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A B S T R A C T

The simulation of the residual stress field achieved by shot peening cannot be carried out on component-large
models. Hence, an efficient unit cell model for the simulation of the shot peening process is developed. The
model allows both, the simple inclusion of a pre-stress and the evaluation of the up-arching of the Almen strip. For
this purpose, generalized coupling constraints for the periodic boundaries of the unit cell are developed. These
allow for displacement and rotation of the coupled boundaries relative to each other. In the coupling constraints,
this is accomplished by respective variables, which can either be prescribed to the analysis or read out as a result
from the analysis. Hence, the unit cell can expand, shear, bend and twist under driving forces like, e. g., residual
stresses or thermal effects. At the same time, deformations of the cell’s periodic boundary pairs are kept congruent
by the generalized coupling. The ability to cover expansion is novel regarding known periodic boundary condi-
tions. Also, the application of a generalized unit cell to shot peening is new.

Results obtained with the generalized unit cell are displayed, demonstrating its capabilities: A fundamental
analysis of the residual stress field from shot peening shows inhomogeneities at a fatigue relevant level to be
inevitable. A validation of the model was done by comparison with experimental Almen strip shot peening tests
reported in literature. Shot peening under pre-stress is demonstrated and its results in terms of residual stress are
evaluated. The application of the generalized unit cell is not limited to shot peening.
1. Introduction

The manufacturing process of strengthening by cold forming has been
known for a very long time. Shot peening, in which preferably spherical
shot is thrown repeatedly and randomly at the component’s surface, is
such a process. The impact of the shot on the component causes a thin
layer of residual compressive stresses near the surface, typically a few
tenth of a millimeter thick. These are superimposed by the stresses
resulting from the load. The result is a lower stress level which, with
regard to material fatigue, results in a reduced mean stress and thus
increased fatigue durability. The mechanism consists in a hindrance of
the shear stress driven dislocation sliding by a lowered normal stress
perpendicular to the slip planes. In the case of a small crack reaching into
the compressive residual stress layer, this results in crack-relieving and
crack-closing effects that may prevent further crack growth. The reduced
stress level is also beneficial in the case of stress corrosion cracking. Due
to its strengthening effect, shot peening is well established in a wide
variety of mechanical engineering sectors, such as turbomachinery and
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gear manufacturing [1, 2]. In additive manufacturing, e. g. of
laser-sintered machine components, it can at least partially compensate
for any deficiencies (roughness, tensile residual stresses) created in the
surface of the component during the manufacturing process [3, 4].

To optimize the component performance, a simulation of the shot
peening process is necessary to gain insight into the residual stress field
and its effect on fatigue durability. Unit cell models are employed as
these have a minimum representative section of the component, reducing
calculation effort or allowing the simulation at all. The cut boundaries of
the cell are coupled to represent periodicity, usually prescribing identical
displacement for congruent nodes. It is the aim to develop a generalized
unit cell, to validate it and to demonstrate its efficiency in applications.

Exposed to loads a component may undergo expansion and/or
bending and/or torsion. The generalized unit cell shall be able to
represent this behavior. Therefore, the periodic coupling equations
shown in this paper take into account expansion and rotation of the cell’s
boundaries relative to each other. At the same time, the boundaries have
to keep identical shape. The expansion and rotation can either be
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prescribed to the analysis or read out as a result from the analysis. This is
a useful feature of the proposed unit cell. Prescribing expansion and
bending is used e. g. for the simulation of shot peening under pre-stress;
reading out expansion and bending is employed, e. g., to evaluate the
deformation of an Almen strip under residual stress.
1.1. Technology and Effect of Shot Peening

Process Description and Overview. In shot peening, mostly spher-
ical bodies with dimensions ranging from a few tenths to a few milli-
meters, depending on the application, are shot with a certain speed
(typically 50–100 m/s) at the surface of the material to be treated. A
section of the surface area can be seen in Fig. 1. The bombardment must
be repeated within the random process until the entire surface is hit
uniformly. Common materials for the shot include steel, ceramic and
glass [5–7]. Accelerating the balls with a conveying air flow or with an
impeller is state of the art. To control the shot velocity the amount of
conveying air or the impeller speed can be varied, respectively. Shot
peening was first used commercially by Zimmerli [8] and Almen [9] for
valve springs of piston engines in the late 1920s.

Mechanism of Residual Stresses. The kinetic energy of a ball is so
great that its impact causes plastic deformations in the near-surface areas
of the material. Hence, this material is strengthened and compressive
residual stresses are introduced in a thin layer. The plastic deformations
are such that fibers aligned parallel to the surface would expand if they
could be freed from the material. Fig. 1 shows fibers of originally iden-
tical length with their free lengths at different depths below the surface
after shot peening. At a certain depth, the material is practically un-
changed through the process. The change in length of the vertical fibers is
comparatively small. The plastically elongated fibers are pushed back by
the underlying bulk material, which was deformed only elastically during
the peening process. Therefore, compressive stresses emanate in planes
parallel to the surface. Fig. 1 shows the graph of the compressive stress
over the depth qualitatively. Below the residual compressive stress zone,
there is a zone of moderate tensile stresses resulting from the internal
equilibrium of forces. Cracks that develop and grow into depth thereby
experience crack-closing forces from the residual stresses; hence, crack
growth is impeded [10]. The described effects of shot peening can be
amplified by exposing the surface to an elastic tensile pre-stress during
the shot peening. This pre-stress is induced with a static load of the
component.

Quality Control with Almen Strip. Besides ball properties like
Fig. 1. Fibre lengths (blue lines) as altered due to shot peening and the resulting
compressive stresses over the depth (green curve). Concave impressions from
the impacting spheres can be seen on the surface (the proportions are not
to scale).
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material, hardness and size, the speed of the ball is a central process
parameter. In addition, the number of impacts per surface element is just
as important. To control both quantities, an accompanying sample, the
Almen strip, is peened during the process. This specimen is a flat fixed
sheet metal strip or circular blank made of spring steel (SAE 1070) [1,
11]. In contrast to a component, the Almen strip arches up measurably
under the effect of the residual stresses after releasing its fixation [12].
This is due to its small moments of inertia about the bending axes. As a
result of bending upwards, the level of the compressive stresses in the
Almen strip decreases. The arc height of the bent Almen strip over the
course of impacts or time, A(t), allows to conclude on the impact intensity
viz. on the speed of the balls. The impressions due to balls impacting on
the surface provide information about the number of area-specific im-
pacts. The fraction of the surface hit is the coverage ratio D. [13]

Process Parameters. The determination of the process parameters
like the shot, conveying air pressure and peening time is an iterative and
experimental work step carried out by the shot peening service provider.
The aim is to determine machine parameters for the peening process so
that compressive stresses are induced largely homogeneously and ac-
cording to the depth profile required by the designer. This adjustment
process includes shot peening with varied ball speeds, respectively
conveying air pressures and e. g. the X-ray diffraction measurement of
the residual stresses achieved.

Furthermore, the determination of the necessary peening time is part
of the work step. For this purpose, the graph of the achieved arc height
of the Almen strip A(t) over the peening time is examined for saturation.
The saturation time tsat is characterized by a 10% increase in arc height
while doubling of the peening time tpeen. The associated Almen arc height
A(tsat) is called Almen intensity J<N/A/C> (Almen strip types N, A, C). Due
to its averaging character, the arc height is an integral statement on the
saturation of the residual compressive stress field. Details on dimensions,
material and measuring technique can be found in Refs. [12, 13].

The surface is checked for whether it is entirely impacted. For this
purpose, the coverage ratio D is determined with the aid of a microscope
and, if necessary, a fluorescent test liquid. The aim is to determine the
saturation peening duration t100%, at which almost complete coverage
(D ¼ 98%) is achieved. The maximum of the two times, the saturation
time tsat of arc height and the time for complete coverage t100%, is to be
used for the process. In practical application, a multiple (typically 2) of
the identified maximum peening duration is used. The coverage ratio is
often the leading variable. For the overall validation of the shot peening,
fatigue tests may be carried out.

1.2. Approaches of Simulation

Different approaches for the simulation of the shot peening process
can be found in the literature. In Ref. [14], a sheet metal is modelled as a
symmetry quarter of an Almen strip, which is shot peened in a small area
around the center. The effect of vertical impacts on the residual stress is
investigated for different ball diameters and velocities.

The coverage ratio D as a function of the number of impacted balls is
the subject of the investigations in Ref. [15]. A small, central area of a
circular plate is shot with randomly positioned balls. It is shown that the
coverage ratio can be described by the Avrami equation. In Ref. [16], the
influence of friction on the residual stress after oblique ball impacts is
also investigated with a circular plate model and a random impact
pattern. At an impact angle of 45�, a maximum value of the residual
stresses is obtained over the coefficient of friction μ. This stress remains
practically unchanged above μ ¼ 0.3. A beam model is used to calculate
the arc height of the Almen strip caused by the residual stress field.

In Refs. [17–19], a cell model is employed that works with symmetry
conditions on cell’s boundaries. When a ball hits the cell close to its faces,
unnatural results are obtained because of the interaction with the
mirrored impact. Therefore, only certain regular impingement patterns
have been used. The influence of the coefficient of friction on residual
stress is examined in Ref. [17]. For coefficients in the range of μ ¼ 0.1 to



Fig. 2. Model of the unit cell, representing an Almen strip type A (0.48 � 0.48
� 1.3 mm3), and of the sphere (Ø 0.8 mm). To represent a component, the
thickness and mesh density of the unit cell can be adjusted. Above the unit cell
there are four contact surfaces cyclically coupled to the solid elements. The
targeted impact area is in the middle of the contact surfaces.

C.H. Richter et al. Results in Materials 8 (2020) 100151
0.5, the effect is judged to be negligible for vertical impacts. In Ref. [18],
a comparison of calculated residual stresses and stresses measured by
X-ray diffraction is undertaken. Since the measurements average over a
range, the calculated fields are averaged correspondingly for the purpose
of comparison. Furthermore, the influence of the material model of the
ball on the stresses calculated in the component is investigated. An
elastic-plastic, an elastic and a rigid model are tested – the latter two
without calibration to the case of the elastic-plastic ball.

Bending of the unit cell and hence rotation of the unit cell’s bound-
aries against each other is treated in Ref. [20]. A generalization of peri-
odic coupling conditions is displayed in Ref. [21]. It takes into account
torsion and bending of the coupled cell’s boundaries relative to each
other. This paper shows a generalized approach taking into account
rotation and translation of the unit cell’s boundaries. This allows, beyond
torsion and bending about an arbitrary axis, to account for expansion.

In Ref. [22], a particle simulation (Discrete Element Method) is used
to simulate the ball flow after exiting the nozzle to investigate the
interaction of the balls – moving towards the component or bouncing
back – in the air flow. This determines the ball’s impact locations and the
distribution of the ball velocities.

2. Method – Modelling of the Shot Peening Process

2.1. Basic Model Properties

Model Requirements. The model shall be capable to represent both,
the (thin) Almen strip which arches up due to residual stresses by shot
peening as well as the (thick) component with its induced residual stress
field experiencing negligible bending because of its thickness. Further-
more, it shall be possible to represent saturation effects in the residual
stress with random impact patterns.

Also, the area-specific number of impacts to be simulated is a decisive
factor, since it determines the computational manageability. The more
balls, the greater the number of degrees of freedom for which the
nonlinear system of equations must be solved each time step. To deter-
mine the order of magnitude of the number of area-specific impacts, a
peening process described elaborately in Ref. [23] has been evaluated.
Based on the data given there, an area-specific number of 700 balls/mm2

is determined for double coverage, 2⋅t100%. An average ball diameter of
0.5 mm is underlying this number. In the present work, the underlying
ball diameter is 0.8 mm, hence the area-specific number of balls converts
to 300 balls/mm2. A simulation-based verification is shown in Sec. 3.2.2.

This area-specific number will serve as the reference. At the chosen
cell’s edge length of 0.48 mm it results in a total of 70 impacts to be
modelled, reflecting double coverage. On a typical office PC, this took
about 30 h CPU time. An entire component could not be handled at all.
The unit cell approach thus makes the simulation of shot peening with a
realistic number of impacts accessible in the first place. The generalized
constraints add capabilities to the unit cell formulation.

Key Data of the Model. The model is designed as a periodic unit cell.
Hence, all its virtual repetitions experience the same history. Fig. 2 shows
the finite element mesh of the unit cell and of the sphere. A convergence
study has been carried out to determine mesh densities for the 20 node
hexahedral elements with quadratic interpolation. Their edge length at
the impacted surface of the unit cell results with 30 μm (16 � 16 ele-
ments, cell dimensions: 0.48 � 0.48 � 1.3 mm3). For the surface linearly
interpolated contact segments with half the element’s edge length are
applied on top (contactor). The sphere’s potentially contacting area
(target) is meshed equally sized at the center of contact, and aside up to
two times larger using the same element and segment types. Areas of
different mesh density in the unit cell are coupled with constraints at
locations away from domains of local interest.

The transient calculations are performed with the implicit time
integration scheme according to Bathe-Noh in the FEM program ADINA
[24]. Displacement based elements are used having additional pressure
degrees of freedom in favor of convergence in plasticity. Time steps in the
3

different process periods (acceleration, impact, damping, see below)
varying from 0.01 s to 0.1 μs are used. The underlying material,
40NiCrMo6, is used in aerospace engineering [25] and in automotive
industry for structural, highly stressed components. The material is
frequently subject to shot peening in these applications. Based on [16]
the model assumes identical material for the Almen strip and the shot.

Due to the estimated specific number of impacts (300 balls/mm2),
only small surface areas can be handled in reasonable simulation time.
However, there is a lower limit on cell size due to the range of influence
of an impact. This should at least be completely contained in the
modelled zone [26] so that it does not interact with its virtual neighbors.
Thus, with a ball diameter of 0.8 mm, an impact velocity of 75 m/s and
steel 40NiCrMo6 with a yield strength of σy ¼ 1510 MPa (typical for
Almen strip and shot [18]), an edge length of 0.48 mm of a square surface
area is obtained by analysis. Results for vertical impacts are presented in
the following.

Material Model. A multilinear plastic material model (J2 plasticity)
with isotropic strain hardening is used for the component, for the Almen
strip as well as for the balls, assuming large strains. The elastic material
properties are: modulus of elasticity E ¼ 205 GPa, density ρ ¼ 7850 kg/
m3, Poisson’s ratio ν ¼ 0.25, yield strength σy ¼ 1510 MPa and a
tangential modulus of 1200 GPa. The underlying stress-strain curve has
been adopted from Ref. [16]. From this source, experimental shot
peening data have been taken up for validation as well. Two linear sec-
tions appear sufficient to represent the elastic and hardening behavior. A
comparison of two shot peening simulations with isotropic and mixed
(70/30% isotropic/kinematic) hardening shows a difference of max. 3%
in the compressive residual stress, averaged over the cell. A strain rate
dependency of the flow curve is neglected. The temperature change is
negligibly small, even for the Almen strip with its little mass.

Contact Model. Coulomb’s law of friction with a constant coefficient
of friction of μ ¼ 0.6 is applied between shot and unit cell. The
comparatively high value takes account of the fact that intensive contact
occurs during plastic deformation in the course of the impact/rebound.
Relatively high maximum possible friction forces accompany the contact.
Calculations for an impact angle of 90� to the surface show extensive
invariance to the coefficient of friction, as also explained in Ref. [17]. The
constraint equation algorithm is used to implement contact conditions.

Damping. The elastic energy remaining after plastic deformation
leads to waves. Due to the limited volume of the unit cell model, the



C.H. Richter et al. Results in Materials 8 (2020) 100151
waves would become stronger and stronger with further impacts. In re-
ality, there is material damping and damping in fixations. Beyond that,
away from the peening zone there is material capable to absorb and damp
elastic waves. In consequence, there is no severe build-up of wave energy.
To avoid the problem of increasing waves affecting impact process
simulation, a damping step is inserted after each impact and all
remaining wave energy is dissipated.

2.2. Generalized Cell Periodicity

The unit cell represents a section of the whole. The whole is obtained
by repeated juxtaposition of the unit cell in two spatial directions. Since
periodic coupling (rather than mirror) conditions are used, and the cell is
sufficiently large, there are no artificial interactions between impacts on
virtual neighbors. The unit cell has periodic couplings at its boundaries as
well as at its surface covered with contact segments (Fig. 2, green top
surface). Beyond the contact surface of the unit cell itself, there are three
additional identical surfaces with contact segments only, which are
periodically coupled with the unit cell. The targeted impact area at the
size of one contact surface is located in the middle of all surfaces. This
ensures proper impact on the unit cell. E. g., a ball contacting on the edge
of the cell experiences contact to full extent. Periodic coupling of the
additional contact surfaces propagates the cell’s stiffness.

In the simplest case, the periodic coupling conditions at the cell’s
boundaries express the displacement vector of a point on one boundary
to be identical to the vector on the opposite boundary at congruent po-
sition. This formulation, however, does not allow grasping the up-arching
of the Almen strip driven by residual stresses after removing its fixation.
Neither does it allow the application of pre-stresses. Due to periodicity,
the coupled boundaries of the unit cell must have the same shape. In the
process of up-arching or in the presence of pre-stress, they take up rotated
and shifted positions relative to each other. The mentioned simple pe-
riodic coupling conditions cannot represent this.

In order to overcome this deficiency, the periodicity conditions are as
illustrated in Fig. 3 and expressed as a vector coupling equation. This
reads for e. g. node 3’

u’

3 ¼ u3 þ qþ φ� r’13 (1)

It has to be set up for each node pair of the boundaries to be coupled. In
this equation u and u’ are the displacement vectors of two congruent
nodes. Furthermore, two coupling variables appear:

� the vector of relative displacement between coupled boundaries
q, e. g. an expansion due to, e. g., temperature change or tension,
Fig. 3. Coupling of congruent nodes (1 to 3 and 1' to 3') of opposite periodic
boundaries of the unit cell in such a way that the copy of the deformed shape of
the left boundary merges into the deformed one of the right boundary by
displacement q and rotation φ.
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� and the small rotation vector φ, which describes the rotation of one
boundary relative to the coupled one, e. g. due to residual stresses.

Each of the four coupling variables is the same for all nodes of a
coupled boundary pair. Each coupling variable is represented by the
degrees of freedom of one additionally defined node. The vector r’ is the
position vector from a reference node of the primed boundary (node 1’ in
Fig. 3) to the coupling node of the same boundary. Thus, the cross
product describes the small relative rotation of the periodic boundaries of
the unit cell. This cell periodicity is implemented into the model with
constraint equations as available in the finite element program. Simple
tests such as pure bending about one and two axes have been carried out
to verify the correctness. The generalized periodic coupling allows the
representation of both, the component (usually thick and not deforming
relevantly under residual stress) and the Almen strip (thin, arching up
due to residual stress). This is an innovative kind of generalized periodic
coupling to represent a unit cell. Its application to shot peening is novel.

The coupling equations also apply in rotationally periodic cases. Then,
in at least one coupled pair of boundaries, these boundaries are situated
under an angle of periodicity. The degrees of freedom to be coupled, u
and u’, have to be measured in coordinate systems rotated against each
other by the angle of periodicity. Beyond that, in either case boundary
pairs can have any shape as long as congruency is kept.

Use of the Coupling Variables. There are three basic applications of
the unit cell: thick component, (thin) Almen strip and pre-stressed thick
component. A thick component does not show (significant) expansion
nor bending after shot peening. This is because the stiff bulk material
under the thin layer of residual stress at the surface maintains the shape
of the component. Consequently, the residual stresses in the thin layer are
not significantly reduced by relieving the component from its fixation, if
any. The unit cell represents a section of a thick component with a
fraction of its thickness. Therefore, to represent the non-expanding and
non-bending behavior, the cell’s expansion q and rotation φ are set to
zero during and after shot peening.

An Almen strip, unlike the thick component, arches up after peening,
once released from its holder. Representing an Almen strip, the cell has
the original thickness and is fixed on its underside during the peening
simulation; the coupling variables are free. After removal of the fixation,
the values for the coupling variables adjust freely according to the re-
sidual compressive stresses. From the rotations φ of the two periodic
boundary couplings the arching up about the x- and y-axis can be
calculated for the unit cell and in turn for the Almen strip. To yield the
entire arc height of the Almen strip A the two results are superimposed.

Some of the coordinates of φx ¼
�
φx
x; φ

x
y ; φ

x
z

�
for the coupling of the

boundaries having a normal parallel to the x-axis, Fig. 3, are found to be
negligibly small, i. e. only φx

y is relevant. The relevant rotation for the
other pair of periodic boundaries is the same by amount because of

isotropy,
���φx

y

��� ¼ ��φy
x
��. Beyond that, the expansions qx and qy are found to

be negligibly small as well. The support distances on the Almen gage are
L1 ¼ 31.75 mm and L2 ¼ 15.85 mm (SAE J442). Based on this, the arc
height results from

A
�
φx
y;φ

y
x

�
¼ Rx

"
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� L2

1

4ðRxÞ2
s #

þ Ry

"
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� L2

2

4ðRyÞ2
s #

(2)

with Rx ¼ Lu=
���φx

y

��� and Ry ¼ Lu=
��φy

x
�� being the curvature radii in which

Lu ¼ 0.48 mm is the edge length of the square unit cell. This formula
captures the two-dimensional curvature [27].

The simulation of shot peening under component pre-stressing is
basically similar to the simulation without pre-stress described above for
the thick component. The expansion q and rotation φ are assigned values
that correspond to the intended pre-stress. After shot peening the
component is relieved from the pre-stress. It nearly returns to its original
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shape because of the stiff bulk material. This is modelled by resetting the
coupling variables to zero.

3. Results and Discussion

First, the integral and local saturation behavior of the residual
stresses, rarely displayed in the literature, are discussed. Afterwards the
main control parameters for quality assurance of the shot peening pro-
cess, the arc height of the Almen strip and the coverage, are considered. A
validation of the generalized constraints is displayed employing
measured arc height. Finally, an application for shot peening under pre-
stress is presented.

3.1. Characterization of the Residual Stress Field

3.1.1. Basic Characterization
For the evaluation of residual stress the pressure σp is used, which is

the negated hydrostatic stress σh of the stress tensor σ, σp ¼ - σh ¼ - 1/3
tr(σ). This quantity was chosen because it is the most important param-
eter for fatigue behavior in the context of surface strengthening. Various
fatigue criteria refer to the pressure to capture the mean stress influence
[28, 29]. The calculation shows second and third principal stresses to be
approximately the same and parallel to the surface. It is therefore irrel-
evant which orientation a surface fatigue crack might have. This appears
different for shot peening under pre-stress. The first principal stress is
comparatively close to zero. It points perpendicular to the surface.

3.1.2. Integral Consideration
In sections placed parallel to the surface of the unit cell at different

depths z, mean values and standard deviations of the pressure σp are
evaluated for the unit cell’s cross section. The results are determined over
all 16 � 16 ¼ 256 element faces of this section, Fig. 2, and are displayed
over the number of impacts. An extract from this evaluation is shown in
Fig. 4 for the section in which the final maximum of the mean
compressive stress over the entire section is reached, z ¼ -64 μm. The
mean value of the pressure in this selected section increases with pro-
gressing number of impingements, while the standard deviation de-
creases. An extrapolation shows an increase of the mean value by 5% and
a reduction of the standard deviation by 14% with a doubling of the
number of impacts to 140. According to the 10% saturation rule for the
arc height of the Almen strip, seven balls are sufficient; according to the
simulation of the coverage ratio D, Section 3.2.2, 46 balls per unit cell are
sufficient for double coverage, 2⋅t100%. With the practically used double
coverage the standard deviation of the pressure is still around 11% of the
mean value or 125 MPa.
Fig. 4. The mean value and standard deviation of the pressure σp of the section
z ¼ -64 μm over the number of impacts. The process can be terminated after 46
impacts on the unit cell for double coverage, corresponding to 200 balls/mm2.
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3.1.3. Local Stress Field
So far, the scatter of the entire cell’s cross-section has been presented

as an integral characterization, i. e. by its statistics. In the following, the
local development of the pressure in the course of the peening process is
considered. Fig. 5 shows the pressure σp in the same section as before,
z ¼ -64 μm, after the 66th and 67th impact. As expected, a high pressure
results at the location of the 66th ball after its impact. At that time, the
pressure at the location of the 67th ball is comparatively low. After
impact of ball 67, as expected there is higher pressure. However, at
location of ball 66 the pressure decreased again. This may be explained
by strains due to impact of ball 67 extending to location 66. Supported by
evaluations of accumulated plastic strain it is assumed that reverse
plastification has been caused at position 66 due to impact 67. Because of
re-shortening of fibers, pressure has reduced. Concluding, locally the
pressure field does not increase monotonously from impact to impact;
rather there is an ongoing variability. This can also be observed looking
at individual element faces that are evaluated over the number of im-
pacts, Fig. 6. Even after a large number of impacts beyond saturation in
coverage at 46 hits, fluctuations of more than 400MPa are displayed. The
extent of hills and troughs obviously exceeds the grain size, Fig. 5. In
consequence the variations are fatigue relevant. A corresponding
behavior can as well be observed in section planes perpendicular to the
surface.

Significance of Local Stress Field. The effect just presented is rarely
described and analyzed in the literature. In Ref. [30], comparable stress
patterns are presented, but their scatter is not discussed. The significance
of the local values results from the fact that the weakest compressive
stress has the least positive influence on material fatigue (weakest link).
It therefore must be taken into account when determining the fatigue life.
The described local variation of the pressure continues beyond the
technically meaningful range of number of impacts. This behavior is
evidenced both by the low rate of change of the standard deviation,
Fig. 4, and by the local behavior, Fig. 6. In the application, the process is
terminated when the desired degree of coverage and a stationary arc
height are reached. Then the scatter of the local pressure is still signifi-
cant. The residual stress field in Fig. 5 shows a span of about 40% of its
mean value, though the saturation point t200% (46 impacts) has already
been exceeded.

An X-ray diffractionmeasurement of the pressure averages over a spot
of the size down to 30 μm, depending on equipment [31]. This allows the
inhomogeneity of the pressure field to be determined by measurement.

Of course, it makes no sense to look for the minimum pressure on a
scale below the grain size of the material in the fatigue assessment, since
then the usability of the continuum mechanical model is no longer given.
Instead, the principle of critical distances [32] can be followed, taking
into account the scatter. According to this, fatigue is governed by stress
averaged over a small distance, area or volume around the potential
crack initiation site. The critical distance’s size is of the order of
magnitude of the grain size. The stresses averaged over each element face
of 30� 30 μm (being at the order of magnitude of critical distance) show
standard deviations in the order of 10% of their mean. The stress field
thus averaged is to be evaluated for fatigue.

3.1.4. Conclusions on the Residual Stress Field
Integral Evaluation. The integral evaluation of the residual stress

field shows saturation. However, even with double coverage, 2⋅t100%, the
pressure field is characterized by an appreciable standard deviation in
the order of 10%, Fig. 4.

Local Stress Field. The local residual stresses are decisive for the
fatigue behavior within a surrounding of the size of the equivalent
structural area [32]. These stresses do not show saturation within the
technically meaningful range of impacts, Fig. 6. Since the accumulated
strain introduced must not be too high due to low cycle fatigue [33],
peening cannot be continued for any length of time. So a homogeneous



Fig. 5. Pressure in surface-parallel section, z ¼ -64 μm, mesh size: 30 μm. Influence of successive impacts on the pressure field; left: after ball 66, right: after ball 67. In
this example, the total range of variation over the unit cell is about 500 MPa, i. e. about 40% of the mean value.

Fig. 6. Graph of local pressure σp on faces of selected elements in section at z ¼
-64 μm over the number of impacts. E. g., the red curve comes down from 1400
MPa after 56 impacts to 1000 MPa after 67 impacts.
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pressure field cannot be achieved economically, a certain amount of
scatter remains. It is advisable to consider this scatter behavior in fatigue
evaluations.
3.2. Validation

3.2.1. Arc Height of the Almen Strip – Comparison to Measurement
Basis of Comparison: Unit Cell. The arc height of the Almen strip

can be calculated from the rotations φ of the two periodic boundary
couplings according to Eq. (2). For a comparison with other authors, the
Almen intensity JA according to the 10% saturation rule is not considered
here. Instead, the arc height AS after a large number of impacts in the
saturation range is used, because this is more reliable due to its statio-
narity. Fig. 7 shows the graph of the arc height A vs. the number of im-
pacts for a type A Almen strip according to simulation. The saturation
point following the 10% rule results after a few impacts. At 75 m/s
impact velocity, the saturation value of the arc height is AS ¼ 0.5 mm.

Comparison with Arc Height from Shell Model. The residual
stresses obtained from the unit cell model representing a flat fixed Almen
strip can be integrated over the x-/y-normal unit cell boundaries to
obtain the effective moment. For comparison with the arc height deter-
mined with rotations φ, a shell model is used. This represents a not
peened Almen strip at whose free edges the determined moment is
introduced. An elastic calculation yields the arc height. Unit cell and shell
model provide practically identical values (deviation < 0.5%). This
means that actually present boundary effects of the domain-wise limited
Almen strip are negligible compared to the unit cell, which represents an
infinite sheet.
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Comparison with BeamModel. The use of a beammodel to estimate
the arc height of the Almen strip due to residual stresses by imposing the
bending moment to the beam’s ends is common. This model, however,
cannot take into account the stiffening curvature in the transverse di-
rection of the Almen strip as well as the deflection in the transverse di-
rection. As a result, the beam model overestimates the arc height by 7%
for the type A Almen strip. This deviation is systematic due to the linearity
between moment and arc height.

Comparison with Measured Arc Heights. The points in the graph of
Fig. 8 are measured values of the arc height for various shot velocities,
Refs. [16] Tab. 1, [18]. The shot velocities were determined by the au-
thors of [18] indirectly from the measured arc height using the beam
model. In view of the systematic overestimation of the arc height by 7%,
the curves have been corrected downwards. Furthermore, for the shot
velocity of 75 m/s, underlying the present work, a curve was obtained by
slight extrapolation of the measured data. This is shown in Fig. 8
including the correction of the overestimation, also for the case of 40 m/s
(dashed lines). In addition, the saturation values of the arc height ob-
tained with the unit cell for the two shot velocities are displayed there. It
is stated in Ref. [16] that the examined peening times are a multiple of
t100%. Therefore, the right area of the diagram is to be considered for a
comparison. A good agreement can be recognized with a maximum de-
viation of about 6% in the case of 40 m/s.

3.2.2. Coverage Ratio – Comparison to Shot Peening Treatment Evaluated in
Sec. 2.1

In Sec. 2.1, a shot peening treatment was examined, in which 300
impacts/mm2 at t200% were found as a representative estimation. To
further underpin this value, it will be verified by simulation in the
following.

The Coverage ratio D indicates the proportion of the total area hit by
balls, Fig. 9 top left. A Monte Carlo simulation has been carried out to
determine this ratio. It is based on a constant area-specific shot flow _V s in
pieces/(mm2 s). Each impact causes an impression on the unit cell. The
sizes of the partially overlapping impressions are taken from the finite
element analyses. The observed variation in diameter of the overlapping
hits is small at approx. 3%. The mean value is used in the Monte Carlo
simulation as a constant impression size. As the number of shots in-
creases, the area covered increases. The graph of the covered area over
time or over the number of impacts allows the determination of the
number of impacts required for 98% coverage. This is nominally referred
to as 100% coverage. One hundred of such Monte Carlo experiments lead
to the frequency distribution shown in Fig. 9. It indicates the number of
impacts by which 98% coverage is achieved in the simulation: On
average 23 impacts on the unit cell of 0.482 mm2, corresponding to the
peening time t100% for quasi 100% coverage. The peening time frequently



Fig. 7. Arc height A of the Almen strip in the course of the ball impacts ac-
cording to simulation. The saturation point (red) results from the 10% rule.

Fig. 9. To reach 98% coverage, the number of impacts as indicated on the
horizontal axis have been necessary in a number of Monte Carlo experiments
indicated on the vertical axis. The mean value is 23 balls for the unit cell. This
corresponds to the peening time t100% for quasi 100% coverage.
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used in practice of t200% ¼ 2⋅t100% corresponds here to 46 impacts on the
unit cell or 200 impacts/mm2, which very probably ensures 100%
coverage. Concluding, this value and the value resulting from the esti-
mation described in Section 2.1 are in agreement.

3.3. Application – Shot Peening under Pre-Stress

Procedure. Shot peening with pre-stressing of the component opens
up further potential of the process. Thus, the stress profile of pressure in
the part can be improved. During the peening process, the component is
loaded and fixed in such a way that a tensile stress is created in the di-
rection of the later stress caused by the service load. The pre-stress is in
the order of magnitude of the yield strength. After peening, the load for
the pre-stress is removed. The generated residual stress field is not
isotropic due to the directional pre-stress field. Its anisotropy is such that
its superposition with the stress due to service load results in a lower
mean stress compared to shot peening without pre-stress. This process is
used for springs and turbine blades, among other applications. [2, 34]

Component Simulation. The unit cell model with the generalized
cell periodicity allows to impose deformations representative for pre-
stressing. Two examples:

� A unidirectional pre-stress, as experienced e. g. by a component under
tension and/or bending, can be represented by the coupling equation
(1) of the unit cell. For tension, a relative displacement q is impressed
between one coupled pair of boundaries; for bending, a relative
rotation φ is additionally impressed. The coupling variables of the
Fig. 8. Saturation curves based on measurements compared to the results of the
unit cell. The points represent the original readings from Ref. [16], Tab. 1. The
dashed lines are measured data, reduced by the inherent overestimation of the
original data, and in case of 75 m/s extrapolated from 70 m/s. The solid lines
represent the values after 70 impacts on the unit cell models.
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other pair are set to zero (plane strain), Fig. 10 left. These kinematic
constraints trigger the stress field typical for tension and/or bending
in the unit cell. With this stress field in place the shot peening is
simulated.

� The torsional pre-load of a coil spring can be represented as bidirec-
tional pre-stress. Thereby two principal stresses of the same magni-
tude and opposite sign with a linear decline to the center of the wire’s
cross section are used. Thus, two equally large relative angles φ and
two displacements q, each of opposite sign, are to be imposed to the
unit cell boundary pairs each with the coupling equation (1), Fig. 10
right.

The constraints are kept constant during the simulation of the peening
process in order to reflect component fixation. To remove the pre-
stressing, rotation φ and expansion q are set to zero, since the thin re-
sidual stress layer at the surface is mostly returned to its original shape
due to the dominating elastic bulk material underneath.

Because of the thin layer created by shot peening there are applica-
tions, which may neglect the stress gradient in the pre-stress. Then,
imposing a constant stress via expansion q is sufficient. Oppositely, at
notches there may be a stress gradient leading to relevant stress reduction
within the expected residual stress layer. In that case, rotation φ can
reflect the stress gradient.

Results. In the following, results for bending pre-stress about the x-
axis are displayed. The peening parameters are identical to those in
Section 3.1 and 3.2 to allow comparison. The small number of ten balls is
used leading to a simulation time of 4.5 h (including the load relieving).
Fig. 4 gives an idea of the moderate deviations from quasi-saturated state
in average pressure and its standard deviation to be expected.

In sections placed parallel to the surface of the unit cell at different
depths z, mean values and standard deviations of the residual stress in
direction of the load stress σyy are evaluated. Two different levels of pre-
stress are used for this analysis.

As long as the pre-stressing is maintained, the mean residual stress
curve is largely the same from the surface to the end of the compression
plateau, compared to the non-pre-stressed case, Fig. 11. After removal of
the pre-load, an increased residual compressive stress field is in place.
This is due to the fibers, prolonged by the peening process. These expe-
rience stronger compressing in direction of the service load, which was
the direction of the pre-stressing. In addition, the width of the plateau
increases towards the surface as well as into depth. For 88% pre-stress, as
percentage of yield strength, the plateau shows an expansion to �200%
in width and an increase to �120% in stress. The standard deviation
appears to be lower in the residual stress plateau for the pre-stressed case.
It is around half to two third of the non-pre-stressed case.

Torsional pre-stressing has been investigated at comparable level of



Fig. 10. Left: Pre-stressing for bending about the x-axis. Here, the bottom of the unit cell is at the neutral plane of the beam. Right: The torsion of an element on a coil
spring is shear stress free at 45� to the wire axis (top right). Therefore, it can be simulated with the unit cell by imposing two opposite principal stresses. In both cases
(bending and torsion) the maximum von Mises stress is defined slightly below yield strength.

Fig. 11. Influence of the unidirectional pre-load in y-direction on the corresponding residual stress σyy before and after removal of the pre-stress, evaluated in cut
planes at depth z. Given pre-stress is von Mises stress as percentage of the yield stress. Results shown are after ten impacts.
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detail. Since shot peening only affects the upper layer of the material and
the gradient of pre-stress is moderate, a unit cell with a fraction of the
radius of a coil spring’s wire would be sufficient. However, to reflect
waves traveling away before they reflect, return, and possibly interact
with the ball still in contact, the unit cell has simply been prolonged
neglecting the conical shape downwards to the wire’s center. The cell’s
height is chosen to be the radius of the wire.

The pre-stress in the upper layer, which is thus imposed with two
relative angles φ, is the same as chosen in the bending case, 88% of yield.
8

The results in averaged stress and scatter in direction of the load are in
general fairly equal to the shown case of bending. The benefitting di-
rection is that of the tensile principle stress.

4. Conclusions

An efficient unit cell model employing a generalized cell periodicity
allowing for relative displacement and rotation of the coupled periodic
boundaries has been developed and applied to the shot peening process.
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Its advantages are in the ability to either prescribe expansion, shear,
bending and twist or to read out these quantities as results. This may even
switch during analysis. For example, the up-arching of the Almen strip
can be calculated from the resulting cell’s bending angles.

The unit cell has been validated based on measured arc heights
available in the literature for two clearly different shot velocities. The
scatter in residual stress was demonstrated to virtually not diminish
below a final value with increasing peening time. Scatter hence should
enter design calculations rather than averaged values only.

Furthermore, the prescription of deformation has been demonstrated
for simulation of shot peening under pre-stressing by bending. The ob-
tained results confirm higher levels and greater depth of the compressive
stress layer. Another application with torsional pre-stress, as met with
shot peening of coil springs confirms that as well.

With regard to the corporate process of shot peening the simulation
allows to consider a simplification in the adjustment of the peening
apparatus. Using the predicted arc height as means of specification
instead of the residual stress field eliminates the need for an iterative
adjustment procedure. Hence, it is possible to eliminate or reduce the
involved repeated costly residual stress measurements. Beyond that,
because of the simulation approach for specification of shot peening, the
properties of the residual stress field are known at an early design stage.
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