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This paper investigates wear in wind turbine pitch bearings resulting from small-amplitude oscillations. The
investigation focuses on assessing the impact of key parameters influencing wear damage. A new medium-scale
test rig has been designed, enabling cost-efficient and accelerated tests to replicate fretting wear damage under
simplified operating conditions of wind turbine pitch bearings. Through experimental result analysis, this study
examines the influence of oscillation amplitude, contact force, oscillation frequency, presence of lubrication, and
contact geometry on wear damage. A finite element model is also developed to obtain the frictional energy
density to compare with experimentally measured wear depth to obtain new insights of the effect of the contact
variables on wear damage. It has been found that most of the wear damage takes place at the location where the
maximum sliding occurs but not at the location of the maximum contact pressure, while the contact geometry has
an important impact on the wear damage. Controlling oscillation amplitude and contact pressure are effective

ways to mitigate wear damage due to small-amplitude oscillations in wind turbine pitch bearings.

1. Introduction

Wear in wind turbine (WT) pitch bearings is a tribological issue that
has attracted increased research interest in recent years, motivated by
the challenge of improving the reliability of components in modern
large-scale WTs, which are rapidly increasing their size. Pitch bearings,
also known as blade bearings, connect the blades to the rotor hub of a
WT. Pitch bearings allow the blades to rotate and to optimise their po-
sition under different wind speeds. Blade rotation is used to change the
angle of attack of the blade to control power production and loads
induced on a WT. Pitch system is also used to stop the WT operation in
case of an emergency stop when an unexpected failure occurs. There-
fore, accurate positioning of the blades by pitch bearings is essential to
maximise productivity of WTs and to ensure their safety. A double-
rowed eight-point contact ball bearing, as shown in Fig. 1, is the most
widespread bearing configuration used in pitch systems of WTs.

WT pitch bearings are subjected to a combination of high axial,
radial and moments loads, while standing still or oscillating at low speed
to support the blades that are highly flexible components. Pitch bearings
can be affected by different damage modes as described by Stammler
and Reuter [1]. These damages modes can be rolling contact fatigue,
core crushing, ring fractures, edge loading, false Brinelling and fretting
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corrosion. All these damage modes, except false Brinelling and fretting
corrosion, may be assessed during the design phase of pitch bearings.
False Brinelling and fretting corrosion were identified as common
tribological issues of WT pitch bearings [2,3] and they had been
extensively investigated. However, their similarities and differences are
not clearly defined. Godfrey [4] provided one of the clearest differen-
tiation between them: fretting corrosion is the fretting damage in
unlubricated contact surfaces experiencing relative reciprocating sliding
motion of small amplitudes. False Brinelling is the wear on the raceway
of a lubricated rolling element bearing produced by the slight movement
of the rolling elements, a condition that prevents the formation of the
lubricant film. However, false Brinelling and fretting corrosion can
occur simultaneously in applications depending on the operating con-
ditions. Moreover, no clear distinction exists in literature between these
two wear mechanisms, and it is still debated whether false Brinelling
and fretting corrosion are different damage modes or if false Brinelling is
the incubation process of fretting corrosion.

Harris et al. [2] defined fretting corrosion as a wear mode between
surfaces in contact when subjected to normal load and cyclic,
small-amplitude motion. These conditions squeeze lubricant out of the
contact area causing direct metal-to-metal contact or boundary lubri-
cation resulting in adhesive wear. Harris et al. [2] stated that false
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Fig. 1. Double-rowed eight-point contact ball bearing and key operating pa-
rameters of pitch bearing.

Brinelling was the incubation process of fretting corrosion, whereas
Godfrey [4] differentiated two different wear modes based on the
lubrication condition. Recent studies on false Brinelling in pitch bear-
ings defined false Brinelling as a form of fretting wear [5,6]. In terms of
the wear process, Godet [7] and Berthier et al. [8] described wear
produced by reciprocating motion as a process of debris formation and
ejection. The wear process can be controlled by the rate of debris for-
mation or ejection, depending on the contact geometry. In
non-conforming contacts, debris are easily ejected and the wear rate is
controlled by the rate of debris formation.

Fretting is a complex wear mode that can involve different wear
mechanisms, such as adhesion, abrasion, and oxidation. Regarding the
oxidative wear process, Godfrey [4] observed Hematite Fe;O3 as the
oxidation product of fretting corrosion and Magnetite Fe3O4 of false
Brinelling. These two iron oxides have different oxidation states, which
means that the formation of Hematite needs more oxygen than forming
Magnetite [9]. This implies that fretting corrosion occurs in an
oxygen-richer environment. However, no clear explanation has been
found in published studies to understand why one oxidation product will
form over the other in fretting. It has been suggested that this difference
is attributed to the lubrication condition: lubricated for false Brinelling
and unlubricated for fretting corrosion. However, pitch bearings are
grease lubricated and they can experience both wear modes. Although
lubrication plays an important role in preventing the access of oxygen
into the contact area, the differentiation of these wear modes in pitch
bearings is more complex than simply categorising the fretting contact
as unlubricated or lubricated condition.

More than 50 parameters have been reported to be related to fretting
wear [10] and they have exhibited a strong interconnection. Collins [10]
suggested that these variables could be grouped into eight big cate-
gories: slip amplitude, contact pressure, local state of stress, number of
cycles, material and surface conditions, cyclic frequency, temperature,
and surrounding environmental conditions. When analysing fretting
wear, the number of these groups could be further reduced, and relevant
parameters are grouped into four categories: motion profile, load,
bearing geometry and lubrication. Oscillation amplitude has been rec-
ognised as one of the most important factors associated with false

Wear 564-565 (2025) 205696

Brinelling and fretting corrosion. These wear modes take place under
small-amplitude oscillations; however, the range for small amplitude
oscillations is not clearly defined. The sliding ratio, x/2b, is usually
considered to define a normalised parameter, where x corresponds to the
oscillation amplitude and 2b is the width of the contact area. For classic
fretting, wear is argued to occur when sliding ratios are lower than 1.0
[11]. For oscillating bearing applications, a threshold of the sliding
ratio, x/2b = 1.6, has been defined as the minimum value to ensure the
formation of lubrication film in the contact area [12]. However, in most
recent research investigating fretting, wear has occurred in oscillating
bearings under larger sliding ratios, up to x/2b = 13.3 [13]. In fact, the
wear damage has been found to be more severe under larger sliding
ratios.

False Brinelling and fretting corrosion are commonly investigated
through experimental methods that involve the use of reduced-scale
samples and standard tribometer configurations [14,15]. However,
such testing approaches often overlook the complex contact conditions
experienced by pitch bearings during their operation. When studying
these wear modes under specific operating conditions of pitch bearings,
experimental setups are also typically conducted on a small-scale [16,
17] due to the substantial cost associated with testing actual pitch
bearings. This approach may inadvertently disregard the impact of scale
on the results obtained. Numerical methods have also been employed for
analysing the behaviour of pitch bearings. Specifically, finite element
analysis (FEA) can be utilised to investigate the bearing load distribu-
tion, deformation of bearing raceway rings, and the contact parameters
relevant to false Brinelling and fretting corrosion as wear modes
[17-20]. However, this approach often lacks robust validation due to
simplifications made when setting up the FEA models [21]. Challenges
arise in accurately representing lubricated contacts and the limited in-
formation available on actual working conditions and failures of WT
pitch bearings.

To describe the wear mechanisms of oscillating sliding contacts,
Fouvry et al. [11] proposed an energy approach to consider the effect of
variable coefficient of friction behaviour on the wear coefficient. This
energy approach consists of comparing the wear volume (V) with the
accumulated frictional energy dissipated at the contact area (Ed). This
energy corresponds to the energy enclosed in every fretting loop cycle.
Fouvry et al. [11] observed a linear relationship between the wear
volume and the accumulated dissipated energy. An energy wear coef-
ficient (ay) could be obtained by calculating the slope of the linear
curve. For some metallic materials, the linear curve did not cross the
origin of the diagram relating the wear volume and the accumulated
frictional energy dissipated. The offset in the energy axis was associated
with an energy threshold (Eds) required to modify the microstructure of
the contact surface to a harder phase known as tribologically trans-
formed structure (TTS). The fracture of the TTS was found to lead to the
debris formation. The energy wear approach to determine the wear
volume is then expressed by Equation (1).

0, if Y Ed < Eda,
V_{aV(ZEd—Edth), if S Ed > Edy,

Fouvry et al. [11] highlighted that the wear volume analysis was a
powerful tool to quantify fretting wear but also pointed out that the wear
damage was frequently assessed in one dimension, the depth of the worn
surface. For this reason, a local wear analysis was needed. The local wear
approach consisted of comparing the wear depth (#) with the dissipated
energy density (Edp). Similarly to the wear volume approach, a linear
relationship was observed between these two variables and a local wear
coefficient (a4) could be derived from the slope. The energy density
dissipated at a specific point of the contact surface is given by the
expression of Equation (2) for an oscillation displacement of 2x.

@

+X
Edy(x.y) = / q(x,y)ds @
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where q(x, y) is the shear stress of the contact surface. The wear depth, h,
is then expressed by Equation (3).

h= Qap Z Edh (3)

Schwack et al. [17] conducted both finite element simulations and
experimental analysis to investigate the wear caused by small-amplitude
oscillations in an 80 mm diameter ball bearing. They utilised frictional
work density as an indicator of the wear and validated its accuracy by
comparing the distribution of frictional energy density with the
damaged area observed in the experimental tested bearings.

This study investigates the impact of key parameters on fretting wear
under pitch bearing operating conditions, these are outlined in Fig. 1. A
new test rig capable of evaluating medium-scale ball pitch bearings has
been designed and manufactured for experimental testing of balls of
25-28 mm diameter under ball-raceway contact conditions emulating
those of ball pitch bearings. Furthermore, this study is enhanced through
the development of wear modelling based on finite element analysis,
which obtains valuable insights into the contact variables that cannot be
controlled or easily measured experimentally. A number of key insights
have been obtained through this study: firstly, most of the wear takes
place at the location where the maximum sliding occurs but not at the
location of the maximum contact pressure, which shows the greater
contribution of the sliding distance to the frictional energy density;
secondly, contact geometry has an important impact on the wear dam-
age; and lastly, controlling oscillation amplitude and contact pressure
can be effective ways to mitigate wear damage due to small-amplitude
oscillations in WT pitch bearings.

2. Materials and investigation methods
2.1. Fretting test rig

A new fretting test rig has been designed and manufactured to
replicate wear occurring in a ball-raceway contact configuration under
simplified operating conditions of pitch bearings. The designed experi-
mental setup allows the investigation of how the key testing parameters
affect fretting wear, including oscillation amplitude, contact force,
oscillation frequency, lubrication, contact geometry and number of cy-
cles. The new fretting test rig has been specifically designed to be inte-
grated into a bi-axial machine comprises four linear actuators capable of
operating using both force and displacement controls under static and
dynamic conditions. This setup enables, for example, the application of a
constant force along one axis direction while allowing for variable
displacement along the second axis direction. The relevant specifica-
tions of the bi-axial machine are presented in Table 1.

The contact configuration plays a crucial role in obtaining accurate
wear marks representative to that of WT pitch bearings under small-
amplitude oscillations. However, due to the linear actuators used in
the bi-axial machine, certain simplifications are necessary when
designing the contact geometry of the samples. The first simplification
involves suppressing the curvature of the bearing rings from the sam-
ples. Considering the range of diameters typically employed in pitch
bearings, between 2 and 5 m, the effect of this curvature is negligible
under small-amplitude oscillations. The second simplification is related
to the contact angle. In ball pitch bearings, the nominal contact angle is
commonly 45° and it varies during blade pitching operation [22]. In the

Table 1

Main specifications of the bi-axial machine.
Parameter Value
Maximum distance between actuators [mm] 475
Minimum distance between actuators [mm] 425
Load range [kN] 0-100
Oscillation amplitude range [mm] 0-50
Oscillation frequency range [Hz] 0-10
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proposed contact configuration of the fretting test rig design, the contact
angle is defined to be zero. These simplifications significantly reduce the
ball spinning. However, the balls can roll over the grooved surfaces of
the samples in this contact set-up when the oscillatory motion is applied
to one of the samples. Fig. 2a provides a schematic comparison between
the contact configuration in a pitch bearing and the proposed contact
geometry in the fretting test rig design of this study.

Fig. 3 shows the fretting test rig mounted on the bi-axial machine.
The test rig is designed with three attachment parts that connect the rig
to the top, bottom and one of the lateral actuators, as well as two sample
holders. The top holder is assembled to the top attachment and the
bottom holder to the lateral actuator by means of bolted connections.
The bottom holder is supported by the bottom attachment where a 3 mm
PTFE plate acts as a low-friction slider at the interface of these two
components. The application of the contact load is achieved through the
top actuator, while the lateral actuator enables the oscillatory move-
ment. The lateral actuator allows the measurement of the tangential
force. This measurement, together with the applied contact load, is used
to estimate the coefficient of friction; assuming that the frictional force
between the balls and the grooved surfaces are the major contributors to
the tangential force measured by the lateral actuator. This assumption
means that the coefficient of friction in the sliding plate is assumed
considerably lower. The proposed design consists of two balls and two
raceway samples. Two balls improve the stability of the experiment and
effectively prevents any ball from deviating away from the force appli-
cation line. Moreover, the use of two balls generates two distinct wear
marks on each sample, thereby increasing the repeatability of the tests.
To ensure that each ball shared an equal load from the top actuator, it is
necessary to maintain a uniform distance between each ball and the
force line. This is achieved by using a 3D-printed ball positioning aid.

2.2. Samples and lubrication

WT pitch bearings are typically manufactured using bearing steel,
specifically the 42CrMo4 alloy steel (EN19) [23]. Raceways are induc-
tion hardened, where a surface hardness of 60 HRC is achieved. How-
ever, induction hardening is not a suitable heat treatment method for the
scale of the samples being considered in the wear tests of this study
because it significantly increases the cost of the samples. Therefore,
through hardening has been chosen as a more cost-efficient alternative
to achieve the required surface hardness. This method allows all the
samples to be heat treated in the same batch. However, due to the
microstructure of 42CrMo4 steel, it is not possible to achieve a hardness
of 60 HRC by through hardening. Thus, tool steel O1 is used as an
alternative material for sample production. A comparison of the chem-
ical composition between 42CrMo4 and O1 steels is provided in Table 2
[23,24]. Regarding the raceway surface finish, a maximum Ra value of
1.642 pm is specified, which falls within the upper limit of the typical
roughness range required for pitch bearings. The tests utilise AISI 52100
grade 100 balls with diameters of 25 mm and 28 mm.

Regarding lubrication, this study looks into the effect of dry and
lubricated contacts. For the lubricated contact tests, a lithium complex
grease, specifically Castrol LMX, has been chosen. The properties of this
grease fall within the average range of values for greases commonly used
in pitch bearing applications. It is important to note that the selection of
this grease does not guarantee its effectiveness in reducing wear under
the specific test conditions. Table 3 presents the properties of the grease
used in the tests, as well as those of six other reference greases for
comparison purposes [13].

2.3. Testing conditions

A total of 24 tests are conducted using the developed medium-scale
fretting test rig. These tests consist of 12 different combinations of varied
testing parameters, including oscillation amplitude, contact force,
oscillation frequency, ball size, conformity and number of cycles. The
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Fig. 2. Comparison between 2-point contact in WT ball pitch bearing: (a) the simplified contact geometry in the test rig and (b) manufactured raceway sample and

balls creating grooved surface contact.
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Fig. 3. Fretting test rig designed: (a) CAD model including interfaces to the bi-axial machine and (b) test rig mounted on the bi-axial machine.

experiments are conducted under both unlubricated and grease lubri-
cated conditions. The testing conditions for each of the 24 tests are
outlined in Table 4. Additionally, Table 5 provides a summary of the

Table 2
Comparison of chemical composition between 42CrMoy4 and O1 steels.

Element 42CrMoy o1 maximum contact pressure, width of contact area (calculated using
Carbon 0.35-0.45 % 0.95 % Hertzian contact equations), and the normalised oscillation amplitude
Manganese 0.50-0.80 % 1.25% for the various testing parameters considered in the study. The criteria to
Vanadium - 0.20 % define the range of each testing parameter are described as follows.
Chromium 0.90-1.50 % 0.50 %

Tungsten - 0.50 % . . . . . .

Molybdenum 0.20-0.40 % - 1. Oscillation amplitude: Although classic fretting wear is commonly
Silicon 0.10-0.35 % - argued to occur for sliding ratios below 1.0 [11], establishing a clear

limit for complex contact interfaces, such as balls in contact with
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Table 3
Properties of selected grease and comparison with reference greases [13,25].
Grease Base oil NLGI  Thickener Base oil viscosity
@40 °C
Tested Mineral 2 Lithium 180
grease complex
Grease 1 Synthetic 2 Lithium 50
Grease 2 Ester 2 Lithium 295
Grease 3 Synthetic 1-2 Lithium 420
complex
Grease 4 Mineral/ 1-2 Calcium 13
Synthetic
Grease 5 Mineral/ 2 Calcium 134
Synthetic complex
Grease 6 Mineral/ 1 Lithium 130
Synthetic complex

Wear 564-565 (2025) 205696

3. Oscillation frequency: Small oscillations in pitch bearings take
place in the range of 0.5 Hz-2 Hz [28]. The same frequency range is
considered in the tests of this study.

4. Number of cycles: The maximum number of cycles is defined
considering two criteria. Firstly, the measurement of coefficient of
friction has to exhibit stable and steady behaviour. Secondly, the
wear mark must be well-developed to be measurable. By conducting
preliminary tests, it has been found that these two requirements are
met for tests lasted for 10,000 cycles. One of the parameters com-
binations tested 3000 cycles to obtain insights into the temporal
evolution of the wear damage.

5. Contact geometry: The ball diameter is 25 or 28 mm by considering
the load capacity constraint of the bi-axial machine and the required
contact pressures. To investigate the effect of conformity, defined as
the ratio between the raceway radius and the ball diameter, change
of the ball diameter and raceway radius are considered in the tests to

raceways in WT pitch bearings, remains a challenge. In the specific
case of pitch bearings, fretting wear has been observed when sliding
ratios exceed 1.0 [13,26]. In fact, it has been found that intermediate
oscillation amplitudes, resulting in a sliding ratio of approximately
10, induce severe wear damage than that by smaller oscillations
where the sliding ratio is below 1.6 [13]. In this experimental study,
oscillation amplitudes of 2.0 mm, 5.0 mm, 8.0 mm are tested. These
values could correspond to sliding ratios ranging from 1.4 to 7.8 if
the far-field displacement are equal to the actual contact sliding [27].
However, considering the presence of elastic effects on the contact
surfaces, the actual sliding distance and corresponding sliding ratios
are expected to be smaller.

. Contact force: Fretting wear is argued to take place under high
contact pressure [2]. WT Design Guideline DG03: Yaw and Pitch

investigate their impact on the wear damage.

2.4. Wear measurement

The Alicona InifiteFocus-SL is used to carry out the surface mapping
of the tested surface of samples. The Alicona InifiteFocus-SL is a high-
resolution non-contact optical measurement tool capable of measuring
3D surfaces to a resolution up to 10 nm. The post-processing of the

Table 5

Tested maximum contact pressure, half width of contact area, and normalised

oscillation amplitude.

K K . X Contact Max. Contact Half contactarea  Normalised oscillation

Rolling Bearing Life [2] recommends a maximum contact pressure of force [kN] pressure [GPa] width b [mm] amplitude by x/2b

2.4 GPa to avoid the occurrence of fretting wear under mean oper- 2 x5 x_s

ating conditions. However, Schwack et al. [17] observed false Brin- mm mm mm

elling and fretting corrosion wear marks in small-scale bearings with

tact der 2 GPa. Th tact f in the tests of thi 10 2.2 0.51 1.95 4.88 7.81

con ac. pres§ure u1.1 er a. The contact forces in the e.s s (? is 20 28 0.65 155 3.88 6.20

study is designed in the range from 10 to 30 kN, resulting in the 30 3.2 0.74 1.36 3.39 5.42

maximum contact pressure between 2.2 and 3.2 GPa.

Table 4
Testing conditions for unlubricated and grease lubricated conditions.

Dry tests
Test ID Ball diam. [mm] Raceway rad. [mm] Conformity Osc. Amp. [mm)] Cont. For. [kN] Osc. Freq. [Hz] Cycles
D01 25 13 0.52 5.0 20 1.0 10000
D02 25 13 0.52 2.0 20 1.0 10000
D03 25 13 0.52 8.0 20 1.0 10000
D04 25 13 0.52 2.0 10 1.0 10000
D05 25 13 0.52 5.0 10 1.0 10000
D06 25 13 0.52 2.0 30 1.0 10000
D07 25 13 0.52 5.0 30 1.0 10000
D08 25 14 0.56 5.0 20 1.0 10000
D09 28 14.56 0.52 5.0 20 1.0 10000
D10 25 13 0.52 5.0 20 1.0 3000
D11 25 13 0.52 5.0 20 0.5 10000
D12 25 13 0.52 5.0 20 2.0 10000
Lubricated Tests
Test ID Ball diam. [mm] Raceway rad. [mm] Conformity Osc. Amp. [mm] Cont. For. [kN] Osc. Freq. [Hz] Cycles
Lo1 25 13 0.52 5.0 20 1.0 10000
L02 25 13 0.52 2.0 20 1.0 10000
L03 25 13 0.52 8.0 20 1.0 10000
LO4 25 13 0.52 2.0 10 1.0 10000
LO5 25 13 0.52 5.0 10 1.0 10000
LO6 25 13 0.52 2.0 30 1.0 10000
LO7 25 13 0.52 5.0 30 1.0 10000
L08 25 14 0.56 5.0 20 1.0 10000
L09 28 14.56 0.52 5.0 20 1.0 10000
L10 25 13 0.52 5.0 20 1.0 3000
L11 25 13 0.52 5.0 20 0.5 10000
L12 25 13 0.52 5.0 20 2.0 10000
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measured surfaces involves straightening the measured surface by
applying a Form Removal utility. This utility straightens the overall shape
of the measured object by keeping the roughness profile of the measured
surface unaffected. This makes it possible to measure the wear mark
dimensions using an appropriate coordinate system. All the data is
exported as text file and analysed using a Python code developed to
measure the dimensions of the wear marks and plot the wear mark
profiles.

2.5. Finite element analysis of frictional energy density

In this study, a similar approach to the one used by Schwack et al.
[171 is employed, where a finite element model is developed to examine
the frictional work density, as a wear indicator, using the same contact
configuration as that of the fretting wear tests. The wear indicator is
obtained from the FE model to compare with the measured wear depth
from the experimental tests. By doing so, the model and the frictional
work density can be validated as indicators of wear damage, potentially
allowing for the prediction of wear damage accumulation based on
Equation (3).

The FE model of this study is developed using ABAQUS EXPLICIT.
The analysis aims to investigate different contact parameters, such as the
contact pressure, shear stress, sliding distance and frictional energy
density under the same conditions tested experimentally. One ball and
two raceway sample sections are considered in the FE model. The as-
sembly of these parts is presented in Fig. 4a. The material properties
considered for the grooved samples and the ball are the steel’s Young
Modulus of 200 GPa and Poisson’s ratio of 0.3.

All the parts of the FE model are modelled as solid bodies and meshed
with eight-node fully integrated brick elements (C3D8). The raceway
samples are partitioned into two regions: a region near the contact
interface with the ball, where a finer mesh is defined, and the rest of the
sample is meshed with coarse elements. The FE mesh developed for this
model is presented in Fig. 4a. In order to ensure the numerical accuracy
of the results, a mesh convergence study is conducted by evaluating the
contact pressure (CPRESS) and the slip magnitude (CSLIPEQ). The error
of both variables is found to be below 5 % in the refined models. These
results are achieved by considering an element size of 0.15 mm in the
contact region.

The interactions, boundary conditions and loads applied to this FE
model are shown in Fig. 4b. Since the aim of this FE model is to study the

(a)
Upper sample

Ball

Lower sample

(b)

(3) Contact interaction

(3)Contact interaction

L. L.
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effect of the different testing conditions, different values of the oscilla-
tion amplitude, contact force, and contact geometries are considered.
The different modelling conditions evaluated by using this FE model are
summarised in Table 6. Fig. 4b shows a scheme of the loading and
displacement applied, which are explained as follows.

1. A reference point is created at the centre of the top face of the upper
sample and linked to the surface where contact force is applied by
means of a coupling constraint. The force is applied in the vertical
direction (y axis) and all the other degrees of freedom of the refer-
ence point are fixed. Similarly, a reference point is also created at the
centre of the bottom face of the lower sample and linked to the
surface where the oscillatory motion is applied by means of a
coupling constraint. The oscillatory displacement is applied in the
lateral direction (z axis) and all the other remaining degrees of
freedom of the reference point are fixed.

2. A contact interaction is defined between the ball and each of the
grooved samples with a coefficient of friction of 0.1. This value was
chosen as representative value of the coefficient of friction measured
during the tests, and the detailed discussion is presented in section
3.3. The surfaces of the grooved samples are defined as master sur-
faces and the ball’s outer face as slave surface. Coulomb’s isotropic
friction is defined as tangential behaviour and hard contact as the
normal behaviour. The contact algorithm is set as the penalty
method. The two meshing regions of each grooved sample are
assembled through a tie constraint.

Table 6

Different conditions evaluated in the FE model.
Model COF  Osc. Amp Force Freq. Ball diam. Conformity

[mm] [kN] [Hz] [mm]
01 0.1 2 20 1 25 0.52
02 0.1 5 20 1 25 0.52
03 0.1 8 20 1 25 0.52
04 0.1 5 10 1 25 0.52
05 0.1 5 30 1 25 0.52
06 0.1 5 20 1 28 0.52
07 0.1 5 20 1 25 0.56
(c) -
Oscillation
|Contact force
Time

Displacement

A d

(2) Osc. Motion

Fig. 4. Rolling ball on curved surface contact FE model: (a) meshes of raceways and ball; (b) Boundary conditions, interactions and loads, and (c) Loading and

oscillation sequence.



E. Hurtado Molina and H. Long
3. Results of experimental tests and FE models
3.1. Characterisation of wear damage

Fig. 5 presents the wear marks using both texture and height colour
maps for tests D01 and LO1. These wear marks exhibit similar wear
patterns consisting of three regions, A, B and C. Region A is located at
both ends of the long axis of the worn area. In this region, high levels of
oxidation can be observed, as well as the highest wear depth. Region B is
located at the centre with lower levels of oxidation and less accumulated
wear damage. Evidence of sliding of the ball that shifted the centre of
oscillation is also observed, which explains the small amount of wear on
the left of both wear marks, probably produced during the early cycles of
the test. After these early cycles, the oscillatory movements has been
stabilised at region C, where most the wear damage is concentrated.
Similar patterns are observed from all samples of the conducted tests.

The highest level of oxidation is observed at the outer region of the
wear marks where the contact pressure is minimum. In addition to the
oxidation, the maximum sliding takes place at region A. This sliding is
mainly produced by a combination of Heathcote slip [29] and elastic
slip. Heathcote [29] studied microslips in closely conforming contacts of
a hard ball on a grooved surface and determined that rolling without
sliding was only possible along two lines of the contact area and slip was

Test DO1 (5 mm - 20 kN - 1Hz - Dry)

W gz

/;‘; T

~
Rt LS P

Oscillation direction

(a)

Wear 564-565 (2025) 205696

produced by the difference of surface velocities. Elastic slip is resulted
from the deformation of the two surfaces in contact when loaded to
establish the contact area. The elastic slip was argued to be more rele-
vant when the two bodies had dissimilar elastic properties [30]. Equa-
tions derived by Heathcote did not take into account the elastic slip [31].
Johnson [32] considered both Heathcote and elastic slip to describe the
sliding behaviour of a rolling ball on a raceway and identified that
sliding or microslip took place along all the contact area length, except
at the narrow bands of pure rolling. It also concluded that it was possible
to have a locked region depending on the coefficient of friction.

The dimensions of the worn area of the tested sample under dry
condition DO1 are approximately 5 % larger than the grease lubricated
worn area LO1. Both worn areas are produced by the same ball in contact
with top (dry) and bottom (lubricated) specimens during the same test.
Therefore, the difference in dimensions of the worn area can only be
attributed to the lubricant. However, the maximum wear depth are
almost the same for both tests (60 pm).

To understand the effect of lubrication on the wear damage better,
Fig. 6 presents the wear mark profiles along the long axis of the worn
area at the location of the maximum depth (A) and at the centre of the
wear mark (B). Both profiles show a w-shape. The main difference is that
in the profile along the line A the wear is mostly accumulated at the end
of elliptical contact area, while along the line B, the wear is mostly

Test LO1 (5 mm - 20 kN - 1Hz - Lub)

Oscillation direction

(b)

Fig. 5. Surface measurements of samples from tests: (a) DO1 and (b) LO1 using texture and height colour maps respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Wear mark profiles of tests DO1 and LO1.
located at the zero-crossing with smaller wear observed at the centre. A metallographic analysis is conducted on the sample of test DO1 to
This difference suggests the presence of a locked region at the centre examine its microstructure as raw material without heat treatment, after
with minimal wear. the heat treatment, and after the test. Fig. 7a depicts the microstructure

Fig. 7. Metallographic analysis of AISI O1 steel sample using optical microscope: (a) before heat treatment (x20), (b) after heat treatment (x20) and (c) after
test (x100).
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of the annealed sample corresponding to a fine microstructure of
cementite or iron carbide Fe3C [33]. Fig. 7b shows the microstructure of
the heat-treated sample, consisting of tempered Martensite with small
carbides [33]. Fig. 7c shows the cross section of a tested sample just
underneath a wear mark. The presence of a thin white layer just under
the contact surface can be observed. This layer extends along the whole
wear mark length and its average thickness is 6.4 + 1.7 pym. This
microstructural feature is attributed to the tribologically transformed
structure (TTS) as discussed in Ref. [34].

3.2. Effect of testing conditions on wear damage

Fig. 8 presents the maximum wear depth measured from the samples
tested under varying oscillation amplitudes. The observed trend in-
dicates an increase in wear depth from the smallest amplitude of 2 mm
to the medium amplitude of 5 mm. However, from the medium ampli-
tude of 5 mm to the largest amplitude of 8 mm, the wear depth shows
limited increases. This behaviour can be explained based on the theory
of the existence of an upper threshold for the frictional energy density,
which is determined by the sliding ratio. This threshold limits the
maximum local wear that a specific point of the wear surface can
accumulate per cycle, assuming the other parameters remain unchanged
[11]. These findings indicate that the maximum frictional energy den-
sity is reached within the range of oscillation amplitudes between 2 and
5 mm. This limit on the local wear depth does not imply that the global
wear damage remains constant under larger oscillation amplitudes.
While the volume of wear damage may increase with larger amplitudes,
the wear depth remains constant. Regarding the effect of grease, its
presence seems not reduce the maximum wear; on the contrary, it
slightly increases it. This effect can be attributed to the grease being
squeezed out of the contact area during the early cycles of the test,
subsequently serving only to prevent debris from being ejected. Conse-
quently, this leads to a slight increase in wear damage, resulting in a
worsened wear scenario in comparison with the unlubricated tests.

Fig. 9a shows the maximum wear depth under different contact
forces and oscillation amplitudes. The observed trend shows that the
wear depth increases with the contact force, but not linearly. These re-
sults suggest that under a higher load the maximum wear depth could
reach a maximum limit value, which can be explained because of the
transition towards partial slip where little wear damage occurs and
fretting fatigue becomes the predominant damage mode [35,36]. From
the wear maps shown in Fig. 9b, it can also be observed a reduction of
the total sliding distance with the increase of the contact force for dry
contact tests, where the sliding distance is estimated as 5.1 mm for a
contact force of 10 kN, 3.9 mm for a contact force of 20 kN, and 3.5 mm

EEN Dry
Contact force 10 kN

Contact force 20 kN
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for a contact force of 30 kN. This phenomenon can be also explained
because of the transition towards partial slip, where fretting loops have a
closed shape thus reducing the total sliding distance [36].

Fig. 10 shows the maximum wear depth under different oscillation
frequencies. No clear influence can be observed under the range of
frequencies tested in this study. Tests D12 and L12 conducted at 2 Hz are
one of the cases where the greases lubricated test resulted in less wear
damage. This may indicate that this particular grease performs better at
higher speeds.

Fig. 11a presents the wear depth versus two contact geometry pa-
rameters: the ball diameter and contact conformity. Results show that
with a larger ball and the same conformity of 0.52 it reduces the wear
depth. A bigger ball and larger groove radius result in an increase in the
contact area and a decrease in the contact pressure, which may explain
the reduction of the wear depth. Increasing the conformity also reduces
the wear depth. The explanation of this behaviour is less evident
compared to the ball diameter. The condition is also tested when the
conformity is increased by enlarging the groove radius and keeping the
ball diameter unchanged. This results in higher contact pressure. How-
ever, the shape of the contact area changes, the major axis of the contact
area becomes smaller, and the minor axis wider, which improves the
distribution of the slip in the contact area, as also observed by Schwack
et al. [17]. A comparison of wear maps of dry tests under different
contact geometries is presented in Fig. 11b where the increase of the
worn area occurs with a bigger ball and the decrease of the worn area is
seen with higher conformity, but with a reduced ovalised shape.

The last parameter analysed from these experimental tests is the
number of cycles. Fig. 12a shows a plot of the wear depth at two
different numbers of cycles of 3000 and 10000, respectively. It can be
observed that little damage has been accumulated during the first 3000
cycles. The reason for the small amount of wear during the earlier cycles
might be due to the formation of a TTS layer. In a material that forms
TTS, the frictional energy in early cycles is used to produce this layer,
thus no wear is produced. Fig. 12a also shows an interesting observation
regarding the effect of lubrication. It can be observed that at the first
3000 cycles, the wear depth in the grease lubricated test is not higher
than that from the dry configuration. This might be because the grease
has not been completely squeezed out of the contact. The positive effect
of grease during the first cycles can be noticed in the comparison of the
wear marks between the dry and lubricated conditions presented in
Fig. 12b.

3.3. Coefficient of friction

The tangential force was measured during the tests and used to

Lubricated
Contact force 30 kN

60

Depth [um]
w D
° S

N
o

i L

i

e ]

2.0 5.0 2.0
Osc. Amp. [mm]

5.0
Osc. Amp. [mm]

1=
[ I:
8.0 Ji

2.0 5.0
Osc. Amp. [mm]

Fig. 8. Maximum wear depth under different oscillation amplitudes.
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Fig. 9. Results under different contact forces and oscillation amplitudes: (a) Comparison of maximum wear depth and (b) Comparison of wear maps of dry tests.
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Fig. 10. Maximum wear depth under different oscillation frequencies.

estimate the coefficient of friction between the ball and the grooved
surface of the tested samples. As the tests were conducted with the
surface of the bottom sample without lubrication and the surface of the
top sample lubricated, the results of the coefficient of friction presented
in this section represent an average between both conditions. However,
for lubricated conditions under small oscillations the grease is expected
to be squeezed out of the contact area thus creating a similar behaviour
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to the dry contact due to starved lubrication condition. This is also
confirmed by the minimal difference between the wear marks observed
under dry and lubricated conditions, shown in Section 3.2.

Fig. 13a presents the time series of the estimated coefficient of fric-
tion for all test conditions, obtained by the ratio of the measured
tangential force over the contact force, with exception of test 10 due to
issues with the controller. A stable frictional behaviour is observed in all
tests. Fig. 13b shows the average coefficient of friction as function of the
oscillation amplitude under different levels of the contact force. The
error bars represent the standard deviation due to the variation of the
coefficient of friction over time. The average values range between 0.08
and 1.14; therefore, the coefficient of friction of 0.1 has been used in the
FE wear modelling, presented in Section 2.5.

3.4. Frictional energy density distribution

The frictional energy density distribution is obtained by result post-
processing from the FE models by using a script developed in Python
capable to extract the contact pressure (CPRESS) and the sliding dis-
tance (CSLIPEQ) of every time step of the FE computation. From these
data, the total energy density accumulated in one cycle is calculated as
described in Equation (4) and stored in a new Field Output for graphical
post-processing. Equation (4) is numerically equivalent to Equation (2).

Eaua= > 4P(0)(A() — A(n—1)) @
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Fig. 11. Results for different contact geometries: (a) Comparison of maximum wear depth and (b) Comparison of wear maps of dry tests.

where Eg torq1 is the total accumulated frictional energy density, N is the
total number of time increments in the oscillation cycle, y is the coef-
ficient of friction, and P(n) and A(n) is the contact pressure (CPRESS)
and sliding distance (CSLIPEQ) obtained from the FE model at the time
increment n.

Fig. 14 shows the frictional energy density distribution post-
processed from the FE modelling results compared to the respective
worn surface scars from the experimental tests under different oscilla-
tion amplitudes, contact forces and contact geometries, respectively.
The plots presented in Fig. 14 summarise the maximum frictional energy
density obtained from each FE model plotted together with the
maximum wear depth measured from the experimental tests. The
comparison between the FE modelled frictional energy density distri-
bution and the measured wear maps demonstrates a strong degree of
correlation in nearly all cases, except for varying conformity cases of the
contact geometry. Generally, both the FE modelled frictional energy
density and the measured wear maps exhibit similar distributions, with
the majority of frictional energy density and wear depth shows
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concentrations at the ends of the long axis of the contact area due to the
occurrence of differential slips or Heathcote slips in highly conformal
contacts between balls and grooved surfaces.

One notable difference observed between the energy density distri-
bution from the FE models and the wear maps from the experimental
tests is that the energy density from the FE models is equally distributed
at both ends of the worn surfaces, while the experimentally measured
wear depth is typically higher on one of the ends of the worn surface.
This distinction may be explained by changes in the contact behaviour as
the wear scar develops over cycles. Regarding the case with different
conformity, it is expected that a higher conformity of the contact ge-
ometry leads to increased contact pressures, resulting in higher energy
density. Schwack [17] argued that higher conformity also produced a
change in the slip distribution, leading to lower frictional energy den-
sity. The fact that this is not observed in the developed FE model could
be attributed to the different geometries used in the two studies.
Regarding the assumptions made in the FE models that may impact the
results, the most important one is that the frictional energy density is
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Fig. 12. Results for different number of cycles for dry and lubricated tests: (a)
Comparison of maximum wear depth and (b) Comparison of wear maps.

simulated on unworn surface. As wear progresses, it would impact the
contact pressure and the slip distribution. However, for a short test
where the maximum wear depth is below 100 pm, it is assumed that the
impact of this simplification is not sufficient enough affecting the
modelling results.

The comparison between the maximum frictional energy density
from the FE modelling and wear depth from the experimental mea-
surement, as presented in Fig. 15, makes it possible to analyse whether
the trends of the different testing parameters are similar to those
observed in the experiments. This analysis confirms the similarity in
trends for almost all the cases, with one notable exception being the
model with different conformity. Another validation analysis conducted
to confirm the frictional energy density as an indicator of fretting wear
involves post-processing the evolution of this parameter along a path on
the worn surface to obtain a distribution profile from the FE model,
which is then compared to the wear profile measured from the experi-
mental tests. Fig. 16 presents this comparison for the case with an
oscillation amplitude of 5 mm and a contact force of 20 kN. The com-
parison reveals a strong similarity between the profiles of the FE
modelled frictional energy density and the experimental measured wear
depth, despite the frictional energy density results do not account for the
changes caused by the wear scar. This correspondence further reinforces
the validity of the frictional energy density as an indicative measure of
fretting wear under the conditions investigated in this study.
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Fig. 13. Results of the measured coefficient of friction: a) Coefficient of friction
for all tests versus time and b) Average coefficient of friction as function of the
oscillation amplitude and contact force.

4. Discussion

The primary objective of this study is to investigate the impact of key
parameters on fretting wear under WT pitch bearing operating condi-
tions. The ultimate goal is to gain an improved understanding of this
wear mode and based on the findings, to provide valuable research
methods to predict and mitigate its occurrence. This objective is ach-
ieved by developing a simplified medium-scale experimental method
that enables conducting tests under the actual pitch bearing operating
conditions in an accelerated and inexpensive way.

4.1. Analysis of the studied parameters for control and mitigation of
fretting wear

The findings presented in this study provide the following recom-
mendations to control key parameters to mitigate wear damage caused
by small-amplitude oscillations in pitch bearings. These are valid for the
specific test conditions investigated in this study, taking into account the
limitations of the simplified test setup, as discussed in Section 4.2.

e Oscillation amplitude: The oscillation amplitude is directly related
to the upper limit of the wear damage determined by the maximum
frictional energy density that a surface point can accumulate in one
oscillation. This suggests that one possible approach to mitigate the
wear damage would be either to minimise the oscillating angle
amplitude as much as possible below the transition to partial slip.
Another possible approach is to pitch the blade at amplitudes larger
than the critical angle 6, defined by Harris et al. [2] when a second
ball overlaps the contact stress area and the lubrication is argued to
work better. In other words, by controlling the number of oscillations
whose amplitudes are between the amplitude that corresponds to a
sliding ratio equal the limit for partial slip transition and the Harris’
critical angle, the wear damage may be minimised.
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Fig. 14. Comparison between FE modelled frictional energy density and experimentally measured wear depth under the equivalent conditions. First row: varying
oscillation amplitudes, second row: varying contact forces, third row: varying contact geometries.

o Contact force: Experimental results obtained in this study show an conditions for fretting wear, as it does not allow relubrication and

intuitive result of the effect of the contact force on the wear damage.
The wear depth increases with the contact force. Therefore, to reduce
the wear damage, from the contact force point of view, it is critical to
control and reduce the load. Unfortunately, this cannot be achieved
easily, as the loads acting on the pitch bearing depend on many
variables and operating conditions. However, it is possible to
improve the load distribution in the design phase of pitch bearings by
modifying the flexibility of the hub, which in practical terms reduces
the contact forces on the most loaded rolling elements of a pitch
bearing [37].

Oscillation frequency and lubrication: These two parameters do
not show a significant effect on the wear damage. However, this
study does not focus on analysing the effect of different greases on
wear thus only one grease is used in the tests. A different grease could
work better under pitch bearing operating conditions. The constant
amplitude oscillations is probably one of the worst lubricated
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lead to lubrication starvation [38]. A more in-depth analysis is
required to identify the relevant grease properties that reduce wear
under the most critical fretting wear condition, such as high loads
and medium oscillation amplitude range. However, the detailed
analysis of effect of grease properties on wear damage is not within
the scope of this study.

Contact geometry: The medium-scale test rig developed in this
study allows the understanding of the effect of the contact geometry
on wear, when the ball kinematics is representative of the motion of
actual pitch bearings. The results show that either increasing the ball
size or the conformity reduces the wear damage produced by small
oscillations. Nevertheless, increasing the ball size could probably
lead to a bearing with fewer rolling elements, and therefore an in-
crease in the load on each ball. On the other hand, an increase in the
conformity could result in a change in the bearing geometry and its
stiffness, also increasing the maximum load of the rolling elements.
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Fig. 15. FE modelled maximum frictional energy density and experimental
measured wear depth under different (a) oscillation amplitudes; (b) contact
forces; (c) ball diameters and (d) conformity values.

Thus, even though modifications to the contact geometry have the
potential to mitigate fretting wear, they must be analysed together
with other factors to achieve an optimum design of a pitch bearing.

4.2. Limitations and potential of the developed methods
There are a number of limitations of the experimental method

developed in this study. The first limitation is related to the material
selection. Instead of using the commonly employed 42CrMo4 steel, the
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Fig. 16. FE modelled frictional energy density (E4) compared to experimentally
measured worn surface (height) under an oscillation amplitude of 5 mm.

tool steel O1 is chosen for the test samples for reducing the cost of heat
treatment. However, despite this difference, a verification has been
conducted to ensure that the surface hardness, mechanical properties,
and chemical composition of the tool steel O1 are within the same range
as those of the bearing steel of pitch bearings. The different heat treat-
ment method of through hardening has been applied to the test samples,
it does not significantly impact the results of the wear tests. The same
surface hardness ensures that the wear rate behaves similarly to that
using the bearing steel, provided that the composition of the steel does
not induce changes in the wear mechanism, considering that wear
properties are not only dependent on surface hardness [33]. In this re-
gard, the wear marks produced exhibit the same features as that of other
similar fretting wear tests conducted at different scales for WT pitch
bearings [17,39].

The second limitation of this experimental study relates to the testing
conditions, which have been designed to reproduce wear damage caused
by small amplitude oscillations for pitch bearings. However, it is
essential to acknowledge that these testing conditions represent
simplified pitch bearing operating conditions. In actual WTs, pitch
bearings operate under significantly more complex conditions, which
include variable oscillation amplitude, frequency, and contact force.
Furthermore, the current test setup does not account for the effect of the
contact angle in most ball pitch bearings, which is another important
factor influencing the wear behaviour of pitch bearings in actual oper-
ating conditions.

The final limitation of this experimental study is related to lubrica-
tion. The scope of the study is to analyse the effect of both dry and
lubricated contacts but not the effect of grease properties on wear
damage. However, it is essential to acknowledge that replicating the
actual pitch bearing lubrication conditions in this simplified test setup is
not feasible. There are two main reasons for this limitation. Firstly, the
test setup does not account for the complex interactions between the
grease and all the components in actual pitch bearings, such as multiple
rolling elements and cages. Secondly, in WT pitch bearings, the race-
ways are sealed, which is not the case in the open contact geometry of
the test condition adopted in this study. As a result, while this study
provides valuable insights into the effect of dry and lubricated contacts
under simplified conditions, it may be more conservative than needed
for the lubricated tests. While the simplified setup allows for controlled
and cost-effective testing, it may not fully capture the intricacies of the
actual operational environment of pitch bearings, limiting the direct
applicability of the findings to real WT systems. Therefore, it is crucial to
consider these limitations when interpreting and extrapolating the re-
sults of this study to practical WT applications.

The FE model developed in this study provides a good method to
estimate the occurrence of fretting wear based on the frictional energy
density and shows a good correlation with the experimental results.
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However, its application is limited due to two main factors. Firstly, the
incapability of including the effect of lubrication. This can affect contact
results such as the contact pressure and surface sliding, and also the
frictional behaviour. Nevertheless, this FE modelling method can be
useful for designing purposes of pitch bearings and to compare the effect
of different variables as it has been demonstrated in this study. Another
significant limitation of the developed FE model is that it only simulates
a single oscillation cycle and does not consider the effect of accumulated
wear damage over time. While this limitation has been addressed in
various applications using the user-subroutine UMESHMOTION, such as
in finger lock chucks of landing gears [40] or modular taper interfaces of
hip implants [41]. However, this approach introduces additional con-
straints and drastically increases computational times without yielding
substantial improvements in result accuracy thus it has not been adopted
in this study.

5. Conclusions

This study focuses on investigating the wear damage caused by
small-amplitude oscillations under simplified operating conditions of
WT pitch bearings. The specially designed new test rig has enabled the
replication of wear damage by conducting cost-efficient and accelerated
experiment, taking into account test scale and ball kinematics effects
similar to pitch bearing operations. The main conclusions are as follows.

e Wear marks show a wear pattern where greater wear and oxidation
levels are located at the ends of the long axis of the elliptical contact
area. This is where the maximum frictional energy density is accu-
mulated most, mainly driven by the sliding distance;

The wear damage reaches a limit in terms of the wear depth that can
accumulate by the oscillation of one ball on a surface point, and this
limit is primarily influenced by the oscillation amplitude;

Wear damage increases with the increase of the contact force during
the tests, equivalent to contact pressure in the range of 2.2 and 3.2
GPa;

Oscillation frequency and lubrication do not exhibit a significant
effect on wear damage under the range of tested parameters inves-
tigated in this study;

The contact geometry has an important effect on wear damage. It has
been found that wear damage can be reduced by increasing the ball
diameter or enhancing the conformity between the contacting
surfaces;

The frictional energy density obtained from the FE models exhibits a
strong correlation with the measured wear depth from the experi-
mentally tested samples, with a potential to predict the occurrence of
wear by employing the developed FE modelling method;
Controlling oscillation amplitude and contact pressure of pitch
bearings in WT operation can be effective ways to mitigate wear
damage development. Future tests should focus on variable testing
conditions and exploring lubrication effects.
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