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Abstract: In this paper, a novel method for the evaluation of the surface fatigue strength of a
stainless-steel component is proposed. The use of stainless steel is necessary indeed, whenever a
component has to work in a particularly aggressive environment that may cause an oxidation of the
component itself. One of the major problems that affect stainless-steel components is the possible
wear of the antioxidant film that reduces the antioxidant properties of the component itself. One of
the main causes that can lead to wear is related to the surface corrosion that occurs every time two
evolving bodies are forced to work against each other. If the antioxidant film is affected by surface
fatigue problems, such as pitting or spalling, the antioxidant capacities of this type of steel may be lost.
In this context, it is, therefore, necessary to verify, at least, by calculation that no corrosion problems
exist. The method proposed in this activity is a hybrid method, numerical-theoretical, which allows
to estimate the surface fatigue strength in a very short time without having to resort to finite element
models that often are so complex to be in contrast with industrial purposes.

Keywords: stainless steel; structural dynamics; finite element explicit analysis; Hertz theory

1. Introduction

The use of stainless steels is spreading in all those sectors where the working conditions of various
mechanical components are quite critical and could trigger structural problems of the component.

Following their good strength/ductility combination coupled with their excellent corrosion
resistance [1], stainless steels are adopted in many applications including automotive [2], construction
and building [3], oil and gas [4], aeronautical [5], medical [6,7], and food [8].

In the abovementioned sectors, the mechanical components have to work in environments that
can be saturated with aggressive substances, risking undermining the mechanical properties of the
material and thus inducing possible problems of strength [9]. It is, therefore, evident that, in this
context, the use of stainless materials becomes essential and, therefore, is increasingly widespread.

Stainless steel owes its resistance to corrosion to a simple chemical reaction: the combination of
chrome in steel and the oxygen in the air or water on the surface form a very thin passivation film.
This film protects the component against all aggressive substances. If this film is damaged, however,
it spontaneously reforms from the steel matrix [10–13]. For this reason, stainless steels are generally
called self-passivation steel. The main actor in the self-passivation phenomenon is chrome. When the
oxygen content is above a certain level, chrome reacts with this, forming a layer of chromium oxide
or hydroxide. This thin film (with a thickness of the order of a few atoms, 3 ÷ 5 ×10−7 mm) protects
the underlying metal from the action of external agents. The corrosion resistance also depends on the

Metals 2019, 9, 455; doi:10.3390/met9040455 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0002-1163-782X
http://dx.doi.org/10.3390/met9040455
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/9/4/455?type=check_update&version=2


Metals 2019, 9, 455 2 of 20

surface morphology: the more the surface is smooth and homogeneous, the greater its resistance to
corrosion will be.

On the basis of this, many researchers of different scientific backgrounds are actively working,
studying the properties of stainless steels both from a chemical [11–16] and from a structural point
of view [17–22]. The first category is a majority focus on studying how the properties of these
materials vary according to their chemical composition and electrochemical behaviour, while the
second category is mainly focus on the consequences generated by a possible mechanical degradation
of the component surface.

It is known how mechanical components working in contact are subjected to degradation issues.
The two most common phenomena that induced the degradation of a mechanical component are
pitting and spalling [23]. According to the American Society for Metals (ASM) handbook, “Usually,
pitting is the result of surface cracks caused by metal-to-metal contact of asperities or defects due
to low lubricant film thickness” [24]. Even if the starting point of pitting phenomena is still under
investigation by the scientific community, the link between bodies working in contact and pitting
issues is real and approved without doubts [25].

Given the reduction of the antioxidant properties that occur in the case of a degradation of the
surface layer of components, an efficient tool for predicting and evaluating contact fatigue may help
the design engineer when they have to face this kind of problem.

To solve mechanical contact issues, engineers must generally choice between a kinematic-theoretical
approach and a numerical approach. The first exploits the kinematic laws to determine impact forces
and then applies the Hertz theory [26,27] to calculate stresses. This approach requires, however, an
assessment of the initial condition of contact dynamics. This aspect it is often so complex to make that
this method is not applicable in a real complex model. The second approach is based on the explicit
finite element method (FEM), that allows a more accurate assessment of both the impact forces and
surface pressures. The major drawback of this type of approach is the computational time: To obtain
reliable results in terms of stresses, very complex models and, so, impracticable times of the simulations
are generally required [28].

The present work seeks to propose a simple procedure for the evaluation of pressures and contact
stresses in mechanical components that may result in surface resistance (pitting) issues. The aim of
the work is that of evaluating, by calculation, the possible occurrence of pitting phenomena, trying to
avoid such phenomenon at the beginning of the design stage [29–31].

The attempt of the authors is to find a trade-off between the efficiency requirement on one side
and the effectiveness of the other one, typical in the design scenario and in contrast with the time and
economic constraints of industries.

For this reason, the authors developed a hybrid approach, theoretical-numerical, which allows the
calculation effort to speed up obtaining, at the same time, reliable results. Developing a finite element
model not voted to contact stress calculation but only to contact forces evaluation involves a drastic
reduction in computational efforts. Once contact forces are known, the classical Hertz theory [27] is
used to estimate the stresses on the component surface.

The fully theoretical and numerical procedures and the hybrid one proposed in this activity are
devoted to evaluating contact stress due to bodies in contact. The evaluation of fatigue life is a shared
step of all three methodologies, and it is always based on the assessment of the fatigue curve and on
the damage computational model. In this case, the linear accumulation law of Palmgren-Miner [32] is
used. The proposed hybrid method was validated on a simple case of sphere-plane contact. At the
end, a more complex case study was used to validate the effectiveness of the proposed approach.
The mechanical component used as benchmark is a stainless-steel recirculation mechanism of a ball
screw developed for aeronautical applications by a leader company in this sector.

As a matter of fact, ball screws are used successfully in all those applications, both industrial and
aeronautical, in which high-speed and high-accuracy movements of components are required. Ball
screws in aeronautical field are generally used for moving mobile surfaces (flaps and slats) and the
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stabilizer. For this reason, they are exposed to atmospheric conditions that are sufficiently critical to
require the use of stainless steels.

Due to the high speed with which these systems have to work, one of the most frequently
encountered problem by ball-screw manufacturers is the premature failure of the evolving components
in contact [26]. The areas most affected by surface fatigue problems in a ball screw are essentially
two: the contact zone between the screw tracks and the balls themselves during normal operation
and the impact zone in the recirculation mechanism where the balls are forced to abruptly change
direction [33,34]. The high number of impacts to which a recirculation system is generally subject tend
to generate a plastic deformation of the recirculation system itself. This modifies the geometry of the
system, causing a rapid increase in the maximum contact pressure on the surface. This aspect is often
shown in a wear on the surface of the recirculation mechanism (pitting) which leads to a reduction of
the antioxidant properties of the stainless steel used and consequently to a drastic reduction of the
fatigue strength of the component.

Since this phenomenon is often rediscovered, numerous studies have been carried out trying
to better understand the phenomenon of the ball’s impact during the recirculation phase and to
propose different approaches for the estimation of the life of ball screws. Jiang et al. [35] studied the
dynamics and impact forces of spheres in a recirculation mechanism, using a multi-body code and
trying to optimize the geometry of the recirculation mechanism itself. Braccesi et al. [36] presented a
relationship between the Hertz equivalent elastic stress limit with typical design parameters such as
the allowable material stress, the geometric characteristics in contact areas, the impact angles, and
the rotational speed for different types of materials, using an elastic-plastic model for a curved body
in contact. Zhang et al. [37] studied the influence of various factors on the impact forces generated
between the spheres and recirculation mechanism for different types of materials and for different
recirculation geometries.

Although the available methods for the calculation of surface fatigue strength are multiple, the
one proposed in the present activity is aimed at being user-friendly for all those realities that have
not enough resources to devote to the development of complex models that are multi-body model or
finite elements model. What is immediately highlighted by the proposed approach is that, remaining
linked to the theory and exploiting the numerical simulation, it is possible to obtain a more accurate
estimation of the fatigue life than would be obtained using a completely kinematic-theoretic approach.
At the same time, the solution is very close to that obtainable from a completely numerical approach
but, obviously, with a drastic reduction of the computational effort.

2. Theoretical Approach

In order to obtain a clear exposition, this section describes the theoretical approach that consists in
two consecutive steps:

1. The determination of the contact force starting from the laws of classical mechanics, i.e., the
conservation of energy and momentum;

2. The evaluation of contact stresses from the Hertz theory on contact.

The last paragraph of this sections is dedicated to the evaluation of fatigue: as declared in the
previous paragraph, the third step is represented by the fatigue evaluation that is “shared” with the
numerical method.

2.1. From Impact Dynamics to Contact Force: The Relative Approach

To understand the relationship between impact dynamics and contact forces, two simplifying
assumptions are necessary. The first one foresees that the only component of the velocity during the
impact is perpendicular to the surface; the second is that the impact time is much longer than the
fundamental vibration period of the bodies. The first hypothesis allows the impact to be treated as
a centred impact, while the second one instead allows an application of the principle of energy and
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momentum conservation. Under these hypothesis, impact waves are exchanged between two bodies
and there is no energy dissipation [38]. Adopting these assumptions and adopting the formulation
proposed by Braccesi et al. [36], contact forces can be easily expressed as a function of the second
derivative of the mutual deformation of the two bodies at the time of contact: the approach acceleration
..
α. With reference to Figure 1, the approach acceleration

..
α can be written as shown in Equation (1):

..
α = −P

mb + msp

mb·msp
, (1)

where P is the force that presses the two bodies against each other and msp and mb are the masses of the
two bodies, respectively. If a mass is much greater than the other

(
mb � msp

)
, it is possible to rewrite

Equation (1) as follows:
..
α =

−P
msp

, (2)
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Figure 1. A Hertzian distribution of contact pressure.

In order to integrate Equation (2), the Hertz theory, which expresses the contact force as a function
of the relative approach, must be introduced. The contact between machine components, bearings,
gears, cams, etc., is a problem known since more than a century and a half, and it was accurately
addressed by Hertz [27] in an analytical-nonlinear theory. In general, the problem consists in having
very small contact surfaces, theoretically degenerating in a point or in a line, through which the bodies
exchange forces. As a direct result, there are very intense pressure distributions surrounded by sharp
gradients. In particular, with reference to the scheme of Figure 2, two general curved geometries were
placed in contact each other by the action of the force P.
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In the general case, there are four different curvature radii, and the contact surface is an ellipse of
semiaxes a (the major) and b (the minor) (see Figure 2). The pressure p(x, y) will have a semielliptic
distribution of maximum pmax. Such quantities can easily be derived from the Hertz theory as

p(x, y) = pmax

√
1−

(x
a

)2
−

( y
b

)2
, (3)

pmax =
3·P

2·π·a·b
, (4)

The Hertz theory [27] leads to an accurate modeling of reality, in particular in all those cases, where no
plastic deformation occurs. If yield occurs, it is possible to define the contact yield pressure as

PY =
2·E∗·aY
π·R∗

, (5)

which indicates the limit to not be exceeded. In Equation (5), ay is the contact radius when a yield
occurs. Let α be the relative approach between two bodies at the contact point due to the presence of
force P. Introducing:

1
E∗

=
2∑

i=1

1− ν2
i

Ei
, (6)

1
R∗

=
2∑

i, j=1

1
Ri, j

, (7)

A =
2π
3·k

(
2·L(e)
K3(e)

) 1
2

, (8)

where νi and Ei are the Poisson and Young’s modulus of ith body, Ri, j the radius of the jth curvature
and K(e) and L(e) are elliptic integrals defined in Reference [36]. The relation between the relative
approach and the contact force [36] is shown in Equation (9).

P = A·E∗·R∗
1
2 ·α

3
2 (9)

Equation (9) allows the determination of the contact force in case of elastic behaviour. If yield
occurs, i.e., in case of the plasticization of the component, Equation (8) is not still valid and Thornton’s
hypotheses [26] must be introduced.

2.1.1. 1st Thornton’s Hypothesis

The pressure distribution presents a cutoff to the yield stress (Figure 3); the contact force is
expressed in the following equation:

P = Pe − 2π
∫ ap

0
(σ(r) − σY)rdr, (10)

where ap is the radius of the plasticized area, Pe is the force resulting from the perfectly elastic behavior
and σy is the yield contact stress.
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Integrating Equation (10) and considering Equation (5), it is possible to evaluate the contact load
as shown in Equation (11).

Pl = PY + π·σY·R∗·(α−αY), (11)

Equation (11) describes the elastic-plastic behavior of the material after yielding an identification
of the linear relation with the relative approach. In Equation (11), αy represents the relative approach
when a yield occurs. The material will assume a hysteretic behavior, described in Figure 4. In this
way, when the maximum value Pu is reached, the material will follow the unloading curve shown in
Equation (12).

Pu =
4
3
·E∗·R

1
2
p ·

(
α−αp

)
, (12)

where αp represents the permanent deformation.
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2.1.2. 2nd Thornton’s Hypothesis

Identified with (Pu;αu), the conditions at the time of discharge, the contact area developed by
the contact force, and the reduced curvature (caused by the plastic deformation) will be equal to
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that developed under elastic conditions by an equivalent force Peu and by the curvature contact. By
Equation (13), it is possible to determine the reduced radius by plastic deformations:

Rp =
α∗

α∗ −αp
R∗, (13)

Recalling what previously stated that the general elastic plastic loading and unloading curves are
defined in Equation (14) and in Equation (15) respectively:

Pl = PY +
3
2
·A·E∗·R

1
2
H·α

1
2 ·(α−αY), (14)

Pu = A·E∗·R
1
2
H·α

1
2 ·

(
α−αp

)
. (15)

Replacing Equation (9) or Equations (14) and (15) in Equation (1) and imposing a zero approach
velocity (

.
α = 0), it is possible to obtain the equivalent approach as shown in Equation (16)

α =

(
5
4
·

m1v2

AE∗R∗
1
2

) 2
5

, (16)

In Equation (16), v is the approach velocity of the two bodies at the beginning of the impact.
Using the obtained equivalent approach value α, it is possible to determine the impact force and the
corresponding maximum pressure value.

2.2. From Contact Force to Contact Stress

Setting R1,1 = R1,2, and R2,1 = R2,2, the problem is simplified to the contact between two spheres.
In this case stress components can be calculated analytically. Considering the variable z as from the
reference system of Figure 2, the contact stresses can be computed as in Equations (17)–(19) [27].

σ1,2 = σx,y = −pmax


(
1−

∣∣∣∣za ∣∣∣∣· tan−1

∣∣∣∣∣∣ 1az
∣∣∣∣∣∣
)
(1 + ν) −

1

2·
(
1 + z2

a2

) , (17)

σ3 = σz = −pmax·
1(

1 + z2

a2

) , (18)

τmax =
σ1,2 − σ3

2
, (19)

The stress components are shown as a function of the distance from the surface (see Figure 5).
As can be seen, the tangential stress reaches its maximum at a depth equal to about half of the contact
area radius. The rolling through the latter generates an inversion of the stress giving rise to a purely
alternating main component responsible for surface fatigue.
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2.3. Method for Surface Fatigue Damage Evaluation

Contact fatigue or surface fatigue is a particular phenomenon of fatigue that presents itself with
characteristics different from the traditional ones and leads to the early and sometimes catastrophic
wear and tear of the affected components. It is characterized by the formation of cavities on the surface,
generally small, which can, however, grow, resulting in a characterization of the surface itself. Surface
fatigue breaks derive from the repeated application of loads that produce stresses on the surfaces in
contact and below them. The forms of damage due to superficial fatigue are pitting or spalling.

Surface fatigue resistance depends mostly on the surface resistance of the material, and therefore,
it is necessary to readapt formulas generally used in classical fatigue before using them also for the
evaluation of surface fatigue life.

The most used law for calculating the fatigue damage is the linear accumulation law of
Palmgren-Miner [32,39,40]. This theory states that the component fatigue failure occurs when
the cumulative damage is equal to one, i.e., when 100% of available life has been “consumed”.
The Palmgren-Miner rule is expressed as follows:

D =
n∑

i=1

ni
Ni

, (20)

where ni is the number of cycles to which the component is subject to a certain value of alternating
stress and Ni is the number of cycles at which, given the value of alternating stress, the component is
able to resist. This value is uniquely determined by the Wöhler curve (fatigue strength curve) which is
described by the following Equation:

S f = a·Nb, (21)

Parameters a and b respectively represent the intercept and slope of the above curve. For the
calculation of the damage, however, it is convenient to rearrange Equation (21) as follows:

Ni =
(σa,i

a

)1/b
, (22)

where σa,i is the alternating stress value to which the component is subjected, obtainable by a cycle
counting algorithms. Substituting Equation (22) in Equation (20), it is possible to obtain the following
formula that is most useful for calculating the fatigue damage:
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D =
N∑

i=1

ni(
σa,i

a

)1/b
, (23)

Equation (23) is the most used formula for calculating the classical fatigue life of a component
subjected to fluctuating loads over time. With some consideration, it is possible to use both the fatigue
curve formulation and the damage formula to surface fatigue problems.

Considering what was stated in Section 2.2, when two bodies are forced to roll against each other,
an inversion of the tangential stress occurs. This fact makes possible the hypothesis that the bodies are
subjected to a purely alternate stress state (Figure 6).
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Recalling the Tresca criterion [41,42], which states that the surface stress is twice the maximum
tangential stress and taking advantage of the previous hypothesis, it is possible to affirm that even
the surface stress is purely alternate, and therefore, it is the alternating stress of Equations (22) and
(23) (σid = 2·τmax). The previous equations are indeed still valid. In Equation (23), ni is the number of
cycles to which the component is subjected and σa,i = σid is the alternating stress at the ith cycles.

Recalling what was stated in Section 2.2, i.e., that the maximum tangential stress is 0.3 times the
maximum pressure (τmax = 0.3·pmax), it is possible to rewrite Equations (21) and (23) as a function of
the contact pressure. In such a way, it is possible to evaluate the fatigue life of the component directly
from the computed contact pressures.

The fatigue strength curve, expressed as a function of the contact pressure, is therefore described
by the following equation:

p f = as·Nb, (24)

where p f is the fatigue limit in terms of pressure and as =
a

0.6 . As a consequence, Equation (23) can
also be rearranged as well as a function of the contact pressure, as shown in Equation (25).

D =
N∑

i=1

ni( pi
as

)1/b
, (25)

As in Equation (23), ni is the number of impulses to which the component is subject and pi is the
pressure generated by the ith impulse.
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With the previous formulas, it is possible to write the fatigue strength curve of the material
according to both the surface stress and the contact pressure. The same is valid for the formula used to
calculate the surface fatigue damage.

3. Theoretical vs. Numerical: The Birth of a Hybrid Method

In the previous paragraph, the theoretical approach for contact stress evaluation and contact
fatigue prediction was briefly explained. The theoretical method exploits the kinematical laws [43] and
the Hertz theory [27], determining the surface fatigue life of the component. A second option that
can be followed by the mechanical designer is a completely numerical approach that, exploiting the
potentialities of explicit dynamic analysis codes, allows the very accurate determination of both the
forces and the contact pressures. To demonstrate the potentials and limitations of both approaches, a
simple test case has been analyzed, i.e., a sphere that falls from a 26-mm height on a plane, determining
both impact forces and contact pressures. To this aim, the inputs shown in Table 1 were considered.

Table 1. The geometrical and material parameters used in the simulation.

Description Symbol Value Unit

Sphere
(Mat. 100 Cr6)

Sphere diameter r 6.3 mm
Curvature radius (First direction) r11 3.15 mm
Curvature radius (Second direction) r12 3.15 mm
Weight m 0.001 Kg
Density ρ 7.85× 10−6 Kg

mm3

Young modulus E1 205, 000 MPa
Poisson coefficient ν1 0.3 -

Plane
(Mat. 17–4 PH)

Curvature radius (First direction) r21 +∞ mm
Curvature radius (Second direction) r22 +∞ mm
Young modulus E2 196, 500 MPa
Poisson coefficient ν2 0.27 -

It has been imposed that the sphere falls perpendicular to the plane and, therefore, with an angle
of 90◦. From the inputs of Table 1 the estimated impact velocity is 520 mm/s. Taking advantage of
the equations described in Section 2.1, a contact force of 77.7 N and a maximum contact pressure of
2624 MPa was determined.

The same case study was reproduced in an explicit finite element environment (LS-DYNA FEM
code) in which the same parameters previously obtained were evaluated. Figure 7 shows the initial
instant of the simulation and the used mesh. 4-node tetrahedral elements were used both for the sphere
and for the impact plane. The simulation foresees 1,199,262 elements and 4,797,048 nodes. To model
the contact between two bodies, the contact type “automatic surface to surface” available in LS-DYNA
was used.

To reduce the calculation effort, the sphere was placed near the contact plane and the analytically
calculated initial velocity was set. This allowed for a drastic reduction in the calculation effort.

Figure 8 shows the trends of the contact force obtained from the numerical analysis as the mesh
size changes. The obtained results show that the mesh has a negligible influence on the calculation
of the contact force. The obtained force values are identical to those theoretically obtained. Figure 9
instead shows the contact pressure trends obtained from the numerical analysis when the mesh
dimensions vary.
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Figure 9. A comparison between the theoretical and numerical contact pressure obtained for different
mesh sizes.

It is clear that when the mesh varies, the results are significantly different. To get results close to
the theoretical ones, it is necessary to use a very fine mesh. This fact is directly related to the calculation
time necessary for the simulation, which is as much larger as the mesh is finer.
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From the results thus obtained, one might think that a completely theoretical approach may be
sufficient to determine both impact forces and contact pressures without the aid of explicit FEM codes.
It is important to highlight, however, that, to accurately determine both impact forces and contact
pressures exploiting theoretical laws, it is necessary to assess a set of variables such as the trajectory
of the bodies, the speed of impact, the radii of curvatures, the stiffness of the bodies, etc. In complex
real models these variables are not a priori known since they are random variable. For this reason, a
suitable way would be a stochastic approach.

In this context, the hybrid method proposed in this activity represents a way out to bypass the
weakness of previously described approaches. Exploiting the potentialities of the finite element analysis
software (where initial variables are automatically known), it is possible to obtain contact forces in a
relatively short time, since forces are sufficiently independent from the mesh size. Once contact forces
are known, contact stresses can be accurately computed using the Hertz theory [27] (See Section 2.2)
and the fatigue life can be easily addressed. In such a way, it is possible to not deal with such complex
models to often not be feasible. In Figure 10, a summarizing flow chart is proposed.
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4. Test Case

To evaluate the goodness of the proposed hybrid method for calculating the surface fatigue life
of stainless-steel components, an explicit finite elements analysis was performed on the recirculating
system of a ball screw using LS-DYNA FEM code. It often happens that these components, due to their
function, are subjected to a series of impulses that may cause surface fatigue problems. The recirculating
ball screw used in this activity is an existing ball screw used in different applications. This has a center
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sphere diameter of 40 mm, a screw pitch equal to 20 mm, a sphere diameter of 6.35 mm, and a radial
insert. Since attention was paid to the recirculation system and, therefore, only to an evaluation of
the fatigue life of the recirculating mechanism only to reduce the simulation effort, it was decided
to model only the ball screw and ball-nut surfaces that act as a guide for the sphere through shell
elements. A total of 57,918 elements and 231,672 were used to mesh the ball screw and ball-nut surfaces.
The sphere and the insert have been modelled with solid 4-node tetrahedral elements. A total of 246,533
element and 986,132 nodes were used for the sphere and the recirculating mechanism. This allowed
for a good approximation in the curvature, both of the sphere and of the recirculation mechanism, thus
obtaining a good approximation with regard to the physics of the impact that has been simulated.
In this activity, the roughness of cooperating surfaces was set equal to zero due to the accuracy of the
manufacturing process.

The following figure shows the model used for this analysis.
The recirculating mechanism of Figure 11 is made of 17–4 PH steel: 17–4 PH stainless steel is, in

fact, one of the steels obtained by precipitation and hardening most used in aeronautics. In fact, this
material, besides being stainless, offers excellent mechanical characteristics. Table 2 summarizes some
features of the material.
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Figure 11. The finite element model of the recirculating mechanism.

Table 2. The 17–4 PH material parameters.

Description Symbol Value Unit

Young Modulus E 196, 500 MPa
Poisson Modulus υ 0.27 -
Density % 7700 Kg/m3

Ultimate tensile strength Sut 1241 MPa
Yield strength Sy 993 MPa
Hardness Brinell HB 388 -

Figure 12 shows the mesh obtained with the parameters previously illustrated.
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About the boundary conditions, the recirculating system has been fixed in correspondence with
the hole. This hole is, in fact, used to fasten the recirculation mechanism on the seat obtained in the ball
nut. Furthermore, five degrees of freedom of the ball nut were constrained (three rotations and two
displacement), as this system is a rotating ball screw. The principal inertia tensor and the mass of the
total ball screw were assigned to the ball-screw surface with the aim of reproducing the real movement
of the ball screw itself. This means that the ball screw only rotates while the ball nut performs a
linear motion. A rotation speed of the screw was set equal to 3000 RPM. The contact type “automatic
surface to surface” allowable in LS-DYNA was used to model the contact between the sphere and the
recirculating mechanism.

To model the system as more realistic as possible, it is necessary to consider also a viscosity
dissipation inherent the material. For this purpose, a percentage damping ξ = 0.02 was imposed in a
frequency range between 1000 Hz and 50, 000 Hz. This frequency range was taken into consideration
following a modal analysis of the recirculation system only, imposing the same conditions of constraint
of the dynamic analysis. What emerged from the modal analysis is that the vibrating modes that mostly
participate in the total vibration are the first 7 and are all in the range between 1000 Hz and 50, 000 Hz.

The impact forces used to evaluate the surface fatigue life were extrapolated from the performed
simulation. Figure 13 shows the trend of the impact force as a function of time. As visible, the
maximum value is equal to about 120 N. To evaluate the fatigue life of the component, first the fatigue
strength curves expressed in terms of alternating surface stress and alternating pressure were first
obtained for three different level of reliability, equal to 10%, 50%, and 90%, adopting Equation (21)
shown in Section 2.3 and using the characteristics of the material shown in Table 2. Starting from the
hardness of the material, corresponding to HB 388 MPa, the surface ultimate stress Sut of the material
was obtained according the Equation (26).

Sut = 3.45, HB = 1458.6 MPa, (26)

The fatigue strength curves, both in terms of the alternating stress and contact pressure are shown
in Figure 14. As shown in Figure 14 for the slope of the fatigue curve after 106 cycles, the hypothesis of
Hybach [31,41] was taken into account. The Hybach hypothesis states that the slope of the fatigue
curve after 106 cycles is one third of the slope of the previous stretch.
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Figure 14. The fatigue curve for the recirculating mechanism: (a) the fatigue curve in terms of alternating
stress and (b) the fatigue curve in terms of pressure.

The ball screw in question has been used for a total duration of 140 km. Considering a screw pitch
equal to 20 mm and a number of spheres per turn equal to 8, the total duration in number of cycles
corresponds to 5.6× 107 cycles. The alternating surface stress and contact pressure values obtainable
from the curves of Figure 14 are shown in Table 3 for the different considered reliability values.
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Table 3. The alternating strength and contact pressure for the designed number of cycles.

Reliability Number of Cycles Alternating Strength Pressure
(%) - (MPa) (MPa)

10 5.6× 107 866.1 1443
50 5.6× 107 658.1 1095
90 5.6× 107 454.3 757.2

The values shown in Table 3 are also graphically shown in Figure 15 by the yellow dots. In order to
estimate the surface fatigue life, it is still necessary to calculate the semiaxes of the contact ellipse using
the Hertz theory (Section 2.1). From the 3D model, three different combinations of the curvature radii at
the contact point have been calculated as shown in Table 4. Applying the maximum force obtained by
the simulation, equal to 120 N, and considering the obtained curvature radii, it was possible to estimate
the maximum alternating stress and the maximum pressure. These values are shown in Table 4.
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Table 4. The alternating stress and contact pressure for the considered curvature radii with a contact
force equal to 120 N.

ID Sphere Curvature
Radius (mm)

Recirculating Mechanism
Curvature Radius (mm)

Alternating Stress
(MPa)

Contact Pressure
(MPa)

1 3.375 3.625 342.6 571
2 3.375 3.75 380.4 634
3 3.375 3.875 414.6 691

By tracing these values in the fatigue strength curves, it is possible to determine from the
intersection with the curves the number of cycles to which the component can withstand for the
three reliability values considered in terms of both the maximum alternating stress and the maximum
pressure as shown in Figure 15. The obtained cycles at each surface stress values or contact pressure
are shown in Table 5 for all the reliability values considered.

Table 5. The estimated allowable number of cycles for the considered curvature radii pairs and
reliability levels.

ID Alternating Stress
(MPa)

Contact Pressure
(MPa) Number of Cycles Reliability (%)

1 342.6 571
2.06× 1024 10
7.75× 1014 50
5.45× 108 90

2 380.4 634
1.78× 1026 10
1.68× 1016 50
4.64× 109 90

3 414.6 691
4.01× 1028 10
7.09× 1017 50
6.27× 1010 90

As shown in Figure 15 and in Table 5, these values attest that no surface fatigue problems are
expected for this component. This fact was also found on the real recirculating mechanism, where no
surface fatigue problem was detected by a visual inspection.

5. Conclusions

Stainless steels are necessarily used in all sectors, from aerospace to medical, where mechanical
components find themselves working in environmental conditions full of aggressive substances that
can affect the mechanical properties of the component itself. The antioxidant properties of such steels
are due to the surface film that is created thanks to a chemical reaction between chromium and oxygen.
Although stainless steels are, by nature, self-passivating, i.e., the protective film spontaneously recreates
thanks to a chemical reaction between oxygen and chrome, problems related to a degradation of the
surface can lead to a slowing down the self-passivation process or, in the worst cases, to a total loss of
antioxidant properties. One of the main causes of surface deterioration is related to surface fatigue
issues. When two or more evolving bodies are working against each other, a stress state is generated
on the surface, which can cause opening cracks. The two most common phenomena are pitting and
spalling. To minimize the probability of occurrences of this phenomenon, it is necessary that, at least
during the design stage, the surface resistance of the component is verified.

The evaluation of surface fatigue strength can be addressed with two different approaches.
The first one is a completely theoretical approach which, merging the impact dynamic laws and the
Hertz theory, allows an estimation of the contact stresses and, therefore, an evaluation of the fatigue
life of the component. However, this approach requires an assessment of a set of variables, such as
bodies trajectory, velocity, stiffness, and curvature radii, in order to obtained accurate results. If these
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quantities are known, the theoretical approach allows for an accurate estimate of both the impact
forces and the contact stresses. The determination of these quantities tends to be, however, particularly
complex in real models in which all the abovementioned quantities are random variables.

In this context, the second possible approach for the estimation of surface fatigue strength is a
completely numerical approach. This, exploiting the potentialities of the finite element codes, allows
the drawbacks of the theoretical approach to be overcome regardless of the complexity of the model.
The major drawback of this approach is the need to use meshes so fine that makes the simulation not
always feasible.

To merge the benefits of both approaches, in this activity, a hybrid theoretical-numerical calculation
method has been proposed, which allows a drastic reduction in the calculation effort obtaining, at
the same time, accurate results. This method exploits the potentialities of finite element software to
determine the impact forces, bypassing the inconvenience of assessing dynamic variables hardly a
priori known. Once the impact forces are assessed, classical formulas of Hertz theory and fatigue are
used to evaluate the fatigue life of the component. This possibility raised a comparison of the results
obtained by an explicit finite element analysis and the theoretical results for a simple case study, a
sphere-plane impact, for different mesh sizes. From the comparison carried out, it was highlighted
that the force values obtained are independent from the mesh size and very close to, almost identical,
those obtained by using the shock theory. It is not valid instead in the case of contact pressures where
results are strongly influenced by mesh size. This means that to obtain the pressure and/or contact
stress directly from a numerical simulation, a fine mesh is necessary.

The main advantage of the proposed method is to drastically reduce the calculation effort while
obtaining results consistent with reality as well. Given these aspects, the proposed calculation method
is aimed to all those realities in which it is necessary to reduce the computational effort as much as
possible without precluding the goodness of the results.

The proposed hybrid method was then validated on an aeronautical component, a recirculation
system of a ball screw. This component, in fact, is subjected to many shocks due to the balls that it is
often subjected to surface fatigue problems. The obtained results show how it is possible to obtain
realistic results in terms of fatigue life with relatively short calculation times.
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