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Abstract

The present paper is aimed at investigating the effect of shot peening on the high and very-high cycle plain
fatigue resistance of the Al-7075-T651 alloy. Pulsating bending fatigue tests (R = 0.05) were carried out on
smooth samples exploring fatigue lives comprised between 10° and 10® cycles. Three peening treatments were
considered to explore different initial residual stress profiles and surface microstructural conditions. An
extensive analysis of the residual stress field was carried out by measuring with the X-ray diffraction (XRD)
technique the residual stress profile before and at the end of the fatigue tests. Fatigue crack initiation sites were
investigated through scanning electron microscopy (SEM) fractography. The surface morphology modifications
induced by shot peening were evaluated using an optical profilometer. The influence of surface finishing on the
fatigue resistance was quantified by eliminating the surface roughness in some peened specimens through a
tribofinishing treatment. The capability of shot peening to hinder the initiation and to retard the subsequent
propagation of surface cracks is discussed on the basis of a model combining a multiaxial fatigue criterion and a

fracture mechanics approach.
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Nomenclature

Symbols

a

Dy

Dy

K
K:

LC

MSC

ac, Bc

AKar
AKin

AKinr

Surface crack depth

Surface crack half-width

Material strongest microstructural barrier
Mean spacing of adjacent roughness peaks
Notch depth

Factor expressing exponential crack size dependence of AKi
Stress intensity factor

Residual stress intensity factor

Notch stress concentration factor

Long crack

Weight function

Microstructurally small crack

Number of cycles to failure

Hydrostatic pressure

Physically small crack

Nominal load ratio

Maximum peak to valley height

Slope of the Wohler curve

Specimen thickness

Stress-based scatter index (related to the 10-90% probability of survival curves)

Cartesian coordinate along the crack depth with origin on the sample surface

Shape factor for crack stress intensity factor

Material parameters of the Crossland fatigue criterion
Range over a fatigue cycle

Smallest physically small crack threshold

Crack size dependent physically small crack threshold

Long crack threshold stress intensity factor range



Acer  Plain fatigue strength range at high number of cycles to failure

K Driving force for fatigue crack propagation
c Normal stress

oRS Surface residual stress

Go y-intercept of the Wohler curve

GyM Von Mises equivalent stress

Subscripts

a Amplitude over a fatigue cycle
appl  Applied due to external loading
eff Effective

max Maximum over a fatigue cycle
min Minimum over a fatigue cycle
P Probability of failure

tot Total

1. Introduction

Fatigue life of metal components is spent to nucleate and propagate a dominant crack until the final failure.
Usually, crack initiation involves the formation of a defect whose size is comparable with a material’s
characteristic slip length [1, 2]. At this stage, the crack is referred to as microstructurally-small. The subsequent
stage involves the growth of the crack that is, at first, physically-small, and then, long [3]. Therefore, the fatigue
strength of a mechanical component can be improved if at least one of these two stages is prolonged. Resistance
to crack initiation can be essentially improved through grain refinement (that controls the material’s
characteristic slip length) [4], work-, precipitation-, and solution-hardening (to withstand the formation of
persistent slip bands) [5], surface polishing (to alleviate the stress concentration effect exerted by surface
roughness) [6], mean stress effect [7]. Conversely, the crack propagation is impeded by extrinsic mechanisms
such as crack closure, crack bridging, crack deflection and crack front geometry [8,9].

Shot peening is a surface treatment that is commonly used to take advantage of some of these effects to improve
the fatigue resistance of metallic materials. This process consists of bombarding the component with small

spherical shots of a hard material at a relatively high velocity. Clearly, the multiple indentation of the ductile



target surface increases its surface roughness, but, if shot peening is correctly performed, the detrimental effect
exerted on the crack nucleation resistance is overweighed by several beneficial modifications of the surface
layers. Specifically, (i) the introduction of an in-plane compressive residual stress field hinders crack nucleation
owing to mean stress effect [10] and retards the propagation of Physically-Small Cracks (PSC) [10-13] restoring,
at least partially, crack closure that in PSC is not fully developed as in Long Cracks (LC) [14]. Obviously, the
beneficial effects exerted by compressive residual stresses strongly depend upon their stability throughout the
fatigue life [15]. In this regard, re-orientation and change in the magnitude of the residual strain field was found
as a consequence of cyclic loading [16]. (ii)) Work-hardening and the resulting increase in the near-surface
dislocation density retard crack nucleation but often accelerate crack propagation due to material embrittlement
[17,18]. (iii) Depending on the treatment intensity, shot peening causes more or less evident microstructural
changes; among them, near-surface grain refinement (thus reducing the maximum dislocation slip length and
therefore incrementing the resistance to crack initiation) [19], elongated and flattened grains near the peened
surface [20], changes in the orientation of precipitates [21], modification of the near-surface crystallographic
texture [22], stress-induced martensitic transform [23]. The grain refinement effect has been explored in recent
works in order to create nanostructured surfaces through very intense peening treatments [24].

Clearly, shot peening is a surface treatment able to modify the mechanical and microstructural characteristics of
the near-surface material layers. Therefore, in many cases, especially in the high-cycle (10°< Ny<107) and very-
high-cycle (Ny>107) fatigue regime, shot peening suppresses surface crack initiation and pushes the crack source
beneath the hardened surface layers [17,21,25-30]. Preferential sites for subsuperficial crack initiation were
found to be non-metallic inclusions [25-28,30], pores [31], the region where superimposed residual and external
stresses are maximum [17] or exceed the local material’s yield strength [21].

The need for fatigue strength improvement is particularly felt in Al-alloys, because their elevated specific static
strength does not reflect equally high fatigue properties [4,32,33]. Their scarce fatigue resistance is imputed to
(1) weak microstructural barriers to the propagation of Microstructurally-Small Cracks (MSC) [34] and (ii) a
high notch sensitivity [33], making them very susceptible to the stress concentration exerted by surface
roughness. Therefore, in Al-alloys the majority of fatigue cracks initiate on the surface. For these reasons, the
surface modification through shot peening is an attractive method of improving fatigue performance of Al-
alloys. Over the last decades, considerable research effort has been devoted to identifying the most effective
peening treatments for high-strength Al-alloys [17,21,29,35-39]. It is commonly accepted that gentle treatments

employing small ceramic beads induce the highest fatigue life enhancement, mainly for the following reasons: (i)



the compressive residual stress peak is located close to the surface where the cracks are likely to nucleate, (ii)
strain hardening is concentrated near the surface and helps maintaining stable the residual stress field in the
region of crack initiation, (iii) the detrimental effect of surface roughening is reduced, (iv) geometrical details
like grooves, fillets, and holes can be covered more easily [29,40]. Conversely, intense peening treatments can
have even adverse effects on the fatigue performance, due to excessive surface roughness and micro-cracks
created by fiercely impacting a material whose toughness is limited by the exasperated hardening treatments
[38,41]. Moreover, such intense treatments tend to introduce deep in-depth residual stress- and microhardness
profiles that are not optimal to prevent surface crack initiation and residual stress relaxation [15,16]. Intense
peening treatments are usually applied to Al alloys when fretting rather than plain fatigue is the major concern.
In this case, surface roughness increases the real contact area, thus reducing the stresses produced on the surface
by the normal and tangential contact loads [42,43].

The present paper is aimed at investigating the influence of the peened surface morphology on the high- and very
high-cycle fatigue behaviour of the Al-7075-T651 alloy. For this purpose, pulsating bending fatigue tests (R =
0.05) were carried out on smooth samples exploring fatigue lives comprised between 10° and 10® cycles. Three
diverse peening treatments were considered in order to explore different initial residual stress profiles and
surface microstructural conditions. An extensive analysis of the residual stress field was carried out by
measuring with the X-Ray Diffraction (XRD) technique the residual stress profile before and at the end of the
fatigue tests. The surface morphology modifications induced by shot peening were evaluated using an optical
profilometer. Particular emphasis was placed on the capability of the shot peening treatments to retard crack
initiation or to arrest crack propagation on the surface. Therefore, fatigue crack initiation sites were investigated
through Scanning Electron Microscopy (SEM) fractography. The influence of surface roughness on the crack
nucleation was quantified by eliminating the surface roughness in some peened specimens through a

tribofinishing process.

2. Materials and experimental procedures

The experimentation was performed on the aluminium alloy Al-7075-T651, widely used for aeronautical
applications, supplied in the form of 4 mm thick rolled plate. Microstructure and monotonic tensile properties
are reported in [29]. The fatigue characterisation was carried out on hourglass specimens whose geometry,

according to the standard ISO 3928, is illustrated in Fig. 1. The microstructure has been tested with the stress



axis parallel to the L-direction. The samples present a fillet radius large enough to make any notch fatigue effects
negligible.

Part of the specimens was subjected to controlled shot peening: the parameters of the three peening treatments
considered are summarized in Table 1. Each treatment was performed using non-metallic beads, which impart to
light alloys higher fatigue performance, as compared with steel shots, without introducing undesired galvanic
effects [36,]. The basic idea was (i) to apply a commercial peening treatment widely used in the aircraft industry,
termed Z150, employing beads of medium-small size (diameter 150 um), which introduces some surface
roughness and a deep cold worked layer (depth ~100 pum), (ii) to explore an innovative peening treatment, called
B120, with smaller ceramic beads leading to a gentle and superficial effect; and (iii) to investigate a fine particle
shot peening treatment, termed V40, with very fine glass beads, which is known to greatly enhance the fatigue
resistance of aluminium alloys [44].

In order to investigate the effect of the surface roughness induced by shot peening on the fatigue strength, three
specimens previously subjected to the treatment B120 and V40 were then subjected to tribofinishing using a
controlled vibrating tank with an aqueous medium containing high quality granulates and additives (mainly
surfactants). During the process, the specimen surface was periodically observed with an optical microscope to
make sure that polishing is stopped just after removing all the dimples created by the shot peening treatments. A
material surface layer of approximately 5+10 pm thickness was removed in this way.

Pulsating (R = 0.05) load-controlled 4-point bending fatigue tests were carried out in air, at room temperature,
and at a nominal frequency of 110 Hz using a resonant testing machine Rumul Mikrotron 20 kN equipped with a
1 kN load cell. Different stress levels corresponding to fatigue lives in the range between nearly 10° and 108
cycles were considered. Tests were terminated at 10® cycles when no fracture occurred. The fatigue curves

corresponding to 50% of failure probability, represented by the S-N curve:

(1

were determined by fitting the log(Ny) vs. log(c) results. The uncertainty range was assumed to be constant and

approximated by its centroid value. As a representative value of the scatter, the following expression was used:

[5] None possie visuazzare fmmagine
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Poo, P1o denote the 90% and 10% levels of failure probability, respectively.
The modifications of the surface layers produced by the shot peening treatments were investigated through

surface roughness and residual stress profile measurements. In this regard, a confocal optical profilometer



Sensofar Plu Neox (plane surface spatial sampling resolution of 0.83 pum, z-axial measurement resolution of 0.02
um), was used to observe the samples surface. Three dimensional surface topography and roughness were
evaluated on an assessment area 636x477 pum?®. The surface morphology characterization was complemented
with contact profilometer scans of the specimen surface over an assessment length of 3 mm, applying a 250 pm
cut-off filter to the data.

The residual stress analysis was performed by X-Ray Diffraction (XRD) technique using an AST X-Stress 3000
X-Ray diffractometer. Measurements were made with Cr Ko radiation in the longitudinal direction in the gage
region. The analysis zone was limited by a collimator of 1 mm? in area. The classical sin®y method was applied
for stress evaluation with the use of 9 diffraction angles (20) scanned between —45° and +45° for each stress
value. The (311) diffracting planes were chosen (i) in order to obtain high angle measurements (20 angle 139.0°)
with higher strain sensitivity, and (ii) because they do not accumulate significant intergranular stresses and hence
exhibit similar behaviour as that of the bulk. Calibration of the system was checked by collecting a diffraction
pattern from a standard polycrystalline Al powder prior to conducting the experiment. The in-depth
measurements were conducted step-by-step using an electro-polishing device by removing a very thin layer of
material in a region (2 mm x 2 mm) localized at the gauge section of the specimens.

Both initial and stabilized residual stress fields were measured. For this purpose, measurements were performed
after failure on smooth specimens in a region far enough from the fracture surface (about 2 mm) so that the
material rupture was supposed not to have altered the residual stress field [29]. Measurements were carried out

on both specimen sides, subjected to tensile and compressive bending stresses, respectively.

3. Experimental results and discussion

3.1 Surface characteristics

The effect on the surface roughness exerted by the shot peening treatments is quantified in Table 2 and 3, where
the results of the optical and the contact profilometer measurements, respectively, are summarized. It can be
noted that the shot peening treatments increase the surface roughness with the respect to the as-received
condition and that the most intense treatment Z150 results in a larger roughness increment with respect to the
gentler processes B120 and V40. Considering the gentlest treatments, the B120 variant presents a smaller
roughness with respect to V40 despite the employment of larger beads. Conversely, V40 resulted in shallower
valleys (lower Sw value), presumably as a result of the lower kinetic energy of the glass shots. The maximum

peak to valley height R: was measured using the contact profilometer because in optical instruments this



parameter is highly affected by spikes and other error sources. Anyway, it is interesting to note that a good
estimation of R; is given by the summation of Syk, Svk and Sk, which are less affected by measurement errors.

The tribofinishing is able to reduce the surface roughness of the peened samples below that of the virgin
material. The as-received and the peened variants have a skewness close to zero, index of a symmetric height
distribution (i.e. with as many peaks as valleys), while the tribofinished conditions have a negative skewness due
to the fact that the surface asperities were removed by the polishing process.

The stress concentration effect exerted by the surface dimples caused by shot peening was estimated according

to the following expression proposed by [45]:
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where D, is the mean spacing between profile peaks (Dp). The value of the estimated K; is listed in Table 3 for
the peened variants.

The surface morphology of the B120, tribofinished B120, V40 and tribofinished V40 conditions is depicted in
Fig. 2a-d, respectively. Dimples of smaller size, typical of gentle superficial peening treatments, are visible on
the surfaces of the B120 and V40 conditions. Conversely, the superficial structure of impact craters is not visible
on the tribofinished variants, thus confirming that the tribofinishing treatment correctly removed the surface
roughness induced by the peening treatments.

XRD measurements were carried out on the fatigue samples in order to characterize the residual stress field prior
to fatigue testing. The obtained stress profiles are illustrated in Fig. 3a-c for the Z150, B120, and V40 variants,
respectively. Three measurements (dotted values) per peening variant were performed in order to account for the
variability in the residual stress field. The solid lines represent the average in-depth profile, while the dashed
lines identify the [-0,tc] scatter band, where & is the standard deviation. The repeatability of the residual stress
measurements is very good within a depth of about 20 um, where the fatigue response is mostly dictated [29],
while it increases noticeably at higher depths, presumably due to the very elongated grain structure of the sub-
superficial material layers that have not undergone recrystallization and hence grain refinement during shot
peening. The average residual stress profiles produced by the three shot peening treatments are compared in Fig.
3d.

The peening treatments B120 and V40 display a sub-superficial compressive residual stress peak located nearly
15 um below the surface and a depth of the surface layer interested by compressive residual stresses equal to

about 50 um. The B120 treatment induces higher residual stresses as compared with the V40 treatment. The



most intense peening treatment Z150 is characterized by lower compressive surface residual stress, by higher
sub-superficial compressive peak, and by deeper compressive residual stress profiles (about 90 um) with respect

to the gentler treatments.

3.2 Fatigue curves

The results of the pulsating bending fatigue tests as well as the Pso fatigue lines are shown in Fig. 4 in the
different material conditions considered and compared with those of the tests carried out on the two tribofinished
variants. The parameters representing the fatigue curves corresponding to 50% of failure probability, according
to Eq. (1) and the results scatter, expressed by Eq. (2) are listed in Table 4.

All the peening treatments were effective in prolonging the fatigue life of the material as well as in reducing the
large scatter in fatigue results displayed by the virgin material. This improvement depends on the applied load,
being more remarkable for load levels corresponding to shorter fatigue lives, leading however to higher values of
the slope in the Pso fatigue line. Therefore, the increment in fatigue resistance due to shot peening steadily
declines during fatigue life. The lightest V40 peening treatment, despite lower surface residual stresses and
slightly higher roughness, is more effective in improving the plain fatigue resistance with respect to the B120
treatment, which, in turn, performs better than the most intense treatment Z150. Finally, it can be noted that the
tribofinished samples displayed a fatigue performance significantly higher with respect to the corresponding
peened condition: the increment in fatigue strength due to tribofinishing is about 5% for the V40 and even 20%
for the B120 condition. The fact that the tribofinishing improves the fatigue performance of V40 in less extent
than B120 condition suggests the hypothesis that the particular surface morphology of the V40 condition,
characterized by lower values of the reduced valley depth, exerts a less detrimental effect on the fatigue response
as compared with that exhibited by B120. Moreover, the removal of the outer material layer due to tribofinishing
seems to have no detrimental effect on the fatigue resistance of the peened samples. Apparently, the
microstructural modifications induced by shot peening and investigated in [19-22] do not significantly affect the
fatigue behaviour of high-strength Al-alloys. On the other hand, tribofinishing could improve the fatigue

performance by eliminating surface micro-cracks generated by the peening treatment.

3.3 Residual stress evolution during fatigue life
Figures 5, 6 and 7 illustrate the evolution of the residual stress field at three loading levels for the Z150 as well

as at two loading levels for the B120 and V40 treatment, respectively. Figure Sa (6a, 7a) and 5b (6b, 7b) refer to



the specimen surface subjected to compressive and tensile bending stresses, respectively. It can be noted that
some relaxation of the residual stress field occurred on the outer layer (10+20 um depth) of the specimen side
subjected to compressive bending stresses, the more pronounced the higher the load levels, especially in the
B120 and Z150 conditions. Conversely, significantly lower relaxation occurred on the specimen side subjected
to tensile bending stresses. This confirms the observations made in [46] that relaxation is more like a “quasi-
static” effect, due to the achievement of the material’s plasticization when the compressive bending stresses are
superimposed to the compressive surface residuals stress field. Cyclic relaxation seems to be marginal, since the
application of tens of millions fatigue cycles do not significantly alter the surface residual stress field on the
tensioned side of the samples subjected to the more intense peening treatments. Conversely, the Z150 sample
tested at the lowest stress level shows a little tendency to relax also on the tensioned side. The extent of
relaxation seems to depend on the number of fatigue cycles rather than on the stress amplitude. This might
confirm the observation that residual stress profiles created by intense peening treatment and characterized by a
deep subsuperficial residual stress peak are more prone to residual stress relaxation [15,16,46].

Figures 8a and b illustrate the comparison between the initial (prior to tribofinishing) and the stabilized residual
stress profiles for the tribofinished B120 and V40 variants, respectively. Due to the limited amount of available
tribofinished samples, no (destructive) residual stress measurements were performed just after tribofinishing. In
the light of the results of the peened samples, it is however reasonable to assume that the residual stress profiles
under tension are close to the initial ones. It can be noted that the material removal exposes on the surface the
residual stress that was present at the corresponding depth prior to polishing. Moreover, tribofinishing caused
some stress redistribution in the subsuperficial peak, while the depth of the surface layer interested by
compressive residual stresses remained nearly unaffected. Residual stress profiles are very similar on the
tensioned and the compressed side of the specimen V40, while the compressed side of the B120 samples
underwent some residual stress relaxation. Apparently, the residual stress profile of the B120 variant is more
prone to relaxation due to plastic flow in compression because the surface layers are subjected to higher

compressive residual stresses than those of the V40 variant.

3.4 SEM analysis of fracture surfaces
The fracture surfaces of all the fatigue samples were analyzed with the SEM. The analysis of the unpeened
specimens revealed surface crack initiation throughout the entire fatigue life interval explored, even in the very

high-cycle fatigue regime, as shown in Fig. 9a. In the peened variants, surface crack initiation was found in the
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medium-cycle fatigue regime (Ny < 1x10°), as depicted in Fig. 9b for the B120 condition taken as exemplary of
all the peened variants. At longer fatigue lives (Ny> 2x10°), almost all crack initiation sites were found below the
surface, at a distance between few microns to 0.2 mm. In this case, the fracture surfaces near the crack initiation
sites show a cleavage-like microstructure caused by transcrystalline sliding fracture. This is frequently observed
in Al alloys when fatigue tests are conducted under vacuum. In the present work, this evidence can be explained
by the fact that the first propagation stages of sub-superficial cracks occur at very low partial pressures of
oxygen [31,47,48]. In general, specimens that failed at a number of cycles less than that corresponding to Pso
probability show, near the subsuperficial initiation site of the main crack, a non-propagating semi-elliptical
surface crack nucleated at the root of a dominant peening dimple, as shown in Fig. 10a, b, and ¢ for the Z150,
B120 and V40 treatment, respectively. Conversely, specimens that failed at a number of cycles significantly
higher than that corresponding to Pso probability do not exhibit surface crack initiation, as depicted in Fig. 11a,
b, and c¢ for the Z150, B120 and V40 condition, respectively. Apparently, non-propagating cracks, initiated on
the surface because of the stress concentration caused by surface roughness, and arrested by the closing effect
exerted by compressive residual stresses, might promote crack initiation in the underlying layer, thus leading to a
shorter fatigue life.

Figure 11d and e show the fracture surface of the tribofinished B120 and V40 conditions, respectively. It can be
noted that in both cases subsuperficial crack initiation occurred and the crack initiation sites are located at a
larger depth than those usually observed in the peened variants. Presumably, tribofinishing resulted in a dramatic
increment in fatigue strength because surface crack initiation is suppressed by eliminating surface roughness and
therefore subsurface crack initiation cannot be promoted by non-propagating surface-cracks. The extension of
crystallographic crack growth is larger in the B120 than in the V40 condition. Apparently, the deeper
compressive residual stress profile of the B120 condition was more effective in retarding crack propagation

towards the surface than that of the V40 variant.

4. Simulation of the behaviour of surface cracks

It has been shown in Section 3 that the surface plays a key role in determining the fatigue response of the peened
variants, since, in most cases, cracks initiated on the surface either became the dominant crack leading to the
final failure or, after being arrested by the compressive residual stress field, promoted the nucleation of a

subsuperficial crack responsible for the eventual fracture. For these reasons, it is desirable to elaborate a method
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able to predict the conditions of surface fatigue crack initiation and potential further propagation until final
failure.

The first aspect was recently faced by the authors in [49], who conducted multiaxial fatigue tests on both
unpeened and peened Al samples. They found that the Crossland criterion, incorporating the surface residual
stress field and the stress concentration factor due to surface roughness, is the most suitable method to predict
the fatigue behaviour of peened components when the fatigue behaviour is controlled by surface crack initiation.
Specifically, the Crossland criterion includes the Von Mises equivalent stress amplitude Gras,q, and the maximum

hydrostatic pressure pmax in a linear equation of the form:

(4a)

5] o sl vutzar Frrag ‘

where . and ﬂc are material properties that have been determined in [49] at several fatigue lives from
fatigue curves performed under tension, torsion and in-phase combined tension-torsion tests. Under bending
fatigue tests at stress amplitude o, and load ratio R, in the presence of an equibiaxial residual stress field *S and

surface roughness inducing a stress concentration factor K, Gy and pmax are given by:

(4b)

The second issue implies the elaboration of a fracture mechanics approach able to predict near-threshold PSC
propagation through the surface layers modified by shot peening. In this regard, Chapetti [50] proposed the

following equation to take into account the reduced threshold of PSC due to unsaturated closure:

[x] Nome possie visuazzare fmmagine

(5a)

where the fatigue crack propagation threshold for PSC is a function of the crack depth a, whereas

is the threshold for LC and

is the smallest PSC threshold (a=d):

(5b)

where Y is the shape factor (that is equal to 0.75 for the typically observed crack aspect ratio a/c = 0.75),

is the plain fatigue strength range at high number of cycles to failure, d is the material strongest microstructural

barrier. A good estimate of the exponential factor k is given by:

(5] Mon e possi visuaizzare fmmagine.

(5¢)
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Values of the material properties to be used in Egs. (5) and drawn from the literature [51-53] are listed in Table

5.

According to Chapetti’s model, the threshold

increases with growing PSC size and asymptotically tends

to that of LC when a is much larger than d. Therefore, the condition for PSC propagation is that the applied

is larger than for any crack depth a.

The calculation of the applied K can be done by using the weight function derived by Wang and Lambert [54]

for semi-elliptical surface cracks under non-uniform stresses:

(6a)

is the

where c¢ is the crack surface half-length, ¢ is the plate thickness, m is the weight function and g

normal stress distribution that is a function of the coordinate x along the crack depth. The stress concentration
effect K: exerted by the surface roughness can be incorporated into K according to the approach proposed by Liu
and Mahadevan [55], who suggested considering an effective crack depth aey expressing an asymptotic

dependence on K::

(6b)

where D» is the notch depth, a good estimate thereof is given by the roughness peak to valley height R [56].

Since the crack propagates through a non-uniform residual stress field, crack growth occurs under a stress ratio R
variable with the crack depth a. As a consequence, it is necessary to modify the applied stress intensity factor in
order take into account the mean stress effect on the fatigue crack growth. Noorozi et al. [57] proposed for the
near-threshold region the following two-parameter fatigue driving force combining the total stress intensity

range, AKior and the total maximum stress intensity factor, Kmaxtot:

] None possie visuazzare fmmagine

(6¢)

where K is the residual stress intensity factor, Kmaxapp: and Kminappr are the maximum and minimum applied
stress intensity factor, respectively.

Figure 12 shows the PSC propagation threshold (dashed line) as a function of the surface crack depth a.

Solid lines refer to the minimum driving force necessary for MSC nucleated on the surface to overcome the

crack-size dependent threshold The numbers between parentheses indicate the bending stress amplitude
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(in MPa) corresponding to the minimum . It can be noted that the two tribofinished variants are the most
effective in arresting surface crack propagation, while the Z150 condition suppresses surface PSC growth below
a stress amplitude only slightly higher than that of the as-received material. Moreover, the largest non-
propagating crack is equal to the strongest microstructural barrier d (~20 pum) in all variants, except for the Z150
condition that tolerates non-damaging cracks up to ~60 um depth. This observation is in very good agreement
with the fractographic analyses shown in Figs 10.

Figures 13a, b, and c display the experimental fatigue data for the Z150, B120 and V40 conditions, respectively.
The location of the crack initiation site (superficial, subsuperficial or subsuperficial assisted by a superficial non-
propagating crack) of each fatigue test is also indicated. In addition, solid and dotted lines indicate the conditions
for surface crack initiation (expressed by Eq. (4)) and propagation (provided by Egs. (5) and (6)), respectively. It
can be noted that the first condition well represents the mean fatigue curve in the medium-high cycle fatigue
regime (Ny < 2x10°), where surface crack initiation is the controlling fatigue phenomenon. At stress amplitudes
below the PSC propagation threshold expressed by Egs. (5-6), surface crack growth is no longer possible. The

predicted transition in the location of the nucleation site of the dominant crack is in good agreement with the

experimental data shown in Fig. 13. In particular, looking at the Z150 condition, the fact that the driving force

is very close to the threshold | over a large crack depth interval (Fig. 12) can explain the large scatter

in the fatigue data around the transition stress amplitude (Fig. 13a): small fluctuations in the characteristics of
the surface layers (mainly roughness and residual stresses) result in large differences in the near-threshold PSC
propagation.

If the shot peening treatment is able to suppress MSC initiation on the surface and to push it beneath the layer
affected by compressive residual stresses, as in the case of the tribofinished specimens and some specimens
subjected to B120 and Z150 treatments, Eq. (4) greatly underestimates the fatigue life. If the subsuperficial MSC
initiation is promoted by a non-propagating surface crack, the experiments are still in fairly good agreement with
Eq. (4) in the high-cycle fatigue regime (Ny < 5x10°), while the fatigue strength in the very high-cycle fatigue
regime (Ny > 10x10°) is underestimated. Presumably, in the former case, as soon as a crack initiates on the
surface and is arrested, a crack quickly nucleates below the surface leading to the eventual fracture. In the latter

case, a longer fatigue life is spent after surface crack arrest to initiate a subsuperficial dominant crack.

5. Conclusions
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The plain fatigue strength of shot peened aluminium alloy Al-7075-T651 was experimentally investigated

exploring fatigue lives comprised between 10° and 10% cycles. Experiments were conducted on specimens

subjected to three different shot peening treatments. The surface morphology was characterized using an optical

profilometer. To quantify the influence of the change in surface morphology induced by shot peening upon the

fatigue response, some peened samples were tribofinished with the aim of eliminating surface roughness and

preserving the surface residual stress field. XRD measurements were carried out to determine the initial and the

stabilized residual stress field. A model has been developed to predict the conditions for surface crack initiation

and propagation. The following conclusions can be drawn:

1.

Surface layers on the compressed side of the specimens underwent residual stress relaxation due to
plastic flow, whose extent depends on the applied bending stress. The samples subjected to the lighter
peening treatments show negligible residual stress evolution on the tensioned side. Conversely, the
samples subjected to the most intense treatment show some residual stress relaxation on the tensioned
side, especially at longer fatigue lives (and thus at lower stress levels).

The effect exerted by shot peening is a complicated interaction between residual stresses and surface
roughness, greatly impacting the mechanism of fatigue crack initiation and early propagation. In
particular, in the very high cycle regime, the initiation of the crack leading to the final failure occurs in
the subsuperficial layers and may be promoted by the presence of non-propagating surface cracks.

Shot peening conducted at low intensities with small beads is more effective in incrementing the fatigue
resistance as compared to more intense treatments with larger shots, since it causes a lower surface
roughening and induces the maximum compressive residual stress as close as possible to the surface. In
this way, higher resistance to MSC initiation and PSC propagation as well as to residual stress
relaxation is imparted to the surface layers.

The most effective surface treatment is a combination of a gentle and superficial shot peening with a
tribofinishing process. The extent of the additional improvement due to roughness elimination depends
on the type of shot peening, being more significant if the layer interested by compressive residual

stresses is deeper.
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Tables

Table 1: Shot peening parameters.

Treatment  Material Bead size  Bead hardness Beasl ' ’Alme'n ’ Aggle of Coverage
[pum] [HVi] composition intensity impingment [%]
7150 Ceramic  150+210 200 Z¥Oz 67% 12N
B120  Ceramic  63+125 8i0231% 45N 90° 100
V40 Glass  40:70 550 1321(2)(2) 3114?2 42N

Table 2: 3D surface roughness properties.

o Sa Sq Spk Sk Svk
Condition Ssk Sku
[nm] [nm] [nm] [pm]  [um]
As-received  0.29 0.38 0.19 5.98 0.59 0.81 0.41
7150 3.79 4.83 0.29 8.60 8.09 11.56  3.56
B120 1.24 1.54 0.14 3.03 1.75 3.96 1.42
B120 trib. 0.19 0.26 -1.21 12.17 0.29 0.55 0.38
V40 1.33 1.66 -0.01 2.96 2.12 4.23 1.24
V40 trib. 0.17 0.23 -1.30 12.52 0.28 0.49 0.33

Sa: average roughness; Sq: root mean square roughness; Ssk: skewness; Sku: kurtosis;
Spk: reduced peak height; Sk: core roughness depth; Svk: reduced valley depth

Table 3: 2D surface roughness properties.

Rl Dp

Condition Kt
[nm] [nm]
7150 21.29 200 1.22
B120 7.12 110 1.11
V40 7.66 100 1.14

Rt: maximum peak to valley height; Dp: mean spacing of adjacent local
peaks; Ki: stress concentration factor due to surface roughness

Table 4: Principal results of fatigue tests.

Condition N om0 lo
[MPa]

As-received 33 200 1:1.22
7150 20 315 1:1.17
B120 12 555 1:1.19
V40 12 590 1:1.10

s, oopso: slope and y-intercept of the Wohler curve according to
Eq. (1), To: results scatter according to Eq. (2)
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Table 5: Material properties used in Egs. (5).

Property Value Ref.

d 0.018 mm [51]
AKir (R=0) 2.4 [52]
) (R=0) 254 MPa [53]

Figure captions
Figure 1. Geometry of the smooth hourglass specimen used in this study for bending fatigue tests. All

dimensions are given in mm.

Figure 2. Surface topographies acquired through optical profilometer. (a) B120 peened, (b) B120 peened and

tribofinished, (c) V40 peened, (d) V40 peened and tribofinished. The assessment area is 636x477 um?.

Figure 3. Initial longitudinal residual stress profiles of the peened variants measured by XRD technique. Three
measurements per peened variant were carried out in order to account for the variability in the residual stress
field. (a) Z150, (b) B120, (c) V40 conditions. Beside experimental data, the mean in-depth profile and the [-6,6]
scatter band are shown. (d) Comparison among the mean initial residual stress profiles created by the three

peening treatments.

Figure 4. Pulsating bending fatigue curves of the as-received and peened conditions. Run-out tests are marked by

arrows.

Figure 5. Evolution of the longitudinal residual stress profile during fatigue life in samples subjected to Z150
treatment. (a) Tensioned, (b) compressed side. Specimen tested at 280 (320, 400) maximum stress MPa failed
after 50.6x10° (5.1x10°, 106000) cycles. Dashed lines refer to mean and [-G, o] scatter band of the initial

residual stress profile.

Figure 6. Evolution of the longitudinal residual stress profile during fatigue life in samples subjected to B120
treatment. (a) Tensioned, (b) compressed side. Specimen tested at 270 (400) maximum stress MPa failed after
44.6x10° (530000) cycles. Dashed lines refer to mean and [-o, G] scatter band of the initial residual stress

profile.
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Figure 7. Evolution of the longitudinal residual stress profile during fatigue life in samples subjected to V40
treatment. (a) Tensioned, (b) compressed side. Specimen tested at 290 (420) MPa maximum stress failed after
22.8x10° (390000) cycles. Dashed lines refer to mean and [-o, G] scatter band of the initial residual stress

profile.

Figure 8. Evolution of the longitudinal residual stress profile during fatigue life in peened and tribofinished
samples. (a) B120, (b) V40 peening. Specimens were tested at 360 MPa maximum stress and failed after (a)
13.3x10° and 3.3x10° cycles. Dashed lines refer to mean and [-G, o] scatter band of the initial residual stress

profile.

Figure 9. Fracture surface with surface fatigue crack initiation site. (a) as-received (o, = 133 MPa, Ny =

25.0x106), (b) B120 (o2 = 209 MPa, Ny= 139000)

Figure 10. Fracture surface with subsurface initiation site of the dominant fatigue crack and neighbouring non-
propagating surface crack (the crack front is marked by small arrows). (a) Z150 (ca = 133 MPa, Ny = 48.2x10°),

(b) B120 (6. = 133 MPa, Ny = 9.0x10°), (c) V40 (o4 = 152 MPa, Ny= 3.6x106).

Figure 11. Fracture surface with subsurface crack initiation site. (a) Z150 (o« = 171 MPa, Ny = 2.7x10°%), (b)
B120 (ca = 162 MPa, Nr= 6.3x10°), (c) V40 (6. = 162 MPa, Ny = 2.7x10°), (d) B120 tribofinished (c. = 171

MPa, Ny= 13.3x10°), (e) V40 tribofinished (6. = 171 MPa, Ny=3.3x10°).

Figure 12. Comparison between the crack-size dependent threshold for PSC propagation AKy and the minimum
driving force Ax necessary for surface crack growth. The number between parenthesis are the bending stress

amplitude at which Axis calculated.

Figure 13. Experimental fatigue data sorted by the location of the crack initiation site. (a) Z150, (b) B120, and
(c) V40 peening treatment. Closed symbols: superficial crack initiation; open symbols: subsuperficial crack
initiation (open symbols); half-closed symbols: subsuperficial crack initiation promoted by a non-propagating

surface crack. The condition for surface crack initiation is represented by the solid lines (expressed by Eq. (4)),
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while the dotted lines indicate the threshold stress amplitude (identified by Egs. (5) and (6)) below which surface

cracks are arrested.
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