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Abstract

Fretting refers to wear damage at the asperities of contacting
surfaces. This damage is induced under load and in the presence
of repeated relative surface motion. Fretting degrades the surface
quality producing increased surface roughness and micropits and
cracks, which reduces the fatigue strength of the components.
Fretting occurs in many electrical connectors subject to motion
(e.g. a printed circuit board connector). Commonly most board-
to-board (B2B) electrical connectors are especially vulnerable if
there is any relative motion present between the mating
connectors. Contact fretting can change the electrical contact
resistance of such connectors from milliohms to ohms when
vibration is present. Fretting decreases fatigue strength of
materials operating under cycling stress. This can result in
fretting fatigue, whereby fatigue cracks can initiate in the fretting
zone. Then, crack propagate into the material and may cause
total elemental failure. Common mitigation strategies rely on
adding lubricants to the contact, or making contacts of soft
materials. However, such contacts are susceptible to entrapped
wear debris. Here a different mitigation strategy is offered that
is based on pre-stressing the contacting elements. To mitigate
the damage during the fretting motion, two main properties are
focused on: plastic strain and wear volume. The plastic strain
represents the plastic deformation in the bulk material, which
will decrease the life of the component. The wear volume
represents the damage at the interface, which will also decrease
the life of the component. It is found that pre-stressing may be
beneficial for the suppression fretting fatigue, however, if
excessive it may increase the plastic strain in the contact.

1. Introduction

Frictional sliding contact analysis provides the foundation of
fretting. The theoretical frictional sliding contact analysis is
addressed by Johnson [1]. In the elastic regime, he provides
solutions of contact pressure, tangential force, and deformations
of the contacting surfaces, addressing both cylindrical and
spherical contacts in situations of partial and gross slip
conditions. The experiments conducted by Courtney-Pratt and
Eisner[2] may be of the earliest studies related to the reciprocal
frictional sliding phenomenon. They examine the underlying
phase of the oscillatory tangential loading applied at the contact
between a metallic sphere and metallic flat surfaces. The
hysteresis loops of tangential force and the junction growth are
indicated by the difference in the electrical conductance.

The early fretting research focused mainly on distinguishing
the types of fretting as charted in the fretting map given by
Vingsbo and Séderberg [3]. They sort fretting into stick, mixed
stick-slip, and gross slip regimes. A mixed fretting regime is then
found by Zhou and Vincent [4, 5], as identified from the fretting
loop evolution, which varies its shape during thousands of
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fretting cyclic loadings. A slip index is then introduced by
Varenberg et al. [6] to determine the different fretting regimes.

Fretting wear and fretting fatigue have been the two main
fretting damages. Fretting wear is the main cause of component
failure in the gross slip regime as investigated by Waterhouse
[7]1, McColl et al.[8], Fouvry [9], and Blanchard et al. [10].
Fretting fatigue is the main case of component failure in the
partial slip regime as studied by Waterhouse [11], Hills [12], and
Szolwinski. [13]. Fouvry, et al. [14] deliver the quantification
criteria for different regime of fretting wear and fretting fatigue.
Neu et al. [15] build nucleation models to predict fretting fatigue.
Later, fretting damage (wear and fatigue) is investigated by
increasing the number of loading cycles to the order of thousands
or even millions [16-20].

Coatings and lubricant conditions are found to mitigate
fretting damage in these works. References [21-23] focus on the
fretting damage for materials applied in the steam generator,
including Inconel 600, Inconel 690 and Incoloy 800. Tesla
Motors reports the use of Inconel instead of steel in electrical
contact so it remains springy under the heat of heavy current and
increase the maximum pack output from 1300 to 1500 Amps and
for longer duration times. However, mitigation methods based
on analytical solutions to the fretting phenomenon remain
principally unknown.

In the current work, to mitigate the damage caused by
fretting, two main properties are focused on - the equivalent
plastic strain and the wear volume. The equivalent plastic strain
represents the plastic deformation in the bulk material, which
will decrease the life of the component. The wear volume
represents permanent material removal at the interface, which
will also decrease the life or functionality of the component. A
designed pre-stress scheme is shown to reduce the equivalent
plastic strain, while the analytical solutions derived in the
fretting wear model in the previous work [24] helps determine
loading condition which avoids maximizing fretting wear
volume.

2. Contact Model

The fretting model, as shown in Fig.1, is applicable for both
cylindrical and spherical contacts, and used in the current study.
For 2D cylindrical contact, the model is between a deformable
half cylinder and a deformable flat block. For 3D spherical
contact, the model is between a deformable hemisphere and a
deformable flat block. A rigid plat is placed on top surface of the
upper body to prevent rotation with respect to the Z axis in 2D,
and the Y axis in 3D. A normal load in the vertical direction is
applied on top surface of the rigid plate. The reciprocal
displacement is applied to the top surface of the half cylinder in
2D and hemisphere in 3D. In 3D spherical contact, to reduce the
computational effort, the model is cut in half by the X-Z plane.
Since the loading condition is symmetric with respect to the X-



Z plane, only half of the model needs to be considered in the
computational analysis. The roller boundary condition of no
displacement normal to the plane are applied to the vertically cut
plane of the quarter sphere and to all the five faces of the block,
except to the top face, which is free to deform in all directions.
The detailed on the fretting model can be found in the work by
the author [25]. It is assumed that the heat generated by fretting
is relatively small to affect material properties, and that the
fretting cycling is quasi-static.

An Archard wear model is used at the contact between the
contacting bodies,

KPS
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where V, K, P, S, and H represents the wear volume,
dimensionless wear coefficient, normal force, sliding distance,
and hardness of the material of interest, respectively. The wear
coefficient is set to 10 without loss of generality?. The details
of the Archard wear model can be found in the 2D work [24]. It
is applied locally (i.e., at each nodal point) at the contact region.
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Figure 1: Schematic of a fretting contact in both 2D and 3D
conditions.

The materials of the upper and the bottom bodies are first set
to be an identical material pair: Inconel 617/Inconel 617, and
then set to be a dissimilar material pair, i.e., Inconel 617/Incoloy
800H. The designation of Inconel 617/Incoloy 800H means that
the material of the hemisphere is Inconel 617 and the material of
the block is Incoloy 800H. These special alloy choices are
promising materials for the structural and in-core components of

the wear volume. The equivalent plastic strain represents the
plastic deformation in the bulk material, which will decrease the
life of the component. The wear volume represents the damage
at the interface, which will also decrease the life of the
component or its functionality.

3.1 Pre-stress Scheme

As shown in Fig.2, in cylindrical contact, before employing
the fretting inputs (P and §), prestressed displacement inputs S;
=S, are applied and maintained to two side faces of the bottom
block. In this way, the block experiences normal compressive
stresses in X direction before the fretting starts, which according
to definition of von-Mises stress, it shall elevate the hydrostatic
stress situation also during the fretting load.

Table 1. The material properties and critical values for
two cases [26].

a high/very high temperature gas cooled reactors
(HTGR/VHTRS). However, Elastic Yield Poisson C-s
nondimensionalization shows that the  Temperature Material Modulus[GPa] StrengthfMPa] Ratio  C(v) MP Y
underlying physics holds for any other E Sy v [MPa]
dissimilar material pairs or length . Inconel
scales. The material properties are 20°C 617 211.0 322 0.3 1615 320
listed in Table 1.

20°C I‘é‘(’)((’)ll‘_’ly 196.5 150 0339 1662 249

2 Results will be nondimensionalized, but a numerical value is
needed for the FEA numerical execution. For simplicity, it is
assumed herein that H=2.8Sy, which may be considered

sufficiently accurate for relatively lightly loaded contacts. The
hardness, H, can actually vary significantly with the load, as
found by Jackson and Green [32].



Table 2. The critical values (onset of plasticity) for different material schemes.

Hemisphere  Block Critical Critical Load Critical Contact g(r)lr?tzgcli
Dimension p! . Interference P.[kN]/ Pc/L Radius/Width
Material Material e [1tm] [KN/m] ac/be[mm] Area
o i ore A [mm?]
2D Inconel 617 I“g‘l";el 131 4526 4.99 N/A
Incoloy N/A
2D Inconel 617 R00H 35.6 1053 243
3D Inconel 617 I“g‘l";el 2438 13.472 3.52 38.9
Incoloy 9.36
3D Inconel 617 R00H 5.96 1.556 1.73
P/L
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Figure 2: The 2D Pre-stress Scheme.

Figure 3 shows the distribution of equivalent plastic strain at
2P, normal load with different prestress inputs of S; = S, with
p=0.3 after three cycle of fretting motion for Inconel
617/Incoloy 800H. As the prestress input increases from 0 to 6.,
the plastic strain in the bulk material decreases and then
increases. The plastic strain in the bulk material is largest at the
centerline when S; is small. Thus, the prestress effect elevates
the hydrostatic situation, which decreases the plastic strain
(Fig.3b and Fig.3c). There are two reasons for that behavior.
Firstly, there is 6., which elevates the hydrostatic situation, thus
reducing the von-Mises stress. Secondly, the negative ox
opposes the natural tendency of creating a positive oy in the
fretting sliding motion, which also reduces the von-Mises stress
during sliding. With smaller von-Mises stresses, the
corresponding plastic strain is smaller. The compressive pre-
stress is envisioned to also suppress any crack initiation and/or
growth at the two edges of the fretting contact. However, when
S; increases, the combined effect of shear stress at the two
contact edges and the preloaded stress in X direction starts to
dominate in the contribution of plastic strain. Thus, in order to
reduce the plastic strain in the bulk material, the prestress input
cannot be too small or too large.

Moreover, the application of the prestress aggravates the
damage at the interface. As shown in Fig.3, the maximum plastic
strain always appears at the interface, and it is shown that the
maximum plastic strain increases with the prestress input. Since
the plastic strain at the interface is a combined effect of frictional
shear stress and normal stress, the preloaded stress in the X
direction aggravates the shear effect, which increases von Mises
stress at the interface.

(b) S1= $:=20c  Epmay =0.0037

(©) Si=S:=40c  Epmax =0.008

(d) S1= $:=60c  Epmax =0.015

Figure 3: The distribution of equivalent plastic strain at
2Pc normal load with different prestress inputs of S1 and S2
with u=0.3 after three cycles of fretting motion for Inconel
617/Incoloy 800H, (linear scale: 0-min to 0.004-max).



Similar to the 2D case, in the 3D case, the effect of prestress
scheme can also be achieved. In the 3D case, the prestresses can
be loaded both in the X (left and right) and Z (front and back)
directions. As shown in Fig.4, S; and S, are inputs in the X
direction, while S; is in Z direction. It should be noted that the
front face is kept at z=0 to maintain symmetric condition with
respect to X-Y plane.

P
_'IST_
| s 815, 51
ATA
|
o0 1
5 — R=—5
L 1
4R
i
R
Y
1]
Z i
$—= R
1
2R

Figure 4: The 3D Pre-stress Scheme in X and Z directions.

Figure 5 shows the distribution of plastic strain at 1.5Pc
normal load with different prestress inputs of Sy, S», and S3, with
p=0.3 after three cycles of fretting motion. For the cases with
only prestress in X direction (S3=0), the plastic strain in the bulk
material decreases at the centerline when S; and S; are small
(Fig.5b), and the plastic strain near the contact edges starts to
increase when S; and S, are large (Fig.5¢). The application of
the prestress in both X and Z direction further decreases the
plastic strain in the bulk material as shown in Fig.5d. However,
the plastic strain at the interface in any case with the prestress
scheme is larger than that without prestress scheme, which is
indicated by the maximum plastic strain.

3.2 Fretting Wear

In the actual working condition, the normal load can be
designed to avoid excessive (or maximum) wear. The wear
volume for one cycle of fretting can be expressed as a function
of the normal load, P, the hardness of the material, H, the wear
coefficient, K, the sliding distance at the initiation of gross slip,
i, and the wear volume for partial slip partial stick condition, V.
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By using a constant coefficient of friction (COF), p, to
achieve the effect of friction at the interface, the solutions to d;
and Vj can be derived (see [24]). For the 3D spherical contact,
the sliding distance at the initiation of gross slip, d;, and the wear
volume for partial slip partial stick condition, Vy are derived as
given below:
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Figure 5: The distribution of plastic strain at 1.5P. normal
load with different prestress inputs of S, Sz, S3, and Sy,
with p=0.3 after three cycles of fretting motion (linear scale:
0-min to 0.004-max).
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For the 2D cylindrical contact, due to the difficulty of
obtaining close form solution, the solutions to the &; and Vj are



only derived for the contact between similar material
pairs by using a fitting function. The detailed derivation can be
found in [24]. The corresponding equations are given below,

P/L (5)
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Suppose that for a certain material pair, the COF is
predetermined. As a result, Eq.5-6 (2D) and Eq.3-4 (3D), as
derived in this work, can help to determine the worst normal load
which would result in the largest wear volume.

As shown in Fig.6 and Fig.7, the wear volume increases with
the normal load first but then it decreases. When the normal load
is small, the portion of gross slip is relatively large during the
entire range of oscillation. Thus, according to the Archard wear
law that the wear volume is proportional to the normal load, the
wear volume for one general cycle increases. When the normal
load is large, the portion of stick and partial slip is relatively
large during the entire oscillation. Thus, according to the
Archard wear law that the wear volume is proportional to the
sliding distance, the wear volume for one general cycle
decreases.
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Figure 6: Wear volume of one general cycle in 2D cylindrical
contact under different normal load with p=0.5 and 1w, fretting
magnitude.
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Figure 7: Wear volume of one general cycle in 3D spherical
contact under different normal load with u=0.3 and 1w, fretting
magnitude.

Based on the observation above, the analytical way to obtain
the worst normal load, Py (i.e., the load that causes maximum
wear), is to solve the equation dV/dP=0 for Py,. For the 3D case,
the expression of the wear volume is derived in Eqs.2-4. By
taking the derivative of Eq.2, the worst normal load, Py is
obtained:

b, EE,S
" W=EV! +Eyv,—EV]+Ev,+2E +2E,) (7
N 6RS(—E,v} —EV) +E, +E,)
,u(—Ezvf +Eyv, —EIVZZ +Eyv,+2E +2E,)

where E; and E; are elastic moduli, v; and v are Poisson ratios,
p is COF, R is the equivalent contact radius, and S is the
oscillatory sliding magnitude. For similar material pair cases, the
P can be further simplified to:

P - 2ES /3RS(V —-1) ®
HEEV +v+2)\ 2u(v-2)

For the 2D case, the expression of the wear volume is derived
in Eq.2 and Egs.5-6. The worst normal load, Py, is obtained in a
similar manner as above. However, a closed form is not feasible.
Hence, Pw can be obtained by solving numerically this equation
instead.

' ©)
S_9.216ﬂ1-15R(i)0-928_ZﬂP(V 1) :O
RE E

To verify Eqs.7-9, the worst normal loads, Pw, that are
derived analytically are compared with those obtained
numerically for the 2D and 3D cases. The comparison is given
in Table 3. For instance, in the 3D dissimilar case, the analytical
expression for Py, is derived in Eq. 7, while the dimensional
expression of wear volume is derived by Eqs.2-4. In Eq.2, the
expression, V(P), is a function of normal load. Numerically, we
find the peak of the wear volume and its location, and hence the
worst normal load is obtained. These two P,, numerical values
are both 0.0044713 MN. Thus, the analytical expression of Py, is
verified. Accordingly, based on the results in Table 3, Eqgs.7-9
are verified.

Table 3: The worst normal load Py, table from Eqs.7-9 and
numerically solving dimensional expression of Eq.2.

(quéjan . 3DDissimilar 3D Similar
Eq.2) (Eq.7 and Eq.2) (Eq.7 and Eq.2)
Analytical
P, [MN] 48.446 0.0044713 0.20722
Numerical
P, [MN] 48.445 0.0044713 0.20722

In summary, once the inputs of material properties (E, v, and
) and fretting magnitude, S, are determined, Py can be obtained
by Eq. 7-9. From a design point of view, the normal load, P,
should be considerably different than Py, either being much
smaller or much larger than the Py.

4.Conclusion

Two mitigation schemes are proposed, prestress scheme and
wear volume mitigation scheme. In the prestress scheme, the
plastic strain in the bulk material in reduced at appropriate
prestress input, and the prestress in both x and z directions can
further reduce the plastic strain in 3D case. There are two reasons
for that behavior. Firstly, there is o, which elevates the
hydrostatic situation, thus reducing the von-Mises stress.
Secondly, the negative ox opposes the natural tendency of
creating a positive oy in the fretting sliding motion, which also
reduces the von-Mises stress during sliding. With smaller von-
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Mises stresses, the corresponding plastic strain is smaller. The
compressive pre-stress is envisioned to also suppress any crack
initiation and/or growth at the two edges of the fretting contact.
However, the prestress condition aggravates the plastic strain at
the interface both in 2D and 3D cases. For engineering purposes,
pre-compressed conditions may be achieved locally at the
contact also by shot peening. In the wear volume mitigation
scheme, the worst normal load can be solved numerically based
on Eqs.7-9. From a designer’s point of view, the normal load
should be either much less or much larger than the Py,.
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