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Abstract In the present paper, an experimental cam-
paign performed on shot peened Ti6Al4V specimens
under fretting fatigue, available in the literature, is sim-
ulated by using the Carpinteri et al. criterion. The exper-
iments examined were carried out using a standard
configuration, that is, a cylinder against a flat speci-
men. The fretting loading is a combination of low-cycle
fatigue and high-cycle fatigue, and the corresponding
stress field is determined by a FE analysis. A theoreti-
cal law is applied to describe the relaxed residual stress
produced by shot peening treatment and fatigue load-

ing.
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1 Introduction

Fretting is generally defined as follows: (i) a wear phe-
nomenon occurring between two surfaces having an
oscillatory relative motion of small amplitude, and (ii)
such a motion, usually tangential, is between two sur-
faces in contact (International ASM 2017). Note that,
according to such a definition, the expression fretting
refers only to the nature of motion (that is, oscilla-
tory and with small amplitude) without reference to
the damage produced.

It is more convenient to specify the cause of such
a motion, and, therefore, to use the expression fretting
wear as fretting for which the small displacements are
a consequence of external vibrations, affecting at least
one of the two contacting parts, and fretting fatigue as
fretting for which the small displacements are a con-
sequence of cyclic deformations, at least in one of the
two contacting parts (Kapsa 2011).

In fretting cases, it should be considered the relative
displacement as compared to the contact size, in order
to identify the limit between fretting and reciprocating
sliding. To such an aim, let us consider a “’ball on a
flat contact surface” situation, as an example. Various
modes of fretting can be distinguished related to the
type of relative motion, as is described in the following.
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More precisely, by representing the contact force
against the tangential displacement range, 24, between
two points in the undeformed region of each body
(Fig. 1), and by defining the parameter e as the ratio
between the displacement amplitude § and the radius a
of the Hertzian contact area, three domains can be dis-
tinguished (Kapsa 2011; Fouvry et al. 1995; Zhou et al.
2000) (Fig. 1): partial slip and gross slip are located
in a domain characterised by e < 1, when a part of
the wear scar is never in contact with the environment,
whereas reciprocating sliding is located in a domain
characterised by e > 1, when the entire wear scar is in
contact with the environment.

From a wear phenomenological point of view, dam-
age is associated with contact stress and sliding condi-
tions (Kapsa 2011):

(i) When the contact is composed of a stick area and
a slip area (Fig. 1), damage is mainly due to crack-
ing phenomena (crack initiation and propagation)
as a consequence of vibrations/cyclic deformation
effects in the material, inducing time-varying con-
tact stress;

(i) When the contact is whole sliding (Fig. 1), that is,
both in gross slip and in reciprocating sliding, dam-
age is mainly due to wear phenomena as a conse-
quence of matter loss produced by solid and inter-
facial matter interactions.

Therefore, for partial slip cases, fatigue theories and
fatigue criteria can be used for damage estimations
(Hamada et al. 2020), whereas the concept of dissi-
pated energy can be used for gross slip and reciprocat-
ing sliding cases (Liu et al. 2020).

Fretting fatigue has been identified as the cause of
serious damage in dovetail connections of aero engines
(Korsunsky 2017), where crack initiation and propaga-
tion take place in frictional contacting surfaces. Shot
peening is a well-known method employed to improve
fatigue resistance of metals and metal alloys of con-
tacting surfaces.

Although some attempts to simulate the above
complex configuration (i.e. dovetail connection) are
available in the literature (Papanikos and Meguid
1994; Papanikos et al. 1998; Chan et al. 2001a,b;
Rajasekaran and Nowell 2006; Calcaterra and Golden
2006; Murugesan and Mutoh 2014; Yang et al. 2018;
Mangardich et al. 2019; Pereira et al. 2020; Sun et al.
2020; Sunde et al. 2021; Yuan et al. 2021), experimen-
tal investigation of full scale models still provides more

@ Springer

realistic information, even if such an investigation is
costly and lengthy. In this context, it seems important
to the authors a deep understanding of fretting fatigue
process but analysing a simpler configuration, where
material and treatment of the tested specimens are those
typically employed in aero engine manufacturing.

Therefore, in the present paper, an experimental test-
ing on the standard configuration (a cylinder against a
flat specimen) (Aratjo and Nowell 2009) is examined
and simulated by applying the Carpinteri et al. crite-
rion for fretting fatigue (Carpinteri et al. 2019; Van-
tadori et al. 2019, 2020a,b; Vantadori and Zanichelli
2020; Zanichelli and Vantadori 2020). The specimens,
provided by Rolls—Royce, were made by Ti6Al4V and
shot peened according to Rolls—Royce specifications
(Aratgjo and Nowell 2009). The fretting loading con-
sidered in tests was a combination of low-cycle fatigue
(LCF) and high-cycle fatigue (HCF), and represented
the actual loading condition acting in correspondence
to aero engine dovetail connections.

Ti6Al4V alloy presents an (¢ + () microstruc-
ture resulting from a dendritic microstructure 8, pro-
duced during solid state cooling. It is one of the most
commonly used titanium alloys, since it features a
good balance between the mechanical properties of
strength (especially at temperature greater than 200 °C)
and ductility. Such an alloy was originally developed
for lightweight and high-strength applications in the
aerospace industry, but nowadays it is also used in
marine, power generation, and offshore ones.

In the aircraft industry, Ti6Al4V is mainly used for
manufacturing disk and fan blades of gas turbines. The
material has a high friction coefficient (~ 0.6), which
makes it very sensitive to fretting: for such a reason,
many studies are focused to investigate its behaviuor
against fretting.

2 Fretting fatigue tests under partial slip regime:
the experimental campaign examined

The experimental campaign here summarised, and then
simulated, was performed at the University of Oxford
on specimens obtained by coring a real engineering
component, represented by an aero engine provided
by Rolls—Royce (Aratijo and Nowell 2009). More pre-
cisely, the specimens were manufactured by starting
from both fan blade and disc of the above aero engine,
made of Ti6A14V alloy. Fretting fatigue tests under par-
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Fig. 2 Flat dog-bone specimen

tial slip regime were carried out by using a classical
configuration of a cylinder against a flat specimen.

2.1 Specimen and pads: material and geometry

The mechanical properties of the above titanium alloy
Ti6Al4V were: elastic modulus E = 115 GPa, Pois-
son coefficient v = 0.32, and yield stress oy, = 974
MPa. The microstructure of such an alloy was duplex,
consisting of a primary « phase and a transformed B
phase. The average grain size of the primary « phase
was equal to about 50 um.

The specimen had a flat dog-bone shape, whose sizes
are shown in Fig. 2. Both cylindrical fretting pads had
radius R = 68 mm.

Specimens were manufactured from either the fan
blade or the disc, as is listed in Table 1.

included in Aradjo and Nowell (2009).

A surface roughness of 2 um r.m.s. was measured for
both specimens and pads. The coefficient of friction,
u, computed according to the technique developed by
Hills and Nowell (1994), was equal to 0.55.

2.3 Testing rig

A two-actuator fretting rig was employed. Figure 3
shows the fixed and the moveable jaws that held the
specimen, being the moveable jaw connected to the
first actuator: such an actuator applied the LCF load-
ing to the specimen by means of the cyclic bulk force,
P, measured through a load cell linked with such an
actuator.

The two cylindrical pads, attached to the carrier,
were clamped against the specimen by means of the
cylinder of a hydraulic pump: the pump applied a con-
stant normal loading to the specimen by means of two
contact forces, N, measured by the pressure of the oil
in the hydraulic line. The HCF loading was applied to
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Table 1 Experimental campaign examined: loading conditions and fatigue lives

Series no. Component po (MPa) Omax/N 0B.max (MPa) a (mm) Nexp (cycles)
1 Blade 500 0.23 265 1.06 22,651,200
2 Disc 500 0.23 265 1.06 21,859,200
3 Blade 500 0.45 265 1.06 28,51,200
4 Blade 750 0.20 400 1.59 4,687,200
5 Disc 750 0.10 600 1.59 6,228,000
6 Disc 750 0.20 300 1.59 5,788,800

Fig. 3 Fretting fatigue rig

the specimen by the second actuator, and a load cell
connected to such an actuator was used to measure one
of the two cyclic forces, Q.

2.4 Loading configurations

A reference loading block was applied many times dur-
ing testing, up to the complete specimen failure. More
precisely, such a loading block, represented in Fig. 4,
consisted of the following steps, here described accord-
ing to the application order:

(1) The constant force N was applied;

(2) The bulk force P was made to increase from 0.1
kN to its maximum value, Py, in a time interval
equal to 6 s;

(3) The tangential force Q, related to each pad, was
made to vary cyclically for 7200 times from its
maximum value, Q 4, to the minimum one, Q,,in,
with a loading ratio equal to — 1. The waveform
was sinusoidal, characterised by a frequency equal
to 40 Hz. Note that, during this step, P was taken
as a constant and equal to P,y ;
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(4) The bulk force P was made to decrease from P,
to 0.1 kN in a time interval equal to 6 s, and taken
equal to such a value for 6 s.

Such a reference loading block, characterised by the
LCF loading, due to the bulk force P, and by the HCF
loading, due to the tangential force O, may be assumed
to be composed by 7200 loading cycles.

It is worth noticing that, according to Aratijo and
Nowell (2009), the influence of the LCF loading on
the estimated fatigue life is negligible. More precisely,
an analysis using the Fatemi—Socie multiaxial fatigue
parameter in conjunction with the Palmgren—Miner lin-
ear damage rule showed that the damage produced by
the HCF loading accounted more than 99% of the eval-
uated total fatigue life. Such a statement justifies the
approach used here to simulate the experimental cam-
paign examined (see Sect. 5).

The six loading conditions analysed are listed in
Table 1 in terms of: maximum value of the theoret-
ical Hertzian contact pressure distribution pg, ratio
QOmax /N, and maximum value 05 4y Of the stress pro-
duced in the specimen net-section when the bulk force
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is equal to Pyqx. The theoretical contact semi-width

value a is also reported for each loading condition.
Generally, three tests were performed for each load-

ing condition (Series from No. 1 to No. 6 in Table 1).

2.5 Experimental results

The experimental fatigue fretting lives are listed in
Table 1.

By examining the specimens after testing (Aratjo
and Nowell 2009), cracks (that is, the main primary
one and the secondary ones) were observed to start
from a surface region both in the fretted zone and close
to the trailing edges and, due to the symmetrical con-
figuration of the testing rig, on both sides of the spec-
imen. More precisely, multiple secondary cracks grew
along a direction towards the main primary crack, with
an oblique orientation. For one specimen of the Series
No.5, the orientation of the main primary crack was ini-
tially equal to 10°, and then changed its orientation to
about 21° (Aratjo and Nowell 2009). Particles detach-
ments were also observed. No other details are reported
in Aradjo and Nowell (2009).

3 Theoretical law for relaxed residual stress

As is well-known, one of the effects of the shot peening
treatment is to produce compressive residual stresses in
a superficial material layer of the order of 0.1-0.5 mm.
Under cyclic loading, residual stress relaxation may be
observed.

A theoretical law to evaluate the relaxed residual
stress profile in the above situation has been recently
proposed by some of the present authors (Vantadori and
Zanichelli 2020). More precisely, the self-equilibrated

///
/
% >

Time, ¢

ANWAN
) U1ss

stress profile, formulated by observing the experimen-
tal evidence (Aradjo and Nowell 2009; Farrahi et al.
1995; Gao et al. 2002; Higounenc 2005; Sabelkin et al.
2005; Kirk 2014), is idealised as follows:

(a) The value of the stress in correspondence to the
surface is assumed to be equal to zero;

(b) Then, the compressive stress follows a linear trend
up to its maximum value, reached at a depth equal
to 0.28 D, being D, a depth computed according
to point (d) below;

(¢) Such a maximum value is assumed to be equal to
%Uy;

(d) Successively, the compressive stress follows a lin-
ear trend up to a depth D, in correspondence of
which the stress is equal to zero. D, is here empiri-
cally evaluated to be equal to 0.8¢;70;, Where ¢y 0
is the shots diameter;

(e) Over D., acompensatory tensile stress distribution
is adopted in order to have a self-equilibrated resid-
ual stress distribution.

Note that residual stresses are constant and, therefore,
affect the fatigue behaviour of the material in the same
way as a static loading or the mean value of a cyclic
loading applied to the specimen.

The theoretical law proposed in Vantadori and
Zanichelli (2020) is useful particularly when no details
concerning the actual residual stress depth profiles are
available, as occurs in the present case.

4 Numerical evaluation of the specimen stress field

The commercial software ANSYS is here used to sim-
ulate the fretting fatigue tests described in Sect. 2.
Based on the satisfactory results obtained in some
previous research works (Vazquez et al. 2016, 2019;
Martin et al. 2020), a plain strain condition is assumed
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Fig. 5 Numerical model: a
schematisation of the testing /
rig, b model discretisation,
and c reference loading
block implemented in the
FE analysis
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for the numerical model here employed, schematised
in Fig. 5a. Due to the symmetry condition that char-
acterises such a model, only a half of the specimen is
discretised (Fig. 5b).

Each pad has aradius R = 68 mm, which is equal to
that of the pads of the testing rig, whereas the height /1,
is set equal to ten times the theoretical Hertzian contact
semi-with a (see Table 1). Such a value of ), is adopted
in order to avoid size effect due to pads geometry: as
a matter of fact, such a value is in agreement with the
height of the testing rig pads which is long enough to
have a half-space behaviour for the pads. The specimen
height &, is equal to that of the tested specimens which
is equal to 1 1mm. In addition, the length of both spec-
imen and pads is set equal to [ = 20a, to also avoid
possible boundary conditions effects.

Two material behaviours are alternatively imple-
mented in the numerical models for both the pad and the
specimen, the mechanical properties of the Ti6Al4V
alloy being shown in Sect. 2.1. The first behaviour
is the linear elastic behaviour. The second one is the
elastic-plastic behaviour characterised by a kinematic
hardening, where the cyclic stress-strain relationship is
defined by the Ramberg-Osgood equation:

=24 (2) 1)

E ' \k’
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with K’ = 852 MPa and n’ = 0.074 (1)(Boller and
Seeger 1987).

A linear formulation is adopted for all the finite ele-
ment types employed in the discretisation: PLANE182,
CONTA171 and TARGE169. The mesh density is fine
enough to capture the stress gradient in the vicinity of
the surface contact region. The part of the surface inter-
ested by the contact is characterised by 512 nodes. The
discretisation used is shown in Fig. 5b.

The contact algorithm employed in the simulations
is the Augmented Lagrangian Method, which produces
a good ratio between accuracy in contact results and
CPU times (Simo and Laursen 1992). Using such an
algorithm, most of the defaults values and options
implemented in the commercial software ANSYS are
used, that is: automatic stiffness updating, size of
Pinball region, maximum allowable penetration, and
many others. Moreover, normal and tangential contact
penalty stiffness factor values equal to 2 and 5 times
the software default value (equal to 1.0), respectively,
are used. Such values allow us to simulate the steep
stress gradients produced at the contact surface, with a
satisfactory accuracy.

Note that the coefficient of friction is equal to 0.55
and, due to its high value, an unsymmetric iterative
solver is required in order to achieve a good numerical
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convergence. The convergence analysis is performed
with respect to the peak value of the contact shear stress
distribution. As a matter of fact, this distribution has a
stepped gradient near the peak value, and thus is suit-
able as a convergence criterion.

The loads N and Q are applied on the top surface
of the pad via a master node, whereas the bulk load is
directly applied as a surface load on the specimen (o p
in Fig. 5b).

In order to numerically simulate the experimental
load application order, and according to the reference
loading block presented in Sect. 2.4, the following pro-
cedure is applied, as is schematised in Fig. Sc:

(1) Inthe firstloading step, the normal load is increased
up to its constant value N;

(2) In the second step, the bulk stress op is increased
up to its maximum value o g max;

(3) In the loading step No. 3, the tangential force
Q is made to vary cyclically between Q,;, and
O max- Three complete loading cycles are required
to obtain a stabilised solution.

Note that each of the above loading ramp is charac-
terised by ten loading sub-steps, the time interval asso-
ciated with each of them being equal to 0.0025 s.

In order to implement the residual stress in the
numerical model, two different approaches are used,
depending on the material behaviour assumed. For a
linear elastic material behaviour, the stress field com-
puted by FEA is directly added to the residual stress
one presented in Sect. 3, by exploiting the superpo-
sition principle. For elastic-plastic material behaviour,
the residual stress (in Sect. 3) is included in the numeri-
cal model as an initial stress state at each finite element
centroid.

According to the theoretical law in Sect. 3, the resid-
ual stress against depth is shown in Fig. 6. Note that the
shots diameter ¢g,,s, needed to compute D., was not
provided by Rolls—Royce. According to Aradjo and
Nowell (2009), ¢sho; is typically in the range 0.1-1.0
mm: therefore, a value of 0.5 mm is herein assumed.

For each loading condition listed in Table 1, the nor-
malised surface contact shear stress distribution, g (x),
in correspondence of Q = Qin and Q = Qj,4x are
shown in Fig. 7. Figure 7a shows the results obtained
via a linear elastic analysis; in such a situation, residual
stresses are not implemented in the numerical model.
In Fig. 7b, the distribution g (x) is plotted for elastic-

N e
-200.0 |

-400.0

|| TENsION

D COMPRESSION

RESIDUAL STRESS, [MPa]

1 1 1 1 1 1

00 10 20 30 40 50 60
DEPTH, [mm]

Fig. 6 Residual stress profile vs depth implemented in the
numerical model

plastic analysis with residual stresses included in the
numerical model.

5 Evaluation of crack initiation path and fatigue
life

The multiaxial critical plane-based criterion for fret-
ting fatigue, by Carpinteri et al. (2019), Vantadori
et al. (2019), Vantadori et al. (2020a), Vantadori et al.
(2020b), Vantadori and Zanichelli (2020), Zanichelli
and Vantadori (2020), is here applied to simulate the
experimental campaign described in Sect. 2. The stress
field in the specimens, that is, the input data for the
above criterion, is computed both by a linear elastic
analysis in conjunction with the superposition princi-
ple and by an elastic-plastic analysis, as is discussed in
Sect. 4.

5.1 The Carpinteri et al. criterion for fretting fatigue

The critical plane is determined according to the Criti-
cal Direction Method proposed by Aradjo et al. (2017).
Such a plane is searched within all candidate planes
containing the hot-spot H, and is characterised by
the orientation o measured with respect to the Z-axis
shown in Fig. 8. The hot-spot H is assumed to be at
one of the trailing edges, according to the experimental
observations reported in Aradjo and Nowell (2009).
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Fig. 7 Normalised contact shear stress distribution vs dimen-
sionless coordinate x /a: a linear elastic analysis without residual
stresses, and b elastic-plastic analysis with residual stresses, for
each loading condition examined (see Table 1)

Under a plane strain condition, such a plane can
be represented by a segment, whose physical size is
assumed to be equal to 2d, where d is the average mate-
rial grain size.

Within such candidate planes, the critical one is that
maximising the averaged value of the fatigue parameter
represented by an equivalent stress amplitude defined
as follows:

2d 2d
- 1 oaf—1 1
Neq,a(a)zg/Na(r,a) d}’+o_—ﬁ\/
0 ! 0
Ny (r, ) dr 2)

varying « in the range —90° < o < +490°, where
(a, r) are the coordinates in the radial frame Hra, N,

@ Springer

SPECIMEN

Fig.8 Representation of the radial frame Hra and critical plane
candidate

and N, are the amplitude and the mean value of the
normal stress with respect to the plane with orientation
a, 0q4f,—1 is the material fatigue strength at a reference
number Ny of loading cycles (generally, Ny is assumed
to be equal to 2 x 10° cycles) under fully reversed
normal loading, and o, is the ultimate tensile strength
of the material.

Once the critical plane has been determined (ori-
entation «., ), the evaluated number of loading cycles
to failure, N4, is computed by solving the following
equation through an iterative procedure:

2 _2 _ 2
O, f_ N, m N, mx
Nezqa+ af,—1 cal 0 Cg
? Taf,—1 No Neai
1
Near\ ™ 7
= 04f,—1 ( 1;; ) (3)

where C, is the amplitude of the shear stress computed
according to the Maximum Rectangular Hull method
proposed by Aradjo et al. (2014), 7,7, 1 is the material
fatigue strength at a reference number Ny of loading
cycles under fully reversed shear loading, and m and
mx are the slope of the S—N curve under fully reversed
normal loading and shear loading, respectively. Note
that N,, N;, and C, in Eq.(3) are computed at the ver-
ification point with radial coordinates (2d, o).

The material properties needed to apply the criterion
were not measured during the examined experimental
campaign. Therefore, we have taken them from the lit-
erature related to a similar titanium alloy (Lin et al.
2018), as is listed in Table 2.
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Table 2 Mechanical and fatigue properties of Ti6Al4V alloy (Lin et al. 2018)

Material o, (MPa) Oaf,—1 (MPa)

Taf,—1 (MPa) m* No (cycles)

Ti6Al4V 1005 287.98

5.78 149.64 5.78

2 (10)°

5.2 Results

The equivalent stress amplitude Neq,a, normalised with
respect to its maximum value, against the orientation «
is plotted in Fig. 9, for each loading condition listed in
Table 1, by using both stress results from a linear elastic
analysis in conjunction with the superposition princi-
ple (Fig. 9a) and those from an elastic-plastic analysis
(Fig. 9b).

It can be noticed that the maximum values are
attained in correspondence to @ =-5° and o =-10°. In
Aratijo and Nowell (2009), the experimental crack path
is reported for only one specimen of Series No. 5, and it
is initially inclined about — 10°(main primary crack).
Such an experimental data is in quite good agreement
with the critical plane orientation (which is assumed to
correspond to the crack initiation orientation according
to the proposed criterion), computed to be equal to —
5¢ for Series No. 5, regardless of FE analysis type.

The experimental fatigue life N, is plotted against
the evaluated one N, in Fig. 10, by employing both
stress results from a linear elastic analysis in conjunc-
tion with the superposition principle (Fig. 10a) and
those from an elastic-plastic analysis (Fig. 10b).

The evaluated results are in quite good agreement
with the experimental ones, all results falling into the
scatter band 3. The fatigue lives computed in Aratjo
and Nowell (2009) are also reported in Fig. 10b. The
accuracy of the evaluations is quantified by means of
the root mean square error (Lagoda and Walat 2014;
Vantadori et al. 2018), equal to 1.14 for the present
study results and to 3.26 for the results in Aradjo and
Nowell (2009).

6 Conclusions

Considering the proposed crack initiation life method-
ology, the main conclusions which can be drawn from
this research work are the following:

(1) The results in terms of both crack initiation path
and evaluated fatigue life are independent of the

AMPLITUDE, Ney 4

NORMALISED STRESS

AMPLITUDE Ng 4

NORNALISED STRESS

SEGMENT ORIENTATION, o [°]

Fig. 9 Normalised equivalent stress amplitude vs segment ori-
entation «: a linear elastic analysis in conjunction with the super-
position principle, and b elastic-plastic analysis, for each loading
condition examined (see Table 1)

FE analysis type employed to compute the stress
field in the specimen;

(2) An accurate simulation of the shot peening effect
on the fretting fatigue life would require the knowl-
edge of several factors such as: the actual residual
stress depth profile, the elastic-plastic mechanical
behaviour of the material under cyclic loading, the
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Fig.10 Experimental fatigue life N, against computed fatigue
life Nq: a linear elastic analysis in conjunction with the super-
position principle, and b elastic-plastic analysis, for each loading
condition examined (see Table 1). In Fig. 10b, the symbols in red
refer to results by Aradjo and Nowell (2009).

residual stress relaxation under fatigue, and many
others. Since a linear elastic FE analysis is less time
consuming than an elastic-plastic one, a linear elas-
tic analysis in conjunction with the residual stress
profile (proposed by some of the present authors)
has been herein shown to be a useful tool for the
structural assessment of shot peened and fretted
engineering components;

(3) Conservative and non-conservative evaluations have
been obtained. In the worst case, the life evaluations
vary by a factor equal to 3.00 when compared to the
experimental life.
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