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Abstract

The effect of different shot-peening treatments on the reverse and pulsating bending fatigue behaviour of Al 7075 T651 was
studied. The fatigue improvements with respect to the unpeened condition and the influence of the peening intensity on fatigue
were discussed accounting for the effects of surface modifications and residual stresses. In particular, the extent of the residual
stress redistribution during loading was investigated by means of X-ray diffraction (XRD) measurements. No significant residual
stress relaxation was observed in samples tested to a load level corresponding to the fatigue endurance at 5-10° cycles. Residual
stress relaxation was observed only when the material plastic flow stress was achieved during the compressive part of the fatigue
load cycle. Accordingly, shot peened samples with deep sub-superficial compressive residual stress peak showed a reversed
fatigue endurance level corresponding to the condition of incipient plastic flow. This phenomenon was also accompanied by sub-
superficial fatigue crack initiation. On the contrary, samples tested at shorter fatigue lives or under pulsating loading conditions
showed crack initiation close to the surface. The initial and the stabilised residual stress profiles were considered for discussing
the improvement in the fatigue behaviour due to peening. For this purpose, a multiaxial fatigue criterion was adopted to account
for the biaxial residual stress field. The fatigue life was quite accurately predicted as long as fatigue initiation occurs on the
surface.
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1. Introduction

Aluminium alloys look very attractive to the aircraft and automotive industry, steadily seeking an improvement
of the energy efficiency of the transport vehicles, because of their high specific static strength. Usually, high static
mechanical properties are induced in aluminium alloys by dispersion hardening through solution and ageing heat
treatments. However, in contrast with more common metallic materials like steels, they exhibit relatively poor
fatigue properties: the fatigue endurance in the high cycle fatigue regime (>5 millions cycle) is about % of the tensile
strength [1]. For this reason, aluminium alloys are frequently subjected to surface treatments. For instance, shot
peening has always received particular attention, allowing for noticeable increments in the plain fatigue life of steels
and light alloys [2,3]. In the literature, the major part of this improvement has been almost unanimously attributed to
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the introduction of compressive residual stresses in the surface region, responsible for both retarded fatigue crack
initiation and lower small crack growth rates [4].

The authors recently studied the effect of three types of shot peening treatments on the plain fatigue response of
the Al-7075-T651 alloy under reverse bending loading conditions (R = -1) [5]. In particular, it was shown that (i)
shot peening significantly improves the plain fatigue response of the Al alloy, (ii) the residual stress field does not
display an appreciable evolution with the respect to the initial condition at the 5 million cycles fatigue endurance
stress, (iii) some relaxation occurs at shorter fatigue lives, the more pronounced the higher the stress level. The plain
fatigue response is directly correlated with the surface residual stress as successfully predicted using the Sines
criterion incorporating the stabilized residual stress field as mean stresses. However, it was found that the high cycle
fatigue behaviour of the more intense peening conditions is rather dictated by the conditions of incipient plastic
deformation, as an effect of the superposition between the compressive residual stress with the compressive peak
due to the applied reverse bending, in order to preserve the stability of the residual stress field. The numerical
investigation conducted in [6] showed that residual stress relaxation observed in [5] is actually due to plastic flow
rather than cyclic relaxation.

The present work is aimed at extending these investigations to the case of pulsating bending loading conditions
(R = 0). Under these circumstances, the specimen part subjected to tensile bending stresses, where fatigue cracking
usually occurs, is prevented from residual stress relaxation caused by compressive plastic deformation.
Consequently, under these conditions, the more intense peening conditions are supposed to completely unfold their
beneficial effect on the high cycle fatigue strength. Fatigue crack initiation sites have been investigated through
scanning electron microscopy (SEM) fractography and the role of surface roughness on the fatigue resistance has
been analyzed. Residual stress profiles were used to discuss the improvement in the fatigue response in the
hypothesis of crack initiation and early crack propagation as fatigue controlling parameters. For this purpose, a
multiaxial fatigue criterion was adopted to account for the residual stress field.

Nomenclature

D, mean spacing of adjacent roughness peaks

K, stress concentration factor

N number of cycles

R stress ratio

R, average roughness

Ry root mean square roughness

R, mean value of the peak-valley distance determined on a specific measurement length
To scatter of fatigue results

Gpso (T€SP- 1000)  fatigue endurance with a failure probability of 50% (resp. 10% and 90%)
Gopso, k parameters of the S-N curve

o fatigue endurance corresponding to 5-10° cycles

5-10°

O, stress amplitude

2. Materials and experimental procedures

The experimentation has been performed on the aluminium 7075-T651 alloy, widely used for aeronautical
applications, supplied in the form of 4 mm thick rolled plate. The bulk material properties have been determined on
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five standard monotonic tensile tests (initial strain rate of 1-10” s) performed in the longitudinal orientation. The
results, summarized in Table 1, show a yield strength higher than 500 MPa, combined with a good material ductility

(total elongation of 18%).

Table 1. Monotonic tensile properties of the Al-7075-T651 alloy.

E (GPa) Gyo2 (MPa) UTS (MPa) or (MPa) T.E. (%) R.A. (%)

73 (x1) 515 (£5) 565 (£5) 760 (£10) 18 (2) 24 (+2)
E: elastic modulus; 6y¢2: 0.2% yield stress; UTS: ultimate tensile strength; of: true fracture stress; T.E.: total elongation; R.A.: reduction
in area

The fatigue characterisation has been carried out on prismatic 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 fillet radius is large enough to make any notch fatigue effects negligible. Part of the specimens has
been subjected to controlled shot peening: the parameters of the three peening treatments considered are
summarized in Table 2 (further details can be found in [5]). Each treatment has been performed using ceramic glass
beads, which allow for higher fatigue performances as compared with steel shot. The treatment named CE-B120
employs small ceramic beads leading to a gentle and superficial effect, whereas the second one termed CE-Z425 has
been conducted with beads of larger size in order to produce a deeper cold worked layer. The third treatment called
CE-Comb is a double peening consisting in the CE-Z425 followed by the CE-B120 treatment.

Fig. 1. Plane bending fatigue samples used in this study. Specimen’s thickness is 4 mm.

Table 2. Parameters of the three shot peening treatments considered in this study.

Bead size Bead hardness Bead Almen Bead speed Angle of Coverage
Treatment o . . L
(pum) HV) composition intensity (m/s) impingement (%)
CE-B120 63-125 200 Zr0, 67% 4.5N 57
CE-Z425 425-600 Si0, 31% 4.5A 26 90° 100
CE-Comb CE-Z425 followed by CE-B120

Reverse (zero mean stress, R = -1) and pulsating (zero minimum stress, R = 0) plane bending displacement-
controlled fatigue tests have been carried out at room temperature air and at a nominal frequency of 30 Hz. Different
stress levels corresponding to fatigue lives in the range between nearly 5-10* and 5-10° cycles have been considered.
The fatigue curves corresponding to 50% of failure probability, represented by the S-N curve:
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1
Opsy = Ogpso X Ny © )

were determined, following the standard procedure, by fitting the log(V)) 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:

To=1:0py/0p, @)

Py, Pyy denote the 90% and 10% levels of failure probability, respectively. The 5-10° cycles fatigue endurance
was obtained by a staircase procedure, employing 10-12 samples.

The surface roughness was determined by the centreline average and peak height distributions resulting from a
profilometer scan of the specimen surface. The profilometer provides the position of all irregularities having a crest
spacing of less than a preset cut-off value.

The analysis of the residual stress field induced by the peening treatments was carried out by measuring the stress
profile by XRD technique. They are based on the sin® method. The crystallographic direction <422> was chosen
with CuKa reflection in order to obtain high angle measurements with higher stress sensitivity. The elastic
properties of the alloy were used in the calculation by means of Neerfeld-Hill method [7]. A specific procedure of
chemical etching for the progressive thinning of the specimen was employed. The correction accounting for the
effect of the removed layer on the residual stress field was performed following the indications reported in [7] and
using an appropriate algorithm proposed in [8].

Both initial and stabilized residual stress fields were measured. For this purpose, measurements were performed
on specimens tested under reverse bending conditions after failure 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. Residual stress
profiles measured on run-out specimens were found to be very similar to those determined on failed samples, thus
confirming this assumption.

3. Results and discussion
3.1. Surface modifications

The effect on the surface roughness exerted by the shot peening treatments is quantified in Table 3, where the
results of profilometer measurements are summarized. The mean value, within an assessment length of 2 mm, of the
maximum peak to valley height (R;) and the mean spacing of adjacent local peaks (D,) were used to estimate the
notch effect exerted by the surface dimples according to the following expression proposed by [9]:

(R

= & 3)
K 1+4L J

t Dp

The values of the estimated K, for the conditions considered are listed in Table 3. It can be noted that the shot

peening treatments introduce a limited-to-moderate stress concentration effect, ranging from 1.08 (CE-B120) to 1.17
(CE-Z425 and CE-Comb).

Table 3. Surface roughness properties.

Condition R, (um) R (jm) R, (jum) D, (um) K. (Eq. 3))
As-received 0.25 0.30 0.9 - -

CE-B120 1.35 1.67 6.1 120 1.08

CE-Z425 3.39 4.36 15.2 175 1.17

CE-Comb 3.41 4.37 16.4 190 1.17
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Microhardness profiles and the characterization of the cyclic stress-strain response of the shot peened surface
layers can be found in [5,6].

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. 2. Notably, the residual stresses introduced by
thermo-mechanical treatment as well as by the machining in the as-received condition are one order of magnitude
smaller than those measured in the peened samples and will be therefore neglected.

The specimens subjected to the more intense peening treatments (CE-Z425 and CE-Comb) were characterized by
deeper compressive residual stress profiles and by higher sub-superficial compressive peaks with respect to the CE-
B120 treatment. In this latter case, the surface layer affected by compressive residual stresses is very thin and the
peak is located on the surface. The CE-Z425 and the CE-Comb treatments differ slightly in terms of the surface
residual stress and sub-superficial peak values, whereas the depth of the compressive peak is nearly the same (0.075-
0.080 mm). The difference between the two treatments tends to fade out nearly 200 microns beneath the surface. For
all the peening conditions, the peak stress levels reached a considerable value ranging from 0.56 to 0.72 of the
material monotonic yield stress.
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Fig. 2. Initial residual stress profiles of the as-received and peened variants measured by XRD technique.
3.2. Fatigue S-N curves

The results of the reverse (R = -1) and pulsating (R = 0) bending fatigue tests as well as the Ps, fatigue lines are
compared in Figs. 3a and 3b for the different material variants considered, respectively. The parameters representing
the fatigue curves corresponding to 50% of failure probability, according to Eq. (1), the results scatter, expressed by
Eq. (2), and the fatigue endurance at 5-10° cycles are listed in Table 4. All the peening treatments considered were
effective in prolonging the fatigue life of the material. This improvement depends on both the applied load and the
loading ratio, being more remarkable for load levels corresponding to longer fatigue lives. It can also be observed
that the gentlest the CE-B120 treatment induces the highest improvement in the reverse bending endurance limit at
5.10° cycles as compared to the more intense peening treatments, i.e. CE-Z425 and CE-Comb (Fig. 3a); on the
contrary, the CE-Comb treatment gave the best results for the pulsating bending endurance limit (Fig. 3b). In order
to shed light on this apparently anomalous result, an experimental campaign was carried out with the aim of
investigating the evolution of the residual stress field during the fatigue life.
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Fig. 3. Reverse (a) and pulsating (b) bending fatigue curves of the as-received and peened conditions. Run-out tests are marked by arrows.

Table 4. Principal results of fatigue tests.

Endurance limit Low cycle fatigue
Condition O (MPa) St Dev (MPa) k Gopsq (MPa) To
R=-1 R=0 R=-1 R=0 R=-1 R=0 =-1 R=0 R=-1 R=0
As-received 145 127 8 8 4.68 7.76 2605 770 1:1.20 1:1.15
CE-B120 213 156 4 6 7.38 8.64 1400 935 1:1.11 1:1.15
CE-Z425 164 154 12 8 6.12 7.81 1885 965 1:1.15 1:1.12
CE-Comb 189 173 12 6 9.05 10.60 980 710 1:1.14 1:1.18

3.3. Residual stress evolution during reverse bending fatigue tests

Figures 4a, 4b and 4c illustrate the evolution of the residual stress field in the samples tested under reverse
bending conditions at different loading levels for the CE-B120, CE-Z425 and CE-Comb treatment, respectively. It
can be noted that some relaxation of the residual stress field occurred at load levels higher than the fatigue
endurance, the more pronounced the higher the load levels, whereas the residual stress profiles measured in the
specimens tested in correspondence of the fatigue endurance did not show appreciable evolution with respect to the
initial residual stress field: the residual stress modification is of the same order of magnitude of the uncertainty band
of the XRD measure. This evidence suggests the hypothesis that the relaxation is more like a “quasi-static” effect,
due to the achievement of the material’s plastic flow regime [5,6], rather than cyclic relaxation, which should be
evident in the high-cycle fatigue regime as well. Accordingly, the fact that the specimens were tested under reverse
bending configuration implies the possibility of material’s plasticization when the compressive bending stresses are
superimposed to the compressive surface residual stress field.
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Fig. 4. Comparison between initial and stabilized residual stress profiles measured on the fatigue samples tested under reverse bending conditions
and subjected to (a) CE-B120, (b) CE-Z425, (c) CE-Comb shot peening.

This hypothesis has been confirmed by the investigations made in [5,6] based on the cyclic mechanical properties
of the shot peened layers. In particular, it has been found that the reverse bending fatigue endurance of the more
intense peening conditions is dictated by the condition of incipient plastic deformation during the compressive part
of the bending load cycle. On the contrary, in the case of pulsating bending fatigue, the specimen part subjected to
tensile bending stresses, where fatigue initiation has been observed, residual stress relaxation due to compressive
plastic deformation can not occur, so in the following it will be assumed that the residual stress fields remain stable
during pulsating bending fatigue. Obviously, this assumption needs to be experimentally verified in the next by
XRD measurements.

3.4. Fracture surfaces analysis

SEM analysis was carried out on the fracture surfaces of the specimens tested at load levels close to the fatigue
endurance under reverse (Fig. 5) and pulsating (Fig. 6) bending conditions. In the first case, the observations
revealed sub-superficial fatigue crack initiation for the CE-Z425 (Fig. 5b) and CE-Comb (Fig. 5c) treatments, in a
region comprised between 200 and 300 pm below the surface, where incipient compressive plastic deformation has
been predicted. On the contrary, the crack nucleation was found to occur close to the surface (~20 um below the
surface) in the CE-B120 (Fig. 5a) condition. Furthermore, superficial fatigue crack onset was detected in the
samples tested at stress levels leading to failure within 4-10° cycles, even in the samples subjected to the CE-Z425
and CE-Comb conditions (here not reported for the sake of brevity).
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In the case of pulsating bending fatigue tests, however, fatigue crack initiation has been observed in a region
close to the surface (0-100 pm) for all the peened variants considered, as shown in Fig. 6a, 6b and 6¢ for the CE-
B120, CE-Z425 and CE-Comb, respectively. Apparently, due to the absence of compressive plastic deformation, no
sub-superficial crack onset occurred.

Fig. 5. SEM micrographs of the fracture surfaces around the fatigue crack initiation sites for specimens tested at the fatigue endurance stress
under reverse bending conditions. (a) CE-B120 (o, = 221 MPa, N = 2.87-10° cycles), (b) CE-Z425 (5, = 155 MPa, N = 3.30-10° cycles), (c) CE-
Comb (o, = 188 MPa, N = 3.86-10° cycles) conditions. Crack initiation sites are marked by arrows.

Dot WD F——— 200 i
GSE 101, 07 Tor 2426 1

Fig. 6. SEM micrographs of the fracture surfaces around the fatigue crack initiation sites for specimens tested at the fatigue endurance stress
under pulsating bending conditions. (a) CE-B120 (5, = 165 MPa, N = 3.19-10° cycles), (b) CE-Z425 (o, = 160 MPa, N = 3.03-10° cycles), (c)
CE-Comb (o, = 187 MPa, N = 2.51-10° cycles) conditions. Crack initiation sites are marked by arrows.

4. Simulation of the fatigue response

A numerical model was developed in order to account for both the surface roughness and the residual stresses on
the fatigue behaviour. The effect of the surface roughness was taken into account by incorporating into a fatigue
criterion the stress concentration factor determined in Section 3.1. Residual stresses were treated as mean stresses
superimposed to the oscillating stresses introduced by the external cyclic load [10]. Because of the equibiaxiality of
the residual stress field, a multiaxial fatigue criterion was employed. Therefore, the Sines criterion was adopted for
modelling the stress conditions as discussed in [5]. Two main assumptions were made: (i) the material’s work
hardening introduced by the shot peening exerts a negligible influence on the fatigue resistance; therefore, the
intrinsic fatigue resistance of the peened material was assumed to be the same as that of the base material. (ii) The
fatigue crack initiation occurs on or close to the specimen surface. This was confirmed by experimental
investigations, except for the specimens subjected to the two more intense treatments in the high cycle fatigue
regime under reverse bending conditions. This fact will be discussed in the following. The initial and the stabilized
(only for the samples tested under reverse bending) values of residual stresses on the surface (according to the
second assumption) were considered for evaluating the fatigue response in the hypothesis that the initiation life takes
a preponderant part of the total fatigue life.

The comparison between the experimental data and the calculated mean fatigue curve is illustrated in Figs. 7a, 7b
and 7c for the CE-B120, CE-Z425 and CE-Comb conditions, respectively. It can be noted that, except for the high
cycle reverse bending fatigue response of the more intense peened conditions, the fatigue strength is well predicted
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by the Sines criterion, particularly when the stabilized residual stresses (SRS) are considered. Conversely, a slight
overestimation of the fatigue strength, especially at the higher load levels, is obtained when the initial residual
stresses (IRS) are incorporated into the fatigue criterion. Apparently, the beneficial effect of the residual stresses on
the fatigue response is partly reduced by the residual stress relaxation. On the contrary, the proposed approach
cannot describe the high cycle reverse bending fatigue behaviour of the two intense peening treatments (Figs. 7b and
7¢), whose 5-10° cycles fatigue endurance was found to correspond to the condition of sub-superficial incipient
plasticization (whose stress level is indicated in Figs. 7b and 7c¢), phenomenon that cannot be captured by the
multiaxial fatigue criterion. Noteworthy, the two material conditions subjected to the more intense peening
conditions displayed a high cycle fatigue response that is fairly independent of the loading ratio, i.e. the mean stress
level.
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Fig. 7. Comparison between experimental and calculated Ps, fatigue curves of the peened conditions. (a) CE-B120, (b) CE-Z425, (¢c) CE-Comb
peening treatment. IRS: initial residual stresses, SRS: stabilized residual stresses. The fatigue regimes leading to compression plasticization are
indicated as well.

5. Conclusions

The effect of the loading ratio on the bending fatigue resistance of shot peened 7075-T651 aluminium alloy was
investigated. Experiments were conducted on specimens subjected to three different shot peening treatments and
tested under reverse and pulsating bending fatigue. Surface roughness was measured to characterize the impact of
the peening treatment upon the fatigue response. XRD measurements were carried out to determine the initial and
the stabilized residual stress field. Conditions for compression plasticization of the material during the reverse
bending fatigue life, leading to quasi-static residual stress relaxation, were identified. SEM investigations on the
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fracture surfaces were performed to identify fatigue crack initiation sites. An analytical model was built up for
predicting the fatigue resistance taking into account the effect of both residual stresses and surface roughness. It has
been found that the high cycle fatigue response can be quite accurately predicted for both loading ratios considered,
provided that no compressive plastic deformation occurs. These findings can be advantageously used to correctly
design, for a specific application, the optimal shot peening treatment also accounting for the load ratio experienced
in service by the component.
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