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Abstract

Shot-peening treatments improve the fatigue performance of mechanical components
thanks to the surface modifications introduced and mainly due to the residual compressive
stresses present in the layer of material near the shot-peened surface. There is no unanimous
agreement in scientific literature regarding the kinetics of the damage process. However,
it is generally accepted that, due to morphological and microstructural changes in the
shot-peened layer, the material is more prone to early crack initiation, the propagation of
which is then significantly slowed down or even stopped by the local stress field. This
work focuses on applying the acoustic emission (AE) technique to detect fatigue crack
initiation and propagation in shot-peened Al-alloy components. The analysis is conducted
on Al-7075-T6 alloy, subjected to different shot-peening conditions and fatigue tested under
alternating four-point bending. The results from the AE analyses are then correlated with
a fractographic analysis. For all shot-peening conditions investigated, acoustic emission
consistently indicated probable crack nucleation at approximately two-thirds of the total
fatigue life, followed by a significant damage accumulation phase prior to dominant crack
propagation. The final increase in acoustic activity coincided with the measurable loss of
stiffness, confirming the onset of accelerated crack growth leading to fracture. The results
demonstrate that, despite some experimental challenges, AE monitoring has the potential
for the early detection of damage initiation.

Keywords: acoustic emission; shot-peening; 7075 Al-alloy; high-cycle fatigue; fracture;
crack initiation; crack propagation

1. Introduction

Shot-peening treatment is generally used to enhance the fatigue response of mechan-
ical components, mainly due to residual compressive stresses that are introduced into a
surface layer whose thickness depends on the material and the treatment intensity [1-3]. In
certain situations, surface modifications that produce strain hardening also contribute to
improving fatigue response [2,4,5]. More generally, especially for high shot-peening inten-
sity conditions, the literature reports a negative effect following the local accumulation of
plastic deformation energy. This accumulation produces a very unstable dislocation struc-
ture [6,7], which is naturally predisposed to evolve towards conditions that trigger fatigue
cracks. The modifications of the surface morphology, characterized by increased roughness
associated with higher shot-peening intensities, lead to harmful local stress concentration
effects [8-10]. The concomitant effect of the residual stress field, microstructural changes,
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and deterioration of the surface morphology produces different outcomes depending on
the shot-peened material [7,10-12]. It should also be noted that in some types of material,
the treatment induces the transformation of metastable phases (e.g., mechanically induced
martensitic transformation) with a beneficial effect on the microstructure and the residual
stress field [13-15].

Aluminum alloys, especially the high-performance ones (e.g., aeronautical applica-
tions alloys belonging to the 7000 series), have favorable specific strength parameters but
generally exhibit rather low fatigue resistance [16,17]. For this reason, they have been
the focus of extensive experimental campaigns aimed at identifying optimal shot-peening
conditions to improve the surface fatigue performance of components. Summarizing the
main results and contributions, it can be said that this class of alloys tolerates light or
medium-intensity shot-peening conditions, while suffering from the intense deformations
produced by high-intensity or prolonged treatments [18-21]. The improvement in fatigue
response due to the residual stress field is strongly influenced by microstructural changes
and significant variations in surface roughness.

There is no agreement in the literature regarding the evolution of fatigue damage
in shot-peened components. In particular, the loading conditions may alter the residual
stress field, leading to relaxation of compressive stresses and a consequent reduction in
their barrier effect against crack propagation [22,23]. This aspect is quite common for
high-stress conditions in medium to low cycle fatigue regimes, where the improving effect
of the treatment compared to the untreated condition is negated. The improvements are
more evident in high-cycle fatigue conditions, when the stress level is such that the barrier
effect due to residual compressive stresses can be fully exploited. There is evidence in the
literature of situations in which the residual stress field completely blocks the evolution of
damage from the surface and fatigue cracks initiate below the surface, in regions where
the compressive stress profile rapidly evolves towards very small values or even towards
values of limited tensile conditions [24-27]. This effect, which is less frequent for notched
components characterized by a strong stress gradient at the root of the notch, can instead
become competitive with surface damage under conditions of uniform stress on the section,
given the limited depth of the modified surface layer. Surface initiation is generally favored
for the most critical deformation conditions near the free surface: increased microstructural
entropy and plane stress state. Subsurface initiation is mostly activated in the presence
of internal defects such as pores or inclusions. For aluminum alloys, the production
process generally leads to microstructural conditions with little evidence of potentially
harmful defects. Therefore, a predominance of surface-type initiation should be expected,
although the concurrence of initiation modes cannot be ruled out, as observed in several
contributions [28,29]. It remains unclear under which conditions these triggering factors
arise and what fraction of the fatigue life is consumed in the initiation of one or more critical
cracks that subsequently propagate to failure.

It becomes clear that a reliable method capable of tracking damage evolution dur-
ing fatigue loading would therefore be highly beneficial to experimentally investigate
those phenomena.

In this context, the acoustic emission (AE) technique appears particularly promising,
as it enables real-time monitoring of the acoustic waves generated by energy-releasing
phenomena within the material. These phenomena may be macroscopic, such as crack
growth, plastic deformation, or local debonding of inclusions, precipitates, or dispersed
phases, as well as microscopic events, including void nucleation and dislocation motion
within the crystal lattice [30-34].

The AE signal is characterized by a wavefront of variable amplitude and duration that
can be related to the energy released by the ongoing damage process.
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Generally, during the damage process, sequences of events with very different charac-
teristics are detected. It is therefore not easy to associate these events with the process in
progress. Nevertheless, from the analysis of certain parameters, such as the counting of
peaks above a specific threshold, the maximum amplitude reached, the absolute energy
associated with the event, and the evolution over time of the number of significant events,
it is possible to derive an interpretative key of damage evolution. Figure 1 shows the
salient features of the wavefront, typically in a frequency range between 100 and 500 kHz,
produced by irreversible internal phenomena and detected by sensors in contact with
the component.
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Figure 1. Essential descriptive parameters of an AE wavefront.

There are notable examples in the literature of the use of AE for studying crack
propagation during static and dynamic testing. The technique is very useful and often
provides easily interpretable information [33,35-37]. In describing the phenomenon of
fracture and fatigue fracture, the technique is very sensitive for monitoring the propagation
of mechanically long cracks, and therefore it has been used successfully in the interpretation
of the results of fracture mechanics and fatigue crack propagation tests [29,34,38]. There are
far fewer studies on the conditions that lead to the initiation of fatigue cracking and their
subsequent propagation starting from mechanically and microstructurally short cracks. In
these cases, the swarm of acoustic events is very often masked by noise sources that are not
always easily identifiable [39-41]. Some studies highlight how the value of the information
that can be deduced from AE spectra increases significantly when discussed in parallel
with damage parameter measurements obtained using other detection techniques, also
considering the possibility of training physically informed neural networks [42-45].

Against this background, this paper addresses precisely this issue. Since the pres-
ence of cracks ab origine is not known in the shot-peened component, the AE method is
employed to determine whether a threshold condition can be identified, at which a crack
becomes clearly detectable, allowing its propagation to be monitored. Particular attention
is devoted to the relationship between crack development and the residual compressive
stress field on the surface. Specifically, the aim is to assess the minimum identifiable crack
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size in relation to the depth of the residual stress profile and its location, whether at the
surface or within the bulk material unaffected by the treatment.

The experiments are conducted on Al 7075-T6 aluminum alloy specimens subjected to
different peening conditions and subsequently tested for fatigue with alternating four-point
bending tests.

The work is organized as follows: Section 2 describes the material, treatments, fatigue
test conditions, and experimental setup for measuring acoustic emissions; Section 3 reports
the main experimental results, discusses the set of acoustic events measured on the different
specimens in relation to the treatment conditions and fatigue results and analyzes the results
of the fractographic analysis conducted on specimens for which the test was interrupted at
the first evidence of a significant acoustic event; Section 4 summarizes the results obtained
and reports the main conclusions.

2. Materials and Methods

The experiments were conducted on Al7075-T6 alloy. The static tensile properties of
the material are summarized in Table 1.

Table 1. Material properties.

Young Modulus Yield Strength UTS True Fracture Strength
[MPa] [MPa] [MPa] [MPal]
72 505 570 760

For the experimental investigation, hourglass shape samples with circular section
samples were used, as presented in Figure 2. A large curvature radius was imposed so that
notch effect was negligible.

R30.00

A 4

45.00

A

90.00

Figure 2. Geometry of test samples (dimensions in mm).

The samples, divided into batches of approximately 20 specimens, were subjected to
different shot-peening treatments. Parameters of the treatments are summarized in Table 2.
As a benchmark, one batch of specimens was kept in the unpeened condition.

Table 2. Shot peening treatment conditions.

Treatment Shots/Diameter [um] Intensity Coverage (%)
UFS50 Steel /50 10-12N 100
Z100/1000 Ceramic/100 810N 1000
7100 Ceramic/100 10-12N 100
7425 Ceramic/425 4-6 A 100
7425 + 7100 Ceramic/425-100 4-6A+8-10N 100 + 1000
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The shot-peening treatments were selected to generate markedly different surface in-
tegrity conditions, allowing the individual contributions of the main shot-peening-induced
mechanisms to be investigated. In particular, the treatments were designed following the
rationale discussed in previous investigations on Al alloys, where different combinations
of shot size, intensity, and coverage are used to emphasize specific fatigue-related effects
such as residual compressive stresses, surface roughness, work hardening, and possible
microstructural refinement of the surface layer. The light treatments (UFS50 and Z100)
employ relatively small shots and moderate intensity, producing shallow compressive
residual stress profiles while limiting the increase in surface roughness. Such conditions are
generally considered favorable for high-strength aluminum alloys, which can be sensitive
to excessive plastic deformation. In contrast, the treatment performed with larger ceramic
shots (Z425) introduces a deeper compressive residual stress field but is also associated
with stronger surface deformation and higher roughness levels. A high-coverage treat-
ment (Z100/1000) was also considered to promote more intense plastic deformation in
the near-surface region, potentially leading to microstructural refinement and enhanced
work hardening. Finally, a combined treatment (Z425 + Z100) was included to reproduce a
double-peening strategy in which an initial high-intensity treatment generates a deep com-
pressive stress profile, while a subsequent treatment with smaller shots partially improves
the surface morphology and modifies the near-surface stress distribution.

To give the reader an overview of the effects produced by these treatments, the main
results are summarized in Table 3. Further detailed information and images of the resulting
surface morphology can be found in [20]. The table reports, for each treatment variant, the
surface roughness parameters (Ra: average roughness; Rq: root mean square roughness),
the microhardness values measured near the treated surface, the peak value of the residual
compressive stress (0rs min), the distance of this peak from the shot-peened surface (6rg min),
and the overall depth of the residual stress profile (ég;).

Table 3. Main parameters describing the effect of the surface treatments.

Treatment Ra (um)/Rq (pm) Mlg;g‘;g‘;gﬁ 58 ORS,min IMPall/dRs iy (mm) dRs (mm)
As received 0.87/1.04 173 - -
UFS50 1.16/1.47 185 175/0.025 0.080
Z100/1000 1.36/1.71 174 200/0.028 0.008
7100 1.34/1.72 174 255/0.028 0.08
7425 2.15/2.66 165 250/0.025 0.18
7425 + 7100 2.04/2.59 176 225/0.100 0.21

For residual stresses, the first three treatments listed in Table 2 produce profiles with
a similar penetration depth (approximately 80 um), although they differ in terms of peak
compressive stress values. In contrast, the high-intensity treatment and the combined
treatment generate significantly deeper residual stress profiles, reaching depths of approxi-
mately 200 um, while the peak compressive stresses tend to approach a saturation value of
about 250 MPa. Owing to the different peening intensities and process conditions, notice-
able differences in surface morphology and microstructural features are also observed, as
documented in detail in the referenced study [20].

The fatigue tests were conducted on the Rumul Mikroton 20 kN resonant testing
machine, in the alternating four-point bending configuration (R = —1) shown in Figure 3.
The sensor for detecting acoustic emissions was positioned at the base of the specimen as
indicated in the figure. The sensor is a Mistras AE Micro 80 [46] operating in the 40-400 kHz
frequency range, with a sampling frequency of 1 MPS. AE acquisition took place for 36 of
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the 95 specimens tested. Based on preliminary analyses conducted under very-low-load
conditions, a threshold of 30 dB was defined as the limit for identifying the acoustic signal.

The tests explored a fatigue life range between 6 x 10* and 2 x 107 cycles. Specimens
that survived this upper limit are considered run-out and are marked with a horizontal
arrow in the fatigue graph. Based on the stiffness of the test setup, fatigue tests were
conducted at a resonance frequency of approximately 91 Hz. The test frequency changes
with the evolution of the specimen stiffness as the crack grows and therefore becomes a
parallel system for detecting damage propagation. For this reason, the resonant frequency
was acquired during the test until fracture and reported in parallel with the information
obtained from the AE spectra.

Figure 3. Test setup; the sensor is attached to the base of the test specimen.

For some selected specimens, based on the information obtained from the AE spectra
recorded in tests carried out at the load levels during the experimental campaign, the
fatigue tests were interrupted at the first significant AE event. The specimens were then
retested under axial fatigue with a positive load ratio (R) to complete the fracture. This
procedure was adopted to mark the crack front associated with the detected acoustic
activity and to maintain the opening of the crack mouth during subsequent propagation.
Such marking is essential to confirm the actual occurrence of crack initiation through SEM
fractographic analysis.

3. Results and Discussion
3.1. Fatigue Results

The results of the fatigue tests are described in detail in [20]. The data are reworked in
Figure 4, in which the pinpoints indicate the specimens that were instrumented with the
AE sensor during the test. A total of 15 tests was performed for each material condition.
The Wohler’s curves were fitted using Equation (1):
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where ¢, ¢z, and c3 are fitting parameters whose values are reported in [20], Ny is the
number of cycles upon failure and oy is the stress amplitude. The scatter bands at 10%
and 90% probability of failure, represented by different colors for the variants studied, are
calculated considering a uniform regression variance over the entire fatigue life range.
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Figure 4. Results of the fatigue tests. AE-instrumented specimens are indicated by pinpoints.

All shot-peening variants show an improvement over the untreated condition, more
pronounced in the region of high-cycle fatigue, gradually becoming less evident with
increased stress amplitude, with up to almost negligible differences at the highest load
levels. The two lighter treatments (i.e., UFS50 100% and Z100 100%) achieve the best
increase in fatigue response and a lower statistical dispersion of results [20]. The more
intense treatment, carried out with larger shot, proves to be less effective, with lower fatigue
resistance and greater statistical dispersion of results compared to the other shot-peening
variants. This behavior is partly improved in the variant in which, following the heavy
treatment, a light treatment is carried out for prolonged periods of time to improve the
surface morphology and maintain a deep residual stress profile. However, the improvement
obtained does not exceed the results obtained with the less intense treatments.

3.2. Acoustic Emission Spectra

Referring to the representation shown in Figure 1, for each acoustic event, it is possible
to extract the maximum amplitude assumed by the signal (AE amplitude), the number
of times the amplitude exceeds a threshold level set at 30 dB (AE counts), and, through
integration, the energy associated with the event (Energy). In addition, the integral of the
events occurring throughout the test normalized with respect to the final cumulative value
can be plotted. Exemplary AE spectra collected during the test for these parameters are
presented for each of the different variants in Figures 5-10.
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Figure 5. Acoustic emission spectra for a specimen stressed of the unpeened variant: (a) signal
amplitude; (b) events counts; (c) energy associated with events; (d) cumulative normalized graphs.
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Figure 6. Acoustic emission spectra for a specimen stressed of the UFS50 variant: (a) signal amplitude;
(b) events counts; (c) energy associated with events; (d) cumulative normalized graphs.
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amplitude, (b) events counts, (c) energy associated with events, (d) cumulative normalized graphs.
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The testing machine resonance frequency values recorded during the test are plotted
together with the AE spectra. Traces remain nearly constant for most of the life, with a
rapid decrease only in the final stages of the test. At this point, there is also a clear increase
in acoustic activity.

The acoustic emission spectra acquired may show different trends even for test
pieces belonging to the same variant. The response obtained for the three samples of
the Z100-1000% variant is very unusual and difficult to interpret. Figure 6 shows a repre-
sentative trend.

The amplitude spectra and the cumulative curves seem to capture some synthetic
aspects of the response. Where possible, the condition in which the amplitude of the events
rises steadily above the background signal has been highlighted in the figures. For the
sake of clarity, the background signal is around 30 dB, as mentioned before. This condition
is accompanied by a somewhat marked change in slope in the cumulative curves and
generally occurs around 60% of the entire fatigue life. In the figures, the onset of the
final phase of the test (i.e., shortly before the final fracture), in which the acoustic activity
significantly increases, is also indicated. In this region, which occupies approximately the
last 5% of the entire fatigue life, a steep decrease in the resonance frequency of the test is
observed. This decrease is attributable to the loss of stiffness of the specimen due to the
propagation of a crack of rapidly increasing size, until final collapse.

The first stable increase in acoustic activity associated with the change in slope of the
cumulative curves is indicated in the literature [31,32] as a trigger signal for the initiation
of a detectable crack. Subsequently, the crack can propagate steadily or be blocked in the
presence of microstructural barriers or barriers linked to residual stress fields, until the
final acceleration.

3.3. Fractographic Analysis

Based on observations derived from emission spectra, it was decided to suspend some
of the tests at the first significant manifestation of acoustic activity associated with the
variation in slope in the cumulative curves. The specimens were then broken by cyclic axial
stress at a load ratio R > 0, to mark the separation between potential cracks that had already
initiated when the test was suspended and their subsequent propagation under cyclic axial
test conditions. The fracture surfaces analyzed under an electron scanning microscope
(SEM) revealed the presence, near the free surface, of a small region with smooth faces,
clearly distinct from the rest of the propagation surface. Some examples of tests carried
out for the different material variants are shown in Figures 11-15, which show the entire
fractured section and a detail of the region where there is evidence of initial cracking, made
clear by overlay due to compression contact between the opposite fracture surfaces during
the bending cycle. The separation between what can be interpreted as the flexural initiation
region and the subsequent propagation due to cyclic axial stress is highlighted in the figures
by a dotted line.

This fractographic characteristic, which occurs in all cases, even for the non-shot-
peened variant, may be an indication of the initiation of one or more cracks during the
alternating bending stress phase (R = —1), which involves compression between the fracture
surfaces for half of the applied stress cycle. It can be added, for the shot-peened variants,
that near the surface, the state of residual compressive stress contributes to extending the
fraction of the load cycle that produces compression between the fracture surfaces. The
rest of the fractured surface is compatible with the propagation condition expected for
cyclic tests with a load ratio R > 0, clearly showing the radial extension of the fracture
starting from the initiation sites with an increasingly rough surface until the final condition
of fracture due to static overloading.
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(a) (b)

Figure 11. Fractography of the unpeened variant, subjected to alternating bending stress with
amplitude o5 = 170 MPa for 1.1 x 10° cycles and subsequently brought to fracture with axial cyclic
testing. (a) Fracture surface; (b) detail on the initiation site.

VD169mm  Std-PC500  Higl

Figure 12. Fractography of the UFS50 variant subjected to alternating bending stress with amplitude
oA =250 MPa for 4.0 x 10* cycles and subsequently brought to fracture with axial cyclic testing.
(a) Fracture surface; (b) detail on the initiation site.

(b)

Figure 13. Fractography of variant Z100-100% subjected to alternating bending stress with amplitude

oA =260 MPa for 9.5 x 10* cycles and subsequently brought to fracture with axial cyclic testing.
(a) Fracture surface; (b) detail on the initiation site.
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Figure 15. Fractography of variant Z425 + Z100 subjected to alternating bending stress with amplitude

(b)

Figure 14. Fractography of variant Z425-100% subjected to alternating bending stress with amplitude
oA =260 MPa for 9.5 x 10* cycles and subsequently brought to fracture with axial cyclic testing.
(a) Fracture surface; (b) detail on the initiation site.

Std.-P.C600  HighVac X100  EE—"100um

oA =220 MPa for 1.8 x 10° cycles and subsequently brought to fracture with axial cyclic testing.
(a) Fracture surface; (b) detail on the initiation site.

The depth dimension of the initial cracks from the surface is, for the shot-peened
variants, always lower than the depth of the corresponding residual compressive stress
profile. In practice, the fracture still needs to overcome the barrier associated with the
residual stress field. It cannot, therefore, be ruled out that in the subsequent phase of life,
other cracks may form beneath the surface. This could be related to the more irregular
emission spectra observed for several of the shot-peened specimens. It should also be
noted that, at this preliminary stage, all these analyses were carried out in the fatigue
zone under high-load conditions. Therefore, it cannot be excluded that under high-cycle
fatigue conditions, particularly near the upper limit of the fatigue life range investigated,
circumstances may arise that promote the initiation of subsurface cracks.

4. Conclusions

This work represents an attempt to deepen our understanding of the damage processes
that lead to fatigue damage in an Al-alloy component. The analysis of the different shot-
peening variants is aimed at studying very different conditions for the initiation and
propagation of fatigue cracks, considering the microstructural changes and the different
residual stress profiles produced.
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Although preliminary, the results obtained for the different variants highlight the
potential of the acoustic emission monitoring technique for the early detection of damage
initiation. In particular,

O  Itis possible to see evidence for all experimental variants of a probable crack nucle-
ation relatively early compared to the final fatigue life;

O  The AE spectra indicate the probable initiation at about 2/3 of the total life, and therefore
a phase of damage accumulation for a non-negligible fraction of the specimen life;

O  The final propagation of a dominant crack is accompanied by an intense increase in
acoustic emission activity.

The initial stages of damage evolution are not detected by the resonance frequency
trend of the test, as the loss of stiffness of the specimen is not sufficient to cause a marked
change in the resonance response of the system.

The final increase in acoustic activity clearly overlaps with the loss of stiffness of the
specimen, as evidenced by the decrease in test frequency. This confirms the hypothesis
that in this last phase, a dominant crack has reached conditions such that its propagation
progressively accelerates until fracture.

At present, the variability of the characteristics of the acoustic emission spectra ac-
quired and the limited number of cases available allow us to highlight common behavioral
traits but do not allow us to clearly define the differences between the variants studied to
obtain a direct correlation between the acoustic emission spectrum and the local state of
the material. However, the ability of the method to identify, at least qualitatively, the initial
conditions for damage initiation appears very encouraging, as it opens up the possibility of
application for the monitoring of components and structures.
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