to their
different material properties.
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Fig. 16. Surface roughness for as-built and surface treated samples including also the hybrid treatments (d) mass loss
after applying ECP on shot peened and heat treated samples.
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Fig. 17 illustrates the SEM micrographs of notch area before and after applying ECP on samples treated
by SP, HT and their combinations. Application of ECP mostly removed the dimples generated by SP
treatments leading to a homogenous surface with relatively low roughness, especially in
AB+HT+SP1+ECP and AB+HT+SP2+ECP samples. Also, in AB+HT sample, the initial surface
irregularities such as partially melted and unmelted powders were mainly removed.

Fig. 18a reveals the measured notch root diameter and mass loss of the samples after performing HT,
SP1, SP2, ECP and their combinations on notched fatigue samples. It can be seen that due to the low rate
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of material removal (maximum of 1.95% for AB+ECP) after ECP, the notch root diameters were reduced
to around 8 mm in all samples but not lower. The results of the fatigue tests performed at a stress level of
110 MPa are shown in Fig. 18b and the average fatigue lives and the corresponding fatigue life
improvements are presented in Table 3. The results indicate notable fatigue behavior improvements after
applying hybrid post-treatments including HT, SP and ECP together. The effect of sequential application
of the post-treatments can be analyzed by comparing the average fatigue life of AB sample that is improved
up to 2, 23 and 44 times in AB+HT, AB+HT+SP2 and AB+HT+SP2+ECP samples, respectively.

Each of the applied treatments has a distinct contribution to the fatigue life improvement. HT improves
the fatigue life through microstructural homogenization and increasing ductility. SP contributes by three
major effects including surface layer grain refinement and hardening, inducing considerable compressive
residual stresses and also modifying the surface morphology to a more homogenous state. Furthermore,
ECP enhances the fatigue life due to the remarkable roughness reduction and altering the surface
morphology to a smoother surface with almost no imperfections. Dealing with single treatments, SP (SP2
more than SP1) has the highest performance followed by ECP and HT on average fatigue life improvement.
Accordingly, a hybrid treatment with the sequential application of HT, SP and ECP, can exploit all the
positive effects simultaneously and highly improve the fatigue life of AM samples with irregular
geometries.

AB+SP1

AB+SP2

AB+HT+SP2 O
Fig. 17. SEM micrographs showing the surface morphology of the notch area fo
SP1, SP2, ECP and their combinations.
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Fig. 18. (a) measured mass loss and notch radius diameter before and after applying ECP (b) fatigue lives obtained at
the amplitude stress of 110 MPa for AB and post-treated samples.

Table 3. Average fatigue lives and the corresponding fatigue life improvements for post-treated samples compared
to the as-built state

Sample Average Fatigue life
ID fatigue life improvement
(cycles) compared to as-built
state (times higher)
AB 1.26x10* 1
AB-+ECP 2.15%x10° 17
AB+SP1 1.19x10° 94
AB+SP1+ECP 3.67x10° 290
AB+SP2 2.11x10° 167
AB+SP2+ECP 4.47x10° 353
AB+HT 2.47x10% 2
AB+HT+ECP 4.86%10° 38
AB+HT+SP1 2.01x10° 159
AB+HT+SP1+ECP 4.20x108 331
AB-+HT+SP2 2.95x10° 233
AB+HT+SP2+ECP 5.25x10° 414

Recent studies have revealed that although theoretically the notch root accounts for the highest stress
concentration in the component, it is not always the fatigue failure site. Fatigue fracture has been reported
to mainly initiate on the downward face of notch due to the high surface roughness and the presence of
potential crack nucleation sites [94]. Parameter of relative height (4/hy) defines the locations of fracture
sites that can be calculated as the ratio of distance of the failure initiation site from the notch root (%) to the
total notch opening (/).

The relative height of failure site was calculated for all sets as an average of 15 measurements per each
set. The hg value was considered as 4.8 um for all samples as extracted from the initial design. Fig. 19a
presents the variations of the fracture surface location in different treated sets compared to the AB (with
h=h4p) and AB+HT (with A=hz+xr). The schematic illustration of failure site definition and the determined
results in terms of relative height of notch for all sets in the same notch acuity of £=0.3 are depicted in Fig.
19b. The results indicate that, the post-treatments clearly alter the location of fracture site and shift it closer
to the notch root direction. Considering the sole effects of applied post-treatments, SP2, ECP, HT and SP1
have the highest efficiency in shifting the fracture site closer to the notch root, respectively. The hybrid
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treatments are even more effective with the AB+HT+SP2+ECP sample representing the smallest distance
between the fracture site and the notch root.
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Fig. 19. (a) Stereo-OM observations of fracture sites in all sets (b) schematic illustration of failure site definition and
the obtained results in terms of relative height of notch in the as-built and post-treated samples.

The applied post-treatments changed the microstructural, surface and mechanical properties as well as the
fatigue behavior. Sole effects of each post-treatment on microstructural characteristic, ductility, hardness,
residual stresses, surface morphology, roughness and fatigue behavior are summarized in Fig. 20. It can be
observed that, all the considered treatments led to fatigue life improvement. SP2 and SP1 have almost
similar contributions on hardening and inducing compressive residual stresses. The AB+SP2 sample
reached to the higher fatigue life despite its higher roughness compared to AB+SP1 series; this could be
caused by its more homogenous surface morphology compared to the AB+SP1 samples. These results
indicate that besides the surface roughness reduction (which can be obtained by ECP), surface morphology
(that can be described by roughness parameters) has considerable influence on fatigue behavior of the
notched samples. Therefore, as expected applying hybrid treatment, which includes both these beneficial
features leads to a more remarkable fatigue life improvement (as obtained for AB+HT+SP2+ECP sample).
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Fig. 20. An overall comparison of the sole effects of each post-treatment on microstructural and mechanical
characteristic compared to the as-built state (HT not placed in the CRS column as it is more relaxing the tensile stresses
rather than inducing CRS).

Besides improving the mechanical performance of the LPBF material, producing the final part in an
economic manner is also quite substantial. Two different analyses including sole cost (money-time) analysis
and cost-performance analysis were performed. In these analyses, time, costs, and especially performance
of the effect of post-treatment on fatigue life improvement were considered as the key variable parameters.
Each parameter was rated into five comparative levels of very low, low, moderate, high and very high.
Scores of 1-5 were assigned to each level for developing a semi-quantitative matrix according to the
common approach used in cost and risk analysis [95,96]. A symmetric distribution was considered for the
cells assigned to related level for the considered parameters in this matrix, as a practical tool for analysing
the relevant ranks [97]. The constructed matrixes of cost-time and cost-performance analyses are presented
in Fig. 21a and 21b, respectively. Fig. 21c represents the assigned scores to each post-treatment and the
obtained final score and ranks. The comparative levels of time and costs corresponding to each parameter
were estimated based on the authors' experience. The levels of performance were assigned based on the
experimental fatigue test results. The obtained scores of money-time analysis were used as cost parameter
in the cost-performance analysis. Considering both economical and fatigue improvement factors, it can be
observed that applying sole SP can be the best option with first rank followed by ECP and hybrid treatment
of HT+SP+ECP in the second and third ranks, respectively. The hybrid treatment of SP+-ECP commonly
had the fourth rank.

It should be mentioned that the presented results in this part are to compare the performance of the
applied treatments only in economic terms, regardless their eventual contribution to fatigue performance.
However, as it was mentioned before, the single treatments of SP, ECP and HT have the highest
performance on average fatigue life improvement, respectively.
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(2) (b)

Time-money analysis matrix Cost-performance analysis matrix

VeryHigh | § 5 10 15 20 25 VeryHigh | § 5 10 15 20 25

High 4 4 8 12 16 20 High 4 4 8 12 16 20

Time | Moderate 3 3 6 9 12 15 Cost | Moderate 3 3 6 9 12 15

Low 2 2 4 6 8 1 Low 2 2 4 6 8 i

Very Low 1 1 2 3 4 H Very Low 1 1 2 3 4 5

1 2 3 4 H 1 2 3 4 H

VeryLow | Low | Moderate |  High | Very High VeryHigh | High |Moderate | Low | Very Low

Money Performance
l Ideal Moderate | Not-ideal | I Ideal Moderate | Not-ideal |
©
Time-money Cost-performance
Posttreatment Time Money ;::: Rank Cost Performance ;—;2]‘: Rank

HT Moderate Low 6 3 Low Very low 10 7

SP Low Low 4 2 Very low Moderate 3 1

ECP Very low Very low 1 1 Very low Low 4 2
HT+SP High High 16 5 High High 8 5
HT+ECP High Moderate 12 4 Moderate Moderate 9 6
SP+ECP Moderate High 12 4 Moderate High 6 4
HT+SP+ECP Very high | Very High 25 6 Very high | Very high 5 3

Fig. 21. Rating of the variable parameters considering five different levels and the corresponding scores for (a cost
and (b) cost-performance analyses. (C) Scores and ranks of the applied post-treatments in terms of cost and cost-
performance analyses.

4. Conclusion

LPBF materials show numerous imperfections in terms of microstructure and surface quality in the as-
built state; these could lead deteriorate mechanical performance especially regarding fatigue behaviour.
Post-treatments can play substantial role to overcome these defects. In the present study, the effects of four
different post-treatments including heat treatment, mechanical surface treatment and chemical surface
treatment as well as their combination as hybrid treatments were investigated on microstructural and
mechanical properties of LPBF V-notched AlSi10Mg samples. The effects of heat treatment, two different
shot peening treatments (with different Almen intensity, shot diameter and shot hardness) as well as two
processes of chemical polishing and electro-chemical polishing were studied, through experimental
analyses. Based on the obtained results the following conclusions can be drawn:

e The surface morphology imperfections were more notable on the downward skin of the notch.

e Inhomogeneous microstructure observed in the as-built state was considerably modified after the
heat treatment. This modification improved the ductility of the material up to 5 times. Furthermore,
the tensile residual stresses were relaxed after heat treatment.

e Surface layer grain refinement was obtained by shot peening treatments. This led to increased
microhardness on the top surface up to 13%. Considerable compressive residual stresses were
induced in the surface layer up to about -175 MPa with a corresponding depth of 200 pm.

e Microhardness and residual stress measurements on shot peened samples revealed that the higher
Almen intensity led to higher surface hardness (122 vs. 117 Hv after shot peening treatment with
steel and ceramic shots, respectively) and higher on-surface compressive residual stresses (-83 vs.
-65 MPa after shot peening treatment with steel and ceramic shots, respectively).
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Shot peening increased the surface roughness; however, it had a significant effect on homogenising
the surface morphology and obtaining more regular surfaces.

Ceramic shots with smaller diameter and higher hardness compared to the larger steel shots were
more efficient in modifying the surface morphology (8.60 um after shot peening with ceramic shots
and 4.61 um for shot peening with the steel shots vs. 4.48 um for the as-built condition in terms of
Ra).

Chemical treatments efficiently removed the surface irregularities of the as-built material and
reduced the surface roughness from 4.48 um to 3.19 and 2.97 um in terms of Ra after chemical and
electro-chemical polishing, respectively.

Fatigue life was increased up to about 17 and 11 times after electrochemical and chemical polishing,
respectively.

All the applied post-treatments enhanced the fatigue performance of the notched samples.
Considering single post-treatments, shot peening with ceramic shot was found to be the most
efficient followed by electro-chemical polishing and heat treatment with life cycles increased up to
167, 17 and 2 times higher than as-built condition, respectively.

The hybrid treatments led to additional fatigue life improvement. Combination of heat treatment +
shot peening with ceramic shots + electro-chemical polishing had the highest effects on fatigue life
improvement leading to 414 times higher fatigue life compared to the as-built state.

Considering the cost-performance analyses with respect to the time, money and performance, to
obtain the highest fatigue efficiency in the V-notched AlSi10Mg samples in an economical manner,

shot peening can be the best option ranked first followed by electro-chemical polishing in the
second rank.
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Fig. A. Surface roughness in terms of R,, Rmax and R; for (a) chemical and (b) electro-chemical polishing applied on
the as-built samples and (c) electro-chemical polishing of as-built, heat treated and shot peened samples.
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