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Abstract

Shot peening is a cold-working surface treatment, basically con-
sisting in pelting the surface of the to-be-treated component with a
high number of small hard particles blown at relatively high velocity.
This causes the plasticization of the surface layer of the substrate,
and the generation of a compressive residual stress field beneath the
component surface. The surface topology modification can be ben-
eficial for coating adhesion, and the work hardening enhances the
fretting resistance of components, but the most commonly appreci-
ated advantage of the process is the increased fatigue resistance in
the treated component, due to the compressive residual stress which
inhibits the nucleation and propagation of fatigue cracks. In spite of
its widespread use, the mechanisms underlying the shot peening pro-
cess are not completely clear. Many process parameters are involved
(material, dimension, velocity of the shots, coverage, substrate me-
chanical behavior) and their complex mutual interaction affects the
success of the process as well as the jeopardizing of any beneficial
effect due to the increased surface roughness. Experimental mea-
surements are excessively expensive and time-costly to deal with the
wide variability of the process parameters, and their feasibility is not
always granted. The effect of shot peening is indeed particularly effec-
tive where geometrical details (e.g. notches or grooves) act as stress
raisers and where the direct measurement of residual stresses is very
difficult. Nonetheless, the knwoledge of the effects of the treatment
in this crictical locations would be extremely useful for the quantita-
tive assessment of the effect of shot peening and, ultimately, for the
optimization fo the process as well as its complete integration in the
design process.
The implementation of the finite element method for the simulation
of shot peening has been studied since many years. In this thesis the
simulation of shot peening is studied, in order to progress towards a
simulation approach to be used in the industrial practice. Specifically,
the B120 micro shot peening treatment performed with micrometric
ceramic beads is studied, which has proven to be very effective of
aluminum alloys, such as the aeronautical grade Al7075-T651 alloy
considered in this work.
The simulation of shot peening on a flat surface is addressed at first.
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The nominal process parameters are used, to include stochastic vari-
ability of the shot dimensions and velocity. A MatLab routine based
on the linearization of the impact dent dimension, on the shot di-
mension and velocity is used to assess the coverage level prior to the
simulation and predict the number of shots to full coverage. To best
reproduce the hardening phenomena of the substrate material under
repeated impacts, the Lemaitre-Chaboche model is tuned on cyclic
strain tests. Explicit dynamic finite element simulations are carried
out and the statistical nature of the peening treatment is taken into
account. The results extracted from the numerical analyses are the fi-
nal surface roughness and residual stresses, which are compared to the
experimentally measured values. A specific novel procedure is devised
to account for the effect of surface roughness and radiation penetra-
tion in the in-depth residual stress profile. In addition, a static finite
element model is devised to assess the concentration effect exerted by
the increased surface roughness on an external stress.
The simulation of shot peening on an edge is then addressed as a first
step towards more complex geometries. Since the true peening con-
ditions are not known in this locations, a synergistic discrete element
- finite element method approach is chosen for the correct modeliza-
tion of the process. A discrete element model of the peening process
on a flat surface is used to tune the simulation on the nominal pro-
cess parameters, i.e. mass flow rate and average shot velocity, and to
assess the nozzle translational velocity. Discrete element simulations
are used to simulate the process when the nozzle turns around the
edge tip. To lower the computing cost, the process is linearized into
static-nozzle simulations at different tilting angles. The number of im-
pacting shots and their impact velocity distribution are used to set up
the finite element simulations, from which the resulting residual stress
field is obtained. In addition to the realistic simulation, two simpli-
fied simulation approaches for the practical industrial use are devised.
The resulting residual stress fields are compared with the reference
residual stress field computed using thermal fields in a finite element
simulation, tuned with experimental XRD measurements. The effect
of the dimension of the fillet on the edge tip is studied by modifying
the finite element model of shot peening on an edge. 3 different fillet
radii (up to 40 µm) are considered, on the basis of experimental ob-
servations. The resulting residual stress field are compared to analyze
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the effect of the precise geometry of the substrate. Lastly, the sim-
plified simulation approach devised in the case of the edge is used to
simulate shot peening on the root of a notch. The resulting residual
stress field is again compared to the reconstructed reference one.
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Chapter 1

Introduction

1.1 Shot peening

Shot peening (SP) is a cold-working surface finishing treatment,
widely used in many applications of the industrial, automotive, energy
and biomedical fields, mainly to enhance fatigue resistance of mechan-
ical component. The original hammering process is known since an-
cient times of the human craftmanship [1] to shape metallic manufacts
and relieve residual stresses (RSs) after their manufacturing. SP is an
advanced version of hammering, which basically consists in blowing
small hard particles at relatively high velocity onto the surface of the
component to be treated [2], [3] (Figure 1.1).

Figure 1.1: Dome tank segment of the ESA Ariane 5 during SP treatment,
picture from [4]

As in the case of hammering, the impacts cause the plastic defor-
mation of a layer on the surface of the component, which, in the case
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of SP, is relatively thin. The underneath material is only elastically
deformed, so that, when the impacting body bounces off, tends to-
wards a spring back compensation[5], as schematichally represented
in Figure 1.2. Therefore, SP produces two main effects in the treated

Figure 1.2: Schematic representation of the RS generation mechanism in
SP, picture from [6]

component: a modification of the surface layer and the generations
of a RS field. Surface layer modification include increased roughness
due to indentations, increased surface hardness due to work hardening
of the hardness, and a finer microstructure. The RSs do cause an in-
tense compression in a thin layer directly under the surface, having its
maximum magnitude slightly under the impacted surface, and slight
residual tensile stress in a deeper still thicker layer [7], [8] (Figure 1.3).

Figure 1.3: In-depth RS profile caused by the SP treatment.

The combinaton of the RS field in the substrate [9], [10], the in-

2



creased hardness and the finer grain microstructure in the surface
layer [11], [12] enhances the fatigue resistance of the treated com-
ponents (Figure 1.4) by inhibiting the nucleation of fatigue cracks
and the propagation of the existing ones. The effectiveness of SP
in improving the fatigue resistance of mechanical parts through this
mechanism is the reason why this process has become so popular in a
few years after its invention.

(a) (b)

(c)

Figure 1.4: Effect of different SP treatments on the fatigue resistance of
(a) aluminum alloy [13], (b) titanium alloy [14] and (c) austempered ductile
iron [15].

Nowadays, many variants of the conventional SP process are used
to promote specific desirable effects of the treatment in a variety of
applications [16]. The most widely used processes are known as ultra-
sonic shot peening (USSP) [17], sandblasting and annealing [18], high
energy shot peening (HESP) [19], severe shot peening (SSP) [12], [20],
surface nanocrystallization and hardening (SNC, SNH) [21], [22], sur-
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face mechanical attrition treatment (SMAT) [23], ultrasonic impact
treatment (UIT) [24], ultrasonic impact peening (UIP)[25], and laser
peening (LP)[26]. It is worth noting that all these treatments rely
basically on the same principle (plasticize the surface to modify its
morphology and introduce RSs) and some of them do share also the
same process setup. The main differences are in the specific results
they are aimed at obtaining.
On the other hand, as said, impacts do modify the surface morphology
and increase the surface roughness. This effects may be negligible in
some applications [27] or even desirable for some cases; an increased
surface roughness, in fact, can enhance the adesion of coatings [28],
[29] or biological tissue on the component surface, as in case of or-
thopaedic protheses [30], [31]. Nevertheless, SP is performed most of
the times to the aim of improving the fatigue resistance of mechanical
parts under fatigue loads, and in this case surface roughness is well
known to be detrimental for the fatigue behavior of mechanical parts.
Beyond surface roughening, the effects of SP on the surface can be
far heavier. Repeated impacts on the peened surface do cause severe
work hardening of the surface layer [10], and intense treatments with
very high coverage may also lead to deep microstructural modifica-
tions of the substrate surface, up to grain recrystallization [32], [33].
In any case, even when a standard SP process is performed, a deli-
cate balancing of the effects of the treatment is to be pursued. Gen-
tler peening may indeed be more effective in enhancing the fatigue
resistance than a stronger one, according to the substrate material
[34], [35]. In some cases, SP may even exert a detrimental effect of
the fatigue life of treated components [9], [36]–[40]. This is probably
due, above other factors, to the increase in the surface roughness [41],
which is detrimental for the fatigue resistance since it promotes stress
concentration in some locations on the surface, which can act as pref-
erential nucleation points for cracks. The RS field generated by SP in
components, under suitable loading conditions, may cause the crack
to initiate in the subsurface layer of the component [42]–[46] which
causes very dangerous situations since it make impossible to early de-
tect cracks through visual inspection or similar methods. Thus, for
correctly performing an effective and fitting SP treatment, the correct
choice of the process parameters is extremely important.
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1.2 SP simulation

When SP is appropriately set up and performed, the complex inter-
action of the the phenomena occurring in the substrate, explained in
some more detail in Section 2.1, may exert beneficial effects on the fa-
tigue resistance, corrosion cracking resistance and wear performances
of the treated components. Howbeit, despite the wide diffusion and
longtime usage of SP in the industrial practice, neither the effect of
each process parameter on the final results nor their mutual interac-
tion is still completely clear. In addition, it is worth to point out that
the final result is strongly dependant on the mechanical behavior of
the substrate material, which adds to the problem an additional degree
of freddom with a wide interval of variability. The choice of the best
process is often referred to the empirical knowledge of the shot peener
and the result can not be predicted with adequate precision. More-
over, not only RS measurement are always destructive (hole-drilling,
x-ray diffraction, contour method), but they are also too expensive
and time consuming to be used in extensive experimental campaigns
having the aim of exploring the effects of all the process parameters.
In addition, it is worth noting that SP is particularly effective in the
case of components carrying geometrical details acting as stress raisers
[47]–[50], such us grooves or notches. In this case, due to the thinnes
of the layer in which RS are generated in the substrate (tens of µm to
1 mm) and to the geometry of the substrate itself, RS measurement in
the vicinity of critical spots are, in many cases, not even feasible. On
the other hand, a better understanding of the mechanisms whereby
SP enhances the fatigue resistance, particularly for components hav-
ing notches or grooves, is of paramount importance for designers, who
would benefit gretly from a quantitative assessment of the effect of
SP in the fatigue prognosis of machine parts. Until now, the effect
of SP is generally neglected during the fatigue calculation (a choice
in favor of component safety) or incorporated in the form of empiri-
cal coefficients. A quantitative and precise a priori knowledge of the
RS state in a peened component would allow the designers to apply
optimized design methods, capable of fully exploiting the enhanced
fatigue resistance.
Attempts in this direction have been made by some authors in recent
years. You et al. managed to devise numerical simulations to take
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into account the RS state generated by SP in the computation of the
crack growth both in samples [51] and in real components [52]. Eriks-
son et al. [53] experimentally studied the effect of shot peening on the
fatigue life of a real component, while the work of Salvati et al. [54]
showed the scientific interest in taking into account the RS coming
from SP also in additively manufactured components.
Analytical or semianalytical approaches to relate the process param-
eters of SP to its results have been studied by some authors. Shen et
al. [55] developed an analytical model to compute RS in peened parts,
considering a single impacting shot, according to the Hertzian contact
theory with simplified elasto-plastic material model. Guechichi et al.
[56], and similarly Miao et al. [57], extended the same approach to
the computation of the arc height in an Almen strip, to simulate an
Almen test. Chaise et al. [58] used a combined analytical-FEM ap-
proach based on the FEM simulation of a single impinging shot to
predict the interaction of closely impacting shots in an Almen test
for the USP process. Korsunsky[59] aimed at creating a predictive
model for RS due to SP based on eigenstrains. As a further develop-
ment, Achintha et al. [60] developed a model to compute the RS in
a finite component using eigenstrains obtained from a single impact
finite element (FE) simulation. Zhang et al. [61] developed an ana-
lytical model to predict bending deformation in peen formed plates,
based on experimental measurements of single impact indentations.
Similarly, Faucheaux et al. [62] studied the RS and deformations in
peen formed plates using eigenstrains obtained from FE analysis od
the SP process. These methods, in spite of being (in some cases) very
elegant solutions to the probelm, do have some limitations. Analyti-
cal methods require very simple material models or do have a strong
dependance on numerical methods to take into account the nonlinear
effects of plastic deformation. In pratice, however, substrate materials
do present complex mechanical behavior which requires the material
model to be capable of account for peculiar phenomena such as strain
softening (Bauschinger effect) or strain rate sensitivity. Semianalyt-
ical methods usually require prior numerical analyses, which make
the model not self-supporting. Moreover, on the RS field developing
due to SP on easy geometries (flat surface) can be faced through an
analytical approach; surface morphology modifications or more com-
plex geometries require other tools or a semi-empirical approaches

6



which need to rely on experimental data whose criticality has already
been hilighted. Introducing coverage as a variable in an analytical
model is also a hard task, and none of the previously referred studies
considered a condition other than full coverage. Last but not least,
analytical methods require a precise knowledge of the true process pa-
rameters (not the nominal ones), to be related to the results. This is
not an easy-to-fulfill requirement, especially when parts with complex
geometrical features are treated.
In the light of these considerations, it appears evident how numeri-
cal simulation can be an effective and powerful tool to deal with the
study of SP. In particular, FE method or analysis (FEM, FEA) can
be used to simulate the SP process to predict the results on the sub-
strate material, both in terms of RSs and surface layer modifications.
Simulations can be extremely convenient with respect to the extensive
experimental study of the many variables involved, in order to devise
a time and cost saving approach. They are extremely flexible, and can
be used to study the specific effect of each process parameter on any
substrate, their mutual interaction, and the effect of coverage related
to the mechanical behavior of the treated material. Simulations can
be even more effectve than experimental measurements when it comes
to study the true peening condition and effects in the vicinity of small
or very small geometrical details, such us grooves or notches, where
narrow spaces and geometrical discontinuities represent are sometimes
insurmuntable obstacles to the measurement. Moreover, the data re-
garding the effects of SP obtained from FE simulations are easy to
integrate in the design process, in order to optimize the design process
even for fatigue dimensioning.
In recent years, many authors have focused on the study of the nu-
merical simulation of SP, as will be discussed in detail in the next
Chapter 2. The first attempts at simulating SP have been made in
the early times of FEA on computers, with extremely simplified mod-
els and coarse (still disruptive) results. Simulations have become more
and more complex and realistic in recent years, together with the in-
crease in computational performances of computers. Clearly, in order
to have trustworthy simulations it is necessary to devise an appro-
priate model of the SP process. Moreover, it is required a precise
knowledge of the peening conditions of the component, and most of
all, it is essential to validate the model by comparison with experi-
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mental results, at least in the cases when experimental measurements
are possible.
Modelling SP in not an easy task: the process involves a high num-
ber of variables and it needs to be simplified; at the same time it is
essential to point out and preserve the significant parameters in order
to avoid oversimplification of the problem. First of all, a high number
of shots do impact on the target with in rapid dynamic conditions.
Then, the mechanical behavior of the substrate material needs to be
adequately represented in complex strain conditions, with repeated
impacts and cyclic strain. Since it is inconceivable to exactly study
and model the process in each detail, the simulation has also to deal
with statistical variability of some parameters, due to the stochas-
tic nature of this (as well as any other) process. As will be shown,
the correct representation of coverage is challenging, also due to the
disputable measurement method used in practice. The true peening
conditions, i.e. mainly the true velocity of impacting shots, is not al-
ways known for sure, particularly when SP is performed in the vicinity
of geometrical features and not on a flat surface. Last but not least,
to correctly capture the RS generated in the target or, even worse, its
surface morphology modification, a very fine mesh is required in the
FE model, which make the computational cost a hard rival to deal
with.
The aim of this study is to develop a model (or rather a procedure) to
simulate SP using FEM. The model is aimed at being as most realis-
tic as possible, still using only widespread computational tools (i.e. a
powerful yet common workstation PC) in order to devise a procedure
which the industrial practice can easily benefit from.
The chosen SP treatment is the B120 micro shot peening (µSP) with
micrometric ceramic beads. As will be seen in detail in Chapter 3, the
process is performed using ceramic beads (a mixture of zirconia and
silica) having a nanometric diameter (50÷120 µm), on aeronautical
grade Al-alloy samples (Al7075-T651) to full coverage (100%). This
treatment has proved to be very effective in improving the fatigue
resistance of aluminum alloys (with respect to stronger SP using con-
ventional steel shots) as it gives a shallow and intense compressive RS
peak without excessive surface roughening [35], [50], [63]–[65].
The first part of the work will be focused on the simulation of SP
on a flat surface. The analysis will be carried out paying attention
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to the correct representation of the statistical phenomena involved
in the process. A FE model with be devised, consisting in a target
prismatic body and a number of shots having variable dimension and
velocity according to the experimental measurement provided by the
shot peener. A MatLab script will be devised and used to compute
the number of shots needed to achieve full coverage, with randomly
arranged impact locations. The results will be used to compute the
resulting in-depth RS profile and the final surface roughness of the
peened target.
The second part of the work will be focused on the simulation of SP
on an edge, as a first step towards the simulation of SP on complex
geometrical features. As will be showed later in more detail, true SP
condition are not known in the vicinity of geometrical features, and
they can have a great influence on the final result of the process. A
discrete element (DE) model will be used to simulate the air-blowing
nozzle of the peening machine, and obtain the true process condition
on an edge. FE models, based on the previous results, will be devised
to compute RSs in the target for different scenarios. The role of the
fillet of the tip of the edge will be analized as well, and its importance
will become clear.
Finally, an attempt will be made to simulate SP in the root of a sharp
notch, again using DE simulations to set up FEA.
The thesis will be organized as follows.
In Chapter 2, a review of the scientific literature on the topic of the
simulation of SP will be presented, to show a brief history of the mod-
elling strategies used to simulate SP and to update the reader about
the state of the art in this field.
Chapter 3 will report the details of the shot peening analyzed, as well
as the experimental measurements used to characterize its results on
the substrate, wich will be later used as a reference for the resuls of
the simulations to be compared to.
Chapter 4 will be focused on the simulation of SP and its results. In
Chapter 5, the simulation of SP on a corner and its results will be
displaied and discussed.
In Chapter 6 the simulation of SP on an edge will be completed by
studying the effect of the fillet radius on the edge tip, and the study
will progress with the simulation of SP on a sharp notch and its re-
sults.
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In Chapter 7, the work will be ended by discussing some conclusions
and future advancements of the research field.
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Chapter 2

Definition of some process param-

eters and state of the art

in SP simulation

To better understand SP and its simulation, it is useful to sottle
some definitions used to characterize the process. The next Section is
devoted to the presentation of these definitions, as well as the main
process parameters and their basic effect. In Section 2.2 the progress
towards the simulation of SP will be continued with a review of the
scientific literature in the field of the simulation of SP, up to the
current state of the art.

2.1 Intensity, process parameters and coverage

The standard method used to assess the “strength” of the applied
treatment is the so-called Almen intensity. The intensity is deter-
mined through a standard test called “Almen strip test”[66], regulated
by the SAE J442 standard anche schematically shown in Figure 2.1.
Essentialy, the chosen SP process is performed on one face of a tool
steel strip with standard thickness and dimensions, clamped in four
points. Since only one face of the strip is peened, once the clamps
are removed the RS are not self equilibrated in the undeformed con-
figuration. The strip bends in an arch-shape configuration in order to
restore the internal equilibrium of stresses[67]–[69]. The deflection of
the strip is measured and is used to compute the intensity of the SP
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Figure 2.1: Example of increasing coverage on the surface of a peened com-
ponent, picture from [67]

treatment. The intensity is eventually defined by a number (related
to the deflection of the strip) and a letter N, A or C, according to
the thickness of the strip (N for thin strips, C for thick strips) [70].
The Almen strip test is in the SP practice to compare different treat-
ments, and its value is representative of the the real RS state in the
Almen strip [57], [68]. Nonetheless, since the mechanical behaviour
of most of the substrates is far from the one of the tool steel of the
Almen strip, no further informations on the specific parameters and
effects of SP can be retrieved from the intensity measure, so usually
the parameters of the SP process need to be specified.
The process parameters involved in SP are many. Any SP treatment
is characterized by the material of the peening media, its dimension
(and shape) and velocity, its mass flow rate and a working distance
and direction, i.e. te distance among the nozzle outlet of peening
machine and the surface of the peened component and their mutual
orientation.
The peening media has to be harder then the substrate, in order to
plasticize the component surface without breaking or deforming, so
that it can be collected and re-used for more than one treatment.
Iron, steel, ceramic and glass are the materials used to produce peen-
ing media for most applications. Cylindrical steel particles are some-
times used due to the convenience of producing cut-wire peening me-
dia. Nevertheless, nowadays, spherical particles are widley more used
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in all the SP treatments [71]. The dimension range for particles is
extremely wide, with very thin particles (from 50 µm in diameter) for
micro SP and way bigger particles (even some millimeters) for more
intense treatments.
Also the blasting velocity is scattered over a relatively wide range
between 30 m/s and 150 m/s according to the desired result and the
compressed air system used to perform the treatment. Usually, treat-
ments in the range 35 m/s ÷ 80 m/s are applied [57], [72].
Higher shot velocities or shot density do have similar effects, since
they both end in insreasing the kinetic energy of the peening media.
Increased peening energy do cause a higher resulting surface rough-
ness [57], [73] and a deeper positioning of the compressive RS peak
[69]
Some studies [74] suggest that mass flow rate may have a significant
influence on the results of SP. A higher spatial density of shots could
indeed increase the number of interaction among shots, and thus “dis-
turbs” the flow of peening media; this causes the actual peening ve-
locity to be far lower than the nominal one. A similar effect can be
presumably ascribed to the working distance and direction. Nonthe-
less, to the best knowledge of the autor, these parameters have not
been thoroughly studied yet, and their choice is referred to the em-
pirical knowldege of the shot peener.
Once the aforementioned treatment parameters are fixed, the process
is performed on the component up to a preordered coverage level.
Coverage is one of the most important parameters to characterize the
process, and is defined as the fraction of surface plastically deformed
by indentations over the total treated surface, as a percentage [75],
[76] (Figure 2.2).

Figure 2.2: Example of increasing coverage on the surface of a peened com-
ponent [77]
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Coverage is a fundamental parameter in the SP process, since it is
extremely influencing and is the way through which a specific treat-
ment is modulated to achieve different results. The coverage level is
measured by visual inspection or image analysis, in order to set up the
process and adjust the massflow of peening media needed to achieve
the desired result. Since completely indenting the whole surface is a
demanding task due to the aleatory arrangement of the impacts [78],
100% (full) coverage is coventionally achieved when 98% of the treated
surface is indented. For higher coverage levels the treatment duration
is measured, i.e. to have 200% coverage the component is peened for
double of the time required to achieve full coverage, keeping constant
the process parameters [4], [79].
The most relatable effect of coverage is the resulting surface roughness
on the substrate. According to experimental and simulation studies,
when coverage increases the surface roughness also increases with a
trend showing two (or three) main stages. In the first stage coverage
is far lower than 100% and most of the surface is not indented; each
impacting shot creates a new impact dimple and the surface rough-
ness sharply increases with coverage. In the second stage, coverage
approaches 100% and most of the surface is already indented. Thus,
indentation of new impacts do partially or entirle superimpose to ex-
isting ones [71] and the surface roughness keeps increasing but with
lesser slope [73], [78], [80]. Some authors refer a third stage, where
roughness stops increasing and shows a plateau [57], or even a de-
crease[81]. Anyways, the third stage occurs when coverage is well
over 100% and is easier to achieve if faster or bigger shots (i.e. having
more impact energy) are used [57], [73]. Moreover, the trend of the
resulting surface roughness also depends on the parameter used to
characterize roughness (e.g. Rt, Ra or Sa) [73]. A similare trend is
shown at increasing coverage for both intensity and RSs. Deflection
of Almen strips shows a sharp increase with coverage up to 100% and
a clear saturation for higher coverage level [58], [71], [82], [83]. Since
RSs are related to the Almen intensity, as aforementioned, also the RS
field gets to the saturation for coverage over 100%[67], [69], [84], [85].
Some slight variations on the depth of the maximum compressive RS
and the thickness of the plastically deformed layer can be expected
for higher coverage levels [68], [86], [87].
Analytically predict the number of impact (i.e. the treatment time)
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to achieve the desired coverage level is a hard task. The simplest and
most known one is directly derived from the Avrami equation [88],
[89] by Kirk and Abyaneh [75]:

C = 100 [1− e−Ar ] (2.1)

where C is the coverage level as a percentage, and Ar is the ratio of
the indented surface over the total surface, thus Ar = nAi

At
with Ai

is the indentation area of a single impingement, At is the total to-be-
peened area and n is the number of impacting shots from which the
treatment time can be computed through the mass flow of peening
media (Figure 2.3).
The Holdgate model [90] is more complex and extends the compu-

Figure 2.3: Indented surface vs peening time according to the Kirk and
Abyaneh equation. T is the peening time to achieve nominal full coverage,
2T is the peening time for 200% coverage.

tation of coverage to a general peening sytem with multiple peening
media sources:

C(t+ δt) = 1− [1− C(t)]

Ns∏
j=1

(
1− Aj

S

)δNj (2.2)

where C(t) is the coverage elvel at a certain time t, δt a treatment
time interval, Ns is the number of peening sources, Aj is the indented
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area ascribable to the j-th peening source and δNj is the number of
impacts due to the j-th peening source in the δt time interval.
The two models are valid only for coverage within 100%. Experi-
mental and simulation studies proved the Kirk and Abyaneh equation
is accurate for vast surfaces (with respect to the indentation area),
while it underestimates the coverage level in case of a low coverage
level or total area over indent area ratio less than 10 [57], [76], [91].
To set up the Kirk adn Abyaneh model, it is required to determinate
two parameters: the indentation area and the area where the impacts
are spread. Clearly, the indentation area depends on the substrate
material and its mechanical properties, as well as the shot impact-
ing velocity, its dimension and weigth. Ai can be assessed by direct
measurement as well as using empirical or semi-empirical formulas.
On the other hand, despite being more adaptable and accurate, the
Holdgate model requires the assessment of the coverage level at a cer-
tain peening time t. The main limitation of the Kirk and Abyaneh
model lies in the fixed indentation area. Therefore, no variability in
the shot dimension or impact velocity are considered, as well as work
hardening in the substrate is neglected. Since overlapping indents are
frequent in the SP process [81], [91], [92], work hardening may affect
significantly the indent dimension when overlapping occurs. At the
same time, shot dimension may be variable on a relatively wide range
in some processes, and peening velocity is usually a nominal value
(measured in the proximity of the nozzle outlet), whose relationship
with the actual impacting velocity is still not precisely known.

2.2 Review of scientific literature on the simula-
tion of SP

Simulation of SP has been an interesting research topic since when
FE codes became a relatively widespread tool in research in the 80’s.
Very simplified models were devised at the time, due to the scarce-
ness of available computational resources. Studies in this field became
more and more popular with the increasing in the computational per-
formances of computers in the late 90’s, with a firm expansion in the
last 15 years.
Simulating SP is a computationally-demanding task, since it requires
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to take into account rapidly moving bodies which impact on a target
involving strongly non-linear phenomena like plastic deformation, fric-
tion, huge deformations and others. For this reason, computational
cost has been the main obstacle to the development of realistic models,
and the reduction in the size of models has been the main concern of
researchers in the early years of this research field. A robust increase
in the computer performance even in widespread Pcs moved the focus
of the simulation more on the correct and coherent representation of
the process. Hereafter, a review of the main studies in the scientific
literature is presented. Some words will be spent to present the earlier
works in literature, for a better overview of the problem of simulating
SP and a better depiction of the development of the solution found to
address the problem until now. Later on, more recent works will be
analyzed up to the depiction of the state of the art in this field.
The first known application of FE to simulating SP was made by
Meguid et al. [93]. The study is aimed at exploring the effect of in-
complete coverage, as frequently happens in the case of hard metals
due to the diffuclty in exactly moniroting coverage. The analysis is
based on the 2D model of two flat rigid punches indenting the flat sur-
face of an elasto-plastic target, in quasi static regime. The resulting
in-depth RS state, extracted from a single line of nodes in the mid-
dle of the target is presented as a function of the distance of the two
punches and the indenting pressure. Despite its extreme semplifica-
tion, the study highlights the eminent role played by work hardening
in generating RSs, and the importance of the correct representation
of the hardening behavior of the material.
Khabou et al. [94] studied the RS due to the impact of a rigid shot
impacting on a target, using quasi-static 2D simulations. The con-
tact pressure is assessed using analytical considerations based on the
Hertzian theory. The in-depth RS is computed under the impact point
in the simulation, and good accordance is found with the experimental
measurements of RS generated by SP, at least in a qualitative way. A
step forward was made by Al-Obaid [95], who simulated the impact of
a single shot devising a 3D model both in quasi-static and in dynamic
regime.
A sudden advancement in the simulations was introduced starting
from the late 90’s, due to the increase in computing power. Guagliano
et al. [96] devised a 3D dynamic model of two rigid shots impacting on
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an plane target body. Elastic behavior of the target is used to compare
the impact pressures computed with FEM to the theroetical result of
Hertz’s thery, with a very matching result. A bilinear elasto-plastic
model for the target is used to compute the RS generated by the im-
pacts of two shots with partially superimposing indentations. Three
substrate materials (with different yield stress and tangent modulus)
are analyzed, for 4 shot dimension between 0.3 mm and 1 mm and
4 shot velocitie between 20 m/s and 120 m/s. RSs are computed by
considering the row of nodes under the impact point of the first shot,
and comapred to the experimental measurements. A similar model,
with some improvements, was used by Guagliano et al. [68]. An
increased number of shots (5) impacting in predetermined close loca-
tions is considered (Figure 2.4), and the target body is modelled as
1/4th of a circular plate with symmetry constaints. symmetry con-
siderations. As in the previous study, different cases are considered

(a) (b)

Figure 2.4: Model used in [68]

for different shot velocity and dimension. RSs are computed in the
center of the plate and clearly display the saturation effect of super-
imposed impacts, as weel as the influence exerted by close impacts on
the resulting RS. The comparison of the effects due to different shot
velocity or dimension is in good accordance with the trend already
known and brefly mentioned in the previous chapter. Resulting RS
are used in the study as an inout for the theretical model used to
compute Almen intensity from the known RS state.
Meguid et al. [97] studied the impact of a spherical shot on a pris-
matic target body using a 3D. Exploiting symmetry, only 1/4th of the
entire model is simulated. A rigid shot with 50 m/s, 75 m/s or 100 m/s
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velocity is simulated to impact on the bilinear elasto-plastic target.
The time evolution of contact force, contact point displacement and
plastic strain is studied, as well as the effect of the shot radius and
velocity, and the tangent modulus, on the depth of the compressed
layer. An improved model, with two identical impacting shot is used
by Meguid et al. [98] to simulate the effect of two shots impacting in a
short distance. In this case, symmetry is used only on one face, so one
half of the bodies is modeled. Two distances for the impact point are
considered, i.e. equal to the shot radius of one half of the radius. The
resultng RS field is computed in the nodes under the middle point
between the two impact points; despite the coarseness of the analysis,
the influence of closely impacting shots is clear and indisputable.
A milestone in the study of SP simulation was set by Meguid et al [99]
with the introduction of the symmetry cell (Figure 2.5). To achieve a
more realistic representation of the real process, the simulation con-
sists in 4 rows of 4 identical shots (modeled a 1/8th of a sphere each,
16 impacts), impacting on the corners of a prismatic target using
symmetry considerations.

Figure 2.5: Scheme of the symmetry cell approach, picture from [99]

To simulate the effect of coverage the dimension of the cell side
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C varies, and the ratio between the cell side and the shot radius is
C/R = 1, 1.5, 2. No further considerations are made on the indent di-
mension of actual coverage of the surface. Simulations are carried out
using isotropic strain hardening with or without strain rate sensitiv-
ity, with rigid and elastic shots having velocity in the range 25 m/s ÷
100 m/s . Resulting RS is computed considering vertical line of nodes
in the cell vertex or on its side. Despite the approximated assessment
of coverage, the results remark the influence of either strain rate sen-
sitivity and deformability of shots. Saturation of RS (magnitude and
depth) is found for increasing SP intensity (shot velocity). The most
important result is the evident dishomogeneity in the RS field when
impact locations of shots are far from each other, which becomes less
evident when impact get closer.
An approach completely different from the symmetry cell was used by
Dai et al. [81] to simualte SNH. A 3D model of 3 rigid shots impact-
ing in close sites on a disc-shaped target is used to study the indent
morphology and surface roughness after 1, 2 or 3 impacts. Interac-
tion among the subsequent indents results in having a major role in
the final surface morphology. A FEM simulation with a huge number
(714) of rigid shots impacting on the same target in random impact
locations is performed, but no considerations on the true coverage are
made. The results are displaied to assess the final surface roughness
of the processed target.
The study of Schwarzer et al. [100] highlights some interesting ques-
tionf in the modelization of SP. 38 rigid shots, with fixed velocity and
equal dimension, impact on the surface of a target body, having their
19 impact locations in a hcp-like arrangement (Figure 2.6).

Figure 2.6: Scheme of the symmetry cell approach, picture from [100]

The impact order is varied in the simulations. The resulting RS
field is shown to be strongly influenced by the impacting order of the
shots. This highlights the stochastic nature of the SP process, and
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the difficulty found in simplifying the model still mantaining a realis-
tic representation of the phenomena. Moreover, in-depth RS profile in
computed considering the average RS on an evaluation area, which is
consistent with the area-averaged RS usually measured by XRD due
to the dimension on measurement spot.
Majzoobi et al. [101] aimed at having the best representation of the
material behavior considering strain rate sensitivity. The peened ma-
terial (AISI4340 steel) is characterized at high strain rate using a the
Hopkinson bar test, and the results are verified by comparing single
shot experiments and 2D FEM simulations, with a very good match.
The same approach devised in [99] is used for the FEM model, and
simulations are carried out with an increasing number of impacts (4
to 25) in deterministic positions of the symmetry cell. All the shots
have the same dimension and velocity. The importance of the material
model used in the simulations is strongly asserted by the authors; sim-
ulations are run in LS-Dyna. RS are computed in various locations,
considering in-depth node under chosen points on the symmetry cell
surface. Results are displayed with the aim of clarify the effect of
the increasing number of impacts, and the influence of the location
used when the nodel RS is computed. RS are shown to saturate in
the whole model, when an increasing number of shots impacts. At
the same time, RS are strongly non-uniform in the model when few
impacts are considered (low coverage) and get to a more uniform dis-
tribution at higher coverage. The RS in-depth profile matches with
the “ideal” one only if the impact point of one shot is used to extract
the results. It is worth noting that these results do stress the impor-
tance of a correct modeling of coverage, in order to have a uniform
RS state, as well as a consistent method for computing the results in
the whole model.
The study of Frija et al. [102] despite its basicness has some interest-
ing aspects which will be analyzed also in the work presented in this
thesis. A single shot simulation is used to represent SP, by supposing
that the RS under the indent is representative of a 100% coverage con-
dition: this neglects the interactions which have been proved to arise
among the RSs generated by successively impacting shot. Nonthe-
less, the material model used for the target is the Lemaitre-Chaboche
model which is suitable to represent the material behavior in cyclic de-
formation. Moreover, the problem of variable dimension of the shots
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in a nominal interval is raised, even if the nominal dimension is used.
At last, a first analysis of the effect of shot-target friction on the final
RS is presented.
Meguid et al. [103] based their work on a improved version of the sym-
metry cell, with a larger size; simulations are carried out in LS-Dyna.
Elastic shots with fixed and equal dimension and velocity orthogonally
impact in 13 deterministic positions of the symmetry cell. Simulations
with 25, 50 or 100 shots are carried out in order to account for cov-
erage. Isotropic hardening is considered for the steel target, as well
as strain rate sensitivity. As in [99], RS are computed in 3 point of
the symmetry cell, considering vertical lines of nodes. It is worth not-
ing that saturation of RSs happens at increasing number of impacts,
nut not in the case of strain rate sensitivity. RS show a significant
dishomogeneity in the target according to the detection location. De-
terministic arrangement of the impacts is recognized as a source of
error, and the disuniformity in RS suggests the need for a more accu-
rate assessment of the true coverage level of the surface.
Dai et al. [22] interestingly introduced randomly distributed impacts
in simulating SNH of a Hastelloy target using WC spheres. Single
shot 3D simualtions are used to study the evolution contact pressures
and deformations in time, as well as the indent profile. A noticeable
concept in the study is the devisement of a multi impact model, with
714 shot impacting on a disc-shape target in random locations. No
assessment is made on the final true coverage level of the process; the
final in-depth RS state is not validated as well. Nevertheless, this is
the first DP simulation using randomly impacting shots as a realistic
modelization of the process.
The first study of Hong et al. [104] is focused on the 3D simulation
of a single impacting shot, with a parametric analysis of the effect of
shot radius and velocity on the RS and deformation of the target. The
effect of the yield stress and tangent modulus of the target is studied
as well. Interestingly, the RS in-depth profile and the depth of the
plastically deformed layer appear to remain steady if normalized over
the dimension of the shot. The effect of the other parameters is con-
firmed to be pretty close to the expected results. The study of the
RS and surface deformation caused by an inclined impact (60°), leads
to important observation. The tangential velocity of the shots does
not perturb significantly the final morphology of the indent, which
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is only slightly asymmetryc. Difference in the indent and RS ap-
pears to be more ascribable to the decrease of normal velocity than
to the presence of tangential velocity. A disruptive improvement in
SP simulation is devised by the same authors with the introduction
of DEM in the simulation of SP. An enhanced FEM model is created,
with six shots impacting in the same location on a disc-shape target.
The development of the RS field and the increasing thickness of the
plastically deformed layer makes clear the importance of considering
superimposing indents when simulating SP. For this purpose, a 3D
simplified DEM model of the SP process, including the peening noz-
zle and the flat target surface, is devised (Figure 2.7). The core of

Figure 2.7: Scheme of the symmetry cell approach, picture from [104]

the model is a “particle factory”, which generates shots having all the
same dimension and only slight arbirtary deviation from the nominal
velocity. The shots are supposed to flow through the nozzle outlet
and impact on the target surface with only elastic interactions. Sim-
ulations are carried out for 3 different initial velocity, 3 mass flow
rates and 5 tilting angles of the nozzle between 35° and 90° at fixed
working distance. Results are extracted mainly in terms of impact ve-
locity. The impact velocity distribution seems to be independant on
the number of detected impacts (i.e. the system reaches steady state
immediately), and strongly dependant on the mass flow rate which
causes higher dispersion in velocity. Similar observations are made on
the effect of the shot dimension and the nozzle tilting angle.
Majzoobi et al. [80] worked on an improved version of the model
created in [101], with up to 22 shots impacting in deterministic posi-
tions. Shots are rigid and ave the same dimension and velocity, and
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impact on a prismatic target body whose mechanical behavior is sim-
ulated using the Johnson-Cook model. RS is detected in the center
of the target surface. RS profile and surface roughness (as PV value)
is displayed as functions of the number if subsequent impacts, with
interesting results that confirm the empirically known trends. Non-
theless, this work presents a novel and disruptive advancement in the
assessment of coverage in SP simulation. A single shot simulation is
used to evaluate the plastic equivalent strain (PEEQ) at the bound-
ary of the indentation. Coverage is assessed in the FEM model as
the percentage of nodes of the target surface having PEEQ greater
than the threshold value. This method is the first one used in FEM
to quantitatively evaluate coverage, and is coheret with the visual in-
spection method commonly used in SP practice.
The question of neglected evaluation of coverage in simulation is stud-
ied also by Miao et al. [78] in their work. With an accurate study of
the state of the art in SP simulation at that time, the authors highligth
the two main criticalities in the field: the neglection of the stochastic
nature of the process, with deterministic arrangement of the impact lo-
cation of shots, and the lack in evaluating coverage in the simulations.
To deal with this problem, the model devised by the authors consists
in a stack of spherical rigid shots impacting on a 2x2x2 mm3 prismatic
aluminum target body, having bilinear isotropic hardening rule. The
shots have equal dimension and velocity (50 mm,50 m/s) and their
impact location is randomly arranged inside a 1.5 mm2 × 1.5 mm2 im-
pact area. Simulations with 6, 12, 24, 48 and 96 shots are carried
out, both with orthognally impacting shots, and with 60° inclination.
Coverage is assessed using the method seen in [74] and compared to
the prediction of the Kirk and Abyaneh equation 2.1, which is set
up using single shot 3D FEM simulations to evaluate the indent di-
mension. RS stress are obtained by averaging the values measured
in different point of the target body. Interesting results are displaied
for the saturation of RS at increasing number of impacts, as well as
for the validation of the Kirk and Abyaneh equation. The analysis
of the single shot inclined impact gives some interesting results. The
perturbation due to the tangential velocity is slight and involves only
the most surface layer of the target body. Most part of the effects of
the inclined impact seems to be ascribable to the reduction of normal
velocity of the impacting body.
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Klemenz et al. [105] showed the importance of considering a consis-
tent number of nodes laying on the same layer when computing the
in-depth RS profile in order to emulate the XRD measurement, by
comparing the results of experimental measurements and single shot
simulations. To simulate SP on AISI4340 steel, 121 rigid shots with
fixed velocity and dimension are made impact on a target body, in de-
terministic position. Full coverage is claimed, but no evidence of this
results are shown. An elaborate viscoplastic model with a combined
isotropic-kinematic behaviour is used to simulate the behavior of the
target, tuned on the experimentally measured cyclic behavior of the
material.
The work of Kim et al. [106] follows the approach of the symmetry
cell, with shots impacting on the corner of the cell. No evalutation of
the true coverage is presented, but a novelty element is introduced in
the computation of the in-depth RS profile, which is indeed computed
considering the average stress of all the nodes of symmetry cell at each
depth, in order to have a more realistic evaluation of stresses.
Zimmermann et al. [107] directed their study towards the comparison
of deterministic and random arrangement fo impact in FEM simu-
lations regarding the development of coverage, residual stresses and
surface topography. The number of impacting shot is estimated from
the mass flow rate of the treatment, assuming a uniform dimension
of the shots. No variability in the shot dimension or velocity is as-
sumed, and nominal values are used. Random impact locations or
deterministically arranged patterns are compared on a prismatic tar-
get body, using a strain rate sensitive isotropic-kinematic hardening
law for nickel-based alloy IN718. Good predictions of residual stress
profiles are achieved, but significant differences in the final surface
topography are highlighted, as well as a great underestimation of the
surface cold work in the case of deterministic patterns.
Bhuvaraghan et al. [108], [109] studied, for the first time, the coupling
of the DEM and the FEM in simulating SP. Single shot FEM anal-
ysis are used to tune the DEM analysis, in particular the coefficient
of restitution, and to study the pressure field generated by a single
impacting shot. Based on the DEM simulation of SP on a flat sur-
face, a procedure to couple DEM and FEM is devised, with the aim
of reducing the computing cost of the entire simulation. Interesting
observations are made on the use of the couple DEM-FEM method for
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simulating SP on a finite domain are made, even if no reliable results
are provided on the subject. Nonetheless, the potentiality of using
DEM and FEM in a synergistic approach is introduced in the field.
Bhuvaraghan et al. [109] simulated the Almen strip test on SAE1070
steel an Inco718 superalloy. The simulation in performed using rigid
shots having all the same velocity and radius; S110 and S170 peen-
ing media are simulated to impact on a target bosy modeled using
the Johnson-Cook material law. Interestingly, the number of shots
required to achieve full coverage is evaluated using a “fictitious” mesh
grid, where impact locations are randomly arranged with a dent di-
mension evaluated from a single shot analysis. A big model with a
relatively coarse mesh (0.0125 mm elements) is subject to a number
of impacts (up to ∼1950). No statistical variability is considered in
the simulations. Interesting results are presented in terms of RSs and
surface roughness, but with no comparison to experimental data.
A great step forward in the realistic simulation of SP is provided by
the work of Bagherifard et al. [86], where SSP is simulated. The model
consists in a stack of hemispherical shots, impacting on a prismatic
target body. Since high coverage levels are simulated (i.e. high strain
level on the target surface) a mixed isotropic-kinematic hardening
model is used for the target, tuned of the cyclic stress-strain behavior
of the 39NiCrMo3 studied. The number of elastic, orthogonally im-
pacting shots is predicted using the Kirk and Abyaneh equation; the
shots are assumed to have homogeneous velocity and dimension, and
the dent dimension is computed usign PEEQ in a single shot simula-
tion. Impacts are randomly arranged and 134 shot impact on a 1 mm2

impact area (Figure 2.8). The actual coverage is not checked in the
simulation, but 200% coverage simulations are carried out. RSs state
show and interesting trend towards saturation in the 100% and 200%
simulations, and PEEQ in the surface elements is used to predict sur-
face nanocrystallization, with fair accordance with the experimental
results.
Mylonas et al. [110] suggested another joined use of DEM and FEM
in a simulations. A “kinematic simulation” (i.e. a DEM simulation) is
used in a 2D simplified approach, to compute the number of impact-
ing shots per unit area, given the mass flow rate and the translational
velocity of the nozzle, for S110, S230, S330 and S550 type shots. The
impact velocity distribution is computed as well, and the number of

26



(a) (b)

Figure 2.8: Model used in [86] and impact arrangement with dent prediction

impact having effective velocity (i.e., velocity ≥ the 60% of the nomi-
nal velocity). The following FEM simulation is aimed at simulating SP
on AA7449-T7651 alloy using a 1x1mm2 target body and rigid shots
having fixed dimension and velocity. Shots are randomly arranged,
and their number is obtained from DEM simulations according to
some assumptions. First of all, 50% visual coverage is considered as
100% plastic coverage, since the plastically deformed volume is bigger
than the impact dent. Then, impacts il close sites are assumed not to
contribut significantly to the RS field, and are neglected, contrarily
to what stated in [100]. In this way, the number of impacting shots
is greatly reduced in the simulation ( 1

20
÷ 1

100
according to the shot

type). Shots are spaced in their distance from the surface in order
to avoid simulateous impacts. The mechanical behavior of the tar-
get material is simulated using the Cowper-Symonds model, since the
strain rate sensitivity is considered to be more influencing than the
strain softening of the material. The in-depth RS profile is computed
and compared to the experimental one, with good accordance. It is
worth noting that the approach devised in the study, despite mak-
ing the simulation much faster by reducing the number of impacting
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shots, shows two main problems. First of all, visual comparison of the
surfaces in the peened specimen and in the FEM model highlights the
great difference in coverage (Figure 2.9), and further studies should
be provided to support the negligibility of the additional impacts in
order to consider full coverage achieved in the FEM. Furthermore,
the accordance in the RS field may be ascribable to the used model,
relying on isotropic hardening, which may could help in increase the
overall Rs magnitude even in partial coverage conditions.

(a)

(b)

Figure 2.9: Comparison of the real specimen peened surface and the FEM
model surface, picture from [110]

Gariepy et al. [111] furtherly improved the work seen in [78], by
introducing a random variability of the shots dimension around the
nominal diameter. Shots are assumed to impact in random location
on a prismatic target body. Some uncertainties remain in the true
final coverage achieved, since the number of shots is computed using
the Kirk and Abyaneh equation. In this study, an interesting method
to compute the final distortion due to RSs in shot peened formed is
proposed. Nodal loads are applied instead of simulating impacts, thus
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to reproduce the RS state generated by impacting shots; the to-be-
applied RS field is computed by single shot simulations. This method
can be promising when the macroscopic deformation of the target is
studied, but does not take into account small deformations due to
impacts (dents), thus can not truly be considered as simulation of SP.
Hassani-Gangaraj et al. [87] aimed at devising a more realistic version
of the symmetry cell approach. A careful analysis of previous works
based on the symmetry cell is carried out to evaluate the actual cov-
erage level using the PEEQ approach (seen in [80]). Defectiveness is
found in the evaluation of coverage and very low coverage levels (even
∼16%) are often mistaken for full coverage. In view of these obser-
vations, an evolution of the raw symmetry cell is proposed, having
variable size dimension: the cell side dimension is tuned according to
the PEEQ approach in order to achieve the desired coverage level.
This approach is shown to be effective in capturing the cold work
in the case of very high coverage levels. Still, some uncertainties do
remain on the validity of this approach to realistically simulate the
process.
Also in the work of Kim et al. [112] the topic of coverage in symmetry
cells is addressed. Two different simulation approaches are considered:
a 3D multi-impact model, with spherical shots impacting on a disc-
shaped target, and the symmetry cell approach; identical shots with
the same velocity are used. In both cases, shots are arranged in de-
terministic position, and the problem of coverage is solved by simply
reducing the distance between impact loactions or by increasing the
number of shots (by repeating impacts in fixed positions) until the
desired coverage level is achieved. Clearly, this approach does not
contribute to move towards a more realistic simulation approach of
the process. Nonetheless, some interesting observations are made.
First of all, it is highlighted once more the importance of computing
the in-depth RS profile by considering a significant amount of nodes
at each depth, to have an homogeneous result. Then, the RS field
is showed to be strogly influenced by the impact order of shots and
the true coverage level, especially if low coverage level are considered.
Lastly, significant difference is shown in the resulting RS field if elsto-
plastic shots are used, in comparison to elastic or rigid shots, at least
in the case studied (steel shots on AISI4340 steel substrate).
Interestingly, the study Bagherifard et al. [73] is focused on the ex-
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ploration of the surface topology modifications caused by the treat-
ment. Hemispherical elastic shots are simulated to impact on a very
finely-meshed target body, whose mechanical behaviour is ruled by
the Chaboche model, in order to correctly simulate the material be-
haviour in the case of repeated loads. Impacts are randomly arranged
in a 1 mm diameter circular area, and the number of shots is cho-
sen according to the Kirk and Abyaneh equation. 3 shot dimensions
(namely 0.3 mm, 0.45 mm and 0.6 mm) and 3 shot velocities (namely
30 m/s, 60 m/s and 90 m/s) are considered; in each simulation shots
are assumed to have identical velocity and dimension. The impact
dimple dimension to be considered in the Kirk and Abyaneh is exper-
imentally measured for the 0.3 mm and the 0.6 mm shots, and infered
through a bilinear function of the shot velocity and diameter for the
0.45 mm shots. This approach proved to be agreeably precise and will
be used in the following work (Section 4.1.2). 3 coverage level (namely
100%, 200% and 300%) are simulated for each combination of shot di-
mension and velocity. As a result, the 2D roughness parameters Ra,
Rc and Rz are computed. The finely meshed model (Figure 2.10) re-
quires a tremendous computational cost; nonetheless good results are
obtained in the comparison between the experimental and the numer-
ical results.
The next work of Bagherifard et al. [91], at last, clearly raises the

Figure 2.10: Detail of the finely meshed target and the topology modifica-
tions in [73]

problem of correctly considering coverage in the simulations. Once
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again, the true coverage level achieved in some previous work is put
under investigation, and the representativity of the symmetry cell
approach is questioned, due to the intrinsic stochastic attributes of
the SP process. At the same time, the use of “plastic coverage” is
discussed, since the commonly used (and sandard defined) coverage
measurement method is true visual inspection. In view of these obser-
vations, a lightened simulation method is proposed as an alternative
to the approach presented in [86]. A semi-random approach is pro-
posed for the impact location arrangement, where shots are randomly
arranged but no superimposing shots are permitted until a certain cov-
erage is achieved; some additional shots are then randomly arranged.
This lowers significantly the number of shots required to achieve full
coverage, despite being professedly a stretched intepretation of the
randomness of the process. The approach is proved to give satisfac-
tory result for what concerns the RS field, but doubts on the realism
of the simulation are not dissolved.
Gariepy et al. [113] applied the FEM simulation to the study of the
effect of the peening trajectory in shot peen forming. An extensive
experimental characterization of the shot stream is carried out, with
the analysis of the shot velocity distribution and the impact location
distribution. This is applied to the study of the developed RS field
using the method proposed in [111]. Interesting results are obtained
in the application of this method to the simulation of an Almen test,
with increasing arc height due to subsequent peening passes. Nonethe-
less, surface topology modifications are completely neglected, as well
as the microscopic aspects of the RS field which is studied only in its
macroscopic trend.
The studies of Nouguier et al. [114] and Badreddine et al. [17] focused
on the extensive study of the dynamics of the peenind media in USP.
Both are based on the DEM simulation of the process, with inter-
esting results on the actual peening conditions in the real treatment.
Depsite being specifically restricted to the field of USP, theese studies
highlighted the importance of studying the actual peening conditions,
which can be relatively far from the nominal.
A further development in this field can be find in the study of Nguyen
et al. [115], who devised an extremely detailed multiphysics CFD-
mechanical model for the prediction of coverage on peened parts. The
model is aimed at simulating the peening nozzle during the process,
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and particularly the interaction between the popellent gas and the
peens (Figure 2.11). The dependency of dent dimension on shot ve-

Figure 2.11: CFD model of the peening nozzle and the peens, picture from
[115]

locity (for fixed dimension shots) is computed using side single shot
FEM simulations, and is used to predict the actual coverage both on
a flat surface and on an realistic component, according to the nozzle
velocity, the air pressure and the mass flow rate. Some interesting
observations are made, in particular on the alleged acceleration of
peens after exiting the nozzle outlet, which would be worth to be fur-
ther explored; moreover, the simualtions showed good agreement with
the Kirk and Abyaneh equation. Nonetheless, this approach appears
somehow too complex and time costly to be advantageously used in
the industrial practice.
Yang et al. [116] devised a developed version of the symmetry cell in
order to study the effect of inclined impacts. The work clearly states
the obsolescence of any simulation method based on deterministically
arranged impact; nonetheless some interesting results are obtained.
Above all, it is observed how the effect of inclined impact is mainly
limited to the shape of the impact dent, while the effects on plastic
strain and RSs is only due to the difference in the velocity compo-
nents, with very little effect of the tangential velocity.
In the study of Hassani-Gangaraj et al. [117] the problem of lack in
coverage in the symmetry cell models is observed again and a solution
is finally proposed a truly realistic approach to address the problem of
simulating coverage in SP simulation. Shots having fixed dimension
and velocity are assumed to randomly impact on a disk-shape target,
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and are continuously generated in the model until 98% of the sur-
face is plastically deformed according to the PEEQ. No experimental
validation of the results is showed, and no statistical analysis of the
number of shots is reported. Nonetheless, by comparing the model
results with the Kirk and Abyaneh equation in relating coverage to
the number of shots, the expected overestimation of the Avrami law
on a finite area is verified. It is noting that, if the PEEQ threshold to
evaluate coverage is carefully tuned, this approach could realistically
reproduced the actual visual check used in the SP pratice.
The work of Bagherifard et al. [118] is aimed at studying the influ-
ence of the mesh size in the simualtion of SP. Single shot simulations
are used, with different mesh sizes in equivalent models. Interest-
ingly, the mesh shows to be relatively uninfluencing in a relatively
wide range, even for the target body, in RSs are studied. Some more
care is required to precisely cath strain in target elements, in particu-
lar if nanocrystallization is studied; nonetheless, simulations seem to
achieve full convergence even for relatively coarse meshes.
The study of Sanjurjo et al. [92] put an important remark on the
influence exerted by the material model used for the peened substrate
in the FEM simulation. Rigid shots with fixed velocity and dimension
are randomly arranged to impact on an AISI 2205 prismatic target
body. The number of shots is computed by assessing the average
number of shots to achieve full coverage in a side routine, based on a
mesh grid, knwon the dent dimension from single shot simulations. No
great effort is put in making the most realistic simulation, since the
focus is mainly on the comparison of material models. Three material
models are used for the target body namely: an isotropic hardening
model with strain rate effect (Johnson-Cook), an isotropic–kinematic
hardening model (Chaboche) and a purposely devised new isotropic-
kinematic contistitive model, based on the Chaboche model, where
strain rate effects are included in the isotropic component of the
law. Little amount of experimental data is proposed for the com-
parison with the numerical results, nonetheless remarkable differences
are shown among the various material model, with a substantial pre-
eminence of the Chaboche and , even better, the modified Chaboche
model.
Murugaratnam et al. [119] aimed at pushing the combined use to
DEM and FEM simulation to the complete simulation of the SP pro-
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cess directly on a realistic component. A purposely devised script in
the DEM model is used to take into account the work hardening in
the substrate. The DEM model is also based on a particle factory
(the peen source) which emulates the in a simplified form, using the
nominal velocity and mass flow rate of peens. The results of the DEM
simulations with a dynamic nozzle insisting on a flat surface are used
to analyze the velocity distribution of impacts in various conditions
for the mass flow rate and angle of attack, with results similar to the
ones referred in [81]. The resulting impact locations and velocity are
used to set up the FEM simulation of the SP process with 66 shots
on a 2.4 mm diameter disk-shaped target. The resulting in-depth RS
profile appers to be reasonable, but no comparison is made with ex-
perimental data. In a further development, a complete routine for the
full integration of the DEM and FEM simulations for the study of SP
on a realistic component (a gas turbine) is proposed (Figure 2.12).
Despite the interesting perspectives of this approach, it appears to

Figure 2.12: DEM simulation of a real component in [119]

be a bit green. The models, indeed, needs to be carefully tuned to
be fully realistic, which is not verified in the study, and an extremely
high computational cost is required for the whole simulation.
Jebahi et al. [120] devised an extremely interesting procedure to fa-
cilitate the practical used of the DEM/FEM simulation on real-like
target components. Basically, the authors assert the RS field in the
substrate being characterizable by studying the RSs in small volumes
having peculiar geometrical characteristics, called Representative El-
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ementary Volumes (Figure 2.13). The knowledge of the RS in these
specific small volumes (flat surfaces, edges, geometrical features) is,
according to the authors, enough to infer the overall RS state in the
component. This approach seems to be indeed reasonable and at-
tractive for a ready-to-use approach to reduce the computational cost
of simulations. Nonetheless the effectiveness of this approach is still

Figure 2.13: Schematic representation of REVs , image from [120]

to be proved. The authors proposed the application to the coupled
DEM/FEM approach to the simualtion fo the Almen test. Results of
a simplified DEM simulation, similar to what seen in [119] are used to
set up the FEM model on a flat surface. Edges and border effects are
assumed to be neglectable, so the REV approach needs to be further
studied.
The study of Gallitelli et al. [121] may be, at least partially, a solution
for this problem. In this case, the overall RS field in a finite compo-
nent (a gear) subject to USP is obtained from the RS field resulting in
a single shot simulation. The RS field is applied to all the free surfaces
of the component via a fictitious thermal load (Figure 2.14), tuned as
to generate eigenstrains matching with the actual RS field obtained
by SP under a flat surface. It is worth noting that this approach
could ease the practical application of the DEM/FEM simulation of
SP to models having large dimension. Nonetheless, further studies are
needed to clarify the RS state in the vicinity of geometrical details, in
accordance with the REVs approach. MNoreover, it has to be taken
into accoutn that this method is only applicable to the study of RSs,
while surface topology modification are not considered.
Similarly to [92], Ghasemi et al. [85] used a side routine in Python to
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Figure 2.14: RS field generated using thermal loads on a gear tooth, picture
from [121]

assess the number of randomply arranged impacts required to achieve
full coverage. Fixed dimension and velocity shots are used, in order to
have a relatively stable dent dimension, and very high coverage level
(1000%) is simulated on a prismatic AISI4340 target, whose mechan-
ical behavior is accounted with a kinematic hardening model. Very
good results are obtained, in particular for the resulting surface rough-
ness, when compared to the experimental data.
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Chapter 3

Process characterization and

experimental measurements

In this Chapter all the experimental measurement used to char-
acterize the SP process, to set up the simulation and to validate the
results are displayed. First, the characteristics of the peening me-
dia and the parameters of the peening treatment are presented in
Section 3.1, as well as the mechanical characterization of the base
material. The effects of the treatment are displayed in Section 3.2 in
terms of RS field and resulting surface roughness. RS measurement
on the edge and the root of the notch are impossible to measure.
Therefore, the RS measurement is performed in the vicinity of the
geometrical features and the RS field will be reconstructed through
a FEM simulation; these data will be presented in Section 3.3. Part
of the data displayed in this Chapter has been published in [34], [35],
[50], [63]–[65], [122]–[124].

3.1 The SP process

3.1.1 Peening media and peening parameters

The process chosen for this work is the micro SP treatment named
CE-B120. Spherical fused ceramic shots are used as peening media.
The composition and the physical-mechanical characteristics of the
peening media material is displayed in Table 3.1

The particle-size distribution of the peening media is studied via
a granulometric analysis performed on a 100±0.5 g sample using a
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Table 3.1: Physical-mechanical characteristics of the peening media material

Composition Young
modulus
(GPa)

Poisson ra-
tio

Hardness
(HV)

Density
(g/cm3)

Zr02 67%
Si02 31%

300 0.3 700 2.3

Rotap Sieve Shaker machine. As prescribed by the standard ASTM-
C-136 the measurement is performed using 6 sieves with decreasing
size between 150 µm and 53 µm. After 600 s shaking time, the beads
retained by each sieve are weighted. The weight fraction of retained
beads for each sieve size is reported in detail in Table 3.2.

Table 3.2: Size-particle distribution of the peening media

Sieve dimension (µm) Over sieve mass (g) Cumulated mass (g)

ASTM 150 1,8 1,8
ASTM 125 0,9 2,7
ASTM 106 21,2 23,9
ASTM 90 36,6 60,5
ASTM 63 35,0 95,5
ASTM 53 3,0 98,5
Bottom 0 1,5 100,0

The velocity of the shots at the nozzle outlet is provided by the
shot peener. Measurement is performed using a DSLR camera and
flash unit are focused on the shots stream at the outlet of the nozzle.
A patterned screen is used as a background, and the flash is synchro-
nized with the camera shutter. A scheme of the equipment used is
shown in Figure 3.1. Pictures of the shots are taken, and the veloc-
ity is assessed by measuring the contour of the shots in the pictures,
known the exposure time. The mean value of the shot velocity is es-
timated in ∼ 57 m/s.
The SP treatment is performed at 100 mm working distance (the dis-
tance between the nozzle outlet and the treated surface), with a 12 mm

diameter Tetra nozzle. The nozzle is oriented normally to the treated
surface. As will be seen in more detail later, the nozzle turns arounf
the edge tip keeping constant its peripheral velocity when turning
around an edge.
The SP process is carried out at a 5 kg/min mass flow rate. Full
(100%) coverage is achieved on the studied specimens, which corre-
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Figure 3.1: Scheme of the photographic equipment used to measure the shot
velocity.

sponds to a grade 4.5 N Almen intensity. A short recap of the SP
process parameters is reported in Table 3.3

Table 3.3: Peening process parameters.

Almen
inten-
sity

Nozzle Mass
flow
rate
(kg/min)

Angle
of
impingement

Coverage Average
shot
velocity
(m/s)

Shot di-
ameter
range
(µm)

4.5 N Tetra
12mm

5 90° 100% 57 63÷125

3.1.2 Characterization of the base material

The SP process is performed on aeronautical grade aluminum al-
loy Al-7075-T651, commercially known as Ergal. The main alloyant
elements are Zinc (5.1÷6.1%), Magnesium (2.1÷2.9%) and Copper
(1.2÷2.0%). The T651 thermo-mechanical tratment is applied to the
alloy, which mean the the solubilization treatment at 748 K for 30 min

is followed by water quenching and stretching to a 2.5% permanent set
to release some RSs. A 6 h artificial ageing concludes the thermome-
chanical treatment. As a result, a relatively fine-grain microstructure
is obtained (Figure 3.2), with very fine Cr2Mg3Al18 and (Fe,Mn)Al6
precipitates.

The specimens are extracted from 4 mm thick rolled plates. In
Figure 3.3 the geometry of the used specimen is displayed.

The mechanical properties of the base material are reported in 3.4
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Figure 3.2: Longitudinal section of the non-peened (a) and peened (b) spec-
imen. The longitudinal L direction shows the rolling direction.
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Figure 3.3: Geometry of the specimens for tensile and cyclic strain test (a),
SP on a flat surface and on an edge (b), SP on a sharp notch (c).
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Figure 3.4: Stress strain curve from tensile test of the Al7075-T651 alloy.

and obtained from quasi-static tensile testing (initial strain rate 10−3 s−1.
The stress-strain curve is shown in Figure 3.4.

Table 3.4: Mechanical properties of the Al7075-T651 alloy.

E (GPa) σY0,2 (MPa) UTS (MPa) σF (MPa) TE (%) RA (%)

72 (± 1) 515 (± 5) 565 (± 5) 760 (± 10) 18 (± 2) 24 (± 2)

The cyclic strain behavior of the alloy is characterized through
fully reverses axial strain tests. Single step tests are carried out
at 10−4 s−1 initial strain rate, with strain amplitudes in the range
0.006÷0.014. Stabilization of the hysteresis loop occurs after 10÷15
cycles. The stabilized stress-strain curves are shown in Figure 3.5. A
slight anisotropy is found in the mechanical behavior of the material
under cyclic strain [34], depending on the initial strain used applied
in the test (compression or tension). This aspect is ascribed to the
complex microstructure of this alloy, but will not be considered in this
work.

3.2 Peening effects on flat surface

The effects of SP on a flat surface are devised through surfaces
roughness measurements and RS measurements.

Surface roughness 2D surface roughness measurements on the
peened surface are acquired through a contact profilometer, on a 5 mm

measuring length. Results are reported in Table 3.5.
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Figure 3.5: Stabylized cyclic stress strain curve for the Al7075-T651 alloy.

Table 3.5: 2D surface roughness parameters of the peened surface.

Condition Ra (µm) Rq (µm) Rt (µm) Dp (µm)

As received 0,25 0,3 0,9
Peened B120 1,35 1,67 7.12 110
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3D surface roughness measurements are acquired with a Sensofar
Plu Neox confocal optical profilometer, having a plane surface spatial
sampling resolution of 0.83 µm and a z-axial measurement resolution
of 0.83 µm. The 3D surface morphology and roughness were evaluated
on a 636x477 µm2 measuring area, both on the surface of the peened
specimens and on the surface of the as-received ones (Figure 3.6). The
results of the surface characterization are displayed in Table 3.6.

Table 3.6: 3D surface roughness parameters of the peened surface.

ConditionSa
(µm)

Sq
(µm)

Ssk Sku Spk
(µm)

Sk
(µm)

Svk
(µm)

As re-
ceived

0.29 0.38 0.19 5.98 0.59 0.81 0.41

Peened
B120

1.24 1.54 0.14 3.03 1.75 3.96 1.42

(a)

(b)

Figure 3.6: Rendering of the confocal optical profilometry of the as received
(a) and peened (b) surface.

The stress concentration factor exerted by indentations caused by
SP is computed according to the formula proposed by [125]:
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Kt = 1 + 4

(
Rt
Dp

) 1
3

(3.1)

wich returns Kt = 1.11 according to the experimental measure-
ments.

RS field In-depth RSs generated by SP are measured by X-ray
diffraction (XRD) using an AST X-Stress 3000 X-ray diffractometer.
The measurements are performed in the center of the front surface of
the specimen, detailes are reported in [34]. Cr Kα radiation is used,
with a 1 mm2collimator. 9 tilt angles (ψ ) in the range [−45°,45°]
are used to compute RS using the sin2(ψ) method, with a 2Θ =139°
diffraction angle. The Neerfeld-Hill method is used to account for the
elastic properties of the material. Electro polishing technique is used
to incrementally remove material layers in the y direction to acquire
in-depth measurements. Clearly, the RS component acting on the
plane of the free surface (xz plane) is measured. The measurement
is arrested when layers in tensile RS are exposed, i.e. about 50 µm

under the surface. Since this depth is much lower than the speci-
men thickness, no correction of the RSs for removing the surface layer
is prescribed, as stated in [126]. Three measurement are taken on
different samples; the in-depth RS profile is displayed in Figure 3.7
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Figure 3.7: In depth residual stress profile as measured from XRD analysis.

Previous studies [34] showed that the magnitude of RSs in the
samples caused by the manufacturing process are negligible. On the
other hand, the thickness of the removed layer is comparable with
the penetration depth of the chromium radiation into aluminum, i.e.
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about 12 µm. To make possible to directly compare the RS profile
from the experimental measurement and the one from the numerical
simulation, the true in depth RS profile is computed. For this purpose,
the deconvolution technique devised in [65] is used. At each depth (y
coordinate), the in-plane true RS (σ̄xz) is considered as a weighted
average of the RS value in deeper layers, in the form:

σ̄RSxz (y) =

∫∞
0
σRSxz (y + y′)e

− y
′
ξ dy′∫∞

0
e
− y
′
ξ dy′

(3.2)

The parameter ξ is the information depth [127], which has been
estimated in [65] equal to 5 µm for chroumium radiation. The true in
depth RS profile is displayed in Figure 3.8.
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Figure 3.8: True in depth residual stress profile computed from experimental
measurements.

3.3 Peening effects on an edge and a notch

In order to study the effects of SP on a sharp edge or a sharp
notch, the treatment is performed on the specimen showed in Fig-
ure 3.3. Specimens depicted in Figure 3.3 (b) are supposed to be rep-
resentative of the condition of an edge, since, the radius of the carving
in the specimen is much greater than the characteristic dimension of
the studied phenomena. Specimens depicted in Figure 3.3 (c) are pro-
vided with a notch and two notch root radii are considered, namely
0.5 mm for the standard notch and 0.15 mm for the sharp notch. RS
in correspondence of an edge or a notch are extremely difficult to mea-
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sure due to the technical complexity of performing XRD analysis in
a very narrow space. Moreover, the characteristic dimension of these
geometrical features is short and requires very narrow collimation of
the X-ray beam in order to reduce the measuring spot and detect
RS in precise locations. To study the RS field in these locations, a
two step procedure was used: first, a micro XRD analysis (µXRD)
was carried out in order to measure RSs as close as possible to the
edge/notch. Then, the experimental data were used in a FEM model,
where a thermal field was fitted to the measured data to compute a
complete reconstruction of the RS field.

µXRD measurements µXRD measurements are performed using
a Bruker’s D8 Discover XRD2 micro-diffractometer, having a colli-
mator with a 50 µm diameter. Details on the XRD analysis of these
specimens are reported in [123]. Cu Kα radiation with high penetra-
tion depth (∼40 µm) is used and tilt angles (ψ) in the range [−20°,50°]
are explored to apply the sin2(ψ) method. Measurement point are lo-
cated on the front surface of the specimen, in the vicinity of the edge
or the notch root along the bisector y axis, as shown in Figure 3.9.

Figure 3.9: FEGSEM image showing the measurements locations. Picture
taken from [123].

The RSs in the x-direction (with reference to Figure 3.9) are
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mapped on the surface and at 30 µm depth under the surface (σx(y)).
The RS profile is detected with measurements in 11 locations spaced
50 µm apart starting from the edge or notch tip. True RS profile is
obtained by removing the radiation penetration component through
the 3.2 with an information depth equal to 16 µm [65]. The measured
surface RS field is shown in Figure 3.12 both for the case of the edge
and for the case of the sharp notch. The confidence interval in both
cases is quite large, due to the surface morfology which affects the
measurement.

RS reconstruction The measured RSs are used in [65] to recon-
struct the RS field on the symmetry plane of the notch and the edge
using the Eigenstrain method. First of all, a reference system is es-
tablished as depicted in Figure 3.11.

It is worth highlighting that thermal fields do generate Eigen-
strains, being the strains induced by thermal fields self-equilibrated
in themselves. Thus, a FEM model is used to simulate the stress stat
generated by the superposition of the misfit strains produced by two
fictitious temperature distributions. The intensity and spatial distri-
bution of the thermal fields are deduced by fitting the experimental
data after being corrected for the radiation penetration depth. More
specifically, the first temperature field is a function of the depth below
the treated surface and takes the following expression for the Front
(FS) and Lateral Surface (LS), respectively:

TFS1 (z) = Af(z)

TLS1 (r) = AF (r −R)
(3.3)

Where f is a dimensionless temperature distribution, function of
the distance from the treated surface, which can be found in [123]. The
perturbation of the RS field in the vicinity of the edge is accounted by
a second temperature field, which is assumed to decay with increasing
distance from the edge and to be a function of the circumferential
coordinate θ:

T2(r, θ, z) =

2∑
j=1

Bj cos[2 (j − 1)θ]e−
(r−R)+z

τ (3.4)

The unknowns A, Bj and τ were determined in [65] and their
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(a)

(b)

(c)

Figure 3.10: Surface RS profile from the XRD analysis, measured on the
notch bisector, at increasing distances from the edge (a), 0.5mm notch (b)
and 0.15mm notch (c) tip.
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Figure 3.11: Reference system used in the reconstruction of the RS field.

values are listed in Table 3.7 both for the edge and the sharp notch.

Table 3.7: Coefficients for the fitting functions 3.3, 3.4, coomputed in [65]

Case A B1 B2 τ

Edge 46.7 -230280 230723 0.4
Notch 0.5mm 48.5 -7344 -10484 0.14
Notch 0.15mm 47.6 7642 -11604 0.05

The reconstructed RS fields are plotted in Figure 3.12. In the case
of the notch, the reconstructed RS field exceeds the elastic limit of
the aluminum alloy. This simplified modelization of the notch and
the thermal field in its vicinity generates an eigenstrain distribution
not compatible with the elastic properties of the substrate at the root
of the notch. In order to deal with this issue without increasing the
number of terms in the definition of the thermal field and preserve
the robustness of the fit, the elasto-plastic behavior of the substrate
were considered in the FEM model. A bilinear kinematic hardening
is used to model the elasto-plastic properties of the alloy. Since the
peening treatment causes intense work hardening of the surface layer,
the yield stress value of the subsequent layers under the surface is
inferred from the microhardness in-depth profile and implemented into
the FEM model as a function of the depth under the surface. This
causes the equation system expressed in 3.4 to become non-linear; the
solution is achieved an iterative algorithm searching for the value of
the parameters A and Bj that minimizes the mean square deviation
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(a)

(b)

(c)

Figure 3.12: RS field reconstructed on the symmetry plane of the notch for
the edge (a), 0.5mm notch (b) and 0.15mm notch (c) specimen.
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from the experimental measurements. The intense compressive RS
peak at the notch root is attenuated by the plastic flow, and returns
a much more satisfactory reconstruction result.
Both in the measured RS profile and consequently in the reconstructed
the RS field, the confidence interval is relatively wide, in particular
in the vicinity of the edge or notch tip. This is caused by the intense
deformation of the surface layer and the high penetration of the X-
radiation, which interferes in the RS measurement. The compressive
RS layer, for this kind of substrate and SP, is indeed extremely thin
(∼50 µm). Moreover, the technological limit of XRD does not permit
to have measurement a at distance closer than ∼50 µm from the edge
tip.
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Note to the simulations

This Section is devoted to the presentation of the simulations of
SP, as mentioned in Chapter 1 and schematized in Figure 3.13, the
core of this study, which will be seen in detail in the next Sections.
In the first place, it can be appropriate to specify that the canonical
partition into methods and results will not be observed. Methods and
results, instead, will be alternatively presented step by step, following
the developement of the work. Simulating SP requires a complex se-
quence of hypoteses in order to move towards realistic simulation of
SP on finite domains. Since experimental measurements are expen-
sive and time costly, or even impossible in some cases, the results of
each simulations are used to devise or tune following models. Thus,
partial results will be shown in the course of the dissertation to help
a better inderstanding of the work and its flow. The organization
in the following Sections will be explained in detail hereafter and is
schematized in Figure 3.14.
At first, the simulation of SP on a flat, infinite surface will be ad-

dressed in Chapter 5. The average shot velocity and particle distri-
bution of the peening media is obtained from experimental measure-
ments, as well as the mechanical behaviour under monotonic tensile
and cyclic strain conditions. These data are used to calibrate a bi-
linear function to predict the indent dimension from the shot velocity
and diameter. The function is used in a MatLab script to compute the
number of shots required to achieve full coverage on a 100 µm diame-
ter circular impact area, where random impact locations are assumed.
The shot radii, velocity and impact location are used to generate the
explicit dynamic FEM model of SP on a flat surface, with orthogonal
impacts. Particular care is put in modeling the cyclic strain behavior
of the target material. Results are obtained in terms of in depth RS
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Figure 3.13: Framework of the SP simulation and main focus of this work.
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profile surface roughness and final morphology of the peened surface.
The nodal displacement and radiation penetration is considered in
computing the RS field generated by SP, which is compared to the
experimentally measured one. 2D and 3D surface roughness parame-
ters are computed as well and compared to experimental results. The
target body deformed by the impacts is used in a static model, with-
out RS field, to compute the stress concentration effect exerted by the
deformed morphology when an external load is applied.
Then, Chapter 5 is devoted at simulating SP on an edge, in order to
move towards the prediction of RSs in finite domain, i.e. geometrical
features acting as stress raisers. Since exact peening conditions in this
location are not known, and their influence on the generated RS field
is not clear in advance, a DEM model is devised to study the process
in all its aspects. Only the nominal peening parameters are known, so
a quite a complex process is required to get to the FEM simulation.
First of all, the DEM model of the peening machine nozzle is devised,
to tune its parameters in order to have mass flow rate and average
velocity of the shots equal to the nominal one. This model is extended
to the DEM simulation of SP on a flat surface, in order to study the
spatial density of impacts which is used to estimate the translational
velocity of the nozzle. This latter, is used for the DEM simulation
of the process on an edge. Realistic and simplified FEM simulation
approaches are devised, and the resulting RS fields are compared to
the reconstructed RS field retreived from experimental measurements.
In Chapter 6 the simulation of SP on an edge is used to study the
effect of the radius of the fillet on the edge tip. Indications on the
real dimension of the fillet radius are used to enhance the model. No
recostructed RS field to compare the result is available, but some in-
teresting observations are raised.
Eventually, the model of SP on a notch is devised. A simplified sim-
ulation approach is used, with orthogonally impacting shots, and two
notch root radii are considered for the model. Resulting RS field are
compared to the reconstructed ones. Extremely promising results are
obtained, and some more observations on the technological aspects of
SP on a notch, and its simulation are discussed.
Lastly, it is of the greatest importance to highlight how this work is
not aimed at perfectly simulating the micro SP process. The main
focus is indeed on the study of the procedure to be used to achieve a
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reliable prediction of the effects of SP, without overlooking the tech-
nological usability of this approach. For this reason, attention will be
paid to the identification of the most influencing parameters and, in
particular in the last part of the work, to the devising of simplified
approaches for a practical use of the simulation.
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Chapter 4

Simulation of SP on a flat surface

In this Chapter the problem of simulating SP on a flat surface is
addressed. This work aims at achieving a realistic simulation of the
process, and to this purpose the stochastic phenomena affecting the
treatment are taken into account, as will be explained in detail later.
FEM is the tools chosen to accomplish the task of simulating and is
assumed to be capable of being representative of the treatment as long
as the model is properly devised. Explicit dynamic FEM simulations
are carried out using the commercial software Ansys/LS-Dyna.
In order to devise a realistic model of the process, some set up is re-
quired prior to carry out the simulations. First of all, an appropriate
material model is chosen and calibrated to realistically reproduce the
mechanical behavior of the substrate. Then, considerations are made
on damping and friction in the simulations. A MatLab procedure is
devised in order to achieve full coverage in the simulation while ac-
counting for stochastic variability of phenomena involved in the pro-
cess. Statistical distribution of impact velocity and shot dimension
are considered, as well as randomly arranged impact locations. Set of
shots to be simulated are generated through a predictive model. The
FEM model is described in Section 4.1. The results of the numeri-
cal simulations are validated by comparison with 2D and 3D surface
roughness and in-depth XRD residual stress measurements shown in
Chapter 3. To consistently compare experimental and numerical esti-
mations of the residual stress field, the effect of radiation penetration
and surface roughness is taken into account according to an approach
specifically devised in this work. Finally, the nodal locations esti-
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mated at the end of the dynamic analyses are imported into a static
FE model to evaluate the effect of surface roughness on the external
stress field. In this way, it is possible to estimate the stress concentra-
tion factor and notch fatigue factor induced by the surface treatment.

Part of the data displayed in this Chapter has been published in
[124].

4.1 FEM model of SP on a flat surface

4.1.1 Material model of the substrate and the shots

Particular care is taken in modelling the elastic-plastic behavior of
the target material, since it has great influence on the correct repre-
sentation of the substrate material and on the final result, in particulr
for the RS field, as proved by many studies [86], [92], [99], [101], [103].
Nontheless, none of the available material models is capable of real-
istically represent all the phenomena occurring in the elasto-plastic
deformation of a metallic material, i.e. strain rate sensitivity, strain
hardening even in cyclic strain cases, anisotropy, failure. Since experi-
ments did not reveal pronounced anisotropy [50], as usual for metallic
materials, this effect is neglected. As regards the strain rate sensi-
tivity, neglecting it tout court is not as straightforward as anisotropy
is. Most of the SP simulations in literature do take into account
strain rate sensitivity, which plays an important role in steels and
superalloys. The Johnson-Cook model [80], [86], [117] or the Cowper-
Symonds model [99], [101], [110] are used by many authors, since they
make possible to easily take into account strain rate by shifting the
stress-strain curve of the material according to the deformation veloc-
ity. However, both models rely on a purely isotropic hardening law,
which can be an oversimplification of the material behavior in the case
of interest. In fact, all the aforementioned works focus on the simula-
tion of SP on steels and superalloys, for which strain rate sensitivity
plays a major role in the representation of the material behavior. The
Johnson-Cook model is often used to simulate the mechanical behav-
ior of aluminum alloys at very high strain rate, such as in the case of
balistic simulations [128]–[134]. The material characterization in these
studies provide enough evidence to assert that strain rate sensitivity
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has not an overwhelming effect at deformation velocities involved in
the SP process for aluminum alloys. Moreover, peened parts are sub-
ject to repeated elasto-plastic deformation, due to overlapping indents
and subsequent impacts necessary to achieve full coverage [81], [91],
[92], experiencing complex non monotonic load histories. Under these
conditions, the strain-hardening of most metallic materials displays
a significant kinematic component, responsible for the Bauschinger
effect, which is completely neglected by the aforementioned material
models. For this reason, in recent studies [86], [111], [135]–[137] a
mixed isotropic-kinematic hardening model is preferred, in particular
for aluminum alloys. Looking at Figure 4.1, where the experimental
stress-strain curves are compared with the ones obtained from a FE
model applying the Johnson-Cook model, the excessive material hard-
ening is evident, resulting in a large discrepancy between the curves,
increasing with rising accumulated strain. The same consideration
applies to the Cowper-Symonds model. While the first branch of the
stress strain curve is well reproduced, viz. the one based on the mono-
tonic axial strain test, the cyclic strain behavior of the material is not
equally well simulated. The isotropic hardening model does not re-
produce the stabilization of the hysteresis loop, and the accumulated
strain makes the hardening model lose all its nonlinear components.
This leads to a wrong representation of the true material behavior.

Figure 4.1: Comparison between the experimental mechanical behavior un-
der cyclic strain and the numerical simulation of the Johnson-Cook model.
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In view of these observations, we decided to adopt the Lemaitre-
Chaboche mixed hardening model [138]–[140] in order to incorporate
both kinematic and isotropic hardening components. The Lemaitre-
Chaboche model appears in the form:

√
2

3
(s̄− β) · (s̄− β)− σY = 0 (4.1)

where σY is the yield stress, s̄ is the deviatoric stress tensor and β is
the backstress tensor, determined as:

β̇ = C ε̇pl − γβλ (4.2)

where C is the hardening parameter,γ is the rate of decrease of
hardening modulus that rules the non-linearity of the model εpl is
the plastic strain and γ is the accumulated plastic deformation. σY
depends on the plastic deformation as:

σY = σY 0 +Hεpl (4.3)

where H represents the isotropic strain hardening modulus, not used
in this study. This material model does not account for strain rate
sensitivity, but this aspect is of minor importance in the present study,
given the aforementioned low strain rate sensitivity of Al7075-T651
and the bead impact velocities, which are far lower than the ballis-
tic velocities used to characterize the strain rate sensitivity. The FE
software Ansys allows to use as a material model the superimposition
of up to 5 nonlinear Chaboch models. A good tuning of the model
parameters makes possible to exactly represent both the monotonic
stress strain curve and the stabilized cyclic strain behavior of the ma-
terial, if both kinematic and isotropic hardening are calibrated. Since
the explicit solver LS-Dyna does not admit this option, no isotropic
hardening is considered; this would, indeed, prevent the model from
getting to the stabilization of the hysteresis loop. A trial and error
procedure is used to tune the material model and fit the stabilized hys-
teresis loop curves mentioned in Section 3.1.2, using a simple FEM
simulation. The resulting parameters are reported in Table 4.1. Fig-
ure 4.2 shows the resulting cyclic strain curves compared to the ex-
perimental ones. Figure 4.3 shows the monotonic tensile stress strain
curve of the model, compared to the exprimental one.
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(a)

(b)

(c)

Figure 4.2: Comparison between the experimental mechanical behavior un-
der cyclic strain and the numerical simulation of the Lemaitre-Chaboche
model.
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Table 4.1: Parameters for the Lemaitre-Chaboche material model for the
target substrate.

σY (MPa) C (GPa) γ

370 75 460

Figure 4.3: Comparison between the experimental mechanical behavior un-
der monotonic tensile strain and the numerical simulation of the Lemaitre-
Chaboche model.

As regards the shots, since the beads are made of ceramic ma-
terial, a linear elastic model should be the most obvious choice, but
some experience suggests that solver stability increases if an artificial
elasto-plastic behavior of the shots is implemented. For this purpose,
a bilinear elastoplastic model is assumed, wherein very high yield
strengthand tangent modulus are taken to make the plastic deforma-
tion negligible (Table 4.2).

Table 4.2: Parameters for the bilinear model for the shots.

Yield stress (GPa) Tangent modulus (GPa)

3 300

4.1.2 Impacts arrangement and coverage assessment

The most challenging problem in simulating SP is to correctly
assess the true coverage level. Since in this simulation statistical vari-
ability of shot velocity and dimension is considered, non of the com-
monly used formulas is capable of predicting a priori the number of
impacts required ro achieve full coverage. To this purpose, a MatLab
routine is devised in order to generate, prior to the FEM simulation,
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a set of shots capable of achieving the 100% nominal coverage on the
circular area of 100 µm of radius, in the center of the upper surface
ofthe target body, denoted as the control area (see Section 4.1.3 for
details). In practice, each generated set is a bunch of data, containing
the impact point coordinates, as well as the dimension and velocity
of each shot. The logic flow of the procedure is shown in Figure 4.4.

Figure 4.4: Schematic representation of the MatLab algorithm that gener-
ates the FEMmodel.

The script at first randomly assigns the dimension value to the
first bead on the base of the stochastic size distribution. The sieve
analysis results mentioned in Section 3.1 are converted in terms of
number of beads by simply assuming an average radius for the shots
in each size interval. A Weibull cumulative distribution function is
fitted to the shot size distribution as shown in Figure 4.5: the shot
dimensions in the FEM model are chosen between 53 µm and 125 µm,
in order to avoid the generation of unrealistically large or ineffective
small beads.

Since no specific data are available, the shot velocity is assumed to
be normally distributed, with an average value of 57 m/s and standard
deviation 2.5 m/s as suggested by the experimental measurements. In
order to avoid unrealistic values of the shot speed generated by the
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Figure 4.5: Comparison between the results of the sieve analysis on the
dimension of the beads and the fitting Weibull distribution used in the
simulation.

theoretical distribution, the velocity values are chopped below 52 m/s

and above 62 m/s.
A specific simulation campaign is carried out to estimate the dimple
dimension on the base of the shot dynamics. Using three levels for
both shot size and velocity, 9 single impact 2D axisymmetric simu-
lations are carried out (Figure 4.6) to perform a DOE, as reported
in Table 4.3. Indent dimension are measured on the external part of
the annulus, in agreement with the visual inspection method used to
assess coverage in pratice. The resultant impact dimple dimensions
fill a factorial plane having the beads velocity and radius as variables.

Figure 4.6: 2D axisymmetric simulation used to estimate the indent dimen-
sion.
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Table 4.3: Impact parameters for DOE.

Impact velocity 52m/s; 57m/s; 62m/s
Shot dimension 53 µm; 89 µm; 125 µm

Through a linear regression it is possible to compute the coeffi-
cients of the bilinear relation, originally proposed by [73] and corrob-
orated by the observations of [114], [141], having the form:

Dindent = c00 + c01Dshot + c10Vshot (4.4)

where Dindent is the dimple diameter, Dshot is the bead diameter
and Vshot is the impact velocity; the best fit parameters are reported
in Table 4.4.

Table 4.4: Best fitting parameters for Equation 4.4.

c00 c01 c10 (s)
-7341 0.1657 0.1347 10−6

Equation 4.4 is used is used by the MatLab routine to compute
the dimension of the indent caused by the impact of each shot ran-
domly located inside the control area. The shots are stacked up over
the target, equally spaced out along the height direction, similarly to
the approach used in [110]. From the speed and the distance from the
surface, it is possible to evaluate quite precisely the impact time of
each shot, except for some uncertainty due to the deformation of the
surface caused by previous impacts.
Previous studies [99], [101], [103] showed that it is not indispensable
to consider the interaction among shots, as long as the shots do not
interfere in the impact stage [86]. Therefore, the shots interpenetrate
when stacked, and no interaction is considered among them; however,
a check is performed in order to prevent two or more shots from im-
ping at the same time in close locations.
The number of shots generated in each simulation is the minimum
number to achieve full coverage (when at least 98% of the target
surface is affected by dimples). Figure 4.7 shows an example of ar-
rangement of the impact locations in the control area.

It is worth noting that the applied method does not consider at
all the effect of material strain hardening, even if it is not rare to
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Figure 4.7: Example of random arrangement of impacts. The impacts are
gathered in the 110µm diameter impact area (cyan), results are collected
in the 100µm control area (blue). Red circles represent the theoretical
dimension of indents.

observe overlapping dimples (both in the simulation and in the ex-
perimental practice). However, only the not-overlapping part of every
dimple really affects the coverage evaluation, being the overlapping
part already considered in the previous impingement. As regards the
overlapping part of the indentations, the strain hardening of the al-
loy is not very marked, and is supposed not to change significantly
the overall dimension of the indents. Therefore, it is assumed to be
reasonable not to consider the strain hardening of the substrate in
the predictive evaluation of coverage. This method is valid as long
as the coverage is less than 100%; for higher coverage level, not only
the impact dimples must be considered but also the mass flow rate
and the treatment time. When the MatLab routine reaches the de-
sired coverage level, the Ansys commands file is created, and the FEM
simulation is started.

4.1.3 Model geometry and mesh

The dynamic FE simulations are carried out with the explicit
Ansys/LS-Dyna™17 commercial software. The FE model consists in
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a target body, representing a part of the peened component, and in a
certain number of beads impinging on it, as shown in Figure 4.8.

Figure 4.8: The FEMmodel with the stack ofbeads standing above the target
body.

Symmetry considerations would suggest adopting the cylindrical
shape for the target, also in view of the spherical shape of the beads.
Unfortunately, Ansys/LS-Dyna does not permit to define a cylindri-
cal coordinate system. Thus, the target is modelled as a square-based
prism, with 300 µm side and 240 µm height; this solution ensures per-
fectly homogeneous and regularly distributed elements. The thickness
ofthe target body is chosen according to the indications provided in
[103] with the intent of not perturbing the development of residual
stresses; similarly, the target size is chosen according to [117]. The
impacts are confined in a circular area of 110 µm diameter in the cen-
ter of the target upper face, hereinafter denoted as impact area.
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The beads are modelled as hemispheres with the aim of discretizing
them with sufficiently small elements without penalizing the computa-
tional efficiency of the simulation. The shot density is doubled in order
to preserve their original kinetic energy. All the bodies are meshed
with 4 nodes brick elements SOLID164 with reduced integration and
hourglassing control.
The prismatic volume encompassing the impact area, with 156 µm side
and 120 µm height, is finely meshed with 1.3 µm size elements, while
the surrounding volume of the target body, subject to low-gradients
of elastic strains, is discretized with elongated elements to reduce the
node number (Figure 4.9).

Figure 4.9: Mesh of the target body, section. a: full coverage area; b: impact
point area;c: impinged area.

The fine-mesh element size is about 1
20

of the average impact dim-
ple diameter, smaller than the maximum dimension suggested in [86]
for a reliable simulation; this allows an adequate resolution ofthe resid-
ual stress state, without an excessive computational cost. Moreover, a
convergence analysis is performed starting from 5 µm sized elements,
to verify the accuracy of the solution. The boundary of the target
volume is constrained to prevent normal nodal displacements in or-
der to take into account the constraint exerted by the surrounding
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material, and silent boundaries are applied on all the constrained sur-
faces to prevent the reflection ofthe shockwaves. A surface-to-surface
automatic contact couple is established between the target surface
and each bead surface, where the beads represent the master surface,
which rules the penalty stiffness necessary to minimize the contact
interference.

4.1.4 Damping

No damping is required for a realistic modelization of the process;
nevertheless, some damping helps the stability of the nuemrical solver
since it contains the obscillation induced in the target body by the
impacts.
Two types of damping exist in FEM, α and β, respectively acting on
the mass matrix or the stiffness matrix:

C = αM + βK (4.5)

where C, M and K are the damping, mass and stiffness matrix. α
damping is more commonly used, since it is more effective on the
lower harmonics (the closest to the fundamental frequency) and easier
to tune. Two approaches are found in the literature [99], [117] to
compute the α coefficient, both based on the formula:

α = 2ζω0 (4.6)

where ω0 is the fundamental frequency ofthe target body and a
suitable value for the modal damping coefficient is ζ = 0.5. The first
one, used in [99], suggests computing α as:

α = ω0 =
1

h

√
2E

ρ
(4.7)

where h is the height of the target body, E is its Young’s modulus
and ρ its density; resulting in ω0 ' 30 106 /s. A second method, used
in [117] for a disk-shaped target, computes α as:

α = ω0 =
2π

h

√
2E

ρ
(4.8)

resulting in ω0 ' 180 106 /s. The latter method widely overestimates
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the damping factor, setting the system in overdamping, so the former
approach is chosen.
A small set of simulations, developed to check the local vibration
of the impact point after the shot impingement, is used to adjust
the damping parameter and to reduce it slightly, in order to obtain
an effective damping ratio having a subcritical oscillation regime, as
shown if Figure 4.10. The final value is set to α = 24 106 /s.

Figure 4.10: Obscillation of the impact point in a single impact simulation
for α = 24 106 /s. The system is slightly underdamped.

4.1.5 Shot target friction

Very little information is available about the tribological condi-
tions occurring at the contact between ceramic materials and alu-
minium, even less in the specific case of alumina or zirconia and Al-
7075. Moreover, the few data available in the scientific literature
refer to tests in vacuum, where higher friction coefficients are mea-
sured than under ambient conditions [142], [143].
For this reason, the way chosen to adjust the friction coefficient fol-
lows a top-down approach: a small set of 4 simulations having different
number of impacting shots is generated. It is verified in the single im-
pact simulation that even a big change in the friction coefficient does
not modify considerably the impact dimple dimension. Hence, the
simulations set can be carried out with different friction coefficients
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without altering the coverage level. This simulation set, therefore, is
computed with 6 different values of the friction coefficient, namely
[0,0.05,0.1,0.2,0.3,0.4].
The average value of surface roughness and a residual stress profile
is computed for every friction coefficient value (Table4.5 and Fig-
ure 4.11). The frictionless simulation gave the best results in terms of
surface roughness but showed an irregular trend of the residual stress
profile; on the other hand, higher fiction coefficients showed a marked
tendency to saturation, so that the three highest value gave approxi-
mately the same results.
In the real process, the metal components are subject to a degreasing
treatment, but no other surface treatment is done; during the shot
peening no lubrication is provided. For these reasons, neither a zero
nor a high friction coefficient seems to be realistic. The simulations
and the previous considerations indicate a friction coefficient value of
0.05 as the best choice; this value of the friction coefficient is applied
to all the simulations.

Table 4.5: Estimated surface roughness for different friction coefficient in
the simulation.

Friction coefficient 0 0.05 0.1 0.2 0.3 0.4

Surface roughness Sa (µm 0.1122 0.1085 0.1079 0.1061 0.1057 0.1057

Figure 4.11: Residual stress profile for different friction coefficient (fd).
Notice the saturation trend in the stress profile.
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4.1.6 Number of simulations

Given all the statistical aspects involved in the process and the
importance of their correct representation, it is clear that many sim-
ulations are needed to obtain reliable results. The parameters chosen
to monitor the correct distribution are both the overall kinetic energy
of the entire bead stack and the number of impacts in each simulation.
Quite unexpectedly, the two parameters showed to be roughly equiv-
alent. 30 simulations are randomly generated by the MatLab routine,
and they are processed without any selection in order not to alter the
stochastic representativeness of the sample. The cumulative probabil-
ity distribution is computed for the entire population, both in terms
of kinetic energy (Figure 4.12) and and number of shots, through a
MatLab code that generates over three thousand shot arrangements.
The results in term of surface roughness and residual stress seem to be
very close to the convergence value at the end ofthe simulation cam-
paign, if the average value is plotted as a function of the increasing
number of simulations. Moreover, the kinetic energy and number of
shots reproduced by the set of simulations are in satisfactory confor-
mity with the expected cumulative probability distribution, thus the
experimental campaign is considered to be statistically representative.
In conclusion, it is possible to assert that the study accounts for the
statistical variability of the phenome involved in the real process.

4.2 Data processing, discussion and results

4.2.1 Control volume

The nodal solutions are extracted in terms of nodal displacements
and stresses after a short relaxing/springback period (0.5 µs) when
the damping coefficient is raised to α = 60 106; in this way, the nodal
velocities and acceleration are very low and the dynamical effects are
negligible.
Transverse displacements of the nodes lying in the control area (see
Section 4.1.3) are extracted to compute the surface roughness.
The RS field is computed from nodal stresses contained in the cylin-
drical volume having base equal to the control area and height of
120 µm in depth; in this way, all the nodes on the control volume are
well inside the projection of the 100% coverage area, and the nodal
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Figure 4.12: Comparison between the distribution of the kinetic energy of
the bead stream in the simulations and in the entire population.

results are not affected by undesired border effects.

4.2.2 Surface roughness

The surface roughness is calculated from simulations reproducing
the measurements done by the 2D contact and 3D scan profilometers.
2D and 3D roughness parameters are evaluated considering out-of-
plane displacements of nodes lying on two orthogonal diameters and
on the whole control area, respectively. Specifically, Ra and Rq line-
integral as well as Sa and Sq area-integral roughness parameters are
numerically evaluated using the same domain discretization scheme
of the FE model.
The only controversial issue in this phase concerns the choice of the
reference plane to be used to compute the surface roughness. Ac-
cording to the common definition of roughness, the average out-of-
plane displacement of the nodes should be used. However, as shot
impacts have been concentrated only in the central portion of the tar-
get surface, the drop in the average height of the impacted area is
accompanied by a rise of the surrounding areas because of the mate-
rial incompressibility. In this way, the overall surface average height
does not change signifiantly. In the realistic case, however, the whole
target surface would be peened, and no great change in the average
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surface height is expected; for this reason, the reference plane chosen
for the roughness computing is the original plane where the nodes lie
in the undeformed model.
The results are shown in Table 4.6. It can be seen that the numer-
ical simulation slightly underestimates the actual surface roughness,
both in the 2D and (even if to a lower extent) in the 3Dmeasure-
ment. Specifically, the underestimation is 17.7% considering the Sa
parameter and 27.4% considering the Ra parameter. It is also worth
highlighting that the experimental values are well estimated by the
maximum recorded surface roughness obtained in the simulations, and
they also lie inside the 96% confidence interval around the average nu-
merical value. The systematic underestimation of the surface rough-
ness can be, at least partly, imputed to the FEM discretization of the
target surface. Even if the impact area is finely meshed, the size of the
elements may not be able to entirely capture the sharp peaks of the
impinged surface. In other words, the FE mesh might low-pass filter
the surface topology, thus eliminating the contribution ofdisplacement
with high spatial frequency on the surface roughness.
In addition, Figure 4.13 indicates an increasing trend in surface rough-
ness Sa with rising kinetic energy of the bead stream (in the figure
normalized with respect to a reference kinetic energy value of a 90 µm

diameter shot at 57 m/s velocity). Assuming constant, with a certain
approximation, the portion of kinetic energy transferred to the target
body in the form of strain energy, the kinetic energy of the stream
scales with the treatment intensity. This confirms the intuitive feeling
that more intense peening treatments tend to produce higher rough-
ness values.

Table 4.6: Surface roughness resulting from the simulations.

Roughness parameter Ra Rq Sa Sq Rt

FEM average value (µm) 0.98 1.16 1.02 1.23 6.12
FEM standard deviation value (µm) 0.22 0.25 0.11 0.13 0.7
FEM max value (µm) 1.48 1.67 1.29 1.54 8.43
Experimental value (µm) 1.35 1.67 1.24 0.54 7.12
Experimental standard deviation (µm) 0.14 0.15 0.05 0.07 0.61
Error(%) -27.4 -30.5 -17.7 -20.1 -14.0

74



Figure 4.13: Surface roughness Sa vs. the normalized overall kinetic energy
of the shot stream.

4.2.3 Residual stress field

The thickness of the surface layer where plasticization occurs is
a significant estimator of the treatment intensity. EBSD analyses
undertaken in [123] on the same peened material attested that this
thickness is about 25 µm; this experimental value is in good agreement
with thenumerical simulations, which indicate an average thickness of
the plasticized surface layer of about 20 µm. This layer is subjected
to intense compressive RSs. The comparison between numerically es-
timated and experimentally measured RSs is not straightforward and
requires a data processing method specifically developed in the present
study.
In many papers, the in-depth residual stress profile is evaluated from
nodal stresses and nodal coordinates expressed in the undeformed ref-
erence system (e.g. [92], [103]). In a few papers (e.g. [81]), it is made
clear that the nodal coordinates of the deformed model are considered
with the aim of achieving a more realistic estimation of the spatial dis-
tribution of the RS values. This issue is marginal in conventional SP
(i.e. steel shots on steel substrate), as the depth of the surface layer,
where significant nodal displacement take place, is small with respect
to that interested by compressive RS s. Conversely, in micro SP treat-
ments, the depth of such layers is comparable; therefore, a realistic
estimation of the RS profile requires the nodal displacements to be
taken into account. In addition, the effect of X-ray penetration on
the RS measurements must be considered for a consistent compari-
son of experimental and numerical data. The RS field in undeformed
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configuration is use only to check the equibiaxiality of the RS on the
xy plane and is shown in Figure 4.14.
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Figure 4.14: In-depth RS profile from the FEM simulations, in undeformed
configuration.

In the present study, three main strategies are devised and applied
to address the issue of substrate deformation.
The first one consists in ideally slicing the control volume in 2 µm thick
layers starting from the highest peak on the surface and proceeding
towards the specimen depth. An average of the nodal stress value for
all the nodes in every slice is computed, and a residual stress profile is
obtained as a function ofthe depth below the surface. This profile is
comparedwith the profile obtained in Section 3.2 (see [65] for further
detail) removing the radiation penetration effects from the XRD mea-
sures. Figure 4.15 shows experimental data corrected for penetration
and the numerical estimates corrected for layer deformation. It can
be noted that the 95% confidence interval ofthe numerical profile is al-
most completely comprised in that of the experimental measure. The
depth of surface layers interested by compressive RSs (about 50 µm

and the intensity of compressive RS peak (about −400 MPa) are well
reproduced by the numerical simulations, while these latter tend to
underestimate the peak location below the surface (12 µm vs 20 µm)
and to overestimate the compressive RSs in the outer 10 µm thick
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layer.
It is also interesting to observe that the numerical simulations indi-
cate, below the surface layer interested by compressive RSs, a fairly
low tensile RS peak (about 50 MPa) followed by a gradual extinction
of them. This is in good agreement with neutron diffraction measure-
ments done in [144] and contradicts the concerns that SP could induce
an intense localized tensile RS peak thus jeopardizing the beneficial
effect exerted by the surface compressive RSs.

Figure 4.15: Comparison between true RS profile from the FEM in deformed
configuration and the true RS profile from experimental measurements.

The second strategy is based on a completely different approach.
Considering the known X-ray penetration depth, the nodal stresses
are treated in order to obtain a RS profile comparable with the exper-
imental RS profile directly obtained from the XRD measure. At each
depth below the surface, the residual stress value is computed by nu-
merical integration of Equation 3.2, whereby the integral is replaced
by the following weighted average of discrete RS estimations:

σ̄xx(z) =

∑n
k=1 σie

− z−z
′

ξ∑n
k=1 e

− z−z
′

ξ

(4.9)

where n is the number of nodes laying deeper than the chosen
z value, zi and σi are respectively the depth and the RS value for
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each of the selected nodes and ξ is the information depth discussed
in Section 3.2. Figure 4.16 compares raw experimental RS data (not
corrected for radiation penetration) with the numerical estimations
done according to this second strategy, namely corrected for layer
deformation and X-ray penetration.

Figure 4.16: Comparison between RS profile fromthe FEM, considering the
penetration effect of the X-ray, and the RS profile detected with the XRD
analysis.

Also in this case the agreement is very good, especially in terms
of overlapping between the confidence intervals, apart from a very
superficial layer (8 µmthickness), where the simulations overestimate
the compressive RSs. This could be related to the fact that the struc-
ture of this layer is greatly affected by the surface roughness, as its
thickness is comparable with the maximum peak-to-valley distance.
The last approach attempts to take into account the effect of both sur-
face roughness and radiation penetration on the XRD measurement
of the residual stress profile. Specifically, the outer surface layers are
not continuous owing to the irregular surface morphology composed
of peaks and valleys. Surface layers can then be referred to as a con-
tinuum of pseudo-density lower than that of the bulk. For this reason,
they are expected to contribute less to the residual stress information
collected by the XRD technique. Therefore, in a first approximate
attempt to estimate the true residual stress profile, the contribution
of each material layer to the XRD measure is scaled proportionally to
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its pseudo-density. To evaluate this parameter, the control volume is
divided into thin “slices” (1 µm thickness) and the material continuity
is estimated as the ratio of the number of nodes in every slice to the
number of nodes on the undeformed surface. The stress value of each
material layers is scaled as follows:

1. the penetration coefficient ξ is supposed to be related to the ac-
tual material density, being the material a filter to the radiation
penetration, so for each material layer a different ξl coefficient
is computed as:

ξl = ξ
Nsurf
Nl

(4.10)

where ξl is the penetration coefficient for the l-th layer, Nl is
the number of nodes in the l-th layer and Nsurf is the number
of nodes on the undeformed material surface;

2. The RS is thus computed from the following expression:

σ̄xx(z) =
Npv
Nu

∑n
k=1 σie

− z−z
′

ξl∑n
k=1 e

− z−z
′

ξl

(4.11)

where Npv is the number of nodes having y coordinate lower
than the highest peak and higher than the deepest valley, and
Nu is the number of nodes enclosed in the same volume in the
undeformed configuration.

As a first attempt to take into account this effect, the third strat-
egy based on a pseudo-density of the surface layers is adopted in the
comparison shown in Figure 4.17. In this case, the stress profile ap
pears somehow artificial, indicating the need of a more sophisticated
algorithm in the pseudo-density computation. Anyway, it is clear that
the stress profile correction moves in the right direction, reducing the
surface stress value; a better algorithm could make the stress curve
smoother and presumably closer to the experimental curve.
In conclusion, these comparisons demonstrate how difficult it is to in-
terpret the experimental surface RS values, as they are greatly affected
by the actual penetration depth of the radiation into the roughness
asperities. The irregular surface morphology makes also complicate
establishing the origin of the depth coordinate used to map the resid-
ual stress profile.
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Figure 4.17: Comparison between RS profile from the FEM, considering the
penetration effect of the X-ray and the pseudo-density of the peened surface,
and the RS profile detected with the XRD analysis.

4.2.4 Stress concentration factor

The stress concentration exerted by the surface roughness is a key
parameter to evaluate the capability ofthe surface treatment to im-
prove the fatigue behavior of the peened part. In order to compute the
stress concentration factor, an implicit procedure is performed after
the ex- plicit dynamic simulation. The finely meshed central volume
of the target body, where all the shots are already impinged, is ex-
ported into the static implicit simulation environment (Figure 4.18).
The new model has roughly the shape of a square based parallelepiped
with side 156 µm and height 120 µm, and preserves the deformed shape
of the previous model but not the RS state. The model undergoes two
static simulations, consisting in the application of a uniform tensile
stress of 1 MPa on two opposite side faces, first in the x then in the y
direction. The results are analysed in terms of von Mises equivalent
stress to estimate the stress concentration factor Kt

The simplest method for the estimation of the Kt factor consists in
computing the ratio between the nominal stress applied to the model
and the maximum stress in the model. This method leads to a large
overestimation of the stress concentration factor, since it considers the
stress state that develops in very small volumes (virtually, in a single
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Figure 4.18: Representation of the procedure developed for the explicit-to-
implicit simulation used to compute the Kt factor.

node) without taking into account the stress state in the surrounding
material.
Indeed, in the shallowest points of the impingement dimples an intense
stress state develops during the simulation of the tensile test, and the
stress peak is higher if the dimple is deeper; anyway, its value decreases
rapidly moving away from the bottom of the dimple. sIn the case of
these FEM models, also the case of a singularity generated by the
previous impacts has to be considered.
The concept of material notch sensitivity was introduced to account
for this effect; more recently, the theory of critical distance has been
developed and formalized to predict the fatigue resistance of parts
carrying stress raisers [145], [146]. To predict the fatigue strength
of notched shot peened parts, in [65] is proposed a critical distance
theory in which the stress averaging domain is a circular area lying
on the plane normal to the direction of load application and centred
in the crack initiation site. The size of this circular area depends on
the material and the number of cycles to failure and was estimated
equal to 54 µm for predicting the high-cycle fatigue strength of Al-
7075-T651. In the present study, the same approach is adopted to
estimate the notch fatigue factor, where by the equivalent von Mises
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stress is averaged over a half-circular area centred in the bottomof the
crater characterized by the highest stress value and therefore in the
most likely crack initiation site (Figure 4.19).

Figure 4.19: Schematic section representation of the model used to compute
Kt. The striped area highlight the area used to compute the average stress
value.

The plot representing Kt parameter versus the radius of the hemi-
circular area is shown in Figure 4.20. The results obtained from the
FE simulation show good accordance with the experimental/empirical
results, also considering a critical distance of 54 µm, which gives a Kt
value of 1.05. The semi-analytical approach devised in [125] and used
in [123] predicts a value of 1.11 when the roughness parameters listed
in Table 4.6 are used, while the 2D FEM model developed in [65] using
the experimental surface profiles estimates a Kt value of 1.09. Also in
this case the slight discrepancy of FE predictions from experimental
measures can be ascribed to the numerical underestimation of the
surface roughness, which is supposed to play the most important role
on the stress concentration effect.

Some observations on stress concentration factor The popu-
lation of SP experiments created in the present work has been anal-
ysed to search for possible relationships between the peening process
parameters and the effects on the target material in terms of rough-
ness and residual stresses. No evident relationship has been found
between the stress concentration factor and the average shots energy
in the simulation (Figure 4.21a), the maximum energy of a single shot
in the simulation (Figure 4.21b), the standard deviation of the kinetic
energy in the shots stream (Figure 4.21c).
Moreover, no clear correlation has been found between maximum
compressive RS and the overall kinetic energy of the shot stream
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Figure 4.20: Stress intensity factor vs. radius of the hemi circular area used
for its computation. a: maximum stress concentration near a single node;
b: Kt computed using a 54µm critical distance; c: Kt computed using the
semi-analytical formula in [123]; d:Kt computed with a 2D FEMmodel in
[65].

(Fig 4.21d). Even if the link between the surface roughness and the
stress concentration is a matter of fact, the Kt value (computed using
a 54 µm radius) does not show a clear correlation to the overall kinetic
energy of the shot stream (Figure 4.22) while the resulting value of the
surface roughness does (Figure 4.13). We must remind, however, that
the surface roughness is a distributed phenomenon, which depends on
the dynamics of a high number of beads impinging on a surface, while
Kt is a strictly local phenomenon, depending on the morphology of a
limited portion of the surface.

4.2.5 Conclusions

The present Chapter describes one of the first attempts to sim-
ulate a micro SP treatment. Special care is taken in reproducing
the statistical variability that affects the process parameters: cover-
age, shot size distribution, shot velocity distribution, random impacts
point. The Lemaitre-Chaboche material model is used to take into
account the correct material behavior under repeated strain. A num-
ber of 30 explicit dynamic simulations in Ansys/LS-Dyna are carried
out to produce a population of numerical results that is statistically
significant. The simulations are validated through surface roughness
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(a) (b)

(c) (d)

Figure 4.21: (a) Kt factor vs. normalized average kinetic energy of the beads
in the simulation; (b) Kt factor vs. normalized maximum kinetic energy
of a single bead in the simulation; (c) Kt factor vs. normalized standard
deviation of the kinetic energy of the beads in the simulation; (d) Maximum
compressive RS in the target vs. normalized overall kinetic energy of the
bead stream.

Figure 4.22: Kt factor vs. normalized overall kinetic energy of the bead
stream.
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and RS measurements. For this purpose, several procedures have been
specifically developed in the present paper to permit a consistent com-
parison between experimentally measured and numerically estimated
residual stresses. The following conclusions can be drawn:

1. The numerical simulations are in good agreement with both 2D
and 3D roughness measurements. Nevertheless, the discretiza-
tion of the target surface produce a systematic underestimation
of the surface roughening effect.

2. If the numerically estimated residual stresses are corrected for
layer deformation and experimentally measured values are cor-
rected for X-ray penetration, a good agreement is obtained both
in terms of stress magnitude and depth of the residual stress
peak, even if the deep deformation of the surface layers in the
target generates some uncertainties in the estimation of the
stress profile.

3. If the numerically estimated RSs are corrected for both effects
(radiation penetration and layers deformation), again a good
agreement is obtained with the experimental data, especially in
the stress peak region.

4. The discrepancy between numerically simulated and experimen-
tally predicted residual stress in the outer layer can be reduced
by considering the effect of surface roughness on the pseudo-
density of the material.

5. The numerical simulations permit to estimate the stress concen-
tration effect exerted by the surface roughness, in good agree-
ment with analytical and numerical values taken from the liter-
ature.

6. It is very hard to identify clear correlations between the param-
eters governing the dynamics of the bead stream and the treat-
ment effects. Only the surface roughness seems to be correlated
with the overall kinetic energy of the bead stream.
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Chapter 5

Simulation of SP on an edge

In this Chapter the problem of simulating SP on an edge is ad-
dressed, as an attempt to move towards the simulation of the process
on geometrical details acting as stress raisers.
As mentioned in Section 1.2, simulation of SP is aimed at a better
knowledge of the process, mainly in perspective of integrating the
beneficial and detrimental effects of peening in the design process, in
order to achieve a better optimization of components even when fa-
tigue life dimensioning is involved. In this regard, the importance of
geometrical discontinuities (edges, grooves, notches) in undercutting
the fatigue resistance of components can not be neglected. The ap-
proach through which the knowledge of the peening effects (mainly
the RS state) in specific point of the studied component can lead to a
consistent integration of these in the design process is well stated by
Jebahi et al. in [120].
Unquestionably, the geometrical features on the surface of the treated
component do exert some kind of perturbation on the flowing of the
peening media. Since the realistic simulation of the coverage is strictly
related to the knowledge of the dynamic conditions of the stream of
shots impacting on the surface, as also shown by Gariepy et al. [113],
some more care is required in devising the correct model to simulate
the peening process.
A first approximated model is devised on the basis of the experience
gained in the simulation on a flat surface. Similarly to what seen in
the previous Chapter, the model consists in a prismatic target body
and a stack of hemispherical impacting shots (Figure 5.1).
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Figure 5.1: Simplified model of the SP process on an edge.

The impact area is still circular, having a 100 µm diameter; in this
case it is “folded” on the ideally sharp edge where the process is sim-
ulated. In other words, impacts are gathered inside two hemicircular
areas on the two concurring faces that form the edge. A number of
shots is randomly arranged on the two impact areas, according to the
MatLab routine seen in Section 4.1.2, in order to achieve full coverage.
Since the peening nozzle turns around the tip of the edge at constant
velocity, some more shots are required to simulate the process. Since
not many data are available, a predetermined number of shots (24 on
each face of the corner) are generated to impact with a 45° inclination
with respect to the impacting surface, in random locations. 5 more
inclined shots are generated to impact directly on the tip of the edge.
An illustrative arrangement of impacts is shown in Figure 5.2.

The resulting RS field obtained from this model is not satisfac-
tory, and shows some discrepancies with the reconstructed RS field
mentioned in Section 3.3. Beyond the results of the simulations, this
model is useful to highlight the critical aspects of the model: in partic-
ular the instability due to the intense deformation of the elements on
the tip of the edge, and the diffulty in arranging the impacts on the
target, without introducing arbitrary and unsubstantiated approxi-
mations.
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Figure 5.2: Illustrative arrangement of shots on the two impact areas on the
two faces of the edge. In red, the indents of the shots randomly arranged
by the MatLab routine. In green, 24 inclined shots. In blue, the shots
impacting on the edge tip. The cyan circle represents the 100µm diameter
impact area.

To deal with the problem of instability, two features are introduced in
the model: a fillet on the edge tip, and erosion of the target elements.
No precise informations are available on the precise edge morphology,
thus a 10 µm radius fillet is assumed on the tip. This helps the sta-
bility of the solution, since it avoids the excessive deformation of the
elements on the sharp corner, without excessively modifying the tar-
get geometry. Moreover, bigger elements are used in the impact are
(3 µm, in order to make elements capable of tolerating more intense
deformation; on the other hand this makes the simulation not really
suitable for the study of the morphology modification of the surface.
Arranging the impact in the surroundings of the edge is quite a more
complex matter. For this purpose, a more accurate study is required,
in order to evaluate the number of impacting shots and their dynam-
ics. As seen in Chapter 2, discrete element method DEM is an eligible
tool for simulating the interaction among shots and their dynamics.
The DEM is then used to simulate the shot stream dynamics, i.e. the
velocity distribution of impacting particles in the edge region. This
information is necessary to set up the FEM simulations of the SP pro-
cess at the edge. Four different scenarios are modelled to investigate
the contribution of the different process stages to the final RS distri-
bution. In the first more complete simulation the nozzle approaching,
turning around and finally receding from the edge is performed, then
three simplified simulations were considered, i.e. respectively, only the
shots blown by the nozzle when turning around the edge disregard-
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ing the approaching and receding phase, or only the shots impacting
orthogonally or with a 45° fixed inclination onto the two flat faces
near the edge disregarding the turning phase of the nozzle. The effect
of the fillet radius on the edge tip will be studied in a further para-
metric simulation campaign, for the two more promising approaches
identified in the previous simulations. The RS fields resulting from
the numerical simulations are compared with RS fields reconstructed
using the results of Micro-X-ray diffraction taken in the vicinity of the
edge of smooth samples, as seen in Section 3.3.

Part of the data displayed in this Chapter has been published in
[147].

5.1 The DEM-FEM approach.

The FEM simulation of the entire SP process would require an
excessive computational effort, given the high number of mutually in-
teracting bodies involved. The cooperation between DEM and FEM
is summarized in the logic flow shown in Figure 5.3; the cooperation is
intended to give a realistic and detailed formulation of the SP treat-
ment in all its aspects with an affordable computational cost. The
DEM model assumes purely elastic shot-shot and shot-target inter-
actions and simulates the dynamic conditions of the shot stream, i.e.
the interactions between shots in the path between the outlet of the
nozzle and the impact surface and the impact momentum of the im-
pinging particles.

As well stated in [119], shot-shot interaction are supposed to play
an important role especially in treatments with such fine peening me-
dia as the one being considered. DEM simulations are performed
using the open-source software Yade-DEM. The model is set up ac-
cording to the nominal parameters of the SP treatment mentioned in
Section 3.1 and is used to compute the impact location and velocity
of the shots on the target body. The subsequent FEM simulations fo-
cus on the complex elastoplastic phenomena produced by the multiple
interactions between the impacting shots and the peening target and
predict the surface deformation as well as the RS state generated in
the aluminum alloy at the end of the treatment. To set the parameters
up for the realistic DEM simulation, a preliminary calibration phase
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Figure 5.3: Schematic representation of the synergistic DEM-FEM ap-
proach.

based on specific FE analyses is needed. First, a coefficient of resti-
tution CoR is computed, to take into account dissipative phenomena
of the impacts; more details on the CoR can be found in [148]. Then,
the correct parameters for the nozzle to achieve steady-state working
are studied. Lastly, the translational speed of the nozzle to achieve
full coverage in one single pass is computed.

5.1.1 Setup of the DEM simulation

Coefficient of Restitution CoR The first aspect to be solved for
the simulation of the stream dynamics concerns the complex dissipa-
tive phenomena connected with the interaction among particles as well
as between particles and target. The dissipation is due to friction be-
tween bodies, plastic deformation, and conversion of the translational
kinetic energy into rotational kinetic energy. Shots in the DEM are
indeed considered as punctiform bodies, having their own dimension,
mass and inertia. The CoR is defined as the ratio between the relative
velocity of two bodies, before and after an impact:

CoR =
Vin
Vout

(5.1)
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where Vin is the relative velocity of the shot before the impact and
Vout is the relative velocity after the impact. For the sake of simplic-
ity, it is assumed to be independent of the size and the velocity of the
shots.
The CoR to be used in the simulations is computed using FEM simu-
lations of a sphere impacting on the surface of a cubic body, which is
constrained to prevent any motion; the ratio between the initial and
final velocity of the impacting sphere gives the CoR. To compute the
CoR for the shot-shot impact case, both the shot and the cubic body
rely on a linear elastic material model having the mechanical proper-
ties of the ceramic beads. In the case of the shot-target interaction,
the elasto-plastic material model used for the aluminum alloy is used
for the target body.
The shot-shot interaction does not consider any plastic deformation,
so the CoR is constant and has a value of 0.69. On the other hand, in
the case of shot-target interaction, work hardening of the aluminum
alloy causes the CoR to change slightly in case of multiple impacts.
For the first impact the CoR value is 0.43 and it gradually increases
to the asymptotic value of 0.6 reached just after the fourth impact.
Nevertheless, using a variable CoR would necessitate incorporating
the strain hardening into the DEM simulation. Since neglecting the
CoR variability does not affect the simulation significantly [119], the
CoR is considered constant throughout the simulations and its value
is 0.69 for shot-shot interaction and 0.43 for shot-target interaction,
as well stated in [137].

Steady-state functioning of the nozzle The second step towards
the DEM setup regards the study of the transient stage of the shots
flow and the achievement of the steady state of the process. The DEM
models used in the following consist basically of a nozzle, a stack of
spherical bodies flowing through it and a prismatic target body.
The nozzle is a fundamental part of the DEM model, and the related
parameters need to be adequately set in order to have a realistic rep-
resentation of the process. The nozzle is modeled as a cylindrical
rigid surface, having a diameter of 24 mm and an outlet diameter of
12 mm; the shape of the outlet is shown in Figure 5.4. The size of the
shots in the stack is randomly generated according to the stochastic
distribution obtained from the experimental measurements as seen in
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Section 4.1.2.

Figure 5.4: Schematic representation of the nozzle. The hatched areas show
where initial velocity and drag force are applied to the shots.

The motion of the particles in the pipes and nozzle is expected to
be chaotic, given the high number of impacts and interactions occur-
ring among shots and shot and surfaces, and the turbulence of the
air used to blow the beads. Nevertheless, the simulation of the entire
path of the beads inside the peening machine is not feasible nor even
necessary, since the nozzle plays the most significant role in determin-
ing the dynamic conditions (direction and velocity) of the shots; thus,
the model is set up as follows. In the cylindrical part of the nozzle, the
shots are randomly distributed in the volume by the software with a
volume density (better said a “packing factor”) chosen as a parameter
of the DEM simulation. A constant and equal velocity is applied to
all the shots, namely the average velocity of the shots which has been
experimentally measured (57 m/s, see Section 3.1), and the direction
is parallel to the axis of the nozzle. In the tapered part of the nozzle,
a significant part of the shots impacts on the nozzle surface and their
trajectory is deviated or backscattered, with the effect of generating
also new impacts among shots. Most of the interactions among shots
happen in this part of the nozzle causing flow congestion and decrease
in the mean velocity. This is counteracted by the drag effect of the
compressed air used to blow the shots and to preserve the mass flow
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and average velocity of the stream. In the DEM model, a drag force
(Fdrag) is applied to the shots in this region whose magnitude is pro-
portional to the square of the difference between the shot velocity and
the nominal velocity:

Fdrag = k · (Vshot − Vnominal)2 (5.2)

Vnominal is the average velocity of the shot stream and Vshot is the
actual velocity of each shot. The drag force is also applied in the
upper part of the nozzle to the backscattered shots, i.e. to the shots
which are moving in the opposite direction with respect to the bead
flow because of previous impacts. A schematic representation of the
nozzle is given in Figure 5.4.
The parameters to be set in the model are the packing factor of the
shots in the stack (number of shots per unit volume) in the non-
tapered part of the nozzle, and the coefficient k in Equation 5.2. Both
these parameters are adjusted by trial-and-error in order to achieve
the steady state functioning of the nozzle, with the mean velocity of
the shots at the outlet of the nozzle and mass flow of the peening
media matching the nominal parameters of the process.
Simulations (the nozzle is represented in Figure 5.5) are performed
using an increasing number of shots, that means a progressively in-
creasing simulation time. The evolution of the mass flow and average
velocity of the shots is monitored to recognize the achievement of the
steady state. The correct duration of the simulation is identified in
2.3 ms, with 130000 transiting shots. The final mass flow and average
velocity of the shots are depicted in Figure 5.6 as a function of the
simulation time. The steady state is achieved in ∼1 ms, after which
the system is considered to be working in a stationary condition.

Translational velocity of the nozzle The last step for the setup
of the DEM model is to adjust the translational speed of the nozzle
to achieve the chosen coverage level. To do this, a DEM model of
the SP process on a flat surface is devised, to get to know the spatial
distribution of impacts.
The model consists in a cubic body, impacted by a stack of spheres
coming from the nozzle as described in the previous section. The
axis of the nozzle is orthogonal to the impact surface, as in the real
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Figure 5.5: Nozzle in the DEM simulation.

Figure 5.6: Mass flow and mean velocity at the outlet of the nozzle in the
DEM simulation. The steady state can be noticed.
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peening process and the distance between the nozzle outlet and the
target body is 100 mm. 5 simulations with 130000 impacting shots
and a simulation time of 2.3 ms are performed. Performing many
shorter simulations is preferred to performing a single, longer one due
to the memory required to record the data collected during the solu-
tion makes the simulation extremely space-costly and data storing in
long simulation makes the solution slower.
The results are recorded in terms of impact velocity v̄, and location
of the shots, after the steady state functioning was achieved. When
a shot has a positive velocity (i.e. it is approaching the target) and
its center of mass is closer to the target surface than the shot radius
+1 µm, its location and velocity are recorded as the impact ones. This
causes a slight (though negligible) error in the detection of the impact
location but prevents the recording from happening after the impact
has already started, which would cause the detection of a mistaken
impact velocity.
The distribution of the impact velocity intensity is computed con-
sidering all the impacts on the whole target surface and is shown in
Figure 5.7 and is more broadly scattered than expected. For the sake
of simplicity, the velocity distribution on the flat surface and the edge
is assumed to be Gaussian as in [110], [149], despite the scattering
due to shot-shot interaction shown in [74]. The spatial distribution
of the impacts is useful for a visual check of the plausibility of the
results and is shown in Figure 5.8. It is interesting to notice that no
significant coorelation has been found between the shot radius and its
impact velocity or its scattering angle. Bigger shots tend to impact
wit a higher velocity and a lower scattering angle, but the difference
is so weak (around 5% of the average velocity) that makes this corre-
lation not worth to be taken into account.

The output data of the DEM simulation are used, in a first stage,
to estimate the number of impacts getting full coverage un a chosen
area. The number of impacts per unit area needed to achieve full cov-
erage is computed using the MatLab routine devised in Section 4.1.2,
based on the estimation of the indent diameter as a linear function
of the dimension and velocity of the impacting shots. The routine
simulates randomly arranged impacts on a circular area of 100 µm

diameter. Random dimensions of the shots are assumed, using the
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Figure 5.7: Fig. 7. Distribution of the magnitude of the impact velocities
in the simulation on a flat surface. Comparison of the curves considering all
the impacts or only the effective ones. In red the fitting normal distribution.

stochastic distribution obtained from the experimental measurements
(Section 3.1). Random velocity of the shots is assumed, according to
the stochastic distribution obtained from the aforementioned DEM
simulation. The coefficients of the function used to estimate the dim-
ple dimension are adjusted using a DOE of FEM simulations with
single shots impacting on a flat surface, with different velocities and
dimensions of the shots. The velocity distribution is highly scattered
and the average impact velocity is slightly lower than the nominal
velocity (∼52 m/s vs. 57 m/s). This leads to estimate the average
number of shots to achieve full coverage as 85, which is much higher
than the average number of shots to achieve full coverage (∼ 48) when
nominal average velocity and less scatter in velocity is considered as
in the previous Chapter 4.
It is worth noting that the results of these single shot simulations
prove that shots having an orthogonal impact velocity Vshot <25 m/s

do cause a negligible plasticization of the target. Moreover, it can be
observed that impact dimple dimension and the generated RSs only
depend on the component of velocity orthogonal to the impact surface,
as also stated in [78], [116], [120]. This information will be usefully
exploited in the following to increase the computational efficiency of
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(a)

(b)

Figure 5.8: Example of scatter plot of the impacts in the simulation of
the process on a flat surface and spatial distribution of the impacts as a
function of the distance from projected center of the nozzle (polar symmetry
is assumed).
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the simulation on the specimen edge.
The spatial distribution of the impacts in an area directly under the
nozzle is used to compute the number of impacts per unit time on a
unit area. Given the number of impacts needed to achieve full cov-
erage, the translational velocity of the nozzle to have full coverage in
one single pass is estimated to be Vnozzle =9.1 mm/s. Importantly, we
assume to achieve full coverage in a single pass of the nozzle; this as-
sumption is furtherly supported by the observation made in [77] that
the results do not significantly differ in the case of multiple passes
with lower coverage.

5.2 DEM simulation of the SP process on the edge

The DEM simulation is now set up, and all the parameters relative
to the process on a flat surface are known. The next step is about
extending the simulation to the process occurring on the edge. The
motion of the nozzle can be divided into three main stages. First,
the approaching of the nozzle towards the edge on the front surface;
then the turning of the nozzle around the edge tip; lastly the receding
from the edge on the lateral surface. In the approaching, the nozzle
translates remaining orthogonal to the Front Surface until its axis is
on the edge tip; the receding stage is similar to the approaching stage,
in a mirrored situation.
When the process is carried out on a flat surface, the impacts ar-
range on a quasi-circular pattern as seen in Figure 5.8. During the
approaching stage, the pattern is gradually cut; namely, the peening
media goes beyond the target without impacting. Moreover, at the
end of this stage the impact pattern is semi-circular shaped. A small
area directly under the nozzle, in the vicinity of the edge is consid-
ered. When the approaching stage ends, half a pass of the nozzle has
been carried out on the considered area. Thus, the considered area
has been hit by a number of shots which is, on average, one half of the
impacts required to achieve full coverage. These shots have an impact
velocity v̄ distribution equal to the case of SP on a flat surface.
The same observations, in a symmetric condition, are also valid for
receding stage. In this case, the Lateral Surface (see Figure 3.11) is
hit, when the nozzle ends the circular trajectory around the edge tip.
When rotating about the edge tip, the nozzle maintains its peripheral
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velocity and working distance and bombards roughly the same spot.
The angular velocity of the nozzle in the simulation is 0.091/s. Hence,
the complete rotation of the nozzle about the edge would require 17.2 s

and up to ∼ 109 shots. The computational cost of such a simulation
is terrific and for this reason an alternative approach to the problem
is devised.
Considering the constant velocity of the nozzle while it turns about
the edge tip, the behavior of the shot stream is assumed to be sym-
metric in the first and the second part of the arch, so only one half
of the nozzle rotation about the edge is simulated. The dynamics of
the particle recorded while the nozzle is tilting from 0° to 45° (with
respect to the original position) can be mirrored to compute the dy-
namic behavior of the shot stream on the whole path.
A further assumption taken to make the computation faster is to dis-
cretize the nozzle motion in a sequence of 7 static simulations, as
schematically represented in Figure 5.9. The nozzle points directly
towards the edge tip and is tilted respectively by 0°, 7.5°, 15°, 22.5°,
30°, 37.5°,45° with respect to the normal vector to the Front Surface
representing the initial direction (0°). This is assumed to be a rea-
sonable simplifica-tion since the angular velocity of the nozzle is low
enough, if compared to the average velocity of the shots, to consider
the shot stream to be at steady state at any instant of its path around
the edge. Accordingly, the discretization does not affect the behavior
of the shot beam nor the interaction phenomena between shots.

Each simulation covers a time interval of 2.3 ms, with 130000 im-
pacting shots. After achieving the steady state of the nozzle in each
simulation, the impact conditions are recorded. Impacts between the
backscattered and approaching shots often cause some shots to devi-
ate from their initial trajectory. Monitoring these events in the DEM
simulation is an onerous task, which requires the recording of a huge
amount of data. Some of these collisions may also produce rupture
of the involved shots, nevertheless this possibility is not taken into
account to save time and computational cost.
To set up the FEM simulation of the SP in correspondence of the edge,
it is required to know the process conditions in the close vicinity of
the edge. Hence, only the impacts within 500 µm of distance from
the nozzle axis and the edge tip are recorded. The impact velocity v̄
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Figure 5.9: Schematic representation of the nozzle motion around the edge
tip.

and location are recorded for each shot. The Gaussian distribution
of impact velocity components are computed, the intensity and the
orthogonal component of the velocity are plotted in Figure 5.10 re-
spectively (a) and (b). Lower scattering is recorded for higher angles,
due to the lower number of interactions between shots in this con-
dition, differently from what found by Jebahi et al. [120] on a flat
surface.

Figure 5.11 displays the fraction of shots whose orthogonal veloc-
ity is high enough to make them effective to the plasticization of the
target surface (Vort >25 m/s) as a function of the tilting angle of the
nozzle, on both the Front (FS) and Lateral Surface (LS). Interest-
ingly, the effective fraction of shots is quite high as long as the nozzle
is slightly tilted with respect to the normal to the Front or Lateral
Surface (tilting angle near to0° or 90°). The percentage is much lower
when the nozzle moves in the central part of the arch and drops to
zero when the relative angle between the surface and the nozzle ex-
ceeds 60°. The average fraction of effective shots is about 50%. This
results in a number of impacts corresponding to a 200% coverage in
the proximity of the edge. Such coverage level is deemed to be repre-
sentative of high coverage processes, also considering the saturation
phenomena occurring in the RS state in the peened component when
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(a)

(b)

Figure 5.10: Impact velocity distributions at different tilting angles of the
nozzle. (a) absolute impact velocity. (b) orthogonal impact velocity. Higher
tilting angles result in higher impact velocity (a) due to fewer interactions
between shots.
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coverage exceeds 100% owing to to the work hardening of the tar-
get material [57], [68], [81], [85], [110]. We remind again that surface
modifications induced by very high coverage level in shot peening are
not being studied in this study, and only the RS state is under inves-
tigation.
To set up the FEM simulations the impact velocity v̄ distribution in
each angle interval is computed by combining the ones at the end-
points. E.g., the distribution for a tilting angle of the nozzle in the
interval [0°,7.5°] is the combination of the distributions computed at
0° and 7.5°, by computing the arithmetic mean of the mean values
and the geometric mean of the standard deviations.

Figure 5.11: Percentage of effective shots (in terms of surface plasticization)
on the two faces of the edge as a function of the tilting angle of the nozzle.

5.3 FEM simulation of the SP process on the edge

At first, one simulation approach is devised with the aim of have
the most realistic representation of the process on the edge. The first
approach in presented in Section 5.3.1. Three simplified modelling
strategies are then studied, in order to better understand the phe-
nomena involved in the development of the RS in the target, thus
to devise an easier and businesslike approach. They are presented in
Section 5.3.2.
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5.3.1 FEM model for complete simulation

The FEM model consists in the target body and the stack of hemi-
spherical shots impacting on two of its sides (Figure 5.12). The pris-
matic target body has a dimension of 240×150×300 µm3, which is
considered to be adequate for preventing the boundary conditions
from perturbing the residual stress field, as also stated in [99].

Figure 5.12: The FEM model: target body and stack of impacting shots.

The target body is constrained on the four sides not exposed to
impacts. The nodes on these faces are constrained in order to pre-
vent any displacement normal to the surface, and silent constraints
are used, in order to avoid reflection of the shock waves caused by
impacting shots. To enhance the stability of the simulation by pre-
venting the sharpening of the edge that would make the simulation
unstable due to excessive deformation of some elements, the edge is
provided with a very small fillet radius of 10 µm. This value is consid-
ered reasonable in view of the fact the samples were extracted from
rolled plates by electro-discharge machining. Deeper attention will be
devoted in the following to investigating the effect of such geometrical
parameter on the shot peening process.
The whole model is meshed using 8 nodes brick elements (SOLID
164) with reduced integration; hourglassing control is active for all
elements. No mass scaling is introduced, in order not to alter the
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dynamics of the process, being the time step mostly dependent on the
elements of the shots (small and rigid), which are also the ones whose
kinetic energy is responsible for the development of the RS state in
the target.
In order to prevent oscillations of the target surface, damping is ap-
plied to the target body. Being mass damping easier to set and more
effective than stiffness damping, only α-damping is applied. The
damping value is set on a sub-critic value of α = 24 106/s as pre-
viouslystated for the simulation of shot peening on a flat surface.
Elements in the volume underlying the impact area are distributed
on a regular mesh and have a characteristic dimension of 3 µm (Fig-
ure 5.13). In the surrounding volume, more elongated elements are
used to fill the volume joining the impact volume to the constrained
surfaces.

Figure 5.13: Detail of the mesh on the target and the reference system used.

As can be expected, the material model used for the target body
has much importance in the development of the RSs. The shots
are modeled using a bilinear elasto-plastic behavior with high yield
strength (3 GPa), which is meant to represent the mechanical behav-
ior of the ceramic material, where the plastic deformation is used only
to get a more stable simulation, as seen in Chapter 4. On the other
hand, as seen previously, the surface layer of the target body under-
goes a strong deformation and due the stochastic character of the pro-
cess, partially superimposing impacts happen frequently. This causes
the complex non-monotonic deformation history of some volumes in
the target. For these reasons, also in this case the Lemaitre-Chaboche
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model is applied to the target body, and its parameters are adjusted
using cyclic stress-strain curves after the stabilization of the hysteresis
loop in order to have a realistic representation of the material behav-
ior under cyclic load as seen in Section 4.1.1. The parameter of the
Chaboche model are reported in Table 4.1.
An Erosion Surface-to-Surface algorithm is used to manage the con-
tact phenomena between the shots and the target body. The fric-
tion coefficient between the target body and the shots has a value of
µ = 0.05, which is found to be suitable for the interaction between
aluminum alloy and the ceramic beads [150]. Erosion is used to pre-
vent unstable conditions for the simulation: elements are suppressed
when they reach a deformation exceeding 200%.
Shots are arranged in order to impact over a circular impact area hav-
ing 100 µm diameter, laying symmetrically on the two concurrent faces
forming the edge. The MatLab routine mentioned in Section 4.1.2
identifies in 85 the average number of shots needed to achieve full
coverage on a flat surface if a circular impact area having 100 µm di-
ameter is considered. As mentioned in Section 5.1.1, the number of
impacts required to achieve full coverage is higher than in the case
of SP on a flat surfacem due to the wider scattering of shots velocity
and the lower average impact velocity. As stated in Section 5.2, the
average number of impacting shots is estimated in 170, which corre-
sponds to a coverage of about 200% due to the shots blown when the
nozzle is turning; moreover, the approaching and receding stage are
to be kept into account.
Hence, 22 shots impact on the Front Surface of the impact are in the
approaching stage. 170 shots hit on the whole impact area while the
nozzle tilts. 22 more shots impact on the Lateral Surface due to the
receding stage. The selection of the effective shots according to the
impact velocity v̄ is performed considering an ideal sharp edge; nev-
ertheless, the selection is considered to be valid also when a fillet is
added to the edge in the FEM simulation, due to the small dimension
of the fillet.
The 22 + 22 shots on the Front and Lateral Surface are generated
using the impact velocity v̄ computed on a flat surface. The 170 shots
are generated according to the percentage of effective shots at each
tilting range. On the Front Surface, 18 shots are assumed to impact
when the nozzle has a tilting angle between 0° and 7.5°, 16 when the
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angle is in the range 7.5° to 15°, 13 in [15°, 22.5°], 12 in [22.5°, 30°],
11 in [30°, 37.5°], 8 in [37.5°, 45°]. On the Lateral Surface, no effective
shots impact in the range [0°,30°], 2 shots impact when the nozzle has
an angle in the range [30°, 37.5°] and 5 shots are generated for an angle
in the range [37.5°, 45°]. On the second half of the nozzle path, the
distribution of the shots is mirrored with respect to the bisector plane
of the edge, considering the symmetry of the phenomena previously
stated.
The so-determined number of shots in each range is provided with ran-
domly sampled impact velocity v̄, according to the value computed
for its proper range from the results of the DEM simulation.
A MatLab script is used to arrange the 214 shots according to the
criteria just explained (Figure 5.14). A visual inspection to assure a
uniform coverage is performed after each simulation to check a reason-
able uniformity of the impacts (Figure 5.15). The impact locations
are arranged with a completely random approach, but the distance
between each shot and the target is chosen in order to prevent simul-
taneous shot in close sites. For this reason, no interaction of the shots
is considered, in order to make impacts as close in time as possible
and reduce the simulation time. Nevertheless, the random arrange-
ment of impacts makes possi- ble for shots to hit in close sites or even
in the same point not at the same moment. Partial or complete su-
perimposition of impact dimples happens, according to the statistical
probability of this event.

The shots dimension is randomly generated, according to the dis-
tribution detected in the experimental measurements, as in Section 4.1.2.

5.3.2 Simplified modeling strategies

Three simplified modelling strategies are devised to develop a bet-
ter knowledge of the peening process.
The first simplified model is aimed at studying the influence of the
only shots blown during tilting stage disregarding the contribution of
those impacting during the approaching and receding phases. Since
170 shots blown during the nozzle tilting stage are kept, this approach
is regarded as the 170 impacts model. The model appears similar to
the complete model, shown in Figure 5.12.
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Figure 5.14: Illustrative arrangement of the impact locations using the Mat-
Lab routine.

Figure 5.15: Deformed target body at the end of the simulation. Nodal
displacement is plotted.
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Moreover, the DEM-FEM synergistic approach is time-consuming and
computationally heavy. A simplified and more manageable simulation
would be preferable in the industrial practice. Hence, two more sim-
plified models are devised, in order compare its results to the ones
of the DEM-FEM approach. These simplified models are obtained
straight-forwardly from the FEM model presented in detail in the
previous section. The target body is kept the same, as well as the
material model used, the constraints and the contact algorithm.
A coverage level of 100% is chosen, in order to perform an extremely
simplified simulation, based mainly on the nominal parameters of the
treatment. Hence, 85 shots are arranged to randomly impact on the
front and lateral surfaces. The impact velocities are randomly gener-
ated according to the stochastic distribution computed from the DEM
simulation in the case of the shot peening treatment on a flat surface.
In the first model all the shots impact orthogonally to either face,
as shown in Figure 5.17. In the second one, termed the 45° impacts
model, all the shots have a direction corresponding to a 45° tilting
angle of the nozzle.

Figure 5.16: The model used in the second simplified approach, with or-
thogonal impacts.

5.4 Results and discussion

Given the stochastic character of the SP process, six simulations
are performed for each model in order to have some statistical repre-
sentativeness of the results. The final result is computed by averaging
the results of each set of simulations. The FEM simulations are per-

109



Figure 5.17: The model used in the third simplified approach, with 45°
inclined impacts.

formed using the explicit dynamic solver Ansys/LS-Dyna.
The RS field is computed using the nodal results of the nodes laying
in the volume subtending the impact area, namely the volume having
the shape of a quarter of a sphere (with the Font and Lateral sur-
faces of the impact area as semicircular faces) and a radius of 70 µm.
Some surrounding material is considered, even if not full coverage is
achieved on its surface, just in order to plot the RS field. The model
is considered in the undeformed condition, namely the original loca-
tion of the nodes was considered. The σxx component of the nodal
stress was considered in order to be consistent with the reconstructed
RSs. The RS field is computed as σxx, function of the depth from the
surface, that is the distance from the front surface (FS) and lateral
surface (LS) of the edge, as represented in Figure 3.11.

In Figure 5.18 and Figure 5.19 the RS fields are represented for
the case of the complete model with 214 impacts (Figure 5.18a) and
for the simplified model with 170 impacts (Figure 5.18b), 85 orthog-
onal impacts (Figure 5.19a) and 85 impact with 45° inclination (Fig-
ure 5.19b).
The four models yield fairly similar results. The subsurface compres-
sive peak is evident in all the cases. The face corresponding to the
y axis is the Frontal Surface, where in all the three model the com-
pressive peaks appears to be closer to the surface, in particular in
the case of the 214 impacts simulation. This is probably due to the
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(a)

(b)

Figure 5.18: RS state computed from the simulations for (a) 170 impacts,
(b) 214 impacts. The red arch encloses the area where the stresses are
computed for the estimation of the fatigue life of the component according
to the Critical Distance Theory [65].
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(a)

(b)

Figure 5.19: RS state computed from the simulations for (a) 85 orthogonal
impacts and (b) 85 45° impacts. The red arch encloses the area where the
stresses are computed for the estimation of the fatigue life of the component
according to the Critical Distance Theory [65].
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shots impacting on the lateral surface later in the simulation due to
the motion of the nozzle. This causes a flow of material in the inner
volume of the edge, which moves the compressive peak beneath the
Front Surface towards the surface.
The shift towards positive RS values across the edge bisector, where
the compressive peak is drastically attenuated, is due to the “squeez-
ing” effect of the shots impacting on the Front and Lateral Surface,
which is particularly severe in the case of a sharp edge.
Moreover, the orthogonal impacts as well as the 45° impacts simula-
tions show a steep decrease of the magnitude of the RSs when moving
away from the edge tip. This is probably caused by the reduced num-
ber of impacting shots. A higher number of impacts, indeed, extends
the volume where the material is plastically deformed, as seen in [124]
or the case of a flat surface. This helps to arrange the RSs and reduce
the border effect.
The RS state from the simulations is also to be compared to the
reconstructed RS field mentioned at Section 3.3. Figure 5.20 and Fig-
ure 5.21 show the relative deviation, as a percentage value, between
the RS field computed in the numerical simulations and the recon-
structed one. The values are normalized on the maximum absolute
stress, in order to avoid the display of very high relative deviation
where the magnitude of the RSs is low.

The comparison between the RSs field shows a slight deviation.
Still, the difference is more evident as regards the qualitative distri-
bution of the RS state in some areas, but is much lower in relative
value, if the small magnitude of the RS state in a significant portion
of the volume is considered. The best agreement of the RS fields is
observed in the case of the 214 impacts simulation, which is supposed
to be the most realistic model.
In Figures 5.20 and 5.21, the red arch encloses the area where the
average stress is to be computed to estimate the fatigue life of the
component according to the Critical Distance Theory [65], which in
this case indicates a critical distance of about 54 µm. The average RS
and the average normalized stress deviation in this area are reported
in Table 5.1.

The importance of the shots impacting on the Front and Lateral
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(a)

(b)

Figure 5.20: Normalized deviation of the RS field comparing the recon-
structed map (Section 3.3) and the results of the simulations for (a) 170
impacts, (b) 214 impacts. The red arch encloses the area where the stresses
are computed for the estimation of the fatigue life of the component accord-
ing to the Critical Distance Theory [65].
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(a)

(b)

Figure 5.21: Normalized deviation of the RS field comparing the recon-
structed map (Section 3.3) and the results of the simulations for (a) 85
orthogonal impacts and (b) 85 45° impacts. The red arch encloses the area
where the stresses are computed for the estimation of the fatigue life of the
component according to the Critical Distance Theory [65].
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Table 5.1: Average RS and normalized stress deviation in the area indicated
by the Critical Dis- tance Theory.

Model Average RS (MPa) Average deviation (%)

Reconstructed RS field -243 -
14 shots -190 22
170 shots -166 32
Orthogonal shots -175 28
45° shots -156 36

Surface in the approaching and receding stage is clear; nonetheless
the shots impacting in the turning stage of the nozzle have a not com-
pletely negligible effect.
The good accordance between the reconstructed RS field and the re-
sults of the simulations supports the reliability of both. Similar results
are obtained using numerical simulations and an experimental based
approach, thus having a mutual validation of the approaches and their
outcome.
Moreover, in the comparison between the results of the simulation and
the reconstructed RS state some aspects have to be considered. First
of all, the undeformed configuration of the model was taken into ac-
count, even if an intense deformation state is developed on the peened
surface. In addition, the reconstructed RS state is based on RS mea-
surements performed at a minimum distance of 50 µm from the edge
tip, themselves being affected by some measurement uncertainty, and
this may cause some inaccuracy in the interpolation of the RS map.
As seen in Fig. 3 , in fact, the confidence interval of the RS measure-
ments is relatively wide, in particular in the vicinity of the edge tip.
It is worth noticing the very little deviation from the symmetrical
distribution of the RSs, with respect to the bisector line of the edge,
in all the three cases, except for the aforementioned change in the
position of the compressive peak. This is probably ascribable to the
micrometric dimension of the peening media, together with the scat-
tering of the direction with which the shots impact on the faces of the
edge. This generates a uniform effect of the peening treatment and
suggests that the motion direction of the nozzle has almost no effect
on the RS state development in this kind of peening treatment.
Interestingly, the RS field on the edge is related to very local phenom-
ena and is almost not affected by RS in other parts of the component,
i.e. at a distance much greater than the characteristic distance of the
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compressive layer.

Figure 5.22: Average RS, as a function of the radius of the volume of influ-
ence r and sketchy rep- resentation of the volumes of influence, in the case
of SP on an edge (blue), and in the case of SP on a flat surface (red). Data
concerning the simulation of SP on a flat surface are computed in [124].

To this regard, Figure 5.22 shows the comparison between the av-
erage RSs in two volume of influence, in the case of the simulation of
SP on a flat surface [124] and on an edge (for the aforementioned case
(a)). The average RS computed in a volume of influence is used to
estimate the fatigue resistance of components according to the Criti-
cal Distance theory applied in combination with a multiaxial fatigue
criterion as explained in [64], [65]. In the case of SP on a flat surface,
the volume of influence in a hemisphere having its center coincident
with the center of the peening area and variable radius. In the case of
SP on an edge, the volume of influence is a quarter of a sphere having
its center on the tip of the edge, at the center of the peening area and
variable radius. The graph shows the trend of the average RS in the
volume, as a function of the radius of the volume of influence. For SP
on flat surface, the averaged RS displays the characteristic subsurface
peak of compressive RS. For the case of the edge, on the other hand,
the averaged RS increases when the radius of the volume of influence
increases. The difference between the two cases is clear and explains
the interest in focusing on the simulation of the process on geomet-
rical features. The lower intensity of RS in the vicinity of an edge,
despite the higher coverage level of the treatment, is ascribable to the
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morphology of the geometrical feature, where the discontinuity of the
substrate material inhibits the development of the RSs introduced by
SP. Therefore, fatigue calculations of plain prismatic specimens sub-
jected to shot peening should be carried out near the edge because
of compressive residual stresses of lower magnitude and hence less
effective in suppressing fatigue crack initiation.

5.5 Conclusions

This work is, as the best of our knowledge, the first attempt to
simulate the SP treatment on an edge. In order to realistically re-
produce the process, a DEM simulation is used to set up the FEM
simulation. A DEM simulation of the peening process is devised to
adjust the simulation parameters and estimate the velocity of the noz-
zle, using the simulation software Yade-DEM.
Because of the extremely high computational cost, the sequential cou-
pling of the DEM and FEM simulations is not feasible, as well as the
DEM simulation of the movement of the nozzle on its entire path.
Therefore, the DEM simulation of the peening treatment on the edge
is linearized into 7 static-nozzle simulations, which are used to com-
pute the impact velocity and direction of the shots in the proximity
of the edge. The results of the DEM simulation are used to set up the
FEM model, in which the shot dimension is stochastically distributed
according to the experimental measurements performed in the peening
media, and the impact direction and velocity are randomly generated
according to the results of the previous DEM simulations.
4 FEM models are devised. The complete model accounts for 24 im-
pacts. A 170 impacts simplified model focuses on the shots blown in
the tilting stage of the nozzle, disregarding the approaching and exit-
ing stages. Two 85-impacts models are developed, in order to study an
easy-to-use approach for industrial application. The devised models
have orthogonally impacting shots or 45° inclined shots and are in-
tended to “extend ” the simulation of SP on a flat surface to the case
of the edge, without considering the turning of the nozzle. 6 explicit
dynamic FEM simulations are carried out for each model, using the
explicit dynamic solver Ansys/LS-Dyna, and the results are compared
to the reconstruction of the RS field obtained by fitting experimental
data, obtained through XRD analysis, using thermal fields in a FEM
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simulation.
The following conclusions can be drawn:

• the RS state computed with the DEM-FEM and FEM simula-
tions is in reasonable agreement with the reconstructed RS field
based on experimental measurements. This corroborates the
validity of both the approached, despite the absence of a direct
measurement;

• the comparison between the simulation approaches shows the
prevalent effect of the shots impacting in the vicinity of the
edge with a quasi-orthogonal direction. The best results are ob-
tained if all the shots are kept into account and the DEM-FEM
approach is used. Nonetheless, an approximated approach could
be based on the simplified model of orthogonally impacting shots
with full coverage;

• the region encompassing edge and its immediate vicinity presents
a highly perturbed RS state; this confirms that the considera-
tion of the RSs generated by SP in the design process requires
a careful study of the treatment in the vicinity of geometrical
details, where the component is more prone to be subjected to
fatigue failure;

• as well known in SP practice, the alteration of the RSs in the
vicinity of the edge can be extremely dangerous for the fatigue
resistance of the component: it is mandatory to keep into ac-
count these aspects in designing the component and is preferable
to avoid sharp edges for the best success of the SP process.

This study is the basis for the development of the numerical sim-
ulation of the SP for studying the RS state near geometrical details.
The developments of this work will be presented in the following,
straightforwardly from the abovementioned results. the first step will
be devoted to the analysis of the effect of the fillet radius on the edge
tip. The alteration of the local geometrical conditions can strongly
interfere with the results of the SP process, and the best conditions
for peening edges will be studied. A further development for enforcing
the technological value of this simulation approach, will be the study
of the RS state generated by SP in the vicinity of a sharp notch.
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Chapter 6

Applications for the simulations:

effect of the edge fillet

and simulation of SP on a notch

In this Chapter, the approaches devised in the former Chapter 5
will be extended to the analysis of two new scenarios, which can be
addresses as particular cases of the SP on an edge. First, the effect
of the fillet on the edge tip will be studied in view of some new data
on the dimension of the real edge fillet radius. Then, the simplified
approach to the SP simualtion will be applied to the study of the RS
field on the root of a notch in the specimens.
As mentioned in the previous Chapter 5, the issue of sharp edges is
a well known problem for operators dealing with SP. Very few data
have been found by the author in scientific literature on this subject
[151], nontheless the saying “always round the corner” is well known
among shot peeners.1.
Some additional experimental measurements, presented in Section 6.1
are aquired about the fillet radius on the tip of the peened edge of
the specimens. These data are not sufficient for in-depth analysis,
but still give clear indications on the real morphology of the edges.
On the base of these indications, the model presented in the previous
Chapter is slightly modified, and a parametric analysis is carried out
in order to study the effect of the fillet radius at the edge tip.

1Prof. Mike Hill (University of California) told the author these exact words
when discussing about the preliminary results referred in this Chapter
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3 radii are considered for the fillet, namely 10 µm, 25 µm and 40 µm,
in order to have a direct comparison with the previously seen model
of the sharp notch and move progressively toward the condition of a
blunt edge.
Given the very small with the previous model (if the absolute value
of the dimensions is considered), the modification is introduced only
in the FEM analysis and not in the DEM model, which is considered
still valid.
As for the former case, the results are compared to the reconstructed
RS field mentioned in Section 3.3. The second part of this Chapter is
devoted to the simulation of SP on a notch. Extending the previous
analyses to the condition of a sharp notch is the last step that will be
taken towards the simulation of the treatment on a notch. As seen in
Section 3.3, the specimen used to reproduce the condition of SP on a
notch is shown in Figure 3.3 (c).
As highlighted in Chapter 5 and the analysis of the fillet radius ef-
fect, the exact representation of the substrate from the geometrical
point of view is maybe more important than the exact modelization
of the peening condition in order to achieve a reliable simulation, in
particular if the main focus of the simulation is the study of the RS
field generated in the substrate as in the case of the present study.
For this reason, in a first attempt to study the process on a notch,
no DEM simulation is performed, and the simplified approach with
orthogonally impacting shots, named (c) in Section 5.3 is applied.
In the following sections, the model and the results are presented; the
results are compared to the reconstructed RS field seen in Section 3.3.

6.1 Morphology of the edge

The surface morphology in correspondence of the edge on peened
samples is aquired with a confocal optical profilometer Sensofar Plu
Neox, on an assessment area 1739x1305 µm2. The 3D rendering and
the profile scanning of the edge are shown in Figure 6.1.

Since no measurements were taken on the unpeened samples, it
is not possible to compare the unpeened and peened condition of the
edge mophology. Nontheless, the 3D scan suggests that the surface
modifications due to the indents may be much smaller than the ap-
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(a)

(b)

Figure 6.1: 3D scanning of the edge in peened sample (a) and section profile
of the edge (b).
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parent fillet radius of the edge. Thus, the original fillet radius in the
non-treated sample is supposedly not much smaller than the one ob-
served on the treated specimen. Therefore, a ∼40 µm fillet radius,
which can be observed in the aforementioned scan, can be assumed
as a reasonable value for the fillet radius of the edge after electro-
discharge machining.

6.2 Edge fillet: the FEM model

As mentioned in the introduction to this Chapter, since the changes
in the model concern only a very small geometrical part, the results
of the DEM simulations are assumed to be valid also in the case of
bigger fillet radii. The very only modification in the model is in the
fillet radius of the target body. 2 more models are devised, with a
25 µm and 40 µm fillet radius. The models are shown in Figure 6.2.

No other changes are made to the model. Material model for shots
and target, elements, mesh, solution options are kept from the previ-
ous model seen in detail in Section 5.3.

Only two most promosing models identified in the previous Chap-
ter 5 are used for the analysis, namely the 214 impacts model and the
85 orthogonal impact model, denoted as (a) and (c). Details on the
models can be find in Secton 5.3, and they are shown in Figure 5.12
and in Figure 5.16, respectively.

6.3 Edge fillet: the results

The results are obtained as in the case of the previous analysis,
seen in Section 5.4. Also in this case, 6 simulations are carried out for
each model, and the resulting average RS field is presented.

In this case, it is not possible to show the normalized deviation
with the reconstructed RS field. This latter, indeed, was computed
using a sharp edge FEM model, with nofillet radius. The effect of the
increase in fillet radius dimension, seen in the models shown in this
Chapter, is not clear on the reconstruction of the RS field presented
in Section 3.3. Thus, in order to avoid the compariso between un-
consistent set of data, the computation of the normalized deviation is
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(a) (b)

(c)

Figure 6.2: FEM model with 10 µm (a), 25 µm (b) and 40µm (c) fillet radius
on the edge tip.
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Figure 6.3: RS field from simulations with (a) 85 orthogonal shots, (b) 214
shots in DEM/FEM approach, on a 10µm fillet radius model.
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Figure 6.4: RS field from simulations with (a) 85 orthogonal shots, (b) 214
shots in DEM/FEM approach, on a 25µm fillet radius model.
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Figure 6.5: RS field from simulations with (a) 85 orthogonal shots, (b) 214
shots in DEM/FEM approach, on a 40µm fillet radius model.
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temporarily postponed.

It is interesting to observe that, for all the values of the fillet ra-
dius, the resulting RS field is always more uniform and smooth if the
DEM/FEM approach is used. This is probably due to the micromet-
ric dimension of the peening media, which helps the uniformity of the
surface treatment even in the case of discontinuities.
Besides that, the differences are more qualitative than quantitative in
all cases, since the variations is limited in a range of ∼50 MPa over
much higher RS peaks. Some discrepancies can be noted in the case of
the DEM/FEM approach for a 25 µm fillet radius, but this is ascribed
to the stochastic approach to the simulation with randomly arranged
impact and random velocities.
Most of all, it is interesting to notice that clear trend outlined with the
increasing fillet radius. As mentioned in Section 5.4, the “squeezing”
effect exerted by the impacting shots on the edge is strongly dimin-
ished by a (still small) increase in the fillet radius. For a bigger and,
in the light of the data referred in Section 6.1, more realistic value of
the fillet radius, the RS field results to be much smoother, uniform
and presumably effective in enhancing the fatigue resistance of the
component.
In the end, one last observation needs to be raised. The results ob-
tained with the two simulation approaches are essentially the same.
Some munor differences are present, but the effect of the target ge-
ometry is in any case much stronger than the effect of the simulation
approach. It is worth to remember one more time that these simula-
tion are aimed at studying the RS field and not the resulting surface
roughness of the edge, which could require some more care in evalu-
ating the best simulation approch. In light of these considerations, it
is not inappropriate to assert that, if the RS are the subject of the
study, a simplified simulation approach can give very satisfactory re-
sults, wich much less effort spent in modelization and computation,
as long as the exact geometry of the target is used in the model.

6.4 SP on a notch: the FEM model

The FEM model used for the simulation of SP on a notch is shown
in Figure 6.6. Two stacks of shots impact in the vicinity of the notch
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root, which is similar to the target body used in the case of the edge
(Section 5.3), in a curved shape.
The target body is shown in Figure 6.7. The revolved section has a
150x150 µm2 dimension, similarly to the model used in the case of the
edge. The length of the internal arch described by the revolution of
the section is 240 µm2, which is assumed to be enough to avoid per-
turbations of the RS field to to the borderd effects, according to the
observation reported in Section 4.1.3. A 10 µm fillet radius is intro-
duced in the model, as in the case of the edge, in order to have a better
stability of the solution. Despite the results obtained in Section 6.3,
only the 10 µm fillet radius configuration is considered, in order to
make possible the comparison with the reconstructed RS field.

Figure 6.6: FEM model used to simulate the SP treatment on the notch.

Since Ansys/LS-Dyna does not support a radial reference system
for the application of constraints, only the lateral and inferior sur-
faces are constrained in order to avoid normal displacement of nodes.
On the external cylindrical surface of the target body, nodes are con-
strained in all the (translational) degrees of freedom. These constraint
are not coherent with the ones applied until now to the target body,
still they are the only way to emulate the constraint exerted by the
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surrounding material, even if in a hard way.
As in the previous cases, 4 nodes brick elements SOLID164 with re-
duced integration and hourglassing control are used. The elements
used to mesh the target body have a characteristic dimension of 3 µm

at the root of the notch. The Lemaitre-Chaboce material is used to
simulate the mechanical behavior of the target body, and the bilinear
elasto-plastic model is applied to the ceramic shots, as seen in Sec-
tion 4.1.1.

(a)

(b)

Figure 6.7: FEM models of the target body for the 150µm notch root radius
(a) and the 500µm notch root radius (b).

The Erosion Surface-to-Surface algorithm seen in Section 5.3 is
introduced for the contact between shots and target.
In order to make easier the analysis of the resulting RS, the impact
area in this case in slightly expanded and is shown in Figure 6.8.
Impact are randomly arranged in the impact area, and the number
of impact is the average number required to achieve full coverage
computed according to the MatLab routine seen in Section 4.1.2 with
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the impact velocity distribution obtained by the DEM simulation on
a flat surface (Section 5.1.1). 57 shots are assumed to impact on
the Front Surface (see Figure 3.11) and 54 shots are arranged on the
Lateral Surface.
As in the previous cases, 6 simulations are carried out for each one of
the two models, in order to have some statistical representativity of the
results. The RS field is obtained as an average over the simulations.

Figure 6.8: Schematic representation of the impact area for the simulation
of SP on a notch. The impact area is hatched in red. Dimensions are in µm

6.5 SP on a notch: the results

Figure 6.9 shows the resulting RS field obtained from FEM simula-
tions, for the 150 µm notch radius (a) and for the 500 µm notch radius
(b). Observations similar to the one made for the ege can be raised,
in particular for what concerns the RS state on the bisector line of the
notch, which is also in this case ascribable to the “squeezing” effect
exerted by the shots impacting on the Front and Lateral Surface on
the sharp edge. Particularly for the sharp notch, this effect is very
marked, up to nullify the RS on the tip of the notch.
As in the case iof the edge, the influence of the fillet radius may be
worth of being analyzed, but will not be considered in this work since
no reconstructed RS field on bigger fillet radii is available for validat-
ing the results of the FEM simulations.

The RS field appear to be very similar in the two cases, and no
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Figure 6.9: RS state computed from the simulations for 150µm notch root
radius (a) and 500µm notch root radius (b).
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great influence seems to be exterted by the difference in the notch
root radius.
It is worth noting the higher compressive RS peak in the inner side
of the notch, despite the lower number of impacts. This is supposed
to be caused by the geometry of the notch itself: the effect of the
surrounding material the concentration of the RSs, and this would
explain some difference between the RS in the notch and in the edge,
even when the simulation approach is very similar.
Some effect was expected to be exerted by the dimension of the notch
root, which is not evident from the results of the simulations, despite
the smaller ratio between the impact area dimension and the dimen-
sion notch root. The resulting RS field, instead, appears to be very
comparable in both cases, and (apart from the slight concentration
of Rs in the inner part of the notch, symmetric with respect to the
bisectin line of the map.
This is not the case in the reconstruced RS (see Section 3.3), where
marked differences are observed in the two conditions, with an re-
markably higher stress in the inner part of the notch, and a very weak
RS on the Front Surface is observed in the case of a sharp notch, and
a more symmetric RS field is computed for the blunt notch.
This observation is more evident if the normalized deviation is consid-
ered. Figure 6.10 shows the deviation between the RS field obtained
from the FEM simulation and the reconstructed ones (see Section 3.3,
for the 150 µm notch radius (a) and for the 500 µm notch radius (b).
First of all, it is worth to notice that the areas of the RS field where
the magnitude of the stress is lower are the ones with higher deviation
(up to 100%). On the other hand, the higher the RS magnitude, the
lower the deviation. In this case, the deviation is even lower than in
the case of the edge (Section 5.4), in particular for the wider notch.
Where the RS peaks are predicted by the simulation, the RS field du-
plicated almost perfectly the reconstructed one with lessa than 10%
difference in the RS magnitude. In the case of the sharp notch, the
overall deviation of the RSs is affected by the discrepancy in predict-
ing the RS peak unders the Front Surface.
This confirms the supposition of the greater influence of the geome-
try, over the peening conditions simulated. Due to this observation,
it might be expectable some influence due to the RS field in the sur-
rounding material, which would be worth to be studied.
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Figure 6.10: Normalized deviation of the RS field comparing the recon-
structed map (Section 3.3) and the results of the simulations for for 150µm
notch root radius (a) and 500µm notch root radius (b).
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6.6 Conclusions

In this Chapter, we aimed at exploring the inflence of the fillet
radius on the RS field in the vicinity of an edge, through FEM simu-
lations. The model used is the same as in the previous Chapter, but
three values of the fillet radius are considered for the edge tip, namely
10 µm, 25 µm and 40 µm. The latter value is supposed to be the closest
to the true dimension of the fillet radius in the real specimens. Two
simulation approaches are used, mutuated from the ones devised in
the previous Chapter 5. A realistic approach obtained from the DEM
simulations with 214 impacting shots and a simplified approach with
85 orthogonally impacting shots are used.
The results of the simulations could not be compared to the recon-
structed RS field seen in Section 3.3 due to the increasing discrepancy
in the existence domain of RS due to the fillet radius and the re-
construction being carried out on an ideally sharp edge. Nonetheless,
some interesting observations can be raised through the comparison of
the results with the two simulation approaches and with the different
fillet radii:

• an increase in the fillet radius makes the peening condition more
similar to the process being carried out on a flat surface. Re-
moving the sharper part of the edge avoids the “squeezing effect”
on the bisector line of the edge where the RS is very weak or
even in positive;

• the bigger the fillet radius, the better the situation, at least in
the range considered in this study. Bigger fillet radius make the
RS field more uniform, and presumably effective in enhancing
the fatigue resistance of the treated component even in critical
locations like gemetrical features;

• the former two observation are well known in the SP practice,
where filleting edges before the process is always recomended to
obtain the best results from the treatment;

• the two considered simulation approaches gave similar results, in
the range of the uncertainty in the RS field and the peening con-
ditions. Some differences can be observed, and will be studied in
more detail in future works. Nonetheless, the most influencing
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factor in the developement of the RS field, seems to be the exact
true geometry of the substrate. In order to achieve a satisfac-
tory prediction of the peening results, the exact knowledge of
the substrate geometry is more important than the modelization
of the process itself.

As a further development of the analysis, the FEM simulation of
SP on a notch has been presented. Two dimension for the notch root
radius are considered, namely 150 µm and 500 µm. The simplified
simulation approach with orthogonally impacting shots is used, with
a number of shots equivalent to the average number of shots required
to achieve full coverage on the impact area. The resulting RS fields
are compared to the reconstructed RS fields based on experimental
measurements.
The resulting RS field is very satisfactory, in particular for the wider
notch, and shows very good accordance with the reconstructed RSs.
In relation to what already observed when the SP process on the edge
was simulated, some observations can be raised:

• the intense compressive RS peak in the internal part of the notch
is very well catched by the simulation. Thus, is appears reason-
able to suppose that the concentration of RS in this locations is
to be ascribed more to gemetrical arrangement of the substrate
material tan to the peculiar peening conditions in this region;

• some resemblances can be observed in the RS field, with sub-
surface RS peaks under the Front and Lateral Surfaces, and the
strongly attenuated RS on the bisector line of the edge;

• the influence of the dimension of the impact area compared to
the overall dimension of the geometrical feature may need to
be studied. A wider impact area, or an alternative tool to take
into account the RS field geenrated by SP in the surrounding
material and presumably exterting some influence on the fina RS
field in the critical point of the notch are worth to be studied;

• as seen in the case of the edge, the radius of the fillet on the
intersection of the Front end the Lateral Surface may exert an
effect on the RS field generated; this aspect will not be subject
of this study, but seems to be a natural progression of the work.
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In conclusion, the simulation of SP on the notch, even if in a simpli-
fied approach, shows interesting aspects of the process and promising
development for the FEM simulation applied to study of the RS gen-
erated in correspondence of geometrical features. In order to devise
realistic models and have realible reference RSs to compare with the
simulation results, some more experimental data need to be aquired.
Nonetheless, as is evident from the results shown in the previous Sec-
tions, this is presumably the last obstacle to overcome in order to have
a reliable prediction of RSs generated by SP on geometrical features,
eligible to be implemented directly into the design process.
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Chapter 7

Conclusions and future

developments

7.1 Conclusions

In this thesis, the numerical simulation of SP was addressed. The
study is focusedon the the B120 micro SP treatment, with micro-
metric ceramic beads, performed in aeronautical grade Al7075-T651
aluminum alloy substrate. Apart from the specific aspects of the pro-
cess, which was chosen mainly for the availability of experimental data
to compare the result of the numerical simualtion with, is worth to
highlight once more that each and every this study has been aimed
to the devlopment and validation of a procedure for the numerical
simulation of SP in general, nore than to the attainment of new quan-
titative results.
At first, the simulation of SP on a flat surface has been addressed.
A MatLab routine is used to predict the coverage level prior to the
simulation linearization, given the dimeter and the velocity of the im-
pacting shot and thus to assess the number of shots to full coverage.
Sets with different numbers of shots characterized by stochastic vari-
ability in their dimension, velocity and impact location are generated
and used to set up the FEM simulations. The Lemaitre-Chaboche
model calibrated on cyclic strain tests has been used to simulate the
realistic mechanical behavior of the substrate. 30 explicit dynamic
FEM simulations has been carried out to account for the statistical
nature of the process. Results have been obtained in terms of final
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roughness of the treated surfce and in-depth RSs, which have been
compared to the experimental data. Moreover, a purposely devised
procedure has been used to account for the effect of surface roughness
and radiation penetration in the RS field. Then, the deformed target
bodies have been imported into static finite element simulations, in
order to assess the stress concentration effect exerted by the increased
surface roughness.
Then, the simulation of on an edge is addressed. A synergistic DEM-
FEM approach has been used to study the true process conditions
in correspondence of geometrical featrues. The DEM model of the
nozzle has been tuned using preliminary simulations on a flat surface
and nominal process parameters. Then, DEM simulations of SP on
an edge has been carried out, to assess the number of impact in the
area of interest, as well as the impact velocity distribution. The re-
sults has been used to set up FEM simulations of SP on an edge. In
addition to the realistic simulations, based on DEM simulations, sim-
ulations considering only the shots blown by the nozzle in its tilting
phase has been carried out. Moreover, two simplified simulation ap-
proaches based on simple coverage considerations, have been devised.
The results in all cases have been obtained in terms of RS fields, and
compared among themselves and with the reference RS field recon-
structed using experimental RS measurements.
Then, the effect of the radius of the fillet on the edge tip has been
studied, by applying the realistic and one simplified simulation ap-
proaches to models in which the target body has been modified in the
fillet dimension, according to some new experimental observations on
the edge real morphology.
Lastly, the simplified simulation approach has been extended to the
simulation of SP on a notch, and the resulting RS field,a s in the case
of the edge, is compared to the reconstructed reference one.
Conclusions have been drawn step by step during the study, nonethe-
less it is worth to recall some of them, together with some more ob-
servations hereafter. As regards the simulation of SP on a flat surace:

(i) the numerical simulations are in good agreement with the exper-
imental results. Some underestimation in the surface roughness
may be ascribable to the overestimation of the average impact
velocity of shots (as later suggested DEM simulations) and the
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consequent underestimation of the number of impacts required
to achieve full coverage. Nonetheless, quite good agreement with
the experimental data is found;

(ii) in-depth RSs from FEM simulations and experimental measure-
ments are very well-matching, in particular as regards the mag-
nitude and position of the compressive RS peak. Moreover, if the
penetration effect of the X-radiation as well as the effect of the
surface roughness on XRD measurements are considered, inter-
esting improvements are obtained on the surface RS magnitude.
This is due to the thickness of the layer subject to compres-
sive RSs being the same order of magnitude as the radiation
penetration, and only slighlty thicker than the maximum peak-
to-peak distance on the indented surface. Better results could
be achieved with some improvements in the in-depth resolution
of the XRD measurements, and in the experimental data pro-
cessing for measurements on not flat surfaces;

(iii) implicit static FEM simulations on the deformed model are a
valid tool for the assessment of the stress concentration factor.
Improvements in the predicted surface roughness (as mentioned
at point (i)) may be beneficial for the prediction of the stress
concentration. Nevertheless, according to the chosen failure cri-
terion, this simulation approach is a valid tool for fatigue life
prediction;

(iv) no clear general correlation has been identified relating the pa-
rameters governing the dynamics of the peening media and the
final effects, apart from some correlation between the surface
roughness and the overall kinetic energy of the bead stream.
Nonetheless, the study of a wider range of peening varieties is
to be studied prior to giving a final vewpoint.

The study of the simulation on an edge makes possible to raise
some more observations:

(i) the DEM simulation on a flat surface shows the actual peen-
ing conditions to be relatively different from the nominal one,
in particular as regards the impact velocity of shots, which has
a remarkable improtance in the process. This highlights the
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importance of a realistic and complete DEM simulation of the
process, as an alternative to more detailed and expensive exper-
imental observations of the actual treatment operations;

(ii) the used DEM-FEM synergistic approach gave results in good
agreement with the reconstructed RS field based on experimen-
tal measurements. When actual peening conditions are found,
orthogonally impacting shots are shown to exert a prevalent ef-
fect on the generation of RSs. Thus, even simplified approaches
based on the unperturbed SP parameters can be an eligible alter-
native for the prediction of the final RS field in a more practical
and easy-to-implement way;

(iii) in the volume of material encompassing the edge and its imme-
diate surroundings, the RS field is strongly perturbed RS state.
This confirms the well known weakness of these points for the
structural integrity of the components under fatigue loads.;

(iv) in order to the integration of the effects of SP into the design
process, it is mandatory to carefully keep into account the per-
turbation of RSs in the vicinity of geometrical details. The cor-
rect knowledge of the RS state in these locations is the only
way for an effective and safe assessment of the significant effects
introduced by SP to be considered for the optimization of the
component design.

Two main observations can be raised on the results of the para-
metric analysis of the edge fillet radius. First of all, the importance of
some rounding on edge (and geometrical features in general) is clearly
assessed from the simulations for the first time, despite it being well
known in practice since a long time. Then, a critical aspect of the
simulation is highlighted by the results of the analysis. The realis-
tic DEM-FEM approach and the simplified simulation approach gave
comparable results, but the geometry of the substrate was shown to
exert a remarkable effect of the final RS field. The correct knwoledge
and the precise modelization of the target geometry is as important
as (or maybe even more important than) the realistic modelization
of the process. This is particularly clear in the case of the chosen
SP treatment, which generates a compressive RS state whose charac-
teristic dimension is the same order of magnitude of the micrometric
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geometrical details. Nonetheless, this highlights an important aspect
for the extension of the SP simulation to the study of the RS state in
manufacturing components. The precise knowledge of the exact shape
of the substrate is indeed fundamental for the success of the study.
Finally, the extremely good agreement achieved between the numer-
ical simulations results and the reference RS field in the case of the
notch, despite the use of a simplified simulation approach, opens to
interesting perspectives in the future of the simulation of SP. Nonethe-
less, the study has not pushed to the study of the effect of SP in the
notch at longer distances from the specimen surface, due to the lack
of experimental data to be compared with the numerical simulation
results. In this locations, the peening media stream is expected to be
slighlty more perturbed by the substrate geometry, and the contribute
of the DEM simulation to be substancial as well.

7.2 Future developments and perspectives

In conclusion to this dissertation, some line for the development
of the research in the near future will be seen, as well as some general
observations on the future perspective of the simulation of SP.
The first step for the advancement of the research will be the DEM
simulation of SP in the case of the notch. The DEM-FEM approach
will then be applied, and the results are going to be compared to the
ones of the simplified simulation approach. In this way, the reliabil-
ity of the simplified simulation approach is going to be definitively
validated. In order to move a further step towards the realistic mod-
elization of the process, the true dimension of the fillet on the edge
tip (even in the case of notched sample) will be taken into account
with new, purposely aquired measurements. The reconstruction of
the RS field through thermal strains (Section 3.3) will be performed
on adequately filleted models, in order to have a suitable reference RS
field.
Moreover, it is worth to remember that, in order to achieve some
results in a reasonable computation time, the simulation of SP on
geometrical features has been focused quite only on the RS field. In-
tense deformations in the target, as mentioned in Chapter 5, pushed
towards the choice of bigger elements with erosion, which needs to be
carefully tuned if the final surface topology is to be studied. To this
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regard, the use of the Arbitrary Lagrangian-Eulerian (ALE) formula-
tion of elements may be a great improvement for its capability to hold
up with high strain level also on fine meshes. Nonetheless, the heavy
increse in computing cost required by this kind of models make this
approach manageable only if power computing resources are available.
Similarly, wider impact areas might be interesting to be studied, both
on a flat surface and in the vicinity of geometrical features. Nonethe-
less, computing resorces much higer than the ones used in this work
would be required to achieve this task.
The simulation of SP in the root of “deep” notches may be one of the
near future developments of simulating SP. Nonetheless, as already
mentioned, experimental data in the vicinity of any geometrical fea-
tures are currently very few. This is due not only to the high cost
of experimental measurements, but also (and even more) to the un-
feasibility of XRD measurement in narrow spaces. Thus, it would
difficult to validate the results of the simulations ad unwise to trust
them straightforwardly. Some advancement in the XRD technology
would be unexpected but unbelievably desirable, since it could expand
significantly the range of reliability of the simulations.
In the end, it is worth to move the focus to some observations that go
beyond the scope of this study. The FEM simulation, by its nature,
is not suitable for the direct simulation of the process on an entire
component, no matter the extent of the computing resources avail-
able. The FEM or DEM-FEM simulations are based on model having
small dimension, also in consideration of the high level of detail re-
quired to catch the most important aspects of the process. Thus, if
the overall RS state in a component is required for the integrations
of the effects of SP in the design process, a mathematical method for
the “assembly” of the RS fields in specific locations is needed in order
to infer the general RS field. In the first instance, the choice falls
over the manipulation of eigenstrains, but also other methods can be
considered. Surface roughness can be considered introducing empiri-
cal coiefficients or, maybe, automatically generated surface topology
modifications in the models. It is exciting to point out that, one
this issues have overcame, the way is clear towards the use of the SP
simulation in the industrial practice.
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