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ABSTRACT

This study addresses the complex interplay of shot peening-induced effects on the fatigue strength of high-
strength aluminum alloys. The inherent poor fatigue properties of aluminum alloys, particularly exacerbated
in components manufactured through additive processes, pose significant challenges. Shot peening, a recognized
surface treatment, proves effective in enhancing fatigue resistance through mechanisms such as compressive
residual stresses, work hardening, and microstructural changes. However, optimizing shot peening and devel-
oping accurate fatigue prediction models remain challenging due to the intricate and unclear contributions of the
individual mechanisms. In this investigation, five distinct shot peening treatments were employed to emphasize
specific effects. Experimental results, analyzed through a strain energy density approach, shed light on the
crucial role of compressive residual stresses in maximizing fatigue strength. This comprehensive exploration
contributes with valuable insights for designing shot peening treatments to optimize the fatigue performance of
high-strength aluminum alloys.

1. Introduction

Among structural metals, aluminum alloys stand out for their
impressive specific static strength but are marred by relatively poor
fatigue properties [1,2]. This inherent limitation poses a significant
challenge, especially when considering the prevalent use of aluminum
alloys in critical engineering applications [3,4]. Such fatigue strength
deficiency is further exacerbated when Al alloys are fabricated through
additive manufacturing processes, primarily attributed to inadequate
surface morphology [5] and internal defectiveness [6]. Within this
context, shot peening, a widely acknowledged surface treatment, has
demonstrated efficacy in overcoming the fatigue vulnerabilities of
aluminum alloys [7,8]. This process involves bombarding a compo-
nent’s surface with small, high-velocity spherical shots, inducing a range
of modifications such as the introduction of compressive residual
stresses [9,10], work-hardening effects [11,12], and microstructural
changes [12,13].

While the broad impact of shot peening is recognized, the nuanced
details of the enhancing mechanisms remain elusive. On one hand, the
detrimental effect of surface roughening on fatigue strength is evident,
while on the other hand, the roles of grain refinement, work hardening,
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and, significantly, residual stresses are subjects of ongoing debate. Some
scholars correlate grain refinement and work hardening to the concept
of microstructural barriers impeding the growth of microstructurally-
small cracks [14]. In contrast, residual stresses are sometimes impli-
cated in hindering crack nucleation due to the mean stress effect, while
at other times, they are credited for retarding the growth of Physically-
Small Cracks (PSC) by partially restoring crack closure, a phenomenon
less developed in PSC compared to Long Cracks [15-17].

Amidst these uncertainties, comprehending and optimizing shot
peening for fatigue improvement becomes a complex task, entangled in
the intricate interplay of various factors. The challenge is exacerbated by
the lack of clarity regarding how specific mechanisms within shot
peening contribute to fatigue resistance. This knowledge gap impedes
the development of accurate fatigue prediction models, hindering the
optimization of shot peening processes tailored to specific materials and
applications. As a result, various approaches have been explored to
develop shot peening treatments targeting the enhancement of fatigue
strength in Al alloys. Some strategies involve low-intensity treatments
utilizing small beads to introduce minimal surface roughness and a thin
layer of compressive residual stresses, strategically positioned with a
peak in close proximity to the treated surface [18-20]. Conversely, other
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methodologies employ intense peening treatments utilizing larger shots,
some even composed of steels [21,22], with the objective of inducing
deeper compressive residual stress profiles and heightened work hard-
ening, aimed at stabilizing the residual stresses during the component
service life. Additionally, high-intensity, high-coverage processes have
been investigated, focusing on inducing grain recrystallization coupled
with the refinement of the grain structure down to the nanoscale
[10,23,24].

The ambiguity surrounding the fatigue-related effects of shot peen-
ing is reflective of the diverse methodologies employed to calculate the
fatigue strength of shot-peened components. Generally, appropriate
multiaxial fatigue criteria are employed, integrating residual stresses as
mean stresses superimposed on the stress field generated by external
loading [25-28]. Sometimes, residual stresses are incorporated into fa-
tigue calculations not only by assuming that the fatigue life is predom-
inantly spent initiating small cracks but also by adopting total fatigue
life approaches that account for the retardation effect of residual stress
on crack propagation [29,30]. Recently, an alternative perspective on
residual stresses has been proposed, replacing the concept of residuals as
mean stresses with that of an independent stress field that produces
negative specific work when exposed to mechanical strains. This work is
then encapsulated into a strain energy density-based fatigue calculation
framework [31]. To address the adverse impact of surface roughness, a
common practice is the utilization of a semi-analytical stress concen-
tration factor [32], often disregarding the material’s notch sensitivity. In
more recent developments, finite element simulations of the roughness
profiles of shot-peened components have been conducted to evaluate the
stress concentration factor induced by roughness [12]. This is sometimes
coupled with a critical distance approach to incorporate material notch
sensitivity [25]. Moreover, the microstructural effects induced by shot
peening on the fatigue properties of the outer layers [12] are sometimes
considered. This involves the use of empirical correction coefficients
primarily based on the full-width-at-half-maximum (FWHM) of
diffraction peaks [33,34]. Lastly, it is noteworthy that certain studies in
the past have uncovered a dualism in the crack initiation sites of shot-
peened Al alloys, particularly in plain (unnotched) samples subjected
to very-high-cycle fatigue testing. Specifically, crack initiation has been
observed not only near the treated surface but also beneath the surface
layers affected by shot peening [20,35,36]. The incorporation of these
various elements into fatigue prediction models underscores the
complexity of understanding and optimizing shot peening processes for
enhanced fatigue performance, highlighting the critical need for a
comprehensive and integrated approach to accurately model and predict
fatigue strength in shot-peened components.

The central objective of this study is to further investigate the
importance of the aforementioned shot-peening related effects, aiming
to identify optimal treatments and effective fatigue calculation models
for high-strength Al alloys. To achieve this goal, five different shot
peening treatments have been considered, each one emphasizing a
specific effect. Two low-intensity treatments employing small shots have
been devised to introduce similar in-depth residual stress profiles while
inducing different surface roughness and work hardening. A conven-
tional treatment with higher intensity and larger shots has been applied
to introduce a deeper residual stress profile. Finally, a high-coverage
treatment, either standalone or in combination with the previous one,
has been applied to induce grain refinement into the surface layer.

The article is structured as follows: Section 2 provides a detailed
description of the investigated material variants and outlines the
experimental techniques employed to characterize the material modi-
fications induced by shot peening. In Section 3, we present the experi-
mental results, which are subsequently interpreted in the context of a
strain energy density approach proposed in a prior study [31], briefly
summarized in Section 4. The latter section also encompasses a
description of the numerical analyses conducted to assess the influence
of residual stresses and surface roughness. Section 5 delves into the
discussion of the results obtained through the proposed fatigue
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calculation approach, offering insights into the design of shot peening
treatments capable of maximizing fatigue strength improvement.
Concluding remarks are presented in Section 6.

2. Experimental materials and methods

The experimentation was carried out on specimens extracted from
extruded bars of aeronautical Al grade 7075-T6 with a diameter of 60
mm. The raw material supplier declared that both heat treatment (sol-
ubilization at 470 °C for 1 h followed by water quenching and aging at
120 °C for 24 h) and chemical composition were compliant with the
material standard.

Monotonic tensile tests (initial strain rate of 10~* s™1) were per-
formed according to the standard ASTM E8 on dog-bone axisymmetric
specimens (gage diameter 6 mm) aligned with the longitudinal (L)
orientation of the bars. Three tests were replicated room temperature
(25C, 60 % R.H.) using a servo- hydraulic universal testing machine
INSTRON 8516, equipped with hydraulic grips, a load cell of 100 kN
(non-linearity +0.1 % of rated output R.0O.), and an axial extensometer
(10 mm gauge length, nonlinearity +0.15 % of R.0.). The yield strength
was determined based on the 0.2 % offset method. The results of the
tensile tests, as listed in Table 1, align with the minimum requirements
outlined in DIN EN 755-2. Furthermore, they closely resemble the
values reported in [37] for the same alloy obtained from extruded bars
of identical dimensions. The reader is referred to [37] for a detailed
microstructural analysis of grain size and intermetallic precipitates
dispersion.

To assess the high-cycle fatigue (HCF) behavior, 8-point bending
fatigue tests were carried out in the longitudinal (L) orientation using
hourglass axisymmetric specimens, as illustrated in Fig. 1la, with a
minimum gage diameter of 5 mm. These tests adhered to the ASTM E466
standard. Notably, the specimens featured a fillet radius sufficiently
large to minimize any notch fatigue effects (theoretical stress concen-
tration factor K; = 1.02). The intentional selection of axisymmetric ge-
ometry aimed to eliminate stress perturbation effects, which often
localize fatigue crack initiation near the edges in prismatic specimens
[18]. To facilitate testing under 8-point bending fatigue loading, the
terminal part of the specimens was flattened through milling.

A subset of the specimens underwent controlled shot peening, and
the parameters for the five peening treatments are outlined in Table 2.
Each treatment, administered with a 90° angle of impingement using an
air-blast machine, aimed to explore potential fatigue-related effects
arising from (i) peening-induced microstructural changes and (ii) the
introduction of grain refinement down to nanoscale into the outermost
surface layers. For the first objective, two shot peening treatments,
denoted as UFS50 100 % and Z100 100 %, were implemented. Despite
having nominally identical intensity and coverage, these treatments
utilized shots of significantly different sizes. In particular, ultra-fine steel
shots are employed in UFS50 100 %. This intentional contrast aimed to
yield a very similar in-depth residual stress profile while inducing
distinct surface roughness and plastic deformation. In the third treat-
ment, denoted as Z100 1000 %, process parameters mirrored those of
the second treatment, except for an extended treatment time to achieve
1000 % coverage and induce grain refinement in the surface layers, as
previously observed in [24]. A second grain refinement approach
involved a double peening treatment. Initially, a conventional treatment

Table 1
Monotonic tensile properties based on three replicated tests with respect to the
rolling direction.

E (GPa) oy (MPa) oy (MPa) T.E. (%) U.E. (%)

69.0 + 0.1 487 £7 570 £5 10.5 + 0.6 7.6 0.2

Note: Standard error corresponds to 16 uncertainty band.
Abbreviations: E, Young’s modulus; oy, ultimate tensile strength; oy, 0.2% yield
stress; T.E., total elongation; U.E., uniform elongation.
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Near-surface crack initiation

Fig. 1. Geometry of the axisymmetric hourglass samples used for the 8-point
bending fatigue tests. Dimensions are given in mm. My, indicates the axis of
application of the bending moment. The SED-averaging control domain Q is
centered either on the outer tensioned side of the specimen (b) or at distance dy
from this location (c). dy indicates the effective depth of the peening treatment.
R denotes the specimen gage diameter (=5 mm) and r; denotes the radial co-
ordinate of the removed layer during XRD residual stress measurements.

Table 2
Parameters of the five shot peening treatments considered in this study.
Condition Shot Bead size (mm) Almen Coverage
material intensity (%)
UFS50 100 Steel 40-70 11N 100
%
7100 100 % Ceramic 100-150 11N 100
7100 1000 Ceramic 100-150 9N 1000
%
Z425 100 % Ceramic 425-600 5A 100
7425 + Ceramic 425-600 + S5A+9N 100 + 1000
Z100 100-150

was conducted using large ceramic beads (Z425 100 %), followed by
treatment Z100 1000 %. Lastly, the sole effect of Z425 100 % was
examined as a dedicated experimental variant.

Fully-reversed (R = —1) load-controlled fatigue tests were conducted
in ambient air at room temperature. The tests were executed using a
resonant testing machine, Rumul Miktrotron 20 kN, operating at a
nominal frequency of 90 Hz and equipped with a preloaded 8-point
bending fixture. The fatigue tests continued until specimens either
experienced failure or reached a pre-established fatigue life, set at 3 x
107 cycles. Run-out specimens were subjected to reuse, enduring an
applied load at least 1.5 times higher than the original, thereby
extending the dataset and enhancing the experimental data points for
non-linear fitting of the S-N fatigue curves. A total of 15 tests were
performed, with 2-3 tests replicated at each load step. The Wohler’s
curves were fitted using Eq. (1).

G

N (€8]

0, =C1 +

where c;, ¢z and c3 are fitting parameters, N¢ is the number of cycles
upon failure or runout and o, is the stress amplitude. The scatter bands
at 10 % and 90 % failure probability are also reported and have been
calculated considering a uniform regression variance throughout the
whole tested range. These bands can be consequently calculated as
follow in Eq. (2)
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n—p

where o, is the i.th fatigue amplitude, 6 4; its estimator. The parameters,

n and p, are the numbers of collected data and the number of regression

parameters involved in Eq. (1) thus set to 3.

Fatigue fracture surfaces have been investigated using a JEOL JSM-
IT300LV scanning electron microscope (SEM) to identify the location
of the fatigue crack initiation site. For the metallographic analyses,
coupons cut in longitudinal direction from the fatigue samples were cold
mounted in resin, polished, and etched with a solution of nitric acid
(15.5 ml), hydrofluoric acid (0.5 ml) and chromium trioxide (3 g) in 84
ml of distilled water. The specimens were examined using both SEM and
a light optical Zeiss Axiophot microscope. The polishing step was carried
out with cloths of 1 um and 0.04 pm with OPS solution to assure a perfect
surface preparation, removing all residual scratches due to grinding.

The alterations in surface layers resulting from the shot peening
treatments were systematically investigated through measurements of
microhardness, surface roughness and residual stress profiles. Micro-
hardness in-depth profiles were measured on the metallographic sec-
tions using a Vickers indenter under a load of 0.025 kgf. Three
measurements were performed at each depth and averaged to account
for material’s heterogeneity and measurement errors.

Surface morphology examinations were conducted using an
Olympus DSX100 High-Resolution Opto-digital microscope, equipped
with a 20x objective lens. The DSX10-BSW software facilitated surface
roughness analysis. Each specimen underwent scanning along the lon-
gitudinal direction, with measurements taken on both cylinder genera-
trices (the curves describing the cylinder surface when rotated about its
axis) experiencing the highest bending stress. To adhere rigorously to
ISO standards (ISO 4288:1996), an evaluation length of 12.5 or 4 mm
and a cut-off wavelength (A.) of 2.5 or 0.8 mm were selected for surface
profiles with Rz larger or lower to 10 pm, respectively. The profile mean
line was derived by fitting the measured surface profile with an equation
representing the circular arc of the hourglass part of the specimen. For
the assessment of surface roughness parameters, the mean line was
subtracted from the measurements, and the resultant data were filtered
using a Gaussian filter with a kernel size of A to eliminate the contri-
bution of waviness.

Residual stress analysis was carried out using the X-ray Diffraction
(XRD) technique, employing an AST X-Stress 3000 X-ray diffractometer.
Measurements were conducted with Cr Ko radiation in the longitudinal
direction within the gage region. The analysis zone was restricted by a
collimator with an area of 1 mm?. For stress evaluation, the classical
sin?y method was employed, utilizing 9 diffraction angles (20) scanned
between —45° and +45° for each stress value. The (311) diffracting
planes were specifically chosen for two reasons: (i) to obtain high angle
measurements (260 angle 139.0°) with increased strain sensitivity, and
(ii) because they do not accumulate significant intergranular stresses,
exhibiting behavior like that of the bulk material. The system calibration
was validated by obtaining a diffraction pattern from a standard poly-
crystalline Al powder before the commencement of the experiment. In-
depth measurements were conducted on peened specimens that were
not subjected to fatigue testing to assess the initial residual stress field.
For this purpose, material was incrementally removed from the spec-
imen surface using an electrochemical method to avoid introducing
additional residual stress. Specifically, a Struers - Movipol electro
polisher was utilized with a diluted perchloric acid solution and a
voltage of 40 V. The procedure involved placing the specimen in the
material removal station, activating the Movipol probe on the surface,
and initiating the acid solution and electrical current. Once the desired
time elapsed, the specimen was measured with a linear gauge to verify
the amount of material removed. This process was repeated until the
desired material removal amount was achieved.

In-depth residual stress profiles were corrected to address the impact
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of the removed layer on the residual stress field using the expression
reported in [38] specifically designed for rotationally symmetric resid-
ual stresses in axisymmetric bodies:

R—r1 RS
o =2 [ )

1

where R is the specimen outer radius, r; is the radial coordinate of the
surface exposed after layer removal (see Fig. 1b and c), where the axial
stress ok, (r1) is measured.

In the course of residual stress measurements, the Full Width at Half
Maximum (FWHM) parameter was also determined. FWHM is calcu-
lated as the width of the diffraction peak at half of its maximum height
and is directly linked to the value of residual microstrain (Type II)
present in the material. The FWHM parameter exhibits sensitivity to
multiple microstructure parameters, including crystallite size (coher-
ently diffracting areas), non-oriented microstress, and dislocation den-
sity. In this specific case, it is deemed in some investigations [24,33] as
an indicator of work hardening at the microscopic scale within the
material.

3. Experimental results
3.1. Microstructure and surface morphology

Fig. 2 presents representative etched SEM micrographs illustrating
the microstructure of the surface layers in the fatigue samples. It is worth
noting that the treatments employing the largest shots with standard
coverage (2100 100 %, Fig. 2c, and Z425 100 %, Fig. 2e) did not
appreciably modify the microstructure of the surface layers when
compared to the as-received condition (Fig. 2a). These treatments
maintained a very similar grain size and precipitate distribution.
Conversely, the ultra-fine shot particle treatment (UFS50 100 %, Fig. 2b)
and, to a significantly greater extent, the two treatments employing very
large coverage values (2100 1000 %, Fig. 2d, and Z425 + Z100, Fig. 2f),
considerably altered the microstructure of the outermost layers,
inducing grain refinement and denser dispersion of finer intermetallic
precipitates. Notably, these three material variants are characterized by
a brighter (10 to 25 pm thick) surface layer, representative of a more
reactive microstructure produced by the work hardening introduced by
such shot peening treatments.

Unetched optical micrographs are presented in Fig. 3 to reveal

UFS50 100%

As-received

International Journal of Fatigue 184 (2024) 108299

possible defects introduced by the peening treatment into the surface
layers. Notably, the three variants employing Z100 shots (Z100 100 %,
Fig. 3¢, 2100 1000 %, Fig. 3d, Z425 + Z100, Fig. 3f) result in the peeling-
off of material layers due to their intense plastic deformation, leading to
the formation of crack-like defects on the surface. This phenomenon is of
much lower extent in UFS50 100 % (Fig. 3b) and practically absent in
the Z425 100 % variant (Fig. 3e).

The results of the surface roughness measurements are summarized
in Table 3. It is noteworthy that the Ra roughness of the as-received
condition complies with the specified requirement in the specimen
drawing presented in Fig. 1a. All the peening treatments result in an
increase in surface roughness, exhibiting a discernible general trend of
increment with increasing shot size. Interestingly, an increment in
coverage did not produce an appreciable increase in roughness.

3.2. In-depth residual stress and microhardness profiles

In Fig. 4a and b, the in-depth measurements of longitudinal residual
stress, FWHM, and microhardness are illustrated. Looking at Fig. 4a, it is
evident that the depth of surface layers influenced by residual stresses
and strains (expressed in terms of FWHM) primarily depends on the shot
size, with the highest depth observed when employing the largest shots,
7425. In practical terms, considering the peening effects extinguished
when the residual stresses drop below —50 MPa and FWHM below 1.5°,
an effective peening depth (dp) of approximately 70 pm characterizes
the treatments UFS50 100 %, Z100 100 %, and Z100 1000 %. dy in-
creases to about 190 pm for Z425 100 % and to 250 pm for the double
treatment Z425 + Z100. The deepest compressive residual stress peaks
are exhibited by Z100 100 % and Z425 100 %. Interestingly, the
application of a high-coverage treatment in Z100 1000 % and Z425 +
7100 leads to less intense compressive residual stresses and strains on
the surface.

The scenario depicted by Fig. 4b in terms of the in-depth micro-
hardness profile is distinctly different. All peening treatments yielded
microhardness profiles that are virtually indistinguishable from the as-
received condition. In fact, all the data fall within a scatter band
centered around the mean value of the as-received condition, with a
width equal to +3 times the standard deviation of the same data. Only
the UFS50 100 % treatment displays a discernibly higher microhardness
value in the immediate surface layer. This is likely attributed to the
combination of a higher impact velocity and finer shot size, enabling
deeper indentation into the surface layers. The relatively modest

Z100 100%

Fig. 2. Etched SEM micrographs of the microstructure of the surface layers of the fatigue samples revealing the material microstructure. (a) As-received condition,
(b) UFS50 100 %, (c) Z100 100 %, (d) Z100 1000 %, (e) Z425 100 %, (f) Z425 100 % + Z100 1000 % shot peened conditions.
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As-received
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Z100 100%

pr—

Fig. 3. Unetched optical micrographs of the microstructure of the surface layers of the fatigue samples revealing the surface morphology. (a) As-received condition,
(b) UFS50 100 %, (c) Z100 100 %, (d) Z100 1000 %, (e) Z425 100 %, (f) Z425 100 % + Z100 1000 % shot peened conditions.

Table 3

Surface roughness properties. Ra: average roughness; Rq: root mean square
roughness; Rz: average maximum height of the profile; Rv: maximum profile
valley depth, Rp: maximum profile peak height.

Condition Ra (pm) Rq (pm) Rz (pm) Ry (pm) Rp (pm)
As-received 0.87 1.04 5.82 2,92 1.90
UFS50 100 % 1.16 1.47 8.45 3.63 4.82
7100 100 % 1.34 1.72 10.05 4.94 5.11
7100 1000 % 1.36 1.71 10.87 5.88 4.99
7425 100 % 2.15 2.66 14.72 6.69 8.03
7425 + 7100 2.04 2.59 16.05 8.21 7.84

increase in microhardness, despite the higher work hardening observed
through XRD measurements, may be attributed to the low strain-
hardening behavior of the investigated material. Additionally, the
divergence in scales between microhardness and FWHM measurements
may capture the material’s work hardening differently.

3.3. Fatigue results and fractographic analyses

The results of the fatigue tests carried out on all the specimen vari-
ants are compared in Fig. 5 and detailed in Appendix A. Fitting curves
corresponding to 50 % (thick line), 10 % and 90 % (dotted thin lines
enclosing a colored scatter band) failure probability, expressed by Eq.
(1), are also plotted in Fig. 5. The best-fit parameters, the standard de-
viation S, the fatigue strength at 3 x 107 cycles and the corresponding

200 . . . : : 25
c b FWHM
e, = =
= E £
< 100 4 £ g 1s0
25 S =
2N S <
© = =
5 ,\‘: S
2 0 ~ = 2
- 4 v v A
= o ¢ ®
2 B © i
=1 1
81009 s @ “ tio
— q %z
<
] A
3 T @ UFS50 100%
z 1 \R o /R i 7100 100°
‘= -200 4 v i 4 o Jos
éﬁ : O < v 7100 1000%
= L ] A 7425 100%

4 7425+Z100
=00 ? T T T T 0.0

0.00 0.05 0.10 0.15 0.20 0.25

(a) Depth below the surface, d (mm)

n, FWHM (°)

Full Width at Half Max

gain of the shot peened variant with respect to the unpeened counterpart
are listed in Table 4.

All the considered peening treatments proved effective in prolonging
the fatigue life of the material. This improvement depends on the
applied load, with more remarkable enhancements observed for load
levels corresponding to longer fatigue lives. It can also be observed that,
in line with previous investigations on similar treatments [18], the
highest fatigue performance improvements were achieved by the
gentlest treatments UFS50 100 % and Z100 100 %. Surprisingly, the
application of the most intense treatment Z425 100 %, even in combi-
nation with Z100 1000 %, resulted in the lowest increment in fatigue
strength. The increase in coverage adopted in Z100 1000 % led to an
intermediate enhancement of fatigue strength.

The fracture surfaces of the specimens marked with a circle in Fig. 5
were analyzed using a scanning electron microscope (SEM). Fig. 6 de-
picts the region surrounding the fatigue crack initiation site marked by
an arrow. dj and dy denote the distance from the surface of the detected
fatigue crack initiation site and the effective depth of the shot peening
treatment (see Fig. 4a), respectively. It can be noted that, owing to the
bending stress distribution, surface crack initiation occurs in the as-
received condition (Fig. 6a). Near-surface crack initiation is observed
in the variants employing small shots (UFS50 100 %, Fig. 6b, Z100 100
%, Fig. 6¢, Z100 1000 %, Fig. 6d), with the initiation site located at a
distance d; of 0.1 mm below the surface. In this case, d; is well correlated
to the effective treatment depth d identified based on the residual stress
and strain profiles depicted in Fig. 4a. On the contrary, the two variants

200
190 4
o
wy
ol . 3st.dev
e L e s bt SESy SEEE
e 4 o? - e
z o | - L]
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4 742547100
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(b) Depth below the surface, d (mm)

Fig. 4. (a) In-depth residual stress and Full Width at Half Maximum (FWHM) profiles determined using a XRD technique. (b) Microhardness in-depth profiles. The
solid line indicates the average microhardness measured in the as-received condition throughout the explored surface layer. The dashed lines denote the band with
width equal to +3 times the standard deviation of the same data.



M. Benedetti et al.

350

Al-7075-T6, 8-point bending
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L] As-received
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1
10* 10° 106 107
Number of cycles to failure, N;

Fig. 5. Fully-reversed 8-point bending fatigue SN curves. Solid lines represent
50% failure probability, while dashed lines refer to 10% and 90% failure
probability. Arrows indicates runout tests. Circled fatigue data indicates spec-
imens whose fracture surface were analyzed with a scanning electron micro-
scope (see Fig. 6).

resulting in a deeper penetration depth dy (Z425 100 %, Fig. 6e-g, Z425
+ Z100, Fig. 6h-i) are characterized by a larger dispersion in the depth d;
of the crack initiation site. Indeed, this is either located near the treated
surface or approximately in the correspondence of the treatment pene-
tration depth dy. Anyway, in none of the peened variants, fatigue crack
initiation was observed in the correspondence of the treated surface.
This underscores the effectiveness of shot peening fatigue-enhancing
mechanisms in neutralizing the potential impact of the surface pile-up
defects documented by metallographic analysis in certain shot-peened
variants.

The dualism in the location where fatigue cracks originate will be
integrated into the interpretative fatigue calculation model, which will
be developed and discussed in the next section.

4. An interpretative model
4.1. SED fatigue criterion

In this section, we will provide a brief summary of the average strain-
energy—density (ASED) criterion devised in [31] for fatigue calculations
in the presence of residual stresses. This criterion specifically accounts
for the energetic contributions of externally applied mechanical strains
and residual stresses separately. The contribution from externally
applied mechanical strains includes an equivalent fatigue damage
parameter that incorporates the range AW and the maximum value Wi,
of ASED (Fig. 7a). The contribution from residual stresses is encapsu-
lated in the form of the specific work done by residual stresses in the

presence of fluctuating mechanical strains W . Its definition in the case
of uniformly distributed uniaxial residual stress and mechanical strain is

Table 4
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illustrated in Fig. 7b and expressed as follows:

WES = RS Ae™ (4a)
+ Emax — Emin Emin > 0
aet = { Emax Emin S 0 (4b)

and can be generalized for multiaxial stress—strain fields. Importantly, it
is worth noting that only the positive range of mechanical strains is
considered here, under the reasonable assumption that the beneficial
effect exerted by compressive residual stresses in the presence of
compressive mechanical strains is negligible.

The resulting fatigue criterion can be expressed as follows:

AW WL+ W = AW, 5)

Notably, the presence of compressive residual stresses makes the specific

work W™ negative and results in an increment of the fatigue strength
predicted by Eq. (5). The overbar sign indicates that the two SED com-

ponents AW and W, as well as WRS are averaged over a control domain
Q of material characteristic size. In the present work, similar to what was
done in our previous study [31], Q will be considered a two-dimensional
averaging domain lying on the minimum gage cross-section of the
specimen (C-C in Fig. 1a). Specifically, it will be assumed to be a circular
domain of radius R; centered either at the point on the outer surface
experiencing the highest bending stress (Fig. 1b) or at a point shifted,
with respect to this location, by the treatment effective depth dy beneath
the surface (Fig. 1¢). The former represents a near-surface, and the latter
a sub-superficial crack initiation scenario, aligning with the fracto-
graphic investigations reported in Section 3.3.

The mean stress sensitivity factor 1 —a, the control radius R; and the
fatigue strength characteristic AW; are material-dependent constants,
which are assumed to depend only on the number of cycles to failure Ny.
Their calibration was previously conducted in [39] on a very similar Al-
7075-T6 alloy based on axial fatigue experiments performed on plain
and notched specimens tested at different load ratios [40]. The results
thereof are plotted in Fig. 8a and b, respectively, and will be used to
predict the fatigue strength of the material variants tested in the present
work. Note that these parameters were evaluated using unpeened
specimens and therefore they do not incorporate the effect of grain
refinement and work hardening induced by shot peening, which will be
assumed to exert a negligible effect on the fatigue response.

The ASED terms of Eq. (5) were calculated through finite element
(FE) simulations of the residual and mechanical stress fields present in
the samples, as discussed in Section 4.2.

4.2. FEM simulations

In this section, we will present the finite element (FE) models used to
assess mechanical stresses and their interaction with the residual stress
field (Fig. 9a-c), as well as the effect of surface roughness on the stress
field of the outer layers (Fig. 9d-f).

In the first case, linear brick elements (SOLID185) available in the
commercial software Ansys© were used to discretize one quarter of the
hourglass part of the specimen geometry by imposing suitable symmetry

Best-fit coefficients of Eq. (1) used to interpolate the SN curves. S indicates the standard deviation. Gain indicates the increment in high-cycle fatigue strength with

respect to the as-received condition.

Condition ¢; (MPa) ¢ (MPa) c3 Standard deviation, S (MPa) 0q3x107 (MPa) Gain (%)
As-received 144 35,938 0.542 10 147 -

UFS50 100 % 211 12,341 0.482 15 215 46

7100 100 % 190 846 0.215 15 211 43

7100 1000 % 197 15,450 0.498 9.9 200 36

7425 100 % 170 18,378 0.461 14 177 20

7425 + 7100 182 14,778 0.459 12 188 28
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Fig. 6. SEM micrographs of the fracture surfaces around the fatigue crack initiation site of selected fatigued specimens. Stress amplitude and number of cycles to
failure can be deduced from Fig. 5. (a) As-received, (b) UFS50 100 %, (c) Z100 100 %, (d) Z100 1000 %, (e-g) Z425 100 %, (h-i) Z425 + Z100. The dashed line

indicates the effective depth dy of the shot peening treatment (see Fig. 4a).

A o (mechanical)

(b)

A © (mechanical)

Gmax ---------------

Fig. 7. Definition of the strain energy density components considered in the fatigue criterion. (a) Components of strain energy density associated with external
mechanical loading, including the SED associated with the stress range AW (obliquely dashed area) and the maximum SED, W, (vertically dashed area). (b)
Specific work, WRS, representing the energy expended under fluctuating positive mechanical strains in the presence of residual stresses. Readapted from [31].

constraints (Fig. 9a). A mapped mesh scheme was adopted to minimize
element distortion. The mesh was particularly refined on the outer layer,
with an element characteristic size of 0.012 mm, to capture the intense
residual stress gradients introduced by the peening treatments. Residual
stresses were introduced into the model according to the Eigenstrain
method elucidated in [41,42]. In brief, this method involves applying
misfit strains produced by a fictitious temperature distribution, assumed
to be rotationally symmetric and a function of only the depth below the
surface. The intensity of the temperature field is fitted from the

experimental in-depth residual stress measurements shown in Fig. 4a.
For this purpose, an influence matrix correlating the axial residual stress
produced in the j-th layer by a unitary temperature applied to the i-th
layer was numerically computed. Its pseudoinverse is multiplied by the
residual stress measures to determine the requested temperature field.
This is then applied as body thermal loads to the FE model, as shown in
Fig. 9b.

Stabilized residual stresses, found in [25,31] to be better correlated
with the actual fatigue strength of the peened samples, were computed
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Fig. 8. Dependency of the parameters of the ASED fatigue criterion on the number of cycles to failure. Their calibration was performed in [39] on a very similar Al-
7075 alloy. (a) mean stress sensitivity factor 1 —a and control radius Ry, (b) fatigue strength characteristic AW;.

by simulating the elastic—plastic stress redistribution produced by the
application of the mechanical stresses. This approach, as demonstrated
in [42], has been proven to assess stabilized residual stresses in very
good agreement with experimental measures taken on fatigued speci-
mens. For this purpose, the bending fatigue load was applied to the
terminal part of the model in the form of a pressure distribution that
varies linearly with respect to the distance from the neutral axis (see
Fig. 9a). The material behavior was represented through a rate-
independent, incremental theory of plasticity based on the Von Mises
yield surface model with an associated plastic flow rule. The hardening
rule is given by the superposition of three Chaboche kinematic hard-
ening submodels. The Chaboche parameters, listed in Table 5, were
deduced using an efficient identification procedure devised in [43] and
applied to stabilized stress—strain hysteresis loops determined in [37]
from strain-controlled cyclic tests conducted on a very similar 7075-T6
alloy. Fully-reversed time-varying bending loading was simulated until
residual stress stabilization, which occurred after about 10-20 load cy-
cles. The comparison of numerically evaluated initial and stabilized
residual stresses under varying bending stress amplitudes is presented in
Fig. B1 of Appendix B.

The average SED components and specific work done by residual
stresses were directly computed from the subset of elements (depicted in
Fig. 9c) belonging to the control domain Q and lying on the specimen
symmetry plane. According to the approaches sketched in Fig. 1b and c,
the center of Q was either located on the surface or below it at a distance
dyp. Specifically, the SED components were calculated and stored using
ad-hoc Ansys Parametric Design Language (APDL) scripts. The range
(maximum value) of the SED associated with mechanical loading was
estimated for each element lying in the control volume. These element
SED components were finally averaged over the control volume to
evaluate AW and W,,,,. Another ad-hoc APDL routine was used to extract
the positive range of elastic strains and the corresponding residual stress

components, whereby W was averaged over the domain Q. The vari-
ation of the size R; of Q upon the fatigue life (see Fig. 8a) was considered
in the assessment of the averaged strain and work density and incor-
porated into the fatigue predictions.

To keep the computational cost affordable, the solid model shown in
Fig. 9a-c assumed a perfectly smooth outer surface. The effect of surface
roughening induced by shot peening on the fatigue strength was eval-
uated separately. For this purpose, the axisymmetric model illustrated in
Fig. 9d-f was used. The outer surface of the model was obtained by
importing the surface profile acquired using the optical microscope
described in Section 2. The surface profile was only corrected by sub-
tracting the hourglass curvature of the specimen without any other
filtering process. This approach involved establishing a straight surface

midline, specifically designed to isolate and assess the exclusive
contribution of surface roughness to the stress field. The model was
discretized with a free mesh of harmonic quadratic elements (PLANE83)
capable of simulating a non-axisymmetric bending load, which was
introduced through a linear distribution of pressures applied to the
terminal part of the model. The mesh was particularly refined in the
vicinity of the rough surface, with an element characteristic size equal to
the spatial pitch (about 1.5 um) with which the roughness height was
sampled. The notch effects exerted by surface irregularities were
captured by adopting, once again, an averaged SED approach. For this
purpose, the circular averaging domain Q was centered at the surface
location of the model displaying the highest equivalent von Mises stress
(Fig. 9e). Contrary to prior axisymmetric analyses where Q was
considered as a toroidal volume [44], in the current case Q represents a
planar domain situated on the radial plane that undergoes the highest
bending stresses. The SED in the elements comprised within Q (Fig. 9f)
was used to compute the roughness-averaged SED V_Vmugh. This procedure
was iterated 25 times for each of the two profiles acquired for the
investigated material variants to collect a set of 50 individuals repre-
sentative of the population of stress raisers present on the specimen
surface. After each iteration, the elements comprised in the domain Q
were deselected to move the analysis to the next highest Von Mises stress
peak, adopting a strategy already successfully applied in [45] to cast
iron porosity. Wioueh was finally used to evaluate the amplification effect
exerted by surface roughness on ASED when the domain Q is located on
the specimen surface. Remembering that SED scales with the square of
the stress in a linear elastic problem, the roughness-induced fatigue
stress concentration K was evaluated as follows:

Wrou gh

Wsmomh

K; (6)

where Winoom represents the ASED in a smooth sample with same di-
mensions and under the same bending loading. K¢ was evaluated at
different fatigue lives considering the corresponding values of R; as
plotted in Fig. 8a and treated according to the statical approach pre-
sented in the next section.

4.3. Effect of surface roughness

The simulations described in Section 4.2 permitted the generation of
a population of roughness-induced stress concentration factors K¢ eval-
uated along the 1D profiles acquired along two longitudinal line scans of
total length L = 22 mm and positioned at the greatest distance from the
neutral plane, consequently experiencing the highest bending stress.
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Fig. 9. (a) FE model used to assess mechanical and residual stresses in the fatigued samples. (b) Residual stresses are introduced through a fictious temperature field.
(c) ASED components and specific work done by residual stresses were assessed on the control volume Q. Harmonic axisymmetric model used to assess the stress
concentration introduced by surface roughness. The measured surface profile was imported into the FE model. The ASED averaging domain Q (f) was centered in

local peaks of the equivalent von Mises stress (e).

Table 5

Parameters of Chaboche kinematic hardening submodels calibrated in [43].
C; (GPa) Y1 C> (GPa) Y2 C3 (MPa) Y3 6o (MPa)
126 707 2.83 1 349 0 392

C;: Linear term of the i-th backstress component, y;: rate term of the i-th back-
stress component, 6¢: Elastic limit after isotropic hardening saturation

These populations were statistically analyzed with the aim of estimating
the expected maximum K according to the statistics of the largest
extreme value distribution (LEVD) using the Maximum Likelihood

Method [46]:
Ki(F)=A+6(—In( —In(F))) (@]

where F is the cumulative probability, A and & are the shape and the scale

parameter, respectively, whose values were determined from the fit of
the experimental data plotted in Fig. 10a. A similar statistical approach
was successfully adopted to predict the effect of surface killer defect on
the fatigue strength of additively manufactured cellular lattice materials
[47]. It can be noted that the statistical distributions attest to an incre-
ment in K¢ produced by all the shot peening variants with respect to the
as-received conditions. Moreover, shot-peened variants employing
smaller shots (UFS50 and Z100) resulted in lower K¢ with respect to
those adopting larger shots (Z425). The plots in Fig. 10a also permitted
the estimation of K?*° corresponding to a cumulative probability F of 99
%.

A more detailed refinement of the interpretative model for surface
roughness was undertaken to identify the maximum expected stress
concentration factor Kr on the most stressed surface of the specimens
based on the value K?%° estimated from 1D scans of the surface. Drawing
inspiration from a similar approach attempted by Prof. Meneghetti and
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colleagues on additively manufactured surfaces [48], the area corre-
sponding to the line scanned during the 1D profile acquisition was
estimated as follows. In Fig. 10b, the axial stress profile (extracted from
the FE simulations described in Section 4.2) is plotted starting from a
stress hotspot found by simulating the 1D profiles and moving radially
inward from the specimen surface. Notably, the stress concentration
rapidly diminishes, and the stress profile converges to that of an ideally
smooth specimen under bending. The depth of material whose stress
state is affected by surface roughness can be estimated by linearizing the
stress profile on the surface and identifying the intersection of the
linearized stress profile with the theoretical one expected in a smooth
sample. The location of this intersection point is consistently found, for
all material variants, at a depth denoted as dg, approximately equal to
0.006 mm. This depth can be considered as the size of the roughness
influence zone, extending along transversal directions across the stress
peak. Consequently, as depicted in the schematic quarter of the spec-
imen shown in Fig. 10c, the size of the scanned area (A() was evaluated
as follows:

Ao =2dpeL 8)
Undoubtedly, the extent of Ag may diverge from the surface area un-
dergoing fatigue damage. A widely accepted definition for this is the
region encountering more than a certain percentage of the peak stress
within the specimen [49]. In this paper, we will assume that this highly
stressed surface area corresponds to a percentage of 95 % of the
maximum bending stress acting on the smooth gage section and there-
fore will be denoted as Ag g5 in Fig. 10c. It was determined through the
FE model of the specimen under bending, amounting to 4.32 mm?2. The
area size effect on the maximum expected K¢ was estimated according to
the approach proposed by Makkonen et al. [50] who introduced the
following scaling factor yg

Ke(F,Agss) = [A+6( —In( —In(F)))] e 1o (92)

K (F A
to= B Ay (9b)
K: (FT> 0
In the following, the maximum expected Kr will be evaluated consid-
ering a cumulative probability F = 0.99, which proved in [51,52] to be
well correlated to the mean fatigue strength of flawed materials:

KO,QQ

tmax = K(0.99, Ag5) (90)

Fig. 10d plots the variation of k%2 as a function of N¢ (through the
dependency of the size R; of the averaging domain Q upon Np) for the
investigated materials variants. A general increasing trend of K229 is
observed as a function of the increasing notch sensitivity at longer fa-
tigue lives. At a fatigue life Ny = 3 x 107 cycles, K992 ranges between
1.07, for the as-received condition, and 1.18, for the variants Z425 100
% and Z425 + Z100 adopting the largest shot. This latter value is in very
good agreement with that estimated in [53] for the same peening
treatment using a semiempirical approach based on roughness param-
eters. Significantly, among the various roughness parameters investi-
gated in this study, K¥2° exhibited a notably stronger correlation with
Rz. The associated trend is visualized in Fig. 10e, revealing an approx-
imate linear relationship. This trend was utilized to fit the data, yielding

the following expression:

K0A99

fmax — 1+ m(RZ - RZ‘J) (10)
where m was determined from best-fitting and Rzy was set to 1 pm. This
choice aligns with the widely accepted notion that Rz values lower than

1 pm have no detrimental impact on the fatigue strength [54].
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5. Fatigue calculations and final discussion

The assessment of surface roughness on fatigue, as conducted in the
previous section, allowed for the adjustment of the ASED components in
Eq. (5), introducing K®?° as an ASED amplification factor:

f max

_ 2 _
AW = (K?fgx) o AW.oom (11a)

_ 2

Wiax = (K?ng,ix) ® Winax smooth (11b)
Solving Eq. (5) to determine the unknown stress amplitude (c,) corre-
sponding to the fatigue strength at a given fatigue life (Ny) is not

straightforward, given that the terms WRS, which incorporates stabilized
residual stresses, depends in turn on o,. For this reason, an iterative
solution process was adopted, the modus operandi of which is illustrated
by the flow chart reported in Fig. 11.

In brief, for a given fatigue life N, AW and W,,,x were calculated
through finite element (FE) simulations. After initializing the iteration
index i and defining the first guess value of the unknown stress ampli-
tude 6%, the initial residual stress field was introduced by means of
thermal misfit strains into the FE model to calculate the specific work.
Then, the equivalent ASED component was evaluated according to Eq.
(5) and used to obtain the next estimate of the stress amplitude ¢! by
assuming a quadratic relation in a small neighborhood of 6. This pro-
cedure was iterated until convergence. The procedure illustrated in
Fig. 11 was performed by placing the average domain both on the
specimen surface (Fig. 1b) and below the surface at a depth dg (Fig. 1c).

In the case of the as-received condition, W™ was set to zero, as negli-
gible residual stresses were typically found in unpeened Al specimens
[53]. Consequently, only the superficial crack initiation scenario
depicted in Fig. 1b was simulated.

The HCF assessments of the investigated variants at Ny = 3 x 107 are
compared in Table 6 with the corresponding experimental data. The
proposed ASED approach demonstrates excellent predictive accuracy for
the fatigue strength of the as-received variant, affirming the suitability
of the criterion calibrated on a different set of experimental specimens
and its capacity to incorporate the detrimental effect of surface rough-
ness on fatigue strength. The fatigue strength of the peened variants is
accurately predicted, with a maximum absolute error of 12.6 % and 8.6
% for the calculation model assuming superficial and sub-superficial
crack initiation, respectively. Overall, predictions are more accurate in
the latter case, with the RMS error only at 4.7 %, compared to 8.0 % for
the former case (8.7 % if only the peened variants are considered). This
improved agreement with the experimental fatigue strength values
aligns with fractographic inspections revealing sub-superficial crack
nucleation in the peened variants.

Fig. 12a-f compares experimental SN data with fatigue predictions at
different fatigue lives for all explored material variants. The following
observations can be made:

The as-received variant (Fig. 12a) is accurately predicted across the
entire fatigue life interval, thereby affirming the validity of the
approach outlined in Section 4.3, which incorporates the influence of
surface roughness into the fatigue calculation.

Superficial and sub-superficial fatigue prediction models lead to very
close fatigue predictions in the case of peened variants characterized
by shallow effective treatment depths dy (UFS50 100 %, Fig. 12b;
7100 100 %, Fig. 12¢; Z100 1000 %, Fig. 12d). The predictions tend
to capture the lower bound of the experimental data, delivering
conservative yet accurate predictions. This is particularly evident for
UFS50 100 %, where the predictions align well with high-cycle fa-
tigue experiments terminated with failure at the lowest explored
stress amplitudes. The ASED predictions consider only the impact of
surface roughness and residual stresses, excluding grain refinement
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Fig. 11. Flow chart illustrating the application of the ASED fatigue criterion
incorporating stabilized residual stresses.

and work hardening effects. Nevertheless, the method accurately
predicts the fatigue strength of UFS50 100 % and Z100 100 %,
suggesting that shot peening enhancement is more closely associated

Table 6
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with the effects included in the ASED model. A careful reader may
object that the peened variant with the most underestimated fatigue
strength (also indicated in Table 6) is UFS50 100 %, where the
contribution of work hardening (as evident in microhardness pro-
files, Fig. 4b) to fatigue enhancement is the highest among the
investigated conditions. However, this contribution can be estimated
to be less than 10 %, viz. the order of magnitude of the prediction
error in fatigue strength.

In the variants displaying deeper treatment depths dy (Z425 100 %,
Fig. 12e; Z425 + 7100, Fig. 12f), the discrepancy between the two
predictive models is more pronounced. Additionally, predictions
assuming sub-superficial crack initiation show significantly better
agreement with the trend exhibited by the experimental data.
Notably, when focusing on the Z425 variant, the sub-superficial fa-
tigue calculation model better predicts experiments denoted as S11
(Fig. 6f) and S13 (Fig. 6g), where crack initiation occurred at a depth
comparable to the treatment depth, dy. Conversely, the experiment
denoted as S4 (Fig. 6e), resulting in crack initiation closer to the
outer surface, is better predicted by the model assuming surface
crack initiation.

A conservative predictive approach suggests performing both simu-
lation approaches and considering the predictions of the model with
the lowest estimates. In this case, the predictions capture very well
the lower bound of the experimental data.

Fig. 13a and b show the relationship between predicted stress
amplitude and experimental stress amplitude for all investigated con-
ditions, considering near-surface and sub-superficial crack initiation,
respectively. The latter approach has proven to provide the most accu-
rate predictions (lower total RMS error), marked by a higher level of
conservatism, as indicated by more predictions lying on the right side
with respect to the bisector.

The very good accuracy demonstrated by the devised fatigue calcu-
lation model, even though it does not explicitly consider work-
hardening and grain refinement effects, suggests that these mecha-
nisms may play a negligible role in determining fatigue strength. Pro-
vided that a shot peening treatment is correctly designed to inhibit the
detrimental effect of surface roughness and pile-up defects, it appears
that its predominant beneficial effect is closely associated with the
introduction of compressive residual stresses. To this regard, it can be
argued that shot peening treatments leading to an in-depth residual
compressive stress profile with a peak near the surface and rapidly
decreasing inward into the specimen are more effective in improving the
fatigue strength of Al alloys, especially when tested under bending
loading. This is in contrast to more intense surface treatments that po-
sition the peak deeper below the surface and exhibit a slower decay in-
depth residual stress profile. This interpretative key is outlined in
Fig. 14, where treatments denoted as “I” and “II” correspond to the
former and latter types, respectively. When computing the specific work
done by residual stresses, the averaging domain Q will sample much
more intense compressive residual stress in case I compared to case II,
resulting in a more pronounced fatigue enhancement. Overpeening

High-cycle (N; = 3 x 107) fatigue strength assessments of the investigated conditions.

Condition Exp. 643x107 (MPa) Standard deviation, S (MPa) Pred. 643,107 (MPa) Error (%)
Sup. (Fig. 1b) Sub-sup. (Fig. 1c) Sup. (Fig. 1b) Sub-sup. (Fig. 1¢)
As-received 147 10 147 - 0.2 -
UFS50 100 % 215 15 194 196 -9.8 -8.6
7100 100 % 211 15 209 203 -1.0 -3.7
7100 1000 % 200 9.9 190 196 -4.8 -2.3
7425 100 % 177 14 195 182 10.1 3.1
Z425 + 7100 188 12 164 193 -12.6 2.8
Max absolute error (%) 12.6 8.6
RMS error (%) 8.0 (8.7%) 4.7

*Excluding the as-received variant
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Fig. 12. Assessment of the fatigue curves of the investigated conditions, assuming either near-superficial (solid line) or sub-superficial crack initiation (dashed line).
The dots indicate the experimental data. (a) As-received condition, (b) UFS50 100 %, (c) Z100 100 %, (d) Z100 1000 %, (e) Z425 100 %, (f) Z425 100 % + Z100

1000 % shot peened conditions.

treatments at high coverage (like Z100 1000 %) do not substantially
modify this scenario and therefore do not lead to further fatigue
improvement compared to case I. On the contrary, overpeening can be
counterproductive, as it might attenuate the near-surface compressive
residual stress peak.

6. Conclusions

In this study, the effects of shot peening treatments on the fatigue
behavior of Al alloy specimens were systematically investigated. The
experimental results, along with comprehensive fractographic in-
spections and fatigue calculation models, provide valuable insights into
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Fig. 14. Illustration depicting shot peening treatments and their resulting re-
sidual stress profiles: (I) featuring an in-depth pattern of compressive stresses
with a peak near the surface and a rapid decrease inward into the specimen, or
(I) showcasing a profile with the peak situated deeper below the surface and
slowly diminishing toward the specimen’s interior. Dashed lines denote the
residual stress magnitude at the boundary of the ASED averaging domain ()
when positioned below the surface at the treatment’s effective depth (do).

the impact of shot peening parameters on fatigue performance.
The findings can be summarized as follows:

1. Surface Roughness and Microhardness:

o Peening treatments induced an increase in surface roughness, with
a discernible trend based on shot size.

o Microhardness profiles showed variations, with UFS50 treatment
exhibiting slightly higher microhardness in the surface layer.

2. Residual Stress and Strain Profiles:

o In-depth measurements illustrated the dependence of residual
stresses and strains on shot size, with larger shots leading to higher
values.

o Peening depth (dy) varied among treatments, with Z100 100 % and
7425 100 % exhibiting the deepest compressive residual stress
peaks.

3. Fatigue Life Improvement:

o All peening treatments effectively prolonged the fatigue life of the

material.
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o The degree of improvement depended on applied load levels, with
gentle treatments (UFS50 100 % and Z100 100 %) showing the
highest enhancements.

4. Fatigue Crack Initiation:

o Fractographic analysis revealed dualism in fatigue crack initiation
locations, with shallow initiation in treatments employing smaller
shots and deeper initiation in treatments with larger shots.

5. Fatigue Calculation Model:

o The Average Strain-Energy-Density (ASED) criterion, incorpo-
rating the effects of residual stresses and surface roughness, was
employed for fatigue predictions.

o The model accurately predicted fatigue strength for the as-
received variant and demonstrated good accuracy for peened
variants, especially if sub-superficial crack initiation in peened
variants was considered.

o Fatigue improvement due to shot peening is satisfactorily
modelled including only surface roughness and residual stresses.
Grain refinement and work hardening seem to play a marginal
role.

6. Surface Roughness Influence:

o The fatigue stress concentration factor K?:%° proved to capture the
detrimental effect of surface roughness on the fatigue strength.

o A linear relationship between K222 and Rz was found, suggesting
a simple evaluation tool of the effect of surface roughness on the
fatigue strength of shot peened Al alloys.

7. Optimal Peening Depth for Fatigue Enhancement:

o Treatments resulting in an in-depth residual compressive stress
profile near the surface were more effective in improving fatigue
strength with respect to more intense treatments producing a
deeper compressive residual stress peak accompanied by a slow
residual stress extinction inward the specimen interior.

o Overpeening at high coverage showed attenuation of near-surface
compressive residual stress and does not result in further fatigue
strength enhancement.
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A.1. Fatigue data of as-received (unpeened) condition.

As-received condition.
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Data will be made available on request.

International Journal of Fatigue 184 (2024) 108299

Sample ID Stress amplitude, ¢, (MPa) Number of cycles to failure, N¢ Notes
1 180 320,113
2 160 654,210
3 140 30,000,000 Run-out
3 200 206,546 Retest
4 150 30,000,000
5 220 118,411
6 160 452,945
7 150 30,000,000 Run-out
8 160 30,000,000 Run-out
9 180 388,940
10 200 156,471
11 200 201,365
12 220 84,034
13 220 77,142
7 240 81,704 Retest
8 260 33,915 Retest
14 170 304,997
A.2. Fatigue data of UFS50 100 % condition.
UFS50 100% condition.
Sample ID Stress amplitude, ¢, (MPa) Number of cycles to failure, N¢ Notes
1 220 4,659,906
2 220 2,572,887
3 200 8,673,798
4 220 1,569,785
5 200 30,000,000 Run-out
5 300 31,530 Retest
6 200 13,117,910
7 240 1,313,252
8 240 9,930,751
9 240 5,160,408
10 300 36,354
11 270 69,871
12 270 109,562
13 260 111,363
14 260 89,002
15 250 67,069
A.3. Fatigue data of Z100 100 % condition.
7100 100% condition.
Sample ID Stress amplitude, ¢, (MPa) Number of cycles to failure, N¢ Notes
1 160 30,000,000 Run-out
1 240 4,809,077 Retest
2 240 339,579
3 220 6,811,427
4 200 30,000,000
5 240 206,588
6 180 30,000,000
7 240 5,667,766
8 200 30,000,000
9 240 559,569
10 260 140,597
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(continued)
Sample ID Stress amplitude, ¢, (MPa) Number of cycles to failure, N¢ Notes
11 240 1,982,830
12 240 449,172
13 220 4,031,536
A.4. Fatigue data of Z100 1000 % condition.
7100 1000% condition.
Sample ID Stress amplitude, 6, (MPa) Number of cycles to failure, N¢ Notes
1 200 30,000,000
2 240 120,804
3 220 30,000,000
4 240 101,791
5 240 154,247
6 180 30,000,000 Run-out
7 240 107,473
6 260 80,234 Retest
8 260 52,486
9 260 82,481
10 160 30,000,000 Run-out
10 240 94,659 Retest
11 220 254,793
12 240 155,526
13 200 30,000,000
14 240 172,603
15 240 118,705
A.5. Fatigue data of Z425 100 % condition.
Z425 100% condition.
Sample ID Stress amplitude, ¢, (MPa) Number of cycles to failure, N¢ Notes
1 220 332,194
2 220 501,417
3 200 11,204,332
4 200 10,688,585
5 200 1,767,104
6 220 661,207
7 180 8,393,797
8 180 12,035,696
9 180 9,198,086
10 160 12,528,471
11 160 14,068,460
12 160 30,000,000 Run-out
12 240 207,663 Retest
13 240 171,869
14 260 137,639
15 210 273,163
16 210 283,656
A.6. Fatigue data of Z425 + Z100 condition.
7425 + Z100 condition.
Sample ID Stress amplitude, ¢, (MPa) Number of cycles to failure, N¢ Notes
1 260 93,197
2 240 222,272
3 220 2,079,267
4 200 351,605
5 180 30,000,000 Run-out
5 260 129,328 Retest
6 260 111,671
7 240 250,100
8 220 621,705
9 200 30,000,000 Run-out
9 280 50,526 Retest
10 220 392,358
11 200 558,751
12 180 30,000,000 Run-out
12 260 92,485 Retest

16



M. Benedetti et al.

Appendix B

Numerically evaluated initial and residual stress profiles.
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Fig. B1. Initial and stabilized residual stress in-depth profiles evaluated according to the numerical procedure described in Section 4.2. ca denotes the stress
amplitude of the fully reversed bending fatigue load. The stabilized profiles are evaluated after the application of 20 fatigue cycles. (a) UFS50 100 %, (b) Z100 100 %,
(c) Z100 1000 %, (d) Z425 100 %, (e) Z425 100 % + Z100 1000 % shot peened conditions.
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