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1. INTRODUCTION

It is generally believed that failure accidents in industrial
facilities and structures are caused by wear and/or fatigue
of the loaded elements. In contrast with the numerous
active, long-term studies on failures due to high-temperature
fatigue, corrosive fatigue, and fretting fatigue, only a
relatively small number of studies on fretting wear have
been performed. 

Fretting, which is a special type of wear, is characte-
rized as small amplitude oscillation along the contacting
interface  between two materials [1]. Since Eden et al.
[2] first reported on this phenomenon, which was termed
“fretting” by Tomlinson [3], considerable effort has
been directed towards elucidating this type of behavior.
Waterhouse [4] classified the fretting phenomenon into
three categories: fretting wear, fretting fatigue, and fretting
corrosion. Other works [5-11] have provided some important
general fretting theories or experimental results for fretting
wear and/or fretting fatigue. Recently, Vingsbo and

Soderberg [9] classified fretting wear into four types:
stick, mixed stick/slip, gross slip, and sliding. Ko [8] and
Fisher et al. [10, 11] investigated the wear constant expe-
rimentally by studying fretting wear of tube materials for a
steam generator in a nuclear power plant. In Korea, most
fretting wear studies have concentrated on experimentally
determining the wear constants for materials in nuclear
power plants, such as Inconel or Zircalloy tubes [12-16].

Although most fretting wear studies have been carried
out experimentally, some theoretical approaches have
also been attempted. Mackin et al. [17] studied the effects
of surface roughness on the wear properties of the interface
between fiber and titanium-aluminum matrix composite
materials. Strömberg [18] studied a two-dimensional
contact wear problem between a punch and a plate to obtain
wear depth and normal contact pressure distributions
using a theoretical wear formulation via an augmented
Lagrangian method.

Typical factors that affect fretting wear include the
normal contact force, amplitude of the excitation distance,
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excitation frequency, and environmental factors such as
the contact type or the state of the surface. Archard [19]
proposed a theoretical model that was capable of computing
the wear volume. Fisher et al. [10, 11] suggested a work
rate model to predict the remaining lifetime of a steam
generator tube affected by fretting wear. The work rate
model related the time rate change in the amount of energy
dissipated by fretting wear, i.e., the time rate change of
the normal force components for the total sliding distance,
with the wear rate, as follows

where W is the rate change of the dissipated energy, V is
the wear rate, Fn is the normal force, s is the total sliding
distance, and K is defined as the wear constant with units
of Pa-1. For our research, we chose to follow the recent
trend of using the wear constant defined in the work rate
model to calculate the amount of fretting wear. 

In this study, a finite element model that can simulate
fretting wear on the secondary side of the steam generator,
which arises from flow-induced vibrations (FIV) of the
U-tubes or foreign objects, was developed in order to
investigate the behavior of the fretting wear phenomenon
quantitatively. Finite element modeling of elastic contact
wear problems was performed to demonstrate the feasibility
of applying the finite element method to fretting wear
problems in consideration of frictional contact. A numerical
example treated is the elastic beam problem, which has
existing solutions by Strömberg [18]. By introducing a
control parameter s, which scaled up the wear constant
and scaled down the cycle numbers, the algorithm was
shown to greatly reduce the time required for the analysis.
In the wear model, the work rate model was adopted. The
results of the analyses behaved in a similar qualitative
manner with the previous solutions by Strömberg [18].

In the three-dimensional finite element analysis, a
quarterly symmetric model was used to simulate tubes
contacting at right angles. The wear constant of Inconel
690 in the work rate model was taken as K=26.7 10-15 Pa-1

from experimental data obtained using a fretting wear
test rig with a piezoelectric actuator. The contact pressure
distributions and wear depths were also plotted along the
contact surface in the three-dimensional finite element
analysis. The results of the analyses showed a donut-
shaped wear scar along the contacting boundary, which
is a typical feature of fretting wear.

The results of this study can be applied to the prediction
of fretting wear behavior at the steam generator tubes or
the fuel rods in a nuclear power plant; hence, this study
will provide information useful for the design of future
steam generators and fuel rods.  

2. FINITE ELEMENT ANALYSIS OF TWO-
DIMENSIONAL FRETTING WEAR PROBLEMS

A two-dimensional elastic beam problem with existing
solutions by Strömberg [18] was chosen to demonstrate
the feasibility of finite element analysis of the two-dimensional
fretting wear problem. Figure 1 shows a 5 0.5 cm2 elastic
beam fixed at the left end and constrained to a rigid support
at the bottom, with zero initial gap. The beam is subjected
to a line load where Q1 is fixed at 50 MN/m and Q2 varies
according to the history scheme between 50 MN/m, as
shown in Fig. 1. Plane strain conditions with four-node
bilinear finite elements were used in the analysis. The
elastic beam is discretized by 50 10 finite elements and
the number of increments during one load path is 50. The
finite element analysis parameters in the analysis were
assumed as follows: modulus of elasticity E = 210 GPa,
Poisson’s ratio v = 0.3, friction coefficient = 0.2, and
wear constant K=1.0 10–11 Pa-1.

From the work rate model, the wear depth was defined
as follows:

where K is the wear constant, ut is the relative slip defined
as the difference between tangential displacements, and n

is the normal contact stress. In the first cycle, after
calculating the stress and displacement fields of each
node and element in the two-dimensional elastic finite
element analysis, the wear depth was computed by
applying the work rate model. After the first cycle, the
finite element mesh was moved a distance equal to the
amount of the wear depth and was therefore ready for the
next cycle, and so forth. 

The results of the analyses for the number of cycles,
up to N =1000, are shown in Fig. 2. The evolution of
fretting wear is illustrated by the distributions of wear
depths along the contact surfaces as the number of cycles
increases in Fig. 2. The result shows that wear depth
increases with the number of cycles. The region bounded
by 0 x 2cm is interpreted as the stick region, the other
region is considered as the slip region. Distributions of
the normal contact pressure along the contact surface
with increasing number of cycles are also sketched in
Fig. 2, where large contact pressures are developed at the
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Fig. 1. Elastic Beam Subjected to Line Loads
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end of the boundary. 
In order to reduce the computation time required for

the analysis, the concept of a control parameter s was
introduced, which scaled up the wear constant and scaled
down the actual number of cycles in the analysis. The
effective wear constant Ke( K s ) and the effective
number of analysis cycles                 were defined as the
values of the wear constant and the number of analysis
cycles increased by s times, respectively. Although the
wear constant was K= 1.0 10-11Pa-1 in the computations,
the effective wear constant Ke( K s ) was used in the
actual analysis over the actual numbers of analysis cycles
N( Ne s ), which had the same effect as analyzing the
effective number of cycles Ne. The feasibility of introducing
the control parameter s can be demonstrated by verifying
that the results of different analyses are the same for
different values of s. 

To demonstrate the feasibility of parameter s, the
results of analyses for different values, s =1, 10, 50, and
100, are compared in Fig. 3. The distributions of the wear

depths and the normal contact pressures for the final
cycles (N=1000) using different values of s are plotted in
Fig. 3, which shows unstable results for especially large
s values. Nevertheless, similar results were obtained for
s =10; therefore, using this method provides a great
advantage by reducing the analysis time required to
obtain a reasonable solution.

Another way of demonstrating the feasibility of this
methodology is to compare the results with the previous
solutions by Strömberg [18], which are depicted in Fig. 4.
Comparisons of the evolution of the fretting wear,
indicated by the wear depth distributions along the contact
surfaces as the number of cycles increases, are shown in
Fig. 4. The normal contact pressure distributions along
the contact surface as the number of cycles increases
are also compared in Fig. 4. Qualitatively speaking, the
results indicated similar behaviors; however, a quantitative
comparison revealed a slight difference between the
solutions. The difference is largely due to the location
of stick-slip boundary. This quantitative difference might
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Fig. 2. Distributions of Wear Depth and Normal Contact Pressures
up to N = 1000 cycles

Ne( N
s

Fig. 3. Comparisons of Results for Different Levels of the Parameter s



be caused by the restrictive use of solution meshes in the
numerical procedure after the theoretical formulation by
Strömberg [18]. The results of the analyses behaved in a
similar qualitative manner with the previous solutions by
Strömberg [18]. 

3. FINITE ELEMENT ANALYSIS OF THREE-
DIMENSIONAL TUBE-TO-TUBE FRETTING WEAR
PROBLEMS

In the three-dimensional finite element analysis, which
simulated the actual tube-to-tube fretting wear tests, the
model considered two Inconel tubes contacting at right
angles, as shown in Fig. 5. The Inconel tube specimen
had a diameter of 19 mm, thickness of 1 mm, and length
of 35 mm. A quarterly symmetric three-dimensional
finite element model was used, as shown in Fig. 5, with

eight-node quadrilateral brick elements.
Since a steep stress distribution gradient was expected

around the contact region, the size of the finite element
mesh around the contact region was dealt with separately
from the global region. In the three-dimensional finite
element analysis, the fine mesh around the contact region
resulted in a total of 12800 elements and 40512 nodes. A
static loading of 70 N, equivalent to a pressure of 1 MPa
in the contact area, was applied to the upper specimen in
the vertical direction. The amplitude of the fretting wear
was set to 100 m, which was also the value used in the
experiments. Compared to the two-dimensional finite
element analysis, considerably longer computational
times were expected in the three-dimensional analysis.

After demonstrating the feasibility of the two-
dimensional finite element analysis algorithm, the
method was extended to the three-dimensional problem
shown in Fig. 5 to simulate actual experiments of the
tube-to-tube fretting wear that occurs on the secondary
side of the steam generator in a nuclear power plant.
Figure 6 shows a photo and a schematic of a test rig with
a piezoelectric actuator that was developed in the
experimental phase of the fretting behavior analysis of an
Inconel 690 tube. In comparison with traditional
mechanically driven fretting wear testers, a test rig with a
piezoelectric actuator has fine control within an order of
1 m resolution, high stiffness, quick response, and so
forth. From the experiments, the wear constant for the
Inconel 690 tube in the work rate model was found to be
K=26.7 10-15 Pa-1, which was also used in the input data
for the three-dimensional finite element analysis.
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Fig. 6. Fretting Wear Test Rig with Piezoelectric Actuator

Fig. 4. Comparisons of the Results with the Solution by Strömberg 

Fig. 5. Three-Dimensional Actual Model and Finite Element Model
for Fretting Wear Tests



In the two-dimensional finite element analysis
algorithm, the wear depth was computed by applying
the work rate model to each cycle. The finite element
mesh was then moved a distance equal to the amount of
the wear depth for the next cycle. In three-dimensional
finite element analyses of contact and wear problems,
special care must be directed to the convergence, owing
to the instability of the numerical solution. 

The results of the three-dimensional finite element
analysis for a static loading of 70 N indicated that the half
width of the contact region was 0.3 mm. The evolution of
the fretting wear, indicated by the wear depth distributions
along the contact surface of the Inconel 690 tube as the
number of cycles increases, is depicted in Fig. 7 for
parameter s =40(K=1.07 10-12 Pa-1). The size of the contact
region increases with the number of cycles, and donut-

shaped wear patterns appear as the number of cycles
approaches the final stages of the simulation. Although
the global wear shapes differ from those obtained in the
two-dimensional cases, the results show the typical types
of fretting wear patterns. Figure 8 shows the normal contact
pressure distributions along the contact surface as the
number of cycles increases.

After the three-dimensional finite element analysis
was completed, the wear profiles (s =40 after 40 cycles)
for the entire contact area were collected and plotted in
Fig. 9 using a three-dimensional graphic technique so
that they could be compared with the wear amounts and
wear profiles obtained from the experiments. Although
quantitative comparisons with the experimental results
were limited, owing to the difficulty of experimentally
measuring the wear depth, parameters such as the fretting
wear area and wear patterns were qualitatively similar.

4. CONCLUSIONS

The purpose of this study was to develop a finite
element model that could numerically simulate fretting
wear problems. Two-dimensional and three-dimensional
finite element analyses were carried out to investigate
the fretting wear behavior. The two-dimensional finite
element analysis was used to simulate the frictional
contact wear problem between an elastic beam and a
rigid foundation. A comparison of the numerical results
with the solutions by Strömberg [18] demonstrated the
feasibility of introducing a control parameter s, which
scaled up the wear constant and scaled down the cycle
numbers. The two-dimensional finite element model was
extended to three dimensions to simulate actual tube-to-
tube fretting wear experiments. During the analysis,
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Fig. 7. Wear Depth Distributions along the Contact Surface
as  the Number of Cycles increases in the Fretting Wear Simulation

(s = 40)

Fig. 8. Normal Contact Pressure Distributions along the Contact
Surface as the Number of Cycles increases in the Fretting Wear

Simulation (s = 40)

Fig. 9. Three-Dimensional Graphical Representation of the Wear
Amount (s = 40 after 40 cycles)



donut-shaped wear patterns were observed as the number
of cycles approached the final stages of the simulation.
Wear profiles along the entire contact area were plotted
using a three-dimensional graphic technique. 
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