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Abstract. The term "Foreign Object Damage (FOD)" refers to the damage associated with the
impact of particles on aircraft engine components that causes changes in fatigue strength as a
result of induced stress concentrations, residual stresses and microstructural changes. This paper
presents the Finite Element (FE) models created to study the stress field induced by the impacts
of a steel sphere on a 7075-T6 hourglass specimen. The impacts occur at the minimum cross
section, in the normal and oblique directions. The results reveal that in the event of an oblique
impact the axial tensile stresses are greater and closer to the crater created by the impact. The
superposition of the residual axial stresses to the bending stresses by fatigue test allows to
identify the areas in which the maximum stresses are reached and therefore crack initiation is
expected.

1. Introduction

FOD is the damage induced by the impact of particles on the components of the aircraft engine
ingested during take-off, taxiing and landing. These particles can be debris and sand and they could
cause craters, nicks and dents which can change the fatigue strength of the component [1-2]. Studies
show that essentially four factors affect fatigue strength: (i) generation of micro-cracks; (ii) generation
of other microstructural damages such as shear bands and local textures; (iii) stress concentrations; (iv)
induced residual stresses.

Often the fatigue life of a part subjected to FOD is influenced by microscopic structural effects.
Peters and Ritchie [3] simulated FOD by firing hardened steel spheres in the normal direction to the
surface of a specimen using compressed air-gun setup and observed the induced microstructural effects.
From their analysis, they drew the important consideration that the nature of the microstructural damage
is a function of the impact speed. The impact at high speed (300 m/s) generated pile-up of material at
the crater rim. Plastic flow of material generated micro-notches and micro-cracks that affected fatigue
life. For this reason, impacts simulated in quasi-static conditions can provide useful information on the
fatigue strength only for low impact speeds, i.e. when the induced microstructural effects are less
evident. In contrast, at high speeds, a dynamic model is strictly necessary.

The shape of the crater generated by FOD is influenced by the shape of the impacting particle. For
instance, Ding [4] simulated the effects by the impact of a hardened steel cube on a flat specimen in Ti-
6Al1-4V where the first part that impacted was an edge of the cube. The crater should ideally have a V
shape. However, Scanning Electron Microscopy showed rounded corners and irregular sides for the
indent. It was assumed that these irregularities came from a combination of deformation of the cube and
relaxation of Ti-6Al-4V after impact.
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Loss of material (LOM) can be associated with FOD. Experiments show that in the presence of LOM
fatigue strength tends to decrease. Martinez et al. [5] stated that it is not so much LOM itself that
determines this effect, but the other effects that are often associated: production of sharp edges, folding,
and probably relief of compressive stresses. Furthermore, in [5] it was found that LOM creates sites for
the initiation of cracks and the fatigue strength decreases as the impact angle increases from 0° (normal
impact to the surface) to 30°.

FOD generates notches that determine local stress concentrations that affects fatigue life. In [6], a
model based on a rigid sphere that impacts normally to the edge of a plate was proposed in order to
model the normal impact on the leading edge of a turbine blade. The plate had a rectangular cross section
and the dimensions of the plate was much greater than its thickness. The material of the specimen was
considered elastic perfectly plastic and it was assumed that the plastic pile-up at the crater rim was
negligible. Results showed that stress concentration essentially depends on the residual penetration of
the sphere. At the crater base, higher static stress concentration factor (K;) was found at higher
penetration and this was always greater than 1. Therefore, stress concentration plays an important role
in the initiation of cracks under cyclic loading. On the other hand, at the bulge tip K; decreased and was
surprisingly always less than 1. This was attributed to the lateral expansion of the material, which is
responsible for stress relieving. Therefore, it can be stated that the hypothetical initiation of cracks at
the bulge tip is not driven by stress concentration.

Frankel [7] illustrated that FE models tend to overestimate stresses. The reasons for this can be: (i)
lack of failure mechanisms, such as initiation of microcracks and formation of shear bands; (ii) scarce
consideration of creep effects at room temperature, which can reduce the stresses deriving from the
impact; (iii) use of extrapolated and un-validated mechanical properties (experimental data of properties
at high strain rate are difficult to find in the literature). In [8], the residual stress distribution obtained
with FE modeling for the impact of a steel sphere against a Ti-6Al1-4V plate was presented. The
distribution of the circumferential residual stresses near the crater was characterized by a large central
compression region immediately below the impact crater, two small and intense lateral tensile regions
on the crater rim, and two large and intense regions at a distance of about once the radius of the crater.
As known, the introduction of residual stresses can positively influence fatigue strength. Ding et al. [4]
investigated the influence of FOD-induced residual stresses on Ti-6Al-4V plates by comparing the
results obtained for specimens subjected to FOD with those obtained for specimens subjected to FOD
and Stress Relief (SR). Under the same load conditions, the fatigue strength for FOD + SR specimens
was found to be lower than that of FOD specimens. The residual compressive stresses induced under
the crater inhibited the propagation of cracks in that region. However, Ruschau [9] also studied the
combined effect of residual stress from FOD and SR. The results showed that SR has substantially no
effect in the case of collisions with 2 mm spheres launched at 305 m/s. The huge energy exchange during
the impact tends to induce fractures on the specimen causing LOM rather than plastic deformation.
Therefore, the residual stress state is small. In contrast, tensile stresses induced by impacts of smaller
spheres (diameter of 0.5 mm) were removed by a subsequent SR, with an increase in fatigue strength.

The analysis of the literature highlights the scarce presence of FOD studies on materials other than
titanium alloys and on geometries other than plane ones. Aluminum alloy 7075-T6 is widespread in
aeronautical and aerospace applications, for components which can be damaged by impact. Fatigue
properties of this aluminum alloy with and without coatings in several environments are described in
[10-12]. In [10] the fatigue strength of 7075-T6 with and without a diamond-like carbon coating applied
by physical vapor deposition in air environment was presented. In [11-12] the corrosion fatigue behavior
of 7075-T6 coated with WC/C was studied. In general, coatings increase the wear and corrosion
resistance of the components and for this reason their applications on different substrates are studied.
For example, in [13] the fatigue strength of steel coated by plasma-enhanced chemical vapor deposition
coatings was investigated.

The purpose of this work is to develop a FE model that describes the damage induced by FOD and
its consequences on fatigue. The model was applied to the impact of a steel sphere at the minimum cross
section of an hourglass specimen in 7075-T6. The cases of normal impact and oblique impact were
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studied. The superposition of the residual stresses induced by FOD with the bending stresses made it
possible to identify the areas subjected to the highest tensile stresses, which are unfavorable from a
fatigue point of view.

2. Materials and Methods

Explicit integration method is recommended for FE analyzes involving these types of problems [14-17].
The model was created in Abaqus 2019 and included an hourglass specimen in aluminum alloy 7075-
T6 and a steel sphere. The geometries of the components, the mesh and the boundary conditions are
shown in Figure 1. The specimen was modelled with 92160 linear hexahedral elements of type C3DSR
and an elastic perfectly plastic material. The mechanical properties are: density p of 2810 kg/m?,
Young’s modulus E of 71700 MPa, Poisson’s ratio v of 0.33, yield stress Ry of 598 MPa. The sphere
was modeled with 1536 linear quadrilateral rigid elements of type R3D4. The mass and the moments of
inertia were then assigned to the Reference Point (RP) of the sphere, positioned at its center, considering
a density of 7860 kg/m? for steel. The FE model refers to a test rig developed by the authors’ research
group, which will be used for the experimental validation. The lower left corner of Figure 1 illustrates
the specimen support of the rig. The specimen is positioned in the support, with the two cylindrical parts
housed in the through holes and is subsequently tightened with set screws. The sphere was considered
to be fired by a compressed air-gun setup, which was positioned very close to the firing position. Due
to the experimental configuration, the model neglected the contribution of air. The sphere was positioned
near the impact zone, in correspondence with the minimum cross section of the specimen, with a gap of
0.1 mm, in order to save on time calculation. Two types of impact were simulated. The first one is
normal, i.e. with the impact direction coinciding with the z axis of the coordinate system visible in
Figure 1. The second one is oblique, with the impact direction lying on the yz plane. The coefficient of
friction implemented between the sphere and the specimen was 0.6. The impact speed was 100 m/s and
was defined as a predefined field. The boundary conditions are based on the described specimen support
of the test rig. They constraint all the displacements of the nodes on the external surface of the specimen
in correspondence with the holes. Symmetry conditions were implemented, consistent with the type of
impact analyzed. In detail, the condition of symmetry was set on the plane containing the minimum
cross section of the specimen, both in the case of normal impact and in the case of oblique impact. The
symmetry condition on the xz plane was only implemented in the case of normal collision. The RP of
the sphere was only allowed to translate in the z direction in the case of normal impact and to translate
in y and z and rotate around x in the case of oblique impact. An explicit dynamic step of 7 ms was
implemented. At the end of the simulation the stresses in the specimen can indeed be considered
stabilized. The calculation was performed on four processors.

3. Results and discussion

Normal and oblique impacts were studied. Results were analyzed firstly in terms of contact elastic and
residual stresses induced by the impact of the sphere with the specimen. Secondly, the effects of rotating
bending experiment were included in the impact model in order to discuss fatigue implication of the
impact. The units of measurement adopted for the analyses are mm for lengths, kg for masses and ms
for times. For this reason, stresses and pressures are in GPa.
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Figure 1. FE model.
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Contact stresses and displacements are illustrated in Figure 2. This shows the von Mises stress, the
contact pressure, the total displacement and the displacement in impact direction (z). Stresses, pressure
and displacement distributions refer to 0.00136 ms after the start of motion of the sphere. At this point
of the impact process, the specimen is in the proximity of the yielding of the specimen material. Thus,
these distributions are substantially elastic. The von Mises stress and the contact pressure exhibit a
maximum value at the center of the contact area and decrease to edge. The stress state shows the typical
distribution by application of a surface pressure distribution, e.g. Hertzian. Displacement distribution is
analogous to the stress one, with the maximum value in magnitude reached at the center of the contact
area. By comparison of displacement magnitude and displacement in impact direction, it can be observed
that the displacement at the center of the contact area is only in z direction. This result is coherent with
the symmetry of the analyzed problem.

S, Mises (Gpa) CPRESS (GPa)
(Avg: 100%) 1.888

Step: Step-1 Step: Step-1
Increment  146: Step Time = 1.3557E-03 Increment  146: Step Time = 1.3557€-03
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Step: Step-1 Step: Step-1
Increment  146: Step Time = 1.3557E-03 Increment  146: Step Time = 1.3557€-03
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Figure 2. Normal impact: von Mises, contact pressure, displacement and displacement in z.
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The residual stresses and the displacements in the minimum cross section obtained with the normal
impact are shown in Figure 3. Particularly, S11, S22, S33 are the stresses in the x, y, z directions while
S23 is the shear stress on yz plane, the other shear stresses are not reported because they are negligible.
The von Mises equivalent stress is S, Mises while U indicates the magnitude of the total displacement.
Arrows indicates the impact direction. In proximity of contact surfaces, there are only normal stress
similarly to general solution of elastic stresses state originated by contact pressure distribution [18].
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Figure 3. Normal impact: S11, S22, S33, S23, von Mises, displacement.

The S11 contour in Figure 3 shows that, in proximity of the crater, only a small region near the rim
exhibits moderate tensile stresses in axial direction while the maximum axial stress can be found in
surface regions between the rim and the vertical radius, corresponding approximately to the angular
positions 9.0°<6<45.0°. The angle 6 was measured starting from the vertical direction, which is normal
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to the impact direction, i.e. from the y direction. It was positive in counterclockwise direction and
measured from the top of the section, which corresponds to the maximum y. This stress distribution is
coherent with the result found by Boyce et al. [8]. Assuming that the specimen is subject to a post impact
fatigue test based on rotating bending, a further stress distribution in axial direction has to be considered
in order to assess the final stress state during the test. Therefore, the typical axial stress distribution of
the rotating bending was added to the residual stresses induced by FOD. Due to the rotation, the constant
bending stress distribution will be applied to each point of the cross section. The region with the highest
tensile stresses state might have a higher probability of cracks initiation. Considering that bending
stresses applied by fatigue test are constant over time, the maximum tensile stress will be reached when
the maximum residual stress overlaps the maximum tensile stress generated by the test. In order to better
identify this region, Figures 4 and 5 report the trends of the axial residual stresses after the normal impact
at the different angular positions. Particularly, Figure 4 refers to the axial stresses for the angular
positions 9.0°<0<45.0° while Figures 5 displays the axial stresses at =0° and 6=90° and in the direction
that passes through the center of the cross section and the bulge tip (6=67.5°). The last point is very
important because the maximum tangential displacement occurs near this point [19-21]. The reason is
that the contact pressure is zero and therefore, for any coefficient of friction, displacement is possible.
The stresses were plotted on a stress — rnai/t diagram, where rna is the radial coordinate on the deformed
section and r is the radius of the undeformed minimum cross section. In the diagram, various angular
positions are plotted. This diagram is also useful for appreciating the deformation of the section. Radial
expansions correspond to values of renai/t higher than 1. In Figure 4, the residual axial stresses are plotted
only for the annulus in proximity of the surface.

—9-6=9.0° —-#-6=13.5°——-6=18.0° 6=22.5° 6=27.0°
~{}-6=31.5° ~0—0=36.0° ~A—0=40.5° —=—0=45.0°

S, S11 (Gpa)
(Avg: 100%)

400

300

200

2 o-; Step: Step-1
Increment  734498: Step Time =  7.000
Primary Var: S, 511

100

Ores,ox [MPa]

-100

-200 *
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Figure 4. Normal impact: axial residual stresses, 9.0°<6<45.0°.
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Figure 5. Normal impact: axial residual stresses, 6=0.0°, 67.5°, 90.0°.

In order to analyze the stresses during rotating bending fatigue test, the residual axial stresses induced
by the normal impact (Figures 4 and 5) were superposed with the bending stresses in the minimum
specimen cross section. The bending stresses added to the residual stresses were obtained by the
application of a moment of 1.5 Nm. The magnitude of the applied bending moment was estimated
according to the results of previous experiments for determining the fatigue strength of smooth hourglass
specimens in 7075-T6 [22-24]. The bending stresses were added and subtracted to the residual stresses
in order to identify the maximum and minimum total axial stresses experienced by all the points of the
considered direction during the fatigue test. Figure 6 shows the results of the stress superposition of
bending stresses to the stresses plotted in Figure 4, 9.0°<6<45.0°. To increase in readability of the figure,
only the stresses for the angular positions which provide the highest maximum stresses are plotted. The
axial tensile stresses reach a maximum value of about 180 MPa at 13.5°<0<22.5°. The maximum total
tensile stress is about 300 MPa and it is included in the angular region between 6=13.5° and 6=18.0°.

In Figure 7, residual and fatigue stresses were superimposed on the specific directions reported in
Figure 5. This figure provides a global vision. The total axial tensile stresses reach a maximum value of
around 250 MPa on the vertical radius and of around 240 MPa at 6=67.5°. For this reason, it can be
expected that the fatigue cracks nucleate in the region corresponding between 6=13.5° and 6=18.0° of
the minimum cross section if the defects are uniformly distributed in the specimen. However, the relative
displacements at the crater rim might induce there a crack nucleation [19-21].
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Figure 7. Normal impact: total stresses, 6=0.0°, 67.5°, 90.0°.

The same method was applied to determine the total stresses induced by the oblique impact. Figure
8 shows the von Mises stress, the contact pressure, the total displacement and the displacement in z
direction. The shown fields refer to 0.00145 ms after the start of motion of the sphere, in the proximity
of the yielding of the specimen material. Therefore, the analyzed distributions are substantively elastic.
The obtained distributions are symmetric with respect to yz plane but they are not symmetric with
respect to xz. The asymmetry is clearly visible in the von Mises stress distribution, which shows a larger
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light blue are at the top. The maximum values of equivalent stresses are reached near the center of the
contact area, because of the small impact angle. By comparison of displacement magnitude and
displacement in z direction, it can be observed that the maximum displacement is not only in z direction
like in normal impact. In oblique impact, the displacement presents two components, one z-oriented and
the other one y-oriented. All these results are coherent with the direction of impact.

S, Mises (GPa) CPRESS  (GPa)
(Avg: 100%) 1.520
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Primary Var: U, Magnitude u, U3

Figure 8. Oblique impact: von Mises, contact pressure, displacement and displacement in z.

Figure 9 shows the stresses and the displacements in the minimum cross section obtained with the
oblique impact. In detail, S11, S22, S33, S23, von Mises stress and the total displacement are shown.
The other shear components are not shown because they are negligible similarly to the normal impact
case. Substantially there is no shear in proximity of contact surfaces. Therefore, the stress state is
determined only by normal stress similarly to general solution of elastic stresses state originated by
contact pressure distribution [18]. Figure 9 shows that the stress and displacement distributions are not
symmetric with respect to xz plane and the maximum stresses are reached in the upper part of the
specimen, where the sphere speed is directed. The region in the upper part of the specimen is more
stressed in oblique impact than in normal. The maximum stress region in oblique impact is located closer
to the crater. According to Figure 9, the point of the crater rim in the lower part of the section (6=112.5°)
is more stressed than the upper one. Figures 10 shows the stress trends at 9.0°<6<45.0°. At these angular
positions, the highest axial stresses induced by FOD were found. This region (red in Figure 9) is located
between the rim and the vertical radius. Figure 11 shows the trends at 6=0°, 90° and 112.5°. At this
point, the maximum residual axial stress is about 200 MPa at 27.5°<6<40.5°, Figure 10. The maximum
axial stress induced by the oblique impact is higher than in normal impact, which was about 180 MPa.
The stresses at the lower crater rim are higher in oblique (about 150 MPa, Figure 11) than in normal
impact (about 100 MPa, Figure 5).
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Figure 9. Oblique impact: S11, S22, S33, S23, von Mises, displacement.
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Figure 10. Oblique impact: axial residual stresses, 9.0°<6<45.0°.
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Figure 11. Oblique impact: axial residual stresses, 6=0.0°, 90.0°, 112.5°.

Figure 12 shows the results of the stress superposition of the bending stresses to the residual stresses
of Figure 10. The maximum axial stress in the minimum cross section over the time in the fatigue test
is approximately 330 MPa, with an increment of 30 MPa with respect to the normal impact. The
maximum values are reached at 27.0°<0<31.5°. Figure 13 shows the results of the stress superposition
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of bending stresses to the residual stresses at three angular positions: 6=0.0°, 6=90.0° and 6=112.5°. The
maximum axial stress at the crater rim is about 290 MPa.

s, 11 (Gra) 8=27.0°; ores,ax + obending < -6=31.5°; ores,ax + obending —>—6=36.0°; ores,ax + chending
, a
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g:ﬁi ~4-06=36.0°; ores,ax - cbending —4—6=40.5°; ores,ax - chending
0.066
0.017
0.031 400
0.080
0.129
0.177
b
0.323 300
0.372
X
& 'J mm.l7um: Step Time = 7.000 = 200
Primary Var: S, S11 o
=3
2
4
% 100
K
x
©
=
M=1.5Nm B i
-100
-200
0.50 0.70 0.90 1.10

Thinal/T

Figure 12. Oblique impact: total stresses, 27.0°<6<31.5°.
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Figure 13. Oblique impact: total stresses, 6=0.0°, 90.0°, 112.5°.

Therefore, in the case of oblique impact, crack initiation can be expected at an angular position
between 27.0° and 31.5°, where the maximum stress of 330 MPa is reached, or at 0=112.5°, i.e. at the
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crater rim. Here a maximum stress of 290 MPa can be observed but the relative displacements contribute
to crack nucleation.

4. Conclusions

A model of FOD by steel sphere on hourglass 7075-T6 specimen was developed in order to evaluate
residual stress field effects on fatigue test. The cases of normal and oblique impacts were studied. The
stress distributions induced in the minimum cross section were compared. It was found that oblique
impact introduces higher axial stresses (tensile). These stresses are closer to the crater generated by the
collision. A rotating bending moment was applied to the specimen. The superposition of the FOD-
induced stresses to the bending stresses allowed to identify the regions of the minimum cross section
which are unfavorable from a fatigue point of view.
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