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Abstract

Fretting is the micrometer-level relative movement between contacting surfaces that can
lead to fretting fatigue and fretting wear in practical connections in machine components.
Fretting has a clear tendency to nucleate cracks that can continue to grow as a result of
the cyclic loads in a component, leading to premature failure. The lack of fundamental
knowledge of the fretting mechanism and a universal model poses challenges for the
design of modern machine components having contacts under high loading.

This thesis comprises seven publications. Its purpose is to study the effect of various
design parameters on the fretting fatigue behavior in practical connections and also to
apply the Digital Image Correlation method to fretting contact in order to measure
displacement fields. Both experimental and modelling methods were employed to study
complete and bolted contacts. The material used was self-mated quenched and tempered
steel. A complete contact fretting test device was developed that had a large contact area
and transverse loading resembling practical connections. Numerous fatigue tests were
carried out. The Finite Element Method was used to analyze the contacts in greater detail.

Fretting significantly decreased the fatigue life in complete and bolted contacts. Increasing
contact normal load decreased life in both types of contact while rounding of the sharp
contact edge did not extend fatigue life. Fatigue life decreased when the amplitude of
cyclic loading of the test specimen was increased. In complete contact tests, the cracking
point was at the contact edge whereas in the bolted joints the area of fretting damage and
cracking point was away from the geometric stress concentration (bolt hole) and
corresponded to the distribution of frictional energy dissipation. Shot peening and nitriding
were particularly effective in increasing fatigue life in sharp ended contacts. Cyclic relative
displacement fields close to the contact interface were measured using the Digital Image
Correlation method so that bulk compliances were minimized. These displacement
measurements were successfully compared with numerical results. The modelling results
agreed with the experiments in terms of cracking prediction and contact quantities.
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1 Introduction

Metal fatigue has long represented a serious challenge for designers. Severe fatigue
failures were reported as early as the 19th century [1], and much effort has been invested in
prevention work since then. However, fatigue originated failures persist with the resultant
loss of machine function. Premature machine failure increases costs in several ways. Apart
from the need to repair the broken machine, such failure can incur major financial costs,
both direct and indirect as well as the possible safety risks such as human injury.

Machines typically have multiple frictional contacts in the assemblies, as in shaft-hub
connections (interference fits) and bolted joints. A particularly damaging and insidious
mechanism prevailing in such contacts is fretting. Fretting fatigue or fretting wear may occur
if short amplitude relative movement exists between parts under normal loading in a
recurring manner. Fretting fatigue can significantly decrease fatigue life in joints that are
designed to be static, but for some reason slight movement occurs between the parts. One
application well-known for its vulnerability to fretting is the gas turbine engine used, for
example, in the aviation industry. Fretting is a complex tribological phenomenon that is
affected by many parameters [2]. The proper consideration of fretting at the design stage is,
therefore, important. Progress towards fatigue-free and more energy-efficient machines as
well as increasing power densities in modern machine construction has given rise to
numerous sophisticated engineering solutions. Though proper sizing of components is an
essential task of an engineer, there is still no universally accepted model for taking fretting
into account.

1.1 Tribology, friction and wear

Tribology, the science of friction, wear and lubrication [3], has received increased attention
in recent decades due to its importance in machine friction and wear. Though friction is a
requirement in certain applications such as the brakes in cars, and in everyday life such as
shoestrings or stringed instruments, its effects are usually undesirable. In a passenger car,
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for example, 28 % of the fuel energy is consumed to overcome friction (excluding braking
friction) [4]. The importance of tribology was first acknowledged in the Jost Report 50 years
ago (1966) [5]. The report described the problems of friction in machines and the potential
savings by using new technology [3]. It has been calculated that losses due to ignorance of
tribology amount to around 4 % of the gross national product of the U.S.A [5]. There is a
huge number of contacting surfaces both in machines and in everyday life that lie within the
scope of tribology. Combustion engines are just one example of machines that contain
multiple frictional contacts. Tribology is clearly an important field of human knowledge.

The word “tribology” comes from the Greek “tribos” that means rubbing. In tribology, the
interacting surfaces are studied. The term tribology was first used in the 1960s but the
history of tribology can be traced to ancient times. For example, Egyptian chariots used
animal tallow as a lubricant (friction reduction). In the Renaissance tribological issues were
studied by various people such as Leonardo da Vinci. [6]

Friction is the force resisting relative movement between contacting parts. The following are
the three classical laws of friction [3]:

1. Friction force is directly proportional to normal load

2. Friction force is independent of the apparent contact area

3. Friction force is independent of sliding velocity

The relationship between normal �(�J��and tangential (friction) force���(�B (the  first  law)  is  as
follows:

�(�Ù
 L � J� (� á (1)

where �J is the coefficient of friction (COF) between the surfaces. Friction force acts parallel
to the surface and its direction is opposite to the motion. When a tangential force is high
enough to cause sliding, shear traction (�M) is the COF multiplied by the contact pressure �L
(due to the normal loading):

�M
 L � J� L (2)

It follows that COF limits the magnitude of shear traction. When a contact (or a certain point)
is sticking, i.e., the contact is (at least locally) stuck having no relative motion between
surface points, shear traction is below this product. Shear tractions affect the stresses on
the surface and sub-surface stresses [7]. The hysteretic behavior of friction also dissipates
energy in contacts sliding against each other, thus decreasing efficiency, but, on the other
hand, providing structural damping.

Wear is the removal of material from one or both interacting surfaces. Besides a loss of
material, it can lead to damage of the surface. Many variables affect wear such as normal
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load, sliding distance, contact geometry and contact area. There are different kinds of wear,
namely, adhesive, abrasive, surface fatigue, erosion, corrosion, electrical and fretting wear.
Fretting wear consists of adhesive, abrasive and corrosion wear mechanisms. Wear and
friction are interrelated phenomena because friction is involved in the wearing process. [3,5]

1.2 Fatigue

Machines contain moving parts that can be under complex, two or three dimensional
(multiaxial) loading conditions. When a component is under cyclic loading, fatigue failure
may occur even with nominal stress markedly below yield level. A crack can develop due to
loading or it can be created already in the manufacturing process. A crack is always present
in fatigue damage and the crack is typically created at a stress concentration (a notch or
material inclusion, for example). Fatigue cracks typically nucleate at the surface, thus
manufacturing irregularities and surface roughness can have a profound effect on fatigue
life. Plasticity is always present in fatigue process, at least at a microscopic level. Fatigue
cracks nucleate at the microscopic level from persistent slip bands (crack nucleation stage)
followed by the crack growth (propagation) stage before fracture. Fatigue crack growth can
be divided into short crack and long crack regimes. During the short crack regime under
micrometer level dimensions, the crack growth rate is typically much higher compared to
(millimetre scale) long crack regime [8].  [1,9]

Two regimes are related to fatigue depending on the amount of loading cycles undergone
before fracture; low-cycle regime and high-cycle regime. In contrast to high-cycle fatigue, in
low-cycle fatigue macroscopic plastic deformation exists in every cycle and fracture can
occur in a low number of cycles, even below 1000. Typically, machine components
experience high-cycle fatigue. The stress-life approach is used in high-cycle regime to
determine the fatigue limit for the material. The strain-life approach, on the other hand, is
often used in low-cycle fatigue where local plasticity is to be taken into account. If the
plasticity is small, stress-based fatigue models can often be used successfully in the finite
life regime [8]. The total fatigue life can be divided into crack nucleation life and propagation
life. [1,9]

Different fatigue models have been proposed for multiaxial fatigue, e.g., critical plane
approaches such as Findley, Smith-Watson-Topper and Fatemi-Socie, stress invariant
based approaches such as von Mises, Crossland and Sines, and mesoscopic scale
approaches such as Dang Van. Some of the models cannot be used in non-proportional
loading when the orientation of the principal axes does not stay fixed, in contrast to
proportional loading. At principal plane, the shear stress is zero and only principal stresses
(normal stresses in nature) act on the plane. Non-proportional loading is usually regarded
as more damaging than proportional loading. Determining the six components of stress
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(strain) describing the state of stress (strain) at a point is needed for fatigue calculations.
[8,9]

The basic idea in critical plane approaches is that a critical plane is being sought, where an
equation relating, for example, to normal and shear stresses reaches its maximum.
Basically, the critical plane is the plane where cracks are expected to nucleate, thus having
a physical meaning. For example, in the case of the Findley method, the plane is sought
where the following relation reaches its maximum: [8]

�ì�Ô(�P) + �G�¿�ê�á(�P) (3)

Shear stress amplitude is �Ra and �Pn is the normal stress acting on the plane. The constant kF

can be determined from experimental fatigue tests.

A typical result of a fatigue test is the S-N (Wöhler) curve which is obtained from a number
of independent fatigue tests at different load levels. Tests are run until failure to find the
finite lifetime, and at loadings below the fatigue limit, specimens become run-outs. Un-
notched fatigue results are typically regarded as material properties. The fatigue limit can be
determined, for example, by using a staircase test [10]. Laboratory fatigue testing allows
testing of different materials, loadings (axial, bending, torsion), load ratios and specimen
geometries within a reasonable time frame. [1]

1.3 Fretting

Fretting is a tribological phenomenon occurring between solid parts under clamping (normal
load) and having small relative movement (slip) between the parts. Despite extensive
research, there is still no general solution to the problem of fretting-induced failures. The
topic is challenging because of the large number of (interrelating) parameters [2]. Typical
industrial components and locations vulnerable to fretting are shaft-hub connections (shrink
and press fits, keys etc.) and bolted and riveted connections (Figure 1), wire ropes, gas
turbine parts [11] and also electrical connections and body joints [12]. Basically, fretting can
be encountered in nominally static joints that have to transfer loads, are under vibration or
some other mechanism creates slip between the clamped parts. In practice, red rust (ferric
oxide, Fe2O3 [13]) ejecting from a contact is evidence of fretting in steels. [7,12]
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Figure 1. Common examples of fretting fatigue locations, in shaft-hub (a) and bolted (b)
connections.

Eden, Rose and Cunningham were one of the first to observe fretting in 1911 when they
carried out fatigue tests which produced reddish-brown ‘cocoa’ on the test specimen
holders. Later, Tomlinson recognized that the reason for fretting was the tangential motion.
An early pioneer in fatigue research, August Wöhler, noticed particles dropping out of shrink
fits and called the process “das Bluten des Eisens” (the bleeding of iron) [1]. The effect of
fretting on fatigue was first observed in the 1940s. The accelerating effect of fretting on the
crack nucleation process was observed in the 1950s. Waterhouse carried out important
studies in the 1960s and later. Nishioka and Hirakawa published extensive fretting results in
the 1960s and 1970s [14]. [7,12,14,15]. In recent decades, comprehensive fretting research
has been carried out and numerical methods have enabled a deeper understanding of
fretting. Some of this research is discussed in the following sections.

Fretting can be divided into fretting fatigue and fretting wear. Basically, fretting fatigue may
lead to decreased fatigue life. Fretting wear refers to surface damage and/or wear (material
loss). Fretting wear can cause loss of fit [16] (or swelling if wear debris cannot escape from
the contact) or seizure due to wear debris. The COF can be very high in fretting contact,
over unity [17]. In fretting, we are basically interested in sliding friction, at least in the
absence of wear debris. In contacts sliding against each other, friction dissipates energy,
thus decreasing efficiency (of a machine). However, more important here is that high COF
leads to high shear tractions and, therefore, higher stresses on the contact that can lead to
nucleation of fatigue crack, even when the nominal ‘bulk’ loading is fairly low. Energy losses
in fretting may be relatively minor under small slip.

Plain (normal) fatigue and fretting fatigue share common principles with regard to cracking.
First, a crack nucleates, then propagates and finally, complete fracture occurs. However,
fretting fatigue can be more complicated due to the contact, since there are high stress
concentrations (due to frictional contact stresses) and slip. The stress state in fretting can
be multiaxial and non-proportional [18]. In plain fatigue, due to free surface, a single normal
stress is zero [8], but in fretting this is not the case because of the contact. The crack
nucleation time can often be shorter in fretting than in plain fatigue [7]. After crack
nucleation and some crack growth, contact stresses no longer contribute to, or have only a
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limited effect on the state of stress and it can be expected that further crack growth is only
being caused by bulk loading. When contact stresses are no more influencing, fretting-
induced crack growth rate may become smaller and crack may even arrest, if the bulk
loading is rather low [19]. It is typical that under the influence of contact loading, the crack
propagates at some oblique angle but at some length turns its direction and typically grows
perpendicular to the maximum principal stress under pure bulk loading [7]. [20]

1.3.1 Main parameters

Although fretting is affected by several factors, and up to 50 variables have been listed,
three primary variables have been identified; normal load, that enables contact between
parts, coefficient of friction and relative slip amplitude [2]. These are interrelated since both
the increase in normal load [21] and increase in COF [22] decrease slip. Typically,
increased normal loading decreases fatigue life [23,24] and the relation can be non-linear
[24]. Increased normal load increases stress which can be the reason for decreased fatigue
life [23] but increased normal load also increases shear loads.

It is well known that COF changes by increasing the number of loading cycles [7,25]. Non-
Coulomb friction behavior has been observed [26,27] in fretting contact which makes it
challenging to determine the ‘correct’ value for COF. In addition, COF can vary spatially in
the contact [28]. Only the slipping part of contact may contribute to the development of COF
[28]. Therefore, the use of a constant value for COF over the whole contact can be more or
less an approximation, though a constant value is typically applied in modelling. The COF
has a major effect on shear tractions [7] and thus a correct input value for calculations is
critically important.

Relative movement (slip) is a strict requirement in fretting; without slip there is, by definition,
no fretting. If there is no slip in a contact, it basically becomes a plain fatigue case where
possible stress concentration comes from geometry [29]. The range of slip in fretting can be
from less than 1 µm up to 100 - 200 µm [30]. Lowering the COF may significantly decrease
stresses in the contact but slip, on the other hand, may increase and have further
consequences. Fretting fatigue and wear has been experimentally observed to be
dependent on slip amplitude [31]. Dissipated energy of a contact due to friction can be
calculated from the friction force and relative slip, which is the area enclosed in the fretting
loop (i.e., friction force plotted against slip). Fretting wear volume correlates with cumulated
dissipated energy [32] and the distribution of dissipated energy is important in fretting [7].

Similar materials are often used in the contacting parts, though dissimilar materials are also
used, e.g., [33], which can often be the case in practical connections. A high COF exists
typically in a self-mated fretting contact [34]. Much fretting research has been carried out
nowadays on titanium and aluminium alloys used in the aviation industry and fewer studies
relate to quenched and tempered steels, which are materials that are often used in heavy
loaded contacts in machines.
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1.3.2 Fretting regimes and maps

An unfortunate aspect in fretting is that only a (small) part of a contact can be slipping
whereas the rest of the contact is stuck. Fretting contacts can be divided into gross slip
regime (GSR), partial slip regime (PSR) and mixed slip regime (MSR) [21]. In GSR, the
contact is fully sliding, i.e., every point in the contacting surface is sliding. In PSR, some
points are stuck (no relative movement), while some other points are sliding relative to each
other. MSR consists of both GSR and PSR in the loading history. In terms of fretting fatigue,
the partial slip contact condition is considered the most dangerous and fretting wear is more
closely related to gross slip [32].

At stick area, where the contact is stuck, wear and fatigue damage are limited. At the
transition between PSR and GSR (~10 - 30 µm), the fatigue life is at a minimum, increasing
in both lower and higher slip values. In PSR, wear is small but is increasing in GSR, having
a maximum in a reciprocating sliding regime. In the transition from partial slip to gross slip,
there is an increase in wear rate together with an increase in fatigue life. Typically slip
amplitudes over a few hundreds of microns to a few millimetres are regarded as the
boundary between fretting movement and reciprocating sliding [35]. [31]

By running several experiments, a fretting map [31] can be drawn typically using normal
load and displacement amplitude as variables, though other parameters can be used as
well. Zhou. et al. [36] called this a “running condition fretting map” and introduced a
“material response fretting map” which separates areas of cracking, no degradation and
particle detachment. An advantage of these maps are that tests can be compared, even
between different researchers and they can also be useful for design engineers. This
mapping concept has been widely used in plain fatigue (e.g., Haigh’s diagram) but has later
been applied to fretting [37].

1.3.3 Experimental

Due to the complexity of fretting, experimental tests are usually carried out to understand
the damage mechanisms. Tests in well-controlled conditions are important in providing
fretting data and also for verifying fretting models. Typically, complex loading conditions in
real applications are simplified in test conditions [38]. Test devices resembling real
applications have been also developed, e.g., using real interference fits [39,40]. On the
other hand, a bolted joint test arrangement in a laboratory may closely resemble practical
joints.

1.3.3.1 Fretting fatigue test devices

So far, no generic standardized fretting test device has been defined [38,41]. Typically, a
fatigue testing machine is used as a base construction for a fretting test device, with the
insertion of a pad holding frame that can be fixed, e.g., [42] or be supported by springs. A
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bridge type pad is commonly used where it is pressed against the specimen and two fretting
contacts are created on either side of the specimen. Single fretting pads supported by
springs can be used to create one fretting contact on either side [23]. A common way to
create normal load is to use springs (proving ring), dead weights or hydraulic loading. The
tangential loading can be created by cyclic fatigue (bulk) loading with the aid of strain [42–
44], i.e., the pad is stationary and the specimen is strained. The bridge type device is robust,
but has disadvantages because shear loading and bulk loading cannot be separated and
the loading between contacts may be uneven [7]. To allow separate control of the loading
quantities, separate actuators for bulk and shear loadings can be utilized [28]. Applying the
displacement directly enables more accurate control of displacement, however, the
micrometer-level displacements are still challenging to produce in a controlled way [7]. The
specimen is typically loaded axially, but bending loading can be also used [40,45].
Experimental testing of fretting fatigue in bolted joints is typically carried out in a fatigue
machine with two or three specimens bolted together and the bolt’s preload and the cyclic
bulk loading is measured, e.g. [46]. The bolt’s hole obviously creates a point of stress
concentration and a possible cracking point but the applied preload can move the point of
cracking away from the hole [46]. Thus, the fatigue life can be increased [47,48] though
fretting may prevail [46,49].

In laboratory experiments, contact size is typically much smaller than in a practical
application. The contact geometries typically employed in fretting test devices are point
(ball-on-flat), line (cylinder-on-flat) (both incomplete contacts) and complete (flat-on-flat)
contacts. In complete contacts the applied normal loading does not change the nominal
contact area, in contrast to incomplete contacts. In complete contacts, misalignment should
be avoided because it can have an major effect on stress distribution [28].

1.3.3.2 About measurements

Relative displacement values are typically measured and reported within experimental
results. Experimental measurement of the micrometer-level motion between the contacting
parts is challenging and the actual slip is always smaller than the applied displacement due
to the elastic compliances of the structure. A displacement sensor, such as a linear variable
differential transformer (LVDT) [25,50], an extensometer [51,52] or optical sensor (such as
laser [53]) is commonly used to measure slip. However, in practice it can be very difficult to
install this kind of sensor close enough to the fretting contact interface and so compliances
are invariably included in measurements. Moreover, these sensors measure displacement
only at a certain point, yet do not provide slip distribution which in fretting contact is typically
uneven. The FE-calculated local slip has been reported to be markedly smaller than the
experimentally measured slip and this was affected by the rig compliance and the COF [54].
Comparing the absolute slip values between different cases can therefore be difficult and
even misleading. These compliances can be analytically taken into account [55,56] to
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estimate the slip, but are restricted to certain geometries. In [57], an equation was formed to
match numerically calculated values with the experimental slip results.

Measurement of COF is not always straightforward. In gross sliding, according to Coulomb
friction law, the COF is equal to the tangential load divided by the normal load Q/P, but the
equation does not apply in partial slip conditions due to the presence of the stick zone. In
partial slip case, the COF can be determined from the dissipated energy [58]. The COF has
been determined by comparing fretting scars to numerically calculated slip [34] and
comparing the accumulated relative displacements between experiments and numerical
results [59].

1.3.3.3 Fretting fatigue life

A conventional way in fretting fatigue tests is to compare fretting fatigue results to plain
fatigue results to find the effect of fretting by a means of “knock-down” factor. However, if
nominal stress values are used and the stress states are very different, the generalization of
results is limited [60]. Naturally, local stresses can be calculated and results compared, e.g.,
using some fatigue criteria [61] or within asymptotes as proposed [60], thus improving the
usefulness of the results.

In fretting fatigue tests, a cyclic bulk loading is typically applied to the specimen which
allows a fretting-induced crack to grow. Fretting fatigue cracks usually nucleate at the
contact edge or the stick/slip boundary (regime of maximum stress concentration) [7].
Fretting can decrease fatigue life dramatically. A decrease in fatigue life of at least tens of
percent are commonly reported [13,40]. In addition, surface wear can grind embryonic
cracks away. Contact size effect can have an major impact on fretting fatigue response
since there can be a certain contact size above which cracking arises [19]. Contact size can
also have a dramatic effect on wear; in [62] wear was significantly decreased when contact
size was increasing.

1.3.3.4 Fretting in steels

A significant decrease in fatigue life with steels has been reported [40,63]. Fretting fatigue
life decreased mostly with self-mated material [64]. Failure analysis of steel components
(including 4340 alloy steel) revealed multiple crack nucleation sites, reddish brown powder,
surface roughening and crack nucleation in the fretting region [65].

Friction coefficients over unity has been reported (either self-mated or different steels in
contact) [17,66]. For the same steel used here, a steady-state friction coefficient around 0.8
has been measured [27] and adhesion and material transfer has been observed.
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1.3.3.5 Fretting palliatives

Many surface treatment methods have been applied in fretting as palliatives [64]. Two
popular surface treatments to increase fretting fatigue life are nitriding and shot peening,
which are also used to increase plain fatigue life. Both methods create high compressive
stresses on the surface and some depth below, thus modifying the stress state in a more
favourable direction in terms of fretting [63,67,68] and plain fatigue [69,70]. Both shot
peening and nitriding can markedly increase fretting fatigue life. For example, the fatigue life
of nitrided fretting specimens increased to the level of nitrided plain fatigue specimens [63].
Using both shot peening and plasma nitrided steel increased the fatigue limit by 500 %
compared to the untreated specimen [68].

1.3.4 Contact mechanics and modelling of fretting fatigue

Contact mechanism is the study of solid parts in contact. The origin of the contact
mechanics dates back to Hertz’s studies in the 19th century [55]. In recent decades, much
progress has been made in the field of contact mechanics, partly due to the improvement in
numerical methods and increased computational capacity.

Fretting contacts can be divided into several categories. Most widely used geometries in
fretting studies are incomplete (i.e., Hertzian contacts), complete and almost complete
contacts. Almost complete contacts have a flat part and rounded contact edge. Practical
connections resemble complete and almost complete contacts are shaft-hub connections,
for example. These kind of contacts have been studied in [12]. Infinite (singular) stresses
are observed theoretically at the contact edges in complete contacts. In practice, infinite
stresses are relieved by material plasticity or rounding of the contact edge, because truly
sharp contact edges exist only in theory. Sharp edges may be also worn due to wear. It is a
common practice for a designer to remove sharp edges of a complete contact by rounding
(or chamfering). In receding contact, the application of a normal force lifts the edges of a
nominally flat-on-flat contact [71]. A practical application would be a bolted joint.

Analytical solutions to solve contact tractions, displacements and stresses in Hertzian
contacts exist [55] but analytical solutions in complete and almost complete contacts have
been limited, though much improvement has been gained recently. Analytical solutions for
rounded edge have been developed mainly since the 1990s [72]. Similarities between notch
and contact mechanics [73] and between fracture mechanics and contact mechanics [74]
have been addressed. Hills and co-authors have developed the asymptotic approach in
analyzing contacts [75]. In the method, the contact is represented by generalized stress
intensity factors. The stress state at the contact edge has been solved by the method for the
test configuration used here [76].

The COF has a significant effect on the frictional force (the higher the COF, the higher the
frictional force) and crack nucleation (the higher the COF, the shorter the crack nucleation
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lifetime) [77]. Thus, the use of an accurate value for the COF in fretting analysis is important.
Besides the development of analytical solutions, numerical methods are needed if specific
contact geometry, for example, is analyzed. With increasing computer performance and the
development of models (including numerical packages), the utilization of numerical contact
modelling has grown rapidly. Nowadays the Finite Element Method (FEM) [78] is more or
less a standard tool for modelling complex geometries and it is widely used in contact
modelling, though the boundary element method is also used in fretting [79].

1.3.4.1 Finite element modelling

Contact is a nonlinear problem because the contact can switch from open to closed and
also the contact state can change between sliding or sticking (globally or locally) [80].
Material nonlinear behavior and geometric nonlinearity due to large strains are sources of
nonlinearity as well. The finite element method can solve the non-linear contact problem
with a wide variety of boundary and loading conditions (including non-proportional loading)
together with complex geometries and different material models and calculate
displacements (including contact slip), tractions, stresses and strains. Local contact
parameters can be achieved which are difficult or impossible to measure experimentally,
such as contact tractions and stresses as well as slip and the size of slip regimes.

FEM has been used in numerous fretting studies e.g., [54,81–85]. When using the FEM in
fretting, unfortunately, very fine meshes must be used at the contact and the points of stress
concentration in order to capture the steep stress gradients, thus possibly requiring powerful
computation capability. Sub-modelling technique is effective in these cases [86]. Linear (first
order) elements are inherently used in fretting contact analysis due to the possible problems
with calculation accuracy in terms of contact forces in mid-side nodes. The use of full
integrated elements have been proposed to accurately calculate longitudinal stresses under
bulk stresses [87]. The contact size effect has been successfully predicted using different
mesh densities [88]. Load incrementation can affect slip distribution [89].

Normal and tangential (when friction is taken into account) forces are transferred between
the contacting surfaces. In normal direction, the contacting bodies may not interpenetrate.
Various algorithms are used to describe the normal direction. In Abaqus, one of the
commercial FE-packages, three contact algorithms exist (in implicit side), namely contact
pairs, general contact and contact elements [90]. In the contact pairs method, a user can
choose the master and slave surfaces, between which the contact is formed. The contact
surfaces can be node-based or element-based. Surface-to-surface, which is typically used
in fretting studies, is more accurate compared to node-to-surface [90]. Penalty, Lagrange
multiplier and Augmented Lagrange methods are used in Abaqus to describe the normal
direction. The Lagrange multiplier method is the most accurate, but the penalty method may
give equally accurate results (or very nearly) with shorter computation time, if some
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interpenetration is allowed. Augmented Lagrange method combines both these methods.
[90,91]

Tangential contact behavior in Abaqus can be basically described by using the Lagrange
multiplier method or the penalty method. In the penalty method, the surfaces are allowed to
have certain slip when the surfaces should be sticking. This may affect the accuracy of the
results, and it is important to choose the parameters correctly [82,92]. The Lagrange
multiplier method allows slip only when shear traction exceeds the critical shear traction.
However, the penalty method can greatly improve convergence and lead to shorter
calculation time [90] because additional degrees of freedom are inserted in the Lagrange
multiplier method. Two sliding formulations exist in Abaqus, finite sliding and small sliding.
Small sliding is used when slip between surfaces is small in terms of element size. If slip is
large, surface separation occurs, or curved surfaces are interacting, finite sliding is used
because the formulation allows continuous tracking of local contact status. [90]

1.3.4.2 Fretting fatigue life prediction

The ultimate goal in fretting studies is the ability to predict the lifetime of a practical
engineering contact. A number of fatigue methodologies have been analyzed and compared
to experimental data [93] and successfully applied to predict cracking [94] and cracking
location [93]. Multiaxial fatigue models have been used widely in fretting fatigue, for
example the Findley criterion [40,95]. Fretting fatigue parameters have been also developed
to take into account the interfacial slip [96,97]. As the crack propagating regime is typically
long in fretting fatigue, fracture mechanics is an effective method to study fretting crack
propagation and it is widely used, e.g., [98,99]. Nowadays, there is an interest to ‘match’ the
state of stress between contacts and plain fatigue notches such that the results of more
inexpensive experiments in notched specimens can be used for fretting contact analysis
[29].

The fatigue criteria may be over conservative due to the steep stress gradients. It has been
shown that some form of averaging method should be used to overcome stress gradient
effects relating to fretting [58,100,101]. The size of this structural volume used to average
stresses has been linked to the size of a material’s microstructure [100,102]. The theory of
critical distances (TCD) [103] has been used to analyze fretting fatigue, e.g. [104]. TCD can
be used to overcome these stress gradient effects and is also able to predict the size effect
[104].

Fretting wear has been shown to have a major effect on stress state and fatigue life [57].
Fatigue models do not usually take into account the effect of wear but critical plane methods
have been successfully used to predict fatigue cracking in cases where wear is significant
when wear was taken into account in the model [57]. At least local plasticity may occur in
fretting, but in many fretting studies elastic material properties are assumed, though plastic
analysis has been suggested [83]. The material hardening behavior can be divided into two
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basic cases that either deal with expansion or translation of yield surface. In isotropic
hardening, the size of the yield surface increases uniformly in all directions, whereas in
kinematic hardening the yield surface translates in stress space [105]. Isotropic hardening is
widely used in fretting studies when material plasticity is taken into account [83,106,107].

1.3.5 Press fits and bolted joints

Press fits and bolted joints are typical practical connections that are vulnerable to fretting
[39,40,108]. Press (and shrink) fits are frictional joints that are formed between cylindrical
shaped shafts and hubs to transfer tangential or axial loads. Press fit is created by
mechanically forcing and heating/cooling is employed in shrink fit. According to the Finnish
standard for the calculation and design of interference fits SFS 5595 [109], the transfer of
torque/axial force is proportional to contact pressure and “adhesive factor” that resembles
COF and depends on material and lubrication. Practical connections may involve some
lubricant, for example, due to the assembly process, which decreases the COF. However,
small sliding speeds in fretting (due to the small amplitude) is not expected to allow
hydrodynamic lubrication. The standard [109] instructs the use of as high a contact pressure
as possible so that slipping is prevented (though there is a limit in loading in the sense of
plasticity). Even though the higher contact pressure may eliminate or decrease slip, it leads
to higher stresses in the contact. For interference fits, Lame’s equations are used to
calculate stresses and dimensioning fits. Having limitations, in terms of geometry, more
realistic study of these contacts requires the use of other methods such as the finite
element method.

Mechanical parts in assemblies are often clamped together by bolted connections. The
parts are clamped by the preload and the parts are not typically allowed to slip against each
other. The tension or shear loading is carried by the friction between the parts and/or some
form of mechanical locking such as dowel pins. However, slipping may occur between the
parts. The fatigue life of bolted connections can be significantly reduced due to fretting [48].
[110]

1.4 The digital image correlation method

In the field of mechanical engineering, an optical method called the Digital Image
Correlation (DIC) is a well-known technique to determine the displacements of a loaded
structure. The basic principle is that images of an object are acquired (using a digital
camera) during loading. Each image, divided into smaller areas (subsets), is compared with
a specific software to a reference image, such as the first image, and the displacements for
each subset between the two images are then calculated. As an outcome, full-field
displacement data is achieved. The method is non-destructive, but the object surface has to
be meet certain standards and so, special treatment of the surface is usually needed. [111]
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The method has been mainly investigated since the 1980s [111] but has recently become
more widespread due to the development of computation capabilities and developments in
imaging equipment. DIC has been successfully applied in many fields, ranging from civil
engineering and electronic packaging to biomedical applications [111]. DIC has previously
been successfully applied to fretting contacts to measure relative displacements, e.g.
[59,112,113]. It has been stated that micrometer-scale pixel size must be used to achieve a
sufficient spatial resolution in displacements.

1.5 Background and motivation of the study

Fundamentally, fatigue failures still occur in machines despite intensive research and
improvements in technology during the past decades. Fretting fatigue is a particularly
detrimental mechanism inducing cracks. Fretting has been studied for over a century, but it
is still an area that requires further research. Today’s trends towards higher power density,
longer life and higher energy-efficiency of machines give rise to an even more challenging
operational environment for components. Loadings in components increase and this
increases the potential risk of fretting in contacting surfaces inside machines. For example,
in a medium speed combustion engine, there are several high-strength components under
severe loading. Many of the contacts in machines are large and nominally flat-on-flat
contacts. Quenched and tempered steels are often the materials used in these components
due to their high plain fatigue strength, but fretting data for such materials is somewhat
lacking in the literature.

In the modern machine design process, the problem areas should be identified at the
design stage and well before the production process. A major challenge is that traditional
fatigue design does not necessarily take into account the effect of fretting and there is also
no universally accepted model for fretting. At the design stage designers can specify the
materials, geometries and loadings (stresses), including bolt preloads, but they also need to
ascertain the parameters affecting fretting, fatigue limits, and so on. Although the operating
parameters at the component level may be fairly well known, a designer can also influence
the local responses (e.g. stresses) that may eliminate or decrease the risk of fretting. The
strength of the chosen material could be increased by applying different surface treatments,
for example, but again, the designer should be aware of those benefits for the selected
materials. To gain a knowledge of these, laboratory testing is essential.

Laboratory measurements are a useful way to achieve fretting data somewhat cost-
effectively within a controlled environment. However, laboratory testing also poses certain
challenges. One of the most important fretting variables is the micrometer-level relative
movement, i.e., slip, between contacting parts, but its measurement can be problematic.
Typically, displacements at a certain point are measured (relatively far from the contact
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interface) and these also include the compliances of the test device (which can be
numerically removed). In addition, slip distribution is typically uneven. To the best of
author’s knowledge, experimentally measured cyclic relative displacement fields close to
the contact interface within reasonable resolution have not previously been reported in the
fretting literature.

A part of this work relates to two industrial oriented research projects, in which the
objectives have been to model and evaluate friction, fretting fatigue and fretting wear and
also to seek preventive solutions for fretting damage and ultimately, to develop a model that
can predict fatigue life.

1.6 Objectives and scope of the thesis

The main objectives of the thesis are to study the influence of various design parameters on
fretting fatigue behavior in practical fretting contacts made of quenched and tempered steel
and to produce useful fretting fatigue data and also to investigate and measure the cyclic
relative displacement field during fretting testing.

The research questions of this thesis are the following:

1. What is the effect of essential design parameters on fretting fatigue behavior in
complete and bolted connections and how do surface treatments affect the fatigue
behavior with quenched and tempered steels?

2. How can the Digital Image Correlation method be exploited in frictional joints and,
importantly, used to measure the relative displacement field, and can the method
also be used to validate numerical contact models?

The essential design parameters here are the preload (normal load) in contact, friction
coefficient, contact geometry, cyclic bulk loading and relative movement between contacting
surfaces (slip). The thesis focuses on complete, i.e., ‘sharp’ ended, and almost complete
contacts that can be practically found in press fits, as well as receding contacts (bolted
joints in practice). To achieve the research objectives, both experimental and modelling
work is carried out. The material used is quenched and tempered steel EN 10083-1-
34CrNiMo6+QT, which is used in both the contacting parts (i.e., as self-mated). A complete
contact fretting test device was developed for use in the experiments. The device was used
to carry out complete contact, bolted joint and plain fatigue tests. The Digital Image
Correlation method was applied in both the complete and bolted connections to measure
displacement fields close to the contact interface. The Finite Element Method (using
Abaqus programme [90]) was used to analyze the smooth contacts in greater detail. The
continuum-level models did not consider micromechanics and wear. In fretting fatigue
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cracking prediction, the Findley fatigue criterion was used due to previous experience with
this [114]. Only dry contacts were considered in this study and temperature effects were
neglected. The main focus of this thesis is on fretting fatigue and fretting wear is only briefly
discussed. The operating and design parameters were chosen to fit in with practical values.

1.7 Outline and contribution

The introductory chapter contains a literature review of the research topic as well as the
background, objectives, scope, scientific contribution and summary of the appended articles
of the thesis. The second and third chapters present the materials and methods involved in
the experimental work and modelling. The experimental device that was developed and the
numerical models used are both presented and explained. The results are presented and
discussed in the fourth chapter. A large number of fatigue test results are presented for
different parameters. Measurements of the relative displacement fields are presented along
with the modelling results. Recommendations for further research are suggested. The final
chapter presents the conclusions of the study.

The scientific contributions of the thesis are as follows:

a) Development of a complete contact fretting test device with transverse loading and
large nominal contact area resembling practical connections.

b) A novel approach of the method for the measurement of cyclic relative displacement
(slip) field close to the contact interface using the Digital Image Correlation method.

c) Successful comparison between the Digital Image Correlation and the Finite
Element methods.

d) Enhancement of the knowledge of fretting fatigue performance in complete and
bolted contacts made of quenched and tempered steel by means of experiments
and modelling in terms of various parameters and surface treatments.



17

1.8 Summary of appended articles

The thesis is a composite of seven articles dealing with fretting fatigue in complete and
bolted contacts. The material in all tests was quenched and tempered steel EN 10083-1-
34CrNiMo6+QT.

Publication I: Development of a complete contact fretting test device

The publication describes the complete contact fretting device that was developed. One
fretting fatigue test series (S-N series) with nominal contact pressure of 100 MPa was
carried out and also a plain fatigue test series. Fretting decreased fatigue life significantly.

Publication II: Response to discussion with DA Hills et al., concerning the article
“Development of a complete contact fretting test device” by J Juoksukangas et al.

Publication I raised interest in the fretting community and this article is the response to a
discussion [60]. This exchange of letters deals with the generalization of the results
achieved in Publication I.

Publication III: The effect of contact edge geometry on fretting fatigue behavior in
complete contacts

A fretting fatigue test series was carried out for slightly rounded (almost) complete contact
and compared to the ‘sharp ended’ (Publication I) complete contact results by both
experimental and modelling means with nominal contact pressure of 100 MPa. Relatively
similar fatigue lives were achieved. The Findley criterion was used to calculate cracking
risks that were successfully compared with the experiments. Some of the results were first
presented at the Nordtrib 2012 conference at Trondheim, Norway.

Publication IV: Applying the digital image correlation method to fretting contact for
slip measurement

The article describes the application of the Digital Image Correlation method to the
complete contact test device. Fretting fatigue tests were made with nominal contact
pressures of 100 MPa and 30 MPa and cyclic relative displacement fields close to the
contact interface were measured and analyzed. Some of the results were first presented at
the Nordtrib 2014 conference at Aarhus, Denmark.
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Publication V: A comparison of relative displacement fields between numerical
predictions and experimental results in fretting contact

Operating parameters and conditions in Publication IV were modelled using FEM and the
results were compared to the experiments in terms of relative displacement fields.
Coefficient of friction was evaluated by combining FEM and DIC. Measured cyclic relative
displacement fields were repeated with FEM.

Publication VI: Experimental and numerical investigation of fretting fatigue behavior
in bolted joints

A bolted joint was studied experimentally and numerically. The complete contact test device
was used with minor modifications. Several experimental series were carried out with
various operating (bulk stress, bolt preload) and design parameters. Fretting significantly
decreased the fatigue life and there was also clear evidence of fretting wear. DIC was
applied and FEM was used to analyze the contact in greater detail.

Publication VII: Influence of a surface treatment on fretting fatigue life in complete
contacts

Experimental plain and fretting fatigue tests were carried out with the nitrided and shot
peened specimens with a nominal contact pressure of 100 MPa. Both methods increased
fatigue life considerably.
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2 Experiments

2.1 Complete contact fretting test device

A test device was developed (Publication I) to allow testing of complete contacts having an
edge singularity (‘sharp’ edged flat-on-flat contact), which is often characteristic of machine
components. In contrast to the typically used fretting test machines having axial bulk loading,
the loading is created transversally to the specimen’s longitudinal direction, which is often
the case in practice such as in power transmission components. In addition, the nominal
contact area is at least a decade larger than in typical laboratory fretting test device
contacts. These three features together make the experiments a close approximation of
actual contact conditions in machines. In addition to its function as a fretting test device, the
device can also serve as a ‘2D presentation’ of a press fit (shaft-hub connection, for
example). The test device allows testing of different materials (including surface treatments),
contact geometries (rounded contact edge, bolted connections), operating parameters
(cyclic bulk loading, nominal contact pressure) and testing of fretting fatigue life and fretting
wear. In addition, plain bending fatigue tests can be conducted with the same device for
comparison. The purpose of the fatigue experiments here was to determine the nominal
stress fatigue limit and also the finite lifetime in various conditions. Figure 2 shows a
schematic view of the device.
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Figure 2. The developed complete contact fretting test device (Publication I).

The two fretting test contacts are formed by the flat fretting specimen and two flat-ended
fretting pads that are clamped together. A nominal contact pressure of up to 300 MPa can
be created and it can also be adjusted continuously due to hydraulic loading. The cyclic bulk
(bending) stresses in the specimen and the contact loading are created by transversally
displacing the tip of the free end of the specimen. This is achieved by an eccentric
mechanism that allows stepless adjustment of the nominal stress amplitude and mean
stress of the specimen and having maximum frequency of 50 Hz. This frequency is
assumed to be low enough not to have any frequency effect on fatigue results with steels. In
the experiments, the loading frequency was mostly 41 Hz though 20 Hz, and 0.5 - 1 Hz was
also used. The cut-off limit was three million cycles in an individual test, after which the
specimen was treated as runout if no complete fracture occurred. This corresponds to about
20 hours of testing.

2.2 Test specimens, sample preparation and test conditions

The specimens and pads were made of quenched and tempered steel EN 10083-1-
34CrNiMo6+QT. Two batches of material were used, one batch in tests reported in
Publications I, III, VII and another batch in Publications IV–VI. In modelling, the elastic
modulus was 206 GPa and Poisson’s ratio 0.28. If plasticity was taken into account, the
ultimate strength was 1030 MPa, yield strength 930 MPa and the relation between true
stress and true plastic strain used was:

�ê= 1160 �Ý�4�ä�:�6+ 890 (4)

The surface finish of the specimens was kept at a similar level in all tests. After machining,
the specimens were ground longitudinally and 3D surface roughness values (Sa) of about
0.2 - 0.3 µm were achieved, measured with a Wyko NT1100 optical profilometer. In
Publication VII, the specimens were either nitrided or shot peened. The specimen and pads
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were cleaned with solvent before testing. The tests were carried out at normal laboratory
room temperature and humidity. No lubrication was used in the fretting contacts.

2.2.1 Complete contact and plain fatigue

The complete contact fretting test specimen and pads are shown in Figure 3 (separated for
clarity).

Figure 3. Fretting test specimen and pads.

The fretting specimen has the following dimensions: a length of 250 mm, a width of 40 mm
and a thickness of 10 mm. The pads have a length of 50 mm, a width of 40 mm, a thickness
of 10 mm, thus creating a nominal contact area of 2000 mm2. The plain fatigue test
specimen is shown in Figure 4. The specimen is narrowed to shift the point of maximum
nominal stress away from the contact so that the contact does not contribute to the stresses
there.

Figure 4. Plain fatigue specimen (Publication I) and stresses in the specimen edge.

A three dimensional (3D) FE-analysis (Figure 4) revealed a stress concentration factor Kt of
1.05 for the specimen in bending.
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2.2.2 Bolted joint

The developed complete contact fretting test device was used with minor modifications to
study bolted joints. Basically, two fretting test specimens (one on the top of the other) with
the bolt holes form the bolted joint specimens. The test setup is shown in Figure 5.

Figure 5. Bolted joint setup (Publication VI).

Preload of a single bolt located in the centreline of the specimen (in z-direction) creates the
contact normal load of the assembly. The specimens are pressed together at the main
clamping and the transverse loading is applied at the free end, which creates the slip
between the specimens. Tip clamping obviously induces fretting at the free end but it was
assumed that it would have no major effect on the actual test contact. In some tests, the
diameter of the spacers under the bolt and nut was adjusted as was the position of the joint
in relation to the specimen. In machine design, at least some part of shear load may be
carried by dowel pins or the bolt shank under pure shear. Therefore, in this respect, the joint
functions as though it was under extreme operating conditions.

2.3 Measurement system

The cyclic bulk stress of the specimen, the normal load (nominal contact pressure) and the
bolt preload in the bolted joint tests are measured during testing. In the complete contact
case, the maximum bulk stress reported here is the stress at the contact edge (i.e., the
point of maximum (nominal) bending stress), which has been linearly scaled from the
measurements some distance away from the edge (Publication I). In the plain fatigue tests,
the strain gauge is at the point of maximum bending stress. In the bolted joint case, the
nominal stresses are reported at the center of the bolt hole and are scaled from the
measurements. The number of loading cycles for macroscopic crack nucleation point can



23

be evaluated in both cases from strain gauge data (Figure 5, Publication I). However, this
was not calibrated accurately so that it is used only as a relative value between the tests. It
is expected that a crack should already be relatively large when it is observed by this
measurement. Here, the loading cycles to complete fracture was the main focus of interest.
Displacement of the free tip of the specimen is measured by a laser sensor close to the free
end (about 18 mm away). Figure 6 presents the measured tip displacement showing
movement that is almost sinusoidal.

Figure 6. Measured tip displacement as a function of time.

Occasionally, a pressure-sensitive film was used to verify evenness of (nominal) contact
pressure distribution. After the fretting tests, the fretting marks were visually inspected for
possible misalignment. Evenness of contact pressure can also be evaluated from the strain
gauge measurements positioned at each corner of the supporting frame (point 7 in Figure 2).

2.4 Applying the Digital Image Correlation method

The Digital Image Correlation (DIC) method was used to measure displacements in both
complete contact and bolted joint cases. A camera equipped with a long-distance
microscope [115] was used to capture the images. Davis DIC software [116] was used to
calculate the displacements. The DIC measurement setup is shown schematically in Figure
7.
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Figure 7. Schematic presentation of the employed DIC setup (Publication IV).

The camera was positioned behind the device and the side face of the specimen and pad
were measured using an optical mirror. The pixel size at the target surface varied from
about 1.83 µm to about 5 µm. The Least Squares Matching (LSM) approach in Davis
software was used to calculate the displacements. The calculation resulted in spatial
resolutions from 36.6 µm to 80 µm.

Measurement uncertainties and DIC verification were studied in several ways. A
comparison was made between the displacements measured by DIC and those by an
external LVDT sensor at some distance away from the contact where it was possible to
install the LVDT sensor. DIC results were found to be in very close agreement with the
LVDT results. Different kinds of speckle patterns were studied in the fretting environment.
Although the setup was slightly different to the one used in the actual tests, plain and
painted (air brush) gave rather similar results. In the bolted joint tests, where the pixel size
was highest, the airbrush technique was used. In the complete contact tests with higher
magnification (smaller pixel size), the plain ground surface was used because the size of
the droplets created in air brushing would have been too big for creating a proper speckle
pattern [111]. Artificial movement of an image was made in Matlab and the motion was
calculated by the software resulting in a small difference. Uncertainties due to lighting and
camera noise were also studied. It would be useful to directly compare the displacements
during fretting loading with those of another displacement measurement device, and this
warrants further study.
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3 Modelling

Both the complete contact and bolted joint contact setup was modelled using ABAQUS FE-
programme 6.10 - 6.13 [90] to study contact quantities in greater detail and also to predict
fretting fatigue cracking. Smooth contact surfaces were assumed and wear was not taken
into account. Implicit finite element modelling was used here, i.e., after each load increment
equilibrium of internal structure forces is enforced with external loads.

3.1 Complete contact model

The FE-model includes the parts shown in Figure 8. The contact is relatively wide, so a two-
dimensional plane strain model was created. In addition, the crack nucleation point was in
the middle zone of the contact edge in the experiments. In DIC measurements, however,
the side surface was measured and the plane strain model is an approximation. 3D FEM
analysis of the complete contact warrants further study. As the specimen is experiencing
bending, incompatible mode elements were used [90]. Linear elements are more reliable in
frictional contact [90], thus, CPE4I elements were used. The mesh size at the contact edge
ranged between 15 µm and about 40 µm.

Figure 8. The FE-model used in Publication III (adapted, with the origin changed).
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Contact pressure in the test contact is created by applying a normal load (or pressure load)
on the upper block. The bottom end of the lower block is fixed in the y-direction and x-
displacements are restricted at the nodes at the lower and upper block. In Publication V, a
spring was used at the upper side of the block to take into account rotation due to the
transverse loading. Transverse loading of the specimen is created by displacing the tip of
the free end of the specimen, as in the experiments.

The contact tangential behavior was described using either Lagrange multiplier or the
penalty method with an elastic slip value of 0.005 µm. The elastic slip value used is small
enough not to have a major effect on the results. Normal direction was described either
using the Lagrange multiplier or the Augmented Lagrange method with default stiffness.
The Coulomb friction model was adopted and constant COF was assumed along the
contact surface. At least three load cycles were run to reach steady-state contact conditions.
Both automatic and manual incrementation was used to divide the loads.

An isotropic material hardening model was used in Publication III as it is expected in the
complete contact case and experiments also indicate plasticity. Flicek et al. analysed the
contact edge in terms of plasticity and concluded that in the tests presented in Publication I,
the plasticity at the edge is within small scale yielding [117]. Findley fatigue criterion was
used to predict fretting fatigue cracking on the basis of previous experience [114]. Findley
criterion was applied as a cracking risk, where the Findley cracking risk value over 1
suggests that failure will occur with a certain probability. TCD was applied by directly
calculating Findley values at some distance below the contact interface that is of a similar
scale of material microstructure and material defect size [10].

3.2 Bolted joint model

The three dimensional model of the bolted contact was assembled. The displacements of
the side surfaces of the specimens measured by DIC were compared to corresponding
displacements of the 3D model. However, slip and other contact quantities in the fretting
area was extracted using the FEM. In the model, the lower end of the bottom block was
fixed. A spring at the top end of the upper block takes into account the rotation of the test
device which is caused by the transverse loading. The transverse load was applied at the
specimens’ free tips. The bolt, nut and spacers were attached, i.e., tied together. The mesh
of the bolted joint setup is shown in Figure 9. Due to symmetry, only one half of the test
device was modelled.
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Figure 9. The mesh of the bolted joint model (Publication VI).

The element size was 1 mm in the contact area and the element type used was C3D8I. The
master-slave contact algorithm was applied with surface-to-surface contact discretization
and finite sliding contact condition. Penalty friction with elastic slip value of 0.05 µm was
used together with the Coulomb friction model. The Augmented Lagrange method was used
in normal direction. Three loading cycles were performed and each cycle was divided into
50 increments.
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4 Results and discussion

4.1 Overall contact characteristics

The complete contact and bolted joint contact studied are very different from each other in
terms of contact geometry and loading. In the specimen free part, the stress is nominally
similar, i.e., the maximum nominal bending moment acts at the contact edge (main
clamping side), having also the point of maximum (nominal) bending stress, and the stress
linearly decreases towards the free end. Of course, the tip clamping that transfers the
transverse loading and the bolted joint slightly modify this nominal stress behavior. The
contact pressure distributions during one loading cycle in both cases are shown in Figure 10.

Figure 10. Contact pressure distributions during one loading cycle, complete contact (on the left,
Publication V, adapted with the origin changed) and bolted joint (on the right).

In the complete contact case having asymptotic stress, a steep contact pressure gradient
occurs at the contact edge when the specimen’s edge is in contact with the fretting pad. The
high contact pressure occurs only over a small area. During loading, the contact may open
(depending on the loading parameters), i.e., the edge ‘lifts off’, which is illustrated in Figure
10 (on the left) at the time moment around 0.75 s. Contact opening also means that the
contact is incomplete at the moment. The opening always leads to slip [29], though this slip
can be small. In all the experimental tests carried out here, contact opening occurred
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(numerical result). Depending on loading parameters, the complete contact under
examination here can

·  be completely adhered, i.e., sticking; no relative movement at any point,
·  have edge slipping,
·  have a contact opening at the edge and therefore, slip or
·  be fully sliding, i.e., the whole contact is slipping (gross sliding).

The first three cases are relevant here. The contact tractions and stresses, slip, nominal
contact area (due to the contact opening) depend on loading parameters (bulk loading and
normal load) and COF. At the point of cracking, the contact pressure is cyclic in the
complete contact case and has a much higher maximum value (at the contact edge)
compared to the bolted joint case. In the bolted joint case, the uneven contact pressure
distribution does not change substantially during loading and there is no peak in contact
pressure (Figure 10). Figure 11 shows the contact pressure distributions of different tests in
the bolted joint experiments. Clearly, the contact size does not change with similar
geometry (because of the receding contact), and the contact pressure increases when
increasing the bolt preload (normal load), as would be expected. With a larger spacer, the
distribution is wider and maximum pressure lower under the same normal load.

Figure 11. Contact pressure distributions of different tests in bolted joints (Publication VI).

The stress state in these cases is very different. The state of stress in complete contact is
multiaxial, but in the bolted joint case here the axial (longitudinal) stress is clearly higher
than other components (Publication VI), and can be approximated as somewhat uniaxial.
Furthermore, there is a steep gradient in stresses in the complete contact which is not the
case in the bolted contact. As shown further, slip amplitude is about a decade higher in the
bolted joint case compared to slip in the untreated complete contact specimens, and the
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amount of wear is also higher (in the bolted joint case). In the surface treated complete
contact specimens, where the bulk loading is markedly increased compared to the
untreated specimens, the amount of slip is also notably increasing.

4.2 Fatigue life

4.2.1 Complete contact

An important goal of the study was to perform experimental fatigue tests. Most of the
untreated complete contact fretting fatigue (FF) and plain fatigue test results are
summarized in Figure 12. The bulk (bending) stress amplitude in the specimen is shown as
a function of the number of loading cycles to complete fracture. The fretting test series with
a nominal contact pressure of 100 MPa, 30 MPa (both series with sharp edges) and almost
complete contact (radiused contact edge, radius was 1 mm) are shown and compared to
the plain fatigue results.

Figure 12. Sum-up of majority of the complete contact experimental fretting fatigue test results
(results from Publications I, III and [118]).

A major drop in fatigue life can be clearly seen in all fretting cases. The results indicate that
the lowest fatigue limit is achieved with rounded contact edge, though the difference
between this and the sharp ended contact is small, if any. Fatigue life decreases as the
nominal contact pressure is increased. The scatter of the results is rather small and the
results indicate good repeatability and validity of the test procedure. However, to improve
the statistical reliability of the results more testing would be needed, especially to determine
more accurately the difference between the sharp ended and rounded edge contacts.

The effect of fretting increases significantly with a greater number of cycles. The ‘knock
down’ factor is at a fretting fatigue limit level of around 2.5 - 3 but at higher stress levels it is



31

much lower. Extrapolation of the results reveals that fatigue life around 3000 cycles is the
same for both plain and fretting fatigue. At the stress level of the plain fatigue limit, plain
fatigue life is about 22 times greater than the fretting fatigue lifetime.

Figure 13 shows calculated Findley cracking risk values (Mod) with different contact
pressures (using COF 0.8) and the experimental fatigue limits in the sharp ended case.

Figure 13. Cracking risks with different nominal contact pressures.

Cracking risk values increase with the increase in nominal contact pressure (normal load).
This suggests that the decrease in fatigue life can be ‘simple’ because of increased
stresses due to increased normal loading. As noted earlier, the standard for interference fits
guides to use sufficiently high contact pressure to prevent slip. However, the results show
that an increase in nominal contact pressure will increase the cracking risk, although the
effect is more pronounced at higher stress levels (above the fatigue limit). Figure 14 shows
the calculated cracking risks in sharp and rounded edge cases.

Figure 14. Cracking risks in sharp (left) and rounded (right) edge cases (Publication III).
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According to the experimental (Figure 12) and numerical results, the rounded contact edge
used did not increase the fatigue limit as would be expected. This is consistent with other
studies having axial bulk loading [61,119,120]. In this case, the numerical results show that
high peak stresses and contact tractions exist in both cases, as shown in Figure 15.

Figure 15. Maximum in plane principal stress (normalized) as a function of vertical subsurface
distance.

Figure 15 shows the maximum (in plane) principal stress normalized with bulk stress
amplitude as a function of distance in vertical direction (perpendicular to the contact surface)
from the “hot spot”, i.e., the point of maximum stress, in both sharp and rounded ended
cases. This result is calculated with a FEM model having the element size at the contact
edge of 2.5 µm, elastic material model and a coefficient of friction 0.6. Although the highest
stress at the surface is for the sharp ended specimen, at some distance the stress is higher
for the rounded edge. The sharp ended contact has a notably steeper gradient close to the
contact surface. In the modelling results, a COF around 0.6 - 0.8 is needed for the results to
match the experiments, though higher a COF does not markedly affect the results, whereas
a lower COF significantly reduces the cracking risk. The results agree with the literature in
that some kind of averaging is needed to match the results to the experiments.

In the fretting specimens, the cracks were nucleated evenly whether on the upper or the
lower side of the specimen (Publications I and III), though often the cracks had also been
nucleated on the both sides. Typically, these cracks met approximately at the centre line of
the specimen. In the untreated specimens, the cracks were nucleated at the contact edge
(though in some tests with 30 MPa nominal contact pressure cracking occurred a small
distance inside the contact). Cracking occurred mainly in the central region in the lateral
direction. In the nitrided specimens (having the highest bulk loadings), however, the main
crack leading to complete fracture typically nucleated a small distance inside the contact.
The plain fatigue specimens cracked at the point of maximum bending stress (outside the
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clamping contact). The scanning electron microscope (SEM) images in Figure 16 show
cracking surfaces and a crack nucleation point at the contact edge of an untreated
specimen (on the left).

Figure 16. Cracking surfaces and a crack nucleation point at the contact surface.

Typically, multiple cracks nucleated and coalesced into larger cracks leading to complete
fracture. After nucleation and some growth, the cracks propagated perpendicular to the
calculated maximum principal stress. Figure 17 shows a cross section of the specimen.

Figure 17. Cross-section of a fractured specimen.

Figure 18 shows cracking risk values along a contact path for sharp and rounded contacts.
The (nominal) x-coordinates of the contact edges are 0 and 1 mm for the complete and
rounded edge case, respectively. The calculation results agree with the experimental results
with regard to the cracking point. A localized peak occurs in the predicted cracking risk in
both cases. The maximum value occurs at the contact edge in both cases, as did the
cracking point in the experiments.



34

Figure 18. Cracking risk along a contact path (Publication III, adapted with origin changed).

The theory of critical distances was used with the critical distance around the material’s
microstructural dimensions in untreated sharp and rounded cases. The Findley values were
calculated at a chosen distance 15 µm below the surface, which is a half of the critical
distance as defined in [121]. Accurate determination of this critical distance was not the
focus of the study; instead the main objective was to study both experimentally and
numerically the relative differences between the sharp and rounded geometries and
determine the failure location. The determination of the critical distance based on fracture
mechanics and fatigue experiments [121] and following calculations for comparison warrant
further study.

4.2.2 Effect of surface treatment

The effect of nitriding and shot peening on fretting and plain fatigue behavior was also
studied (Publication VII). The experimental results are compared to the untreated test
results from Publication I. The results achieved for the nitrided fretting specimens are shown
in Figure 19.
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Figure 19. Test results of nitrided fretting specimens (Publication VII).

The specimen bulk stress amplitudes are scaled to the nominal plain fatigue limit. The
nitriding process markedly increases fretting fatigue life. The fretting fatigue limit increased
by 150 %. In addition, the plain fatigue limit was increased by about 25 %. A compound
layer is created as a by-product of nitriding. The removal of the layer did not show any effect
on the results. Figure 20 show the results for the shot peened fretting test specimens.

Figure 20. Test results of shot peened fretting specimens (Publication VII).

Here also the fretting fatigue lives increase noticeably. The fretting fatigue limit increased
110 %. The plain fatigue limit was increased by about 10 %. Nitriding increased the fatigue
lives even more. The nitrided specimens may have had a lower COF [122], thus reducing














































































































































































































