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through sensitivity analyses. The obtained results revealed that by enhancing surface
hardening and inducing higher compressive residual stresses as well as more efficient
surface roughness reduction, deeper crack initiation site and superior fatigue life can be
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relation with fatigue life improvement in the samples.
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and high surface roughness [6—10]. These defects affect the
performance of LPBF materials, especially in terms of fatigue
behavior [11-13]. Many impact-based surface treatments
have been suggested for addressing surface imperfections as
non-subtractive post-treatments for AM materials, such as
shot peening (SP) [14,15], ultrasonic shot peening (USP) [16],

1. Introduction

As-built additive manufactured (AM) materials exhibit inho-
mogeneous microstructures [1], multiple forms of porosity
[2,3], tensile residual stresses (TRS) [4,5], surface imperfections
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severe vibratory peening (SVP) [17], cavitation peening (CP)
[18,19], ultrasonic peening (UP) [20], laser shock peening (LSP)
[21-24] and ultrasonic nanocrystal surface modification
(UNSM) [25—27]. These have been proved to efficiently remove
the surface irregularities and homogenize the surface
morphology of AM materials. Moreover, these treatments
have a high potential in inducing surface layer grain refine-
ment, surface hardening and generating high compressive
residual stresses (CRS) leading to notable fatigue behavior
improvement [28-31]. In addition, it should be noted that
other category of post-processing methods such as heat
treatments (HT) have been be applied on AM materials for
improved fatigue behavior [32—34]. HT can homogenize the
microstructure and release the unfavourable tensile residual
stresses of the as-built condition caused by the complex
thermal history during melting and solidification stages [35].

On the other hand, machine learning (ML) methods such as
neural networks (NNs) have gained considerable attention
recently, due to their efficiency in comprehensive modelling of
complex phenomena in various fields of science and engineer-
ing [36—41]. As one of the latest generations of NNs, deep neural
networks (DNNs) with multiple layers exhibit high performance
in modelling of non-linear systems. Taking advantage of deep
learning methods such as restricted Boltzmann machine (RBM)
and deep belief network (DBN) [42,43], it is feasible to develop
DNN using greedy layer-wised methods with pre-training even
with a small experimental data set. Also, specific techniques for
pre-training of DNN such as stacked auto-encoder (SAE) are
presented to make the development of DNN possible with even
smaller data set but high accuracy [44—47].

ML-based approaches have been used in the filed of AM, in
particular, for fatigue behavior prediction of laser powder bed
fusion (LBPF) materials [48—52].

In this study, first, the experimental data from our previous
studies were gathered to compare the effects of different
peening-based treatments of shot peening [53], severe
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vibratory peening [17] and laser shock peening [54] on crack
initiation and fatigue behavior of V-notched LPBF AlSilMg
samples. These experimental results were used for developing
a ML-based model with deep learning approach. The ML-
based approaches were used for the determination of the
correlation between mechanical and physical parameters
with the depth of crack initiation site and fatigue life of post-
processed samples. Microhardness and residual stresses were
continuously mapped on the fracture surface to obtain the
corresponding values at crack initiation site. The distribution
of applied stresses on the notch root section was estimated by
an elastic finite element model.

Then different NNs including shallow neural networks
(SNNs), which have 1 or 2 hidden layers and deep neural
networks (DNNs), which have more than 2 hidden layers, as
well as SAE assigned DNN (SADNN) were developed. In the
first model, superimposed stresses through the notch section,
hardening index and surface roughness were considered as
inputs and the depth of crack initiation site, the relative height
of fracture plane and fatigue life were gathered as output
parameters. Another model was developed to analyze the ef-
fect of depth of crack initiation site and the relative height of
fracture plane on fatigue life. SAE was used for pre-taring of
the data fed to the two DNN models. The experimental data
were fed to the constructed models for obtaining the corre-
lation between residual stress, hardness and surface rough-
ness with the depth of crack initiation site and fatigue
behavior of V-notched LPBF AlSilOMg samples subjected to
different peening treatments.

2. Experimental procedures

Fig. 1a shows a schematic representation of the manufacturing
process for the V-notched LPBF samples with three distinct
regions of upward face, notch root and downward face; the
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Fig. 1 — Schematic illustration of (a) the manufacturing process of V-notched LPBF AlSi10Mg samples and (b) the

corresponding internal and surface defects.
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internal and surface defects corresponding to these three
zones are shown in Fig. 1b. In our previous study, we applied
three different post-processing methods of SP [53], SVP [17] and
LSP [54] on the notched samples with parameters mentioned in
Table 1. Each surface treatment was applied considering two
(low and high) levels of kinetic energy.

To be able to compare the influence of the surface treat-
ments, the kinetic energy levels were kept comparable be-
tween the treatments using Almen intensity that is a standard
index widely employed in the field of SP. All post-processing
methods were applied on Almen strip A and the induced
curvature, typically referred to as arc height, were measured
to be comparable between the three treatments; the two in-
tensities of 4—6 A and 10—12 A [0.001 inch] were set for the
processes with low and high energy, respectively. Schematic
illustration of the applied treatments is presented in Fig. 2a—c
and the measured arc heights at different exposure times for
each treatment is shown in Fig. 2d.

Considering all of the applied post-treatments, 7 different
sets of samples including as-built (AB) as control sample and 6
treated sets of AB + SP1, AB + SP2, AB + SVP1, AB + SVP2,
AB + ULSP1 and AB + LSP2 samples were considered.

Fig. 3a depicts the shape and size of the fatigue samples
with notch root dimeter of R = 1 mm manufactured using gas
atomized AlSi10Mg powders with mean diameter of 46.65 um.
The details of the experiments for roughness, microhardness
and residual stress measurements are presented in our pre-
vious study [53]. In addition, fatigue life of all sets of samples
was assessed performing rotating bending fatigue test (stress
ratio of R = —1) at a fixed nominal stress amplitude of 110 MPa
considering run-out limit of 6 x 10° cycles and a rotational
speed of 2500 rpm. Fig. 3b shows a schematic of the fatigue
test set-up. Five samples were tested for each condition and
the average fatigue lives are reported. Fractography analysis
was performed on the broken samples using Zeiss EVO50
scanning electron microscope. The corresponding stress dis-
tribution in the minimum cross-section (diameter of 8 um) of
the as-designed geometry was obtained by finite element (FE)
simulation considering the load applied in the experiments, as
represented in Fig. 3c. A linear elastic FE model was developed
by commercial software of Abaqus/Explicit 2019 using C38DR
elements (8-node linear brick) considering a cylindrical ge-
ometry with the diameter and notch geometry of the real
sample, to obtain the stress distribution through the mini-
mum cross-section. The FE results demonstrate the classic
distribution of axial stresses under bending with the highest
stress concentration occurring at the notch root, as expected.
Based on the performed measurements, the diameter of the
minimum cross-section did not significantly vary between the
as-designed, as-built and surface-treated samples (about
maximum 0.1 mm), the distribution of the axial stresses ob-
tained from the FE analysis was considered valid in all cases.

3. Implementation of machine learning

ML was used for analyzing the correlation between residual
stress, hardness and surface roughness with crack initiation
site and fatigue life of the post-treated notched LPBF AlSi10Mg
samples. Firstly, a ML-based model using SNN was developed
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Fig. 2 — Schematic illustration of the applied post-processing methods of (a) SP, (b) SVP and (c) LSP; (d) the measured arc
heights at different exposure times for all the considered post-treatments resulting in two ranges of Almen intensity of 4-6
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Fig. 3 — (a) Geometry of the cylindrical V-notched fatigue sample with notch root dimeter of R = 1 mm (b) schematic
illustration of the test set-up for rotating bending fatigue test (c) FE stress contour and distribution of axial stresses in the
sample's cross section under the applied load.
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for continuous mapping of the experimental results of hard-
ness and residual stresses along the minimum cross-section.
Afterwards, two different network architectures were con-
structed for analyzing the correlation between various pa-
rameters. All ML-based models were developed using
MATLAB R2021a software.

Fig. 4a schematically presents the induced CRS after
applying a peening treatment. By careful controlling of the
effective parameters, peening treatments can induce a uniform
distribution of CRS on the treated surface [55]. Corresponding
homogenous distribution of induced CRS is shown in Fig. 4b in
a 2D contour. Fig. 4c indicates symmetrical cross-sectional
mapping of the CRS distribution on the cylindrical part.

Generally, in the samples subjected to peening-based
treatments, the crack initiation site is displaced from the sur-
face to the sub-surface layers, mainly due to the generation of
deep CRS and surface work hardening [56,57]. To evaluate the
effect of the applied treatments in inducing sub-surface crack
initiation rather than surface cracks, the corresponding hard-
ness and residual stress values induced by each treatment
were mapped continuously on the fracture surfaces of the
failed samples. For instance, Fig. 5a depicts the scanning elec-
tron microscopy (SEM) micrograph of fracture surface of
AB + LSP2 sample at different magnifications ofx50, x 100
and x 250 from left to the right, respectively. The sub-surface
crack initiation site can be clearly identified at the highest
used magnification. The same magnification was also used for
identifying the sub-surface initiation site in the samples
treated by SP and SVP, as shown in the result's section.

On the fracture surface with magnification of x 250, an area
with maximum width of 480 pm in the central bottom part and
length of 800 um was considered (see Fig. 5b). This area was
meshed using radial coordinate (r, ¢). To obtain a continuous 2D
contour that can cover the whole considered area, a SNN with a
structure of 2 + 10+5 + 1, rate of training of 0.195, and hidden
and output layer transfer functions of Logsig was developed.
The r, 6 coordinates of each measurement point in the meshed
area were considered as the inputs of the network and the
corresponding hardness and residual stresses values were
regarded as the output parameters. The measured values of
hardness and residual stresses were firstly assigned to point
with ¢ = 0° at different corresponding r values (considering
their distance from the surface) and then assigned to the rest of

Residual stress

Residual stress

the points with ¢ ranging from —90 to 90°. Then, continuous
distributions were predicted at different depths, where exper-
imental measurements were not performed to cover the whole
meshed area. For example, Fig. 5c presents the mapped CRS
distribution of AB + LSP2 sample in the considered area. It
should be noted similar SNN (with a structure of 2 + 10+5 + 1,
rate of training of 0.195, and hidden and output layer transfer
functions of Logsig) was used for prediction of residual stresses
and microhardness distributions of all sets of samples for
continuous mapping on the corresponding fracture surface
planes. Comparison of the predicted and experimental values
of residual stresses and microhardness obtained by the devel-
oped SNNs is shown in Fig. A (in Appendix A).

To describe the parameters considered for developing the
ML-based models, the fracture surface of all sets of samples
and the related surface and mechanical properties were
analyzed carefully. As an example, the distance of the crack
initiation site from the free surface is measured for AB + LSP2
sample to be around 155 um (Fig. 6a). The schematic illustra-
tion of the considered area that describes the analyzed pa-
rameters of crack initiation depth (d), corresponding values of
hardness (Hy), the corresponding residual stress (Sg) values at
crack initiation site as well as the applied stress during fatigue
test at that point (Sy), is presented in Fig. 6b. Each sample was
also characterized with its individual surface roughness (R,),
number of fatigue life cycles before failure (Nj and core
hardness (HJ). Hq and S; values were extracted from the
continuous mapping of hardness and residual stress by ML,
whereas Ry, Nyand H. parameters were directly obtained from
the experiments. In addition, the values of S; at different
depths from surface were estimated by FE simulation (see
Fig. 3d). The total stress at the crack initiation site was esti-
mated by superimposing the corresponding residual stress
and the applied stress at that depth i.e (Sq + Sp).

As confirmed in our previous studies on fatigue assess-
ment of notched LPBF parts [53,58], despite the high stress
concentration at the notch root (as shown in Fig. 3c), the fa-
tigue fracture in these parts did not necessarily occur on the
notch root plane. Interestingly, in most cases the fracture
initiated in an offset plane with respect to the notch root
plane, in the downward face area; this was mainly attributed
to the considerably higher surface roughness in the downface
area (as illustrated in Fig. 1b) [59]. As shown in Fig. 6c, relative
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Fig. 4 — Schematic illustration of (a) the induced CRS after applying a peening treatment (b) the corresponding homogenous
distribution of CRS in a 2D contour and (c) cross-sectional symmetric mapping of the CRS distribution on sample's cross section.


https://doi.org/10.1016/j.jmrt.2023.03.193
https://doi.org/10.1016/j.jmrt.2023.03.193

3270

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:3265-3283

Crack initiation sitc

500

u -72.00
400 -
+ ; 9975
R - . [
0 E 3004
2 ! ”
£ . 1275 “
S2004 ! ‘
.
1004} -155.3
.
0 o -183.0
Surface 283
Residual stresses Surface
(MPa)
(b) ©

Fig. 5 — (a) SEM micrographs of fracture surface for AB + LSP2 sample with different magnifications (b) considered area with
a maximum width of 480 um in the centre and a length of 800 pym meshed using radial coordinate (r, 6). (c) continuous
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height of fracture plane parameter (h/hg), which is defined as
the ratio of the distance of the fracture plane (h) to the total
notch opening distance (ho) was used to describe the fracture
plane displacement from the notch root section.

Considering all the aforementioned parameters, in this
study two different ML-based models based on deep learning
approach were developed. In Model A, as shown in Fig. 7a, the
parameters of Sy + S, Ho/H. (used as an index of hardening)
and R, were considered as inputs and parameters of d, h/hg
and Ny were regarded as outputs. In this way, the correlation
between hardness, residual and amplitude stresses as well as

Fatigue life cycles, N

surface roughness was estimated with crack initiation sites.
This model can also analyze the effects of hardening and CRS
as well as roughness variation caused by the peening-based
treatments on fatigue behavior of the notched LPBF
AlSi10Mg samples. On the other hand, in Model B, as pre-
sented in Fig. 7b, the parameters of d and h/h, were considered
as inputs and Ny was gathered as output parameter to specify
the effects of crack initiation site on fatigue life of the treated
samples. Different NN approaches including SNN, DNN and
SADNN were developed to find the optimum structure with
the best performance for each model. In all the developed
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Fig. 6 — (a) Measuring the depth of sub-surface crack initiation site for AB 4+ LSP2 sample (b) schematic illustration of the
considered area on the fracture plane with the analyzed parameters of crack initiation depth (d), its corresponding hardness
value (Hy), residual stress (S;) and applied stress (S;) with individual surface roughness (R,), fatigue life cycle (Ny) and core
hardness (H,) for the specimen (c) schematic description of relative height (h/ho) of fracture plane.
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Fig. 7 — The considered input and output parameters in the developed ML-based networks of (a) Model A and (b) Model B (c)
schematic illustration of a SADNN with 6 layers and structure of 3+(18 + 12+9 + 6)+3 used for Model A.

networks, random data selection strategy was followed for
training and testing processes and the data used for training
was not employed in testing step. The performance of the
developed networks was examined in terms of accuracy using
correlation coefficient (R?) calculated as follows [60]:

i(fsxp,i - FEXP) (fANN,i - FANN)
R = M

S ((faes  Foe) (s~ Fam))

where, n is the number of the fed data to the network, and fgxp
and fann represent the experimental and predicted values,
respectively, determined as follows:

1 n
Fexp = n Z Sexpi (2.9)
i-1
1 n
Fann = 0 ;fANNi (2.b)

Fig. 7c depicts the schematic illustration of a 6 layer DNN
(with 4 hidden layers) and the assigned SAE with an archi-
tecture of 34+(18 + 1249 + 6)+3 layers used for Model A. SAE
was assigned in between the layers of DNN for pre-training of
the fed experimental data. Based on the size of the dataset and
also the complexity of the modeled phenomena, a DNN
should be developed with or without pre-training [61]. As the
used dataset for feeding is relatively small in this work, we
took advantage of the potentials of SAEs. Generally, for con-
structing a fully inter-connected SADNN with y layers, y-1
SAEs are required. In the developed SADNN with 6 layers
consisting of input layer +4 hidden layers + output layer, 5
SAEs were used considering the same number of neurons in
each SAE with the corresponding DNN layer. Hence with
respect to the number of layers and neurons, in the 6 layers
SADNN, SAEs with 3+(18)+3, 18+(12)+18, 12--(9)+12, 9+(6)+9,
6+(3)+6 architectures were assigned. Detailed description of
SAE development and performance were reported in different
studies [62—64].
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After performance assessment of the developed NNs for
specifying the optimum structures with the highest accuracy,
the model function of the selected NN was generated for further
parametric and sensitivity analyses. The corresponding model
function of the developed SADNN can be obtained as follows:

where I; is the importance of the jth input parameter relevant
to the output parameter, N; and Nj, are the numbers of input
and hidden neurons, respectively, and W is the connection
weight; the superscripts i, h, and o, in turn, refer to input,
hidden and output neurons.

at =f (wl i+b! ) (3)

4. Results and discussions
2_g20.2:1 12

@ (wi+b) ) 4.1. Experimental results

a’=f° (ngz +b3> (5) Fig. 8a represents the confocal top-surface morphological
observations in the notch root area of the AB and surface

at —f* (w41'3 n b4) 6) treated samples. The surfaclze irregularities of the as-built state
such as spatters and partially and unmelted powders were
mostly removed after applying peening-based treatments of

a®=f° (w5i4 + b5) (7) SP, SVP and LSP. The formation of dimples and overlaps in the

a® =M(m(1), m(2), m(3)) :fG(wﬁiS +b6) —f6 (w6f5 (w5f4 (w4f3 (w3f2 (w2f1 (w1i+b1) b2 +b3) +b4) +b5) +b6> 8)

where a?, @, a®, a* and a° are the outputs of the first to fifth
layers, respectively and the function M assigns the values of
the considered 3 inputs of Sy + Sy, Hi/H. and R, to the outputs
of d, h/hy and Ny with m(1), m(2) and m(3), respectively. More-
over, a sensitivity analysis was carried out to specify the
importance of each input parameter on the variations of
outputs considering the weight matrix of the developed
SADNN and Garson equation, as follows [65]:
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peened samples with shots (SP and SVP) due to multiple im-
pacts and surface-to-surface contacts with the peening media
can be seen. However, in the LSP treated sample, lower sur-
face roughness scatter was observed with very few local sur-
face imperfections. Surface roughness measured in terms of
arithmetic mean, R, is presented in Fig. 8b. The results indi-
cate that SVP had the highest effects on roughness reduction
followed by LSP, while SP slightly increased the surface
roughness.

Different mechanical properties including hardness and
residual stresses as well as fatigue life of all sets of samples
were analyzed. Microhardness measurement were performed
on the longitudinal cross section (YZ plane) of the samples
along notch root direction to assess the local influence of
peening-based post-treatments as depicted in Fig. 9a up to the
depth of 480 um (as described in Fig. 5 according to considered

B
1

w
1

N
1

Fig. 8 — (a) Confocal microscopy observations of the notch root surface of the AB, AB + SP2, AB + SVP2 and AB + LSP2
samples (b) measured values of surface roughness in terms of R,
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Fig. 9 — (a) Microhardness profiles in the notch root section of samples and (b) residual stress distributions in all sets of
samples measured from top surface through the depth (c) number of cycles to failure for rotating bending fatigue tests

considering a fixed amplitude stress of 110 MPa.

area in fracrture surface). The microhardness in the surface
layer of the peened samples gradualy decreased through
interior. The applied processes with higher energy had more
efficiency for in-depth hardening of the notch root. Surface
hardness improvements of 19, 15, 69, 78, 14 and 28% were
obtained for AB + SP1, AB + SP2, AB + SVP1, AB + SVP2,
AB + LSP1 and AB + LSP2 samples, respectively.

Residual stresses distributions from top surface were
measured for all sets of samples using XRD as depicted in
Fig. 9b. AB sample showed tensile residual stresses, while the
peened samples exhibited significant CRSs. Surface CRSs of
—83, —65, —160, —170, —145 and —178 MPa were achieved for
AB + SP1, AB + SP2, AB + SVP1, AB + SVP2, AB + LSP1 and
AB + LSP2 samples, respectively. Considering the applied
stress distribution by fatigue loading (which obtained by FE
analysis) up to the depth of 480 pm and the measured residual
stresses in all sets of samples, the stress superposition under
cyclicloading can be determined by calculating the sum of the

stresses as presented in Fig. B(in Appendix B). In addition, 2D
contours of superposed stresses in all sets considering ho-
mogeneous distribution of stresses are presented in Fig. C(in
Appendix C).

Fatigue lives of all sets of V-notched LPBF AlSilOMg
samples under a stress amplitude of 110 MPa were obtained
as represented in Fig. 9c. The results revealed remarkable
fatigue life improvement after applying peening-based post-
treatments. Fatigue life of AB sample with 1.26 x 10* cycles
was increased up to 1.19 x 10% 1.75 x 10% 2.12 x 10°
2.83 x 10%, 1.92 x 10° and 2.53 x 10° cycles in the AB + SP1,
AB + SP2, AB + SVP1, AB + SVP2, AB + LSP1 and AB + LSP2
samples, respectively. Fracture surface of the samples were
analyzed, and the location of the crack initiation sites were
identified. Fig. 10a, reveals the depths of crack initiation sites
for all sets of samples measured for 5 samples per each set.
The cracks were initiated from the surface in the case of AB
samples; however, in all the peened samples sub-surface
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Fig. 10 — (a) Crack initiation depths and (b) the measured relative heights of fracture plane for all sets of samples (c) the
displacement of the fracture planes in the AB + SP2, AB + SVP2 and AB + LSP2 samples compared to the AB sample.
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Fig. 11 — Crack initiation sites in all sets of samples with mapped residual stress (corresponding to the XRD measurements
made before fatigue loading) and hardness on the area around it on the fracture surface.
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Table 2 — The obtained values related to input and output parameters considering the samples presented in Fig. 11

Sample Sa (MPa) Sy (MPa) Sa + Sf (MPa) Hg (Hv) Hg/H, Ry (nm) d (um) h/h0 Ny (Cycles)
AB -11 183.9 172.9 108 1.02 4.34 0 0.5431 12,690

AB + SP1 -136 167.5 31.5 118 1.11 4.52 105 0.5291 1,196,470
AB + SP2 -171 165.2 -5.8 115 1.09 4.83 115 0.5182 2,119,660
AB + SVP1 —183 163.1 -19.9 176 1.66 2.79 130 0.5132 2,121,670
AB + SVP2 -191 156.8 —34.2 184 1.74 2.42 150 0.5098 2,832,250
AB + LSP1 —149 164.9 15.9 118 1.11 411 125 0.5352 1,921,670
AB + LSP2 -175 153.8 -21.2 131 1.24 3.98 165 0.5243 2,530,250

crack initiations were observed. In addition, considering
the fracture planes of the broken samples, the relative
heights of fracture site were calculated as shown in Fig. 10b.

Table 3 — The accuracy of the selected SADNNS in both

training and testing processes for Model A and Model B.

The results indicated that all the applied surface post- Model: = SADNN structure = Gutput R®
treatments had considerable effects on reduction of rela- Training Testing
tive height of fracture plane and relocating the fracture A 3+(18 + 1249 + 6)+3 d 0.961 0.950
planes closer to the notch root section. Fig. 10c illustrates the h/hg 0.974 0.968
displacement of the fracture planes in the AB + SP2, Ny 0.965 0.957
B 2+(18 + 12+9 + 6)+1 N¢ 0.985 0.972

AB + SVP2 and AB + LSP2 samples, respectively compared to
the AB sample.

For correlating the mechanical properties with fatigue
crack initiation site and fatigue life, for instance for the sam-
ples presented in Fig. 11, the considered input and output
parameters (mentioned in Fig. 7a) are summarized in Table 2.

4.2. Modelling results

Fig. 11 presents the fracture surfaces of all sets of samples
specifying the crack initiation sites and mapping of the re-

sidual stresses and hardness on the corresponding fracture
plane. Sub-surface crack initiation can be observed clearly for
all peened samples (shown with yellow circle).
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Fig. 12 — (a,c) The effects of number of neurons in each layer of SNNs with 1 and 2 hidden layers on the accuracy of the
estimated fatigue life for models A and B. (b,d) Comparison of the accuracy of the estimated fatigue life obtained by SNNs,

DNNs and SADNNSs for models A and B.
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same procedure was followed for the other 4 samples
analyzed for the same set and finally a data set with 35 data
points were obtained and used for the training process.

The average values of each input parameter were used for
testing the developed networks. Different NNs including
SNN, DNN and SADNN were developed and their efficiencies
in terms of prediction accuracy were compared as presented
in Fig. 12. It should be mentioned that these results are pre-
sented in terms of accuracy of output parameter of fatigue
life in both Model A and Model B. In all the constructed NNs,
network parameters of 0.165 for training rate and the
Logarithmic-Sigmod (logsig) transfer functions in hidden and
output layers were used. Dealing with the developed SNNs
with 1 and 2 hidden layers, by raising the number of neurons
in each layer as well as increasing the number of layers, the
accuracy of the predicted results increased as well (see
Fig. 12a and c). In the developed SNNs, the networks with
(50 + 50) hidden layers with accuracy of 0.91 and 0.92 (for
training) had the best performance for Model A and Model B,
respectively.

Comparison of the accuracy of the predicted fatigue life
obtained by SNNs, DNNs and SADNNSs in Model A and Model B
is shown in Fig. 12a and b. The results indicate that SADNNs
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with a structures of 3+(18 + 1249 + 6)+3 and 2+(18 + 12
+9 + 6)+1 exhibited the highest efficiencies in terms of ac-
curacy compared to all the developed NNs with accuracies of
0.965 and 0.985 for Model A and Model B, respectively. After
pre-training of the data via SAE, the performance of NNs was
enhanced reaching to acceptable R%. For example, considering
the DNN developed with 4 hidden layers in Model A, the ac-
curacy of the predicted results increased form 0.94 up to 0.965
after implementing pre-training by SAE. The performance
assessment of the selected SADNNs, which had the highest
accuracy in both training and testing processes, is shown in
Table 3. All the selected SADNNs had accuracies higher than
0.95 for both training and testing processes. Fig. 13 shows the
comparative diagrams of predicted values versus experi-
mentally measured data for the considered output parameters
in Models A and B.

To obtain the correlation between residual stress, hardness
and surface roughness with crack initiation site and fatigue
life of notched LPBF AlSil0Mg samples subjected to different
peening treatments, parametric analyses were carried out.
The corresponding model functions to the selected SADNNs
were generated and the intervals of experimnetal data for all
input parameters were used to achieve continious 2D
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Fig. 13 — Comparative diagrams of the predicted and experimental results in terms of (a) d, (b) h/h, (c,d) Ny
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contours. Fig. 14 illustrates the results of paramertric analyses
of Model A in terms of d, h/ho and Ny.

As shown in Figs. 14a—c it can be seen that by decreasing
Sq+ Srand R, while increasing Hy/H. (which can be obtained by
applying peening treatments) the depth of crack initiation site

d increased. Dealing with the relative height of fracture plane,
as presented in Fig. 14d—f, reducing Sq + Sf and R, and
increasing Hq4/H,, led to reduction in h/hg values. In addition, as
illustrated in Fig. 14g—i, fatigue life Ny, improved by reducing
Sqa + Sf and R, and increasing Hy/H.. Overall, the results
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Fig. 14 — 2D contours presenting the parametric analyses results for Model A in terms of (a) S4;+ Sy and Hy/H,, (b) S4;+ Syand
R, and (c) R; and Hy/H, versus d (d) S; + Spand H/H,, (e) Sq + Syand R, and (f) R, and Hy/H, versus h/h; (g) Sq + Sfand Hy/H,, (h)

Sa + Sy and R, and (i) R, and Hy/H, versus N;.
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Fig. 15 — 2D contour presenting the parametric analysis result for Model B in terms of d and h/h, versus Ny.

indicate that by increasing the hardening, inducing higher
CRSs and more surface roughness reduction, higher crack
initiation depth, lower relative height of fracture plane and
higher fatigue life can be expected.

The results of parametric analysis for Model B are pre-
sented in Fig. 15. A direct relation was observed for the depth
of sub-surface crack initiation site with fatigue life improve-
ment. d was considerably increased by inducing higher CRSs,
hardening and roughness reduction as results of peening
treatments, thus leading to longer fatigue life. In addition, by
displacing the relative height of fracture plane from down-
wards face of the notch with poor surface quality closer to the
notch root section (that theoretically has the highest stress
consternation) and therefore reduction of h/hy by applying
post-treatments, fatigue life can be significantly improved.
Hence, all the parametric analyses confirmed the beneficial
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effects of the peening-based post-processing methods for fa-
tigue life improvement.

To specify the effects of each considered input data on the
variations of output parameters, sensitivity analyses were
performed. Fig. 16a and b presents the results of sensitivity
analyses for Models A and B, respectively. Considering Model A,
the results indicate that parameter of S; + Sy, incorporating the
effects of both induced residual and applied stresses, had the
highest effect on the variations of output parameters including
d, h/hy and Ny followed by surface roughness R, and hardening
index of Hg/H.. The considered input parameters exhibited
different levels of importance with respect to different outputs.
For instance, R, had an importance of 21% on the variation of
output parameter of d, while in the case of output parameter of
h/hy higher importance of 39% was estimated. Dealing with
Model B, which had only one output parameter, crack initiation
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Fig. 16 — Sensitivity analyses results for (a) Model A and (b) Model B.
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depth d had higher effects on fatigue life improvement
compared to the relative height of fracture plane.

5. Conclusions

In this study, experimental data, numerical models and deep
learning approaches were implemented to correlate residual
stress, hardness and surface roughness with the depth of
crack initiation site and fatigue behavior of V-notched LPBF
AlSi10Mg samples subjected to different peening treatments.
According to the results the following conclusions can be
drawn.

e All the applied peening-based surface treatments
including SP, SVP and LSP induced considerable CRSs,
surface layer hardening, surface morphology modification
and roughness reduction. The combined effect of the
affected properties resulted in significant fatigue life
improvement.

e Considering post-treatments with higher energy, SVP had

the highest effects on fatigue life improvement with 223

times higher fatigue life compared to the as-built set, fol-

lowed by LSP ( x 199 times) and SP ( x 94 times).

Fractography analysis of the failed samples after rotating

bending fatigue tests revealed sub-surface crack initiation

in all samples but at different depths. However, in the as-
built state, the poor surface quality led to surface crack

In addition, the surface post-treatments
considerably reduced the relative height of fracture
plane, shifting it towards the notch root plane.

e Performance evaluation of the developed neural network
models showed that by pre-training of the small dataset, it

initiation.

(a) Continuous mapping of residual stresses
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is possible to get acceptable accuracies in the predictions
up to more than 0.96 (out of 1 as maximum R?).

e Correlations between residual stress, hardness, and sur-
face roughness with the depth of crack initiation site and
fatigue life, obtained via parametric analyses revealed that
by increasing surface layer hardening and inducing higher
CRSs, besides surface roughness reduction, deeper crack
initiation site, lower relative height of fracture plane and
superior fatigue life can be obtained.

e As one of the major findings of this study, it was found that
the depth of sub-surface crack initiation had direct relation
with fatigue life improvement. Likewise, by displacing the
relative height of the fracture plane closer to the notch root
section by applying surface post-treatments, higher fatigue
lives were obtained.

The results of sensitivity analyses indicated that the com-

bination of residual and applied stresses had the highest

effect on the variation of crack initiation depth, the relative
height of the fracture plane and fatigue life followed by
surface roughness and hardening index, respectively.
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Appendix A
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Fig. A — Comparison of the predicted and experimental values of residual stresses and microhardness obtained by the

developed SNNs.
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Appendix B

Residual stress distributions Applied stress distribution Superposed stress distributions
before fatigue loading by fatigue loading After fatigue loading
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Fig. B — Distributions of (a) residual stresses before fatigue loading, (b) applied stress by fatigue loading and (c) superposed
stresses after fatigue loading.

Appendix C
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Fig. C — 2D contours of superposed stresses in all sets considering homogeneous distribution of stresses and the crack
initiation depths.
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