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Summary

In the offshore industry, ships have gear systems to ensure the rotation and translation required dur-
ing operation. Current systems use grease to reduce friction and wear. Grease can spill into the
sea out of these systems, harming nature even with biodegradable greases as these are not 100%
biodegradable. This mainly happens in open systems, such as rack-pinion systems. The lubrication
type present theoretically is boundary lubrication. A solution to this problem should still include a
friction- and wear-reducing layer. A greaseless open gear system would solve grease-spilling prob-
lems. A proposed solution is to coat the pinion with a laser-clad added cobalt-based superalloy. The
coatings are stellite 21, stellite 6 and stellite 190. These typically show a low wear rate and friction
coefficient, which is required as it should replace grease properties. Besides, a high bond strength
can be reached.

In this study, tribological experiments are performed to study the effect of various parameters on
the type and severity of wear of the proposed coatings and base case with the corresponding coef-
ficient of friction. This gives insight into the performance of the coatings relative to each other and
to the base case and how this changes with different parameters. Wear and friction are system prop-
erties so to determine the quality of the coatings, it should be experimented on, mimicking the real
system. To do this, the real contact conditions are matched based on an analysis of the real system.
Different types of wear can be present in a system: abrasive, adhesive, corrosive, and rolling contact
fatigue.

A combination of rolling and sliding is present in a real gear system, leading to a slide-to-roll ra-
tio (SRR). In these experiments, however, pure sliding is experimented. A disc-on-disc experiment
on the UMT Tribolab is used for this. One disc is stationary and creates a wear track on a rotating
disc. The (coated) pinion material is the stationary disc and the rack material is the rotating disc.
The influence of different parameters is assessed. Different types of lubrication are experimented
with, namely no lubrication, purified water, seawater and grease to have a base case. The influence
of load and velocity is experimented with. At last, the influence of hardness is experimented with.
After the wear experiments are carried out, the height profile of the wear track is measured with a
profilometer. This is in Matlab analysed to calculate the specific wear rate. To determine the type of
wear, the morphology of the wear track surface is also observed and together with the wear rate, this
can tell the type of wear. Friction is analysed to further increase understanding of the phenomena
happening, and this value must be low as the coatings replace the grease.

The proposed laser cladded cobalt-based superalloy coatings do reduce wear compared to the un-
coated material. Stellite 190 is found to be the best wear-reducing. Unlubricated wear is undesirable
as severe adhesive wear is present. (Sea)water lubrication shows better performance. However, the
uncoated pinion with grease lubrication which is the current situation in the observed applications
performs better in terms of wear and friction because boundary lubrication is present. It is found
that a higher velocity leads to less wear. The reason could be corrosive wear and build-up of an
oxide layer. A higher load leads to more plastic deformation, however, the specific wear rate will be
a lower value due to normalisation over the load. A hardness increase in the coatings decreases the
wear only with similar material composition. The base material in the same conditions shows more
wear but has a higher hardness.
It is still to be determined if the wear reduction by the coatings is enough to be feasible as a replace-
ment for grease in offshore applications.

II/71





Contents

Contents

Acknowledgements I

Summary II

1 Introduction 1
1.1 Problem statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aim and objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Scope of the research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.4.1 Motion- compensated Pile Gripper . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4.2 Slew Bearing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4.3 Winch drive . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Literature review 5
2.1 Tribological system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Contact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 Lubrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.4 Friction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.5 Wear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.6 Gear kinematics and tribology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.7 Possible solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.7.1 Laser cladding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.7.2 Possible laser-cladded coatings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Research questions 22

4 Current system properties 23
4.1 Roughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.2 Grease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.3 Contact pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.4 Sliding velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.5 Lubrication regime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.6 Sliding distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.7 Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

5 Experimental materials and methodology 27
5.1 Measurement inputs and materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

5.1.1 Lubrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.1.2 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.1.3 Cleaning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.1.4 Hardness measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.1.5 Grouping of velocities and loads into experimental cases . . . . . . . . . . . . . 30

5.1.5.1 Calculating loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.1.6 Sliding distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
5.1.7 Experimental matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

5.2 Data measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.3 Data processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5.3.1 Rotating disc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

IV/71



Contents

5.3.2 Stationary disc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5.3.3 Roughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.3.4 Coefficient of friction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

6 Experimental results 39
6.1 Hardness measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
6.2 Roughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
6.3 Wear and Coefficient of Friction results . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

6.3.1 The influence of different types of lubrication . . . . . . . . . . . . . . . . . . . 39
6.3.2 The influence of load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
6.3.3 The influence of velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
6.3.4 The influence of the hardness of the rack and pinion material . . . . . . . . . . 51

7 Discussion 57
7.1 Hardness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
7.2 Wear analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
7.3 Onset of plasticity at the surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
7.4 Invalid results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
7.5 Validity of the results used in this research . . . . . . . . . . . . . . . . . . . . . . . . . 61

7.5.1 Number of measured spots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
7.5.2 Influence of plasticity on measured wear . . . . . . . . . . . . . . . . . . . . . . 61
7.5.3 Pinion material shape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
7.5.4 Different shape on the uncoated disc than other pinion discs . . . . . . . . . . 62
7.5.5 Seawater standards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

7.6 Limitations of the research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
7.6.1 No slide-to-roll ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
7.6.2 1-directional wear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
7.6.3 Sliding distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

7.7 Future research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
7.7.1 Hypotheses of formation of oxides . . . . . . . . . . . . . . . . . . . . . . . . . . 63
7.7.2 Match hardness of steel and stellite . . . . . . . . . . . . . . . . . . . . . . . . . 63
7.7.3 Hardness increase of rotating disc . . . . . . . . . . . . . . . . . . . . . . . . . . 63
7.7.4 Slide-to-roll ratio included in experiments . . . . . . . . . . . . . . . . . . . . . 64
7.7.5 Calculate if the wear reduction is enough . . . . . . . . . . . . . . . . . . . . . . 64
7.7.6 Additives to the water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

8 Conclusion 65

A Cracking and chipping on production 71

V/71



1 Introduction

1 Introduction

In the offshore industry, ships have specialised equipment to install and maintain various systems
such as offshore windmills. This equipment needs rotation and translation motion, which can result
in problems as the marine environment is very difficult and protected because of marine life.

1.1 Problem statement

Grease is used to reduce friction and wear in high-loaded sliding and rotating systems. In some ap-
plications, it cannot be avoided that the grease will spill out of the system. In offshore applications,
this means it will come into the sea. Current biodegradable greases are not 100 % biodegradable. A
minimum biodegradability of 70 % in 28 days [1] is reached in one of the used greases, meaning the
rest can still be harmful to nature. These situations are mainly present in so-called ’Open systems’,
where no completely closed casing is possible. At high contact pressures, the grease is moved (par-
tially) out of the contact. However, due to the bleeding of oil from the moved grease into the contact
and steel-bonding additives theoretically, a thin lubricating film is even present in these systems [2]
[3]. This reduces the friction and wear. When finding a solution, a friction- and wear-reducing layer
should be present, to minimise wear, stress and in the end failure.
A type of open system is a rack-and-pinion system. A pinion (gear) is rotated which causes the rack
to move linearly. A schematic figure of a rack-pinion system is shown in Figure 1.1.

Figure 1.1: Schematic figure rack-pinion system [4]

A jacking system is one of the open systems used in the offshore industry. This jacking system uses
a rack-pinion system to lower a boom to the bottom of the sea. In that way, it pushes the ship up
and creates a stable plateau. The ship will not sway anymore. This stable plateau makes installing
windmills easier, as they are connected to the ground and non-moving. An example of this is shown
in Figure 1.5, where a ship is carried above the sea. 4 gearboxes are typically used per ship, each
connected to a boom.
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Figure 1.2: Jacking system demonstrated [5]

On one ship with a Jacking system, annually 7332 kg of grease is used in all the jacking systems on
this ship. Most of it is spilt into the sea. For other open systems, this value is lower so the biggest
impact can be made and is required for a jacking system. However, some of these systems will also
be evaluated in this research and will be discussed in subsection 1.4.

A greaseless open gear system would solve the problems with grease. A proposed solution is to
coat the pinion with a laser-clad added cobalt-based superalloy. This typically shows a low wear rate
and friction coefficient that is required as it should replace grease properties [6][7]. These values are
however, system properties and thus can be different in value per system. Therefore it is required to
know exact values and characteristics applied to the researched offshore systems.

1.2 Aim and objective

This research aims to properly perform tribological experiments and study the effect of various pa-
rameters on the type and severity of wear of the proposed coatings and base case, and the corre-
sponding coefficient of friction. This gives insight into the performance of the coatings relative to
each other and to the base case and how this changes with different parameters.

1.3 Scope of the research

This research will mainly concentrate on the wear results, where friction could help to determine
wear characteristics but will be studied in less detail. General corrosion will not be studied in much
detail. Temperature differences will not be studied as only room temperature (20 degrees Celsius)
will be used.

1.4 Applications

Huisman selected several interesting applications that will be used for this research. These applica-
tions will be used to determine experimental parameters. Other applications than the jacking system,
which is already explained are shown below.

1.4.1 Motion- compensated Pile Gripper

This is a system that is used to place monopiles for windmills. It can compensate in x,y, and z
directions for waves, so no jacking system is required anymore to create a stable platform. Previously
discussed rack-pinion systems perform the motions.
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Figure 1.3: Motion- compensated pile gripper

1.4.2 Slew Bearing

This is the bearing that allows a crane to rotate around. It consists of a smaller gear that powers a
bigger gear that has teeth on the inside. Usually, in offshore these rings are very big. In 1.4b can be
seen that the pinions (connected on the white pillars, are very small compared to the slew bearing
itself (the big ring).

(a) Slew bearing mounted on a crane (b) Slew bearing assembly

Figure 1.4: Slew bearing
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1.4.3 Winch drive

This is the system that powers the drum of the hoisting system. Wire ropes are connected that in-
crease or decrease in length as they unwind or wind respectively, by rotating the drum. This allows
a hook to be lowered or raised. It consists of small powered gears, connected to a gear with teeth
on the inside like the slew bearing. However, now the drum that stores and hoists the wire rope is
connected.

Figure 1.5: 2 Winches with electromotors with gears connected to the sides of the winch
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This section addresses relevant concepts, techniques and backgrounds.

2.1 Tribological system

Figure 2.1: Tribological system (reproduced from [8])

Friction and wear are system properties and are connected. The system these are connected to is
a tribological system which can be seen in Figure 2.1. In such a tribological system, 2 surfaces of
certain materials with their properties are in contact with a possible lubricant or particles in between.
Furthermore, a load and motion are acting on the surfaces. The environment consists of a certain
temperature and pressure. Besides different types of environments with very specific properties
(acidity, corrosive environment, etc.) can be present. Thus exactly identically tribological systems are
very hard to achieve.

2.2 Contact

The contact pressures for rack-pinion systems can be calculated using the Herzian contact theorem
for line contacts. Gears will share contact which is a line with 2b width where the surfaces meet, over
the complete depth l of the gear (respectively the red line in Figure 2.2 and arrow in Figure 2.3).

Figure 2.2: Shared contact width of gears

The pinion has a curved surface (radius of curvature) while the rack has a flat side. This can thus be
modelled as a cylinder on flat contact.
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Figure 2.3: Cylinder on flat [9]

Figure 2.4: Contact area with dimensions

The half-width b of a line contact calculated with Hertz’s theory is [3]:

b =

(
F
L

4R′
x

πE′

) 1
2

(1)

Where F is the force acting on the system and L is the length of the contact line, so the width of the
gear. R′

x is the effective radius in the direction of b, determining the contact area. In the direction of
L, both surfaces are flat so the contact will have length L. E’ is the effective modulus of elasticity.
The effective radius is:

1
R′

x
=

1
Rx,1

+
1

Rx,2
=

1
d/2

+
1

D/2
=

1
Rx,1

(2)

In which R1 is the radius of the pinion and R2 is the radius of the rack. Both are half the radii, d and
D of the pinion and rack respectively as shown in Figure 2.3. The radius of the pinion is the radius of
curvature at the pitch. The rack has straight teeth, so the radius is ∞.
The effective modulus of elasticity is:

1
E′ =

1
2

(
(1 − ν1)

2

E1
+

(1 − ν2)2

E2

)
(3)

In which the Poisson ratio (ν) and E-modulus (E) are material properties of the pinion and rack
contacting materials.
The mean pressure pm is calculated using the relation between pressure and load, where the contact
area is 2bL:

F = pm A = 2pmbL (4)

The relation between the maximum pressure pmax and mean pressure is:

pmax =
4
π

pm (5)
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Rearranging Equation 1, and applying Equation 4 and Equation 5, leads to the maximum contact
pressure in a line contact situation.

pmax =

(
F
L

E′

πR′
x

)
(6)

2.3 Lubrication

The main functions of lubrication are to reduce friction and wear by separating the surfaces or creat-
ing a protective boundary layer (or a combination of both) such that the surfaces of the bodies do not
touch.

Figure 2.5: Lubrication regimes [10]

Based on the characteristics of grease base oils, boundary lubrication is expected and grease consists
of additives that create boundary lubrication. By reducing friction with boundary lubrication, the
grease cools the contact (as the bulk does not touch (as much)). As seawater is present in offshore ap-
plications, it is required to keep this out. Grease can do this job very well, especially offshore greases,
that are highly water resistant [1]. It also can protect against foreign hard particles.

The lubrication regime of a system can be calculated using the Dowson-Higginson equation to calcu-
late the film thickness in a line contact [11]. This equation is still used as a design rule in lubricated
systems [12]. These calculations estimate that the base oil alone is the determining factor. In grease,
other properties can influence the film thickness next to the base oil viscosity so the real values in
greased systems can be different [13].

H∗ = 1.6G0.6U0.7W−0.13 (7)

7/71



2 Literature review

Where H∗ is the dimensionless minimum film thickness for a line contact which can be expressed
in the minimum film thickness hmin and the reduced curvature in x-direction R′

x as calculated in
Equation 2:

H∗ = hm/R′
x (8)

So:
hm = 1.6G0.6U0.7W−0.13R′

x (9)

Where the dimensionless material parameters G, dimensionless speed U and dimensionless load W
are calculated as shown in Equations 10, 13 and 17.

G = α · E′ (10)

E′ is calculated the same way as in Equation 3. The viscosity pressure coefficient α can be calculated
as shown in Equation 11, based on ISO standards [14].

α = 10−6 · 0.1122 · ν0.163 (11)

Where ν is the kinematic viscosity, η is the dynamic viscosity at ambient pressure and ρ is the density
of the base oil.

ν =
η

ρ
(12)

U =
η0 · ve

E′ · R′
x

(13)

Where ve is the entrainment speed which can be calculated by:

ve = (v1 + v2)/2 (14)

To be able to determine the viscosity for different temperatures than the given data by grease sup-
pliers, an additional step is required. Reynolds suggested an equation that is commonly used to
calculate the viscosity when 2 states are known, but the required state is unknown [3]

η

η0
= e−β(T−T0) (15)

Where η is the previously shown dynamic viscosity at ambient temperature T. η0 is the reference vis-
cosity at a reference temperature T. β is the temperature coefficient that is calculated by interpolation
between two reference points with temperatures Tmin and Tmax and corresponding viscosities ηTmin

and ηTmax :

β =
−1

Tmax − Tmin
ln

ηTmax

ηTmin

(16)

W =
wz

E′ · Rx′2
(17)

With the minimum film thickness known, a film parameter Λ, which is used in engineering practice,
can be calculated and by this, the lubrication regimes in the Stribeck curve can be determined [15].

Λ =
hm√

RMS2
1 + RMS2

2

(18)

Where RMS (Rq or Sq) is the root mean square roughness.
In Figure 2.6, the lubrication types for a certain Λ value can be seen with the corresponding coefficient
of friction behaviour. The lubrication type will be boundary lubrication if Λ < 1, mixed lubrication
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if 1 ≤ Λ ≤ 3 or (elasto)hydrodynamic lubrication if Λ > 3. In (elasto)hydrodynamic lubrication, the
fluid is carrying the load. In boundary lubrication, the surface is carrying the load with boundary
layers. Mixed lubrication is a combination of both.

Figure 2.6: Stribeck curve: Coefficient of friction versus film parameter Λ with a corresponding lu-
brication regime[15]

2.4 Friction

Friction is connected to the efficiency of a system of rubbing surfaces. Reducing the coefficient of
friction (COF) leads to increasing efficiency. The classical fiction laws hold for metals. Generally, the
friction coefficient is the friction force (force required to move a component) divided by the normal
force:

µ =
Ff

Fn
(19)

Mathematical models cannot completely predict friction, however, their insights can be used to man-
age (and thus reduce) friction [3]. Generally, friction consists of a combination of a ploughing and
adhesive component, where the contribution of both can vary. Each of the two will be explained on
the next page.
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(a) Model for ploughing friction (b) Projected front area A f

Figure 2.7: Model for ploughing friction and projected front area reproduced from [3]

For ploughing friction, the following holds [3]. When the hardness difference is bigger than 20%, the
harder surface can penetrate the softer surface. Hard particles, metal debris or dust can contribute
to this. This is called ploughing. During a sliding motion, F and pm Ar are in balance, with pm being
the contact pressure and Ar being the real contact area. The friction force is equal to σA f . A f is the
projected front area, a circle segment, and σ is the average stress. The coefficient of friction by the
ploughing component µp is:

µp =
σ

p
A f

Ar
(20)

When plastic deformation is present during ploughing, both σ and pm approach the plastic deforma-
tion resistance [16]:

σ

p
≈ 1 (21)

µp ≈
A f

Ar
(22)

This function can be seen as a function of the penetration depth δ/R. µp increases with dimensionless
penetration depth The ploughing friction can be reduced by [3]:

• Applying a high hardness on both surfaces. This results in a low penetration depth δ as in
Figure 2.7b.

• Applying a low roughness on the hard surface. This results in a large asperity radius R as in
Figure 2.7b, due to its big wavelength

• Using lubrication to separate surfaces (but this will be eliminated as a goal of this project)
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Figure 2.8: Atomic interactions causing adhesion between material 1 (white) and material 2 (grey),
reproduced from [3]

Adhesive friction is present due to atomic interaction, see Figure 2.8. The friction force has a shear
strength τ, that needs to be broken. This can be the shear stress that leads to adhesive bond breakage
between both surfaces or the cohesive strength of the soft surface. This τ is proportional to the real
contact area. So:

Ff = τAr (23)

And thus:
µa =

τA
N

(24)

For a normal load, F = pm Ar. During plastic deformation pm is equal to hardness H so the friction
by adhesion is:

µa =
τ

H
(25)

Adhesive friction can be reduced by [3]:

• Using lubrication to separate surfaces (but this will be eliminated as a goal of this project)

• Using dissimilar materials. This leads to weaker bonds. For example, alloys can help with this.
Besides, they reduce surface energy γ and increase hardness H

• A high roughness. With a smooth surface, a high real contact area is present, leading to more
atomic bonds and thus more adhesion.

• Reducing surface energy y. Done by increasing hardness H: γ = CH1/3 [17]. Besides, high
hardness leads to a low Ar.

• Using non-metals, however,this is not usable in this project due to the high contact pressure
present.

• Metal oxides to prevent pure metallic contact and increase hardness.
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2.5 Wear

Figure 2.9: 4 main types of wear [18]

Wear is the main limitation for the technical and economic service life of a machine [3]. Performance
is limited by wear and clearances are forming due to material removal. In other words, wear is
connected to reliability and lifetime. There are 4 main types of wear: Abrasive wear, adhesive wear,
surface fatigue and corrosion[3].

• Adhesive wear: Due to strong adhesive bonds as discussed in friction, local welding can be
present. In movement, this results in material shearing off and this leads to transfer that can
be temporary (free wear particles) or permanent. adhesive wear can be very mild, however, in
machines it can be so serious it stops the machine from being usable. Specific forms are:

– Scuffing: If the critical temperature of a lubricant is reached, this will fail and local welding
will take place. Generally, this is prevented by antiscuffing (EP) additives.

– Cold welding and galling: With metallurgical comparable materials, rubbing with suffi-
cient force. Cold welding (galling) can take place. This can create a bond strength as strong
as the bulk material. Galling is usually associated with poor lubrication and a high force
with low velocity. It can ruin a surface in one pass.
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Adhesive wear can be reduced or prevented in the same way as adhesive friction.

• Abrasive wear: This can be present in two modes, two-body and three-body abrasive wear. In
two-body abrasive wear, the hard asperities plough into the soft material, leading to scratch-
ing/ploughing or polishing. In three-body abrasive wear, hard particles are embedded in the
soft material, leading to the opposite of two-body abrasion and wearing the hard surface. The
hard particles can come from the environment as well from hard wear particles that are not
removed from the contact. The ways to reduce ploughing friction also apply to abrasive wear.
Additional applicable ways to reduce ploughing wear are: reducing the hardness difference
of the surfaces to <10%, however, this could increase adhesive wear (cold weld/galling) under
high load. The removal or prevention of hard external and wear particles (hardening, oxidation
particles, environmental particles) will remove possibilities for three-particle abrasion.

• Fatigue wear – This is the dominant wear mechanism in rotating mechanisms (possibly in com-
bination with slip). Repeated stress-strain events lead to crack initiation, propagation and de-
tachment of fatigued material. This can lead to pits (small in size) and spalls (big in size).
Micropits can form the same way (possibly with corrosion). These can either be removed if slip
is present and this can run in, otherwise, they will grow. Rolling contact fatigue can be reduced
by a low contact pressure, leading to less stress. Besides, high hardness has a high load rating
and low roughness can be used to reduce the possible starting points of crack initiation. At last,
case hardening can be used to create compressive stresses in the material, reducing the chance
of crack initiation. This method is used in many current used gear systems.

• Corrosive wear: This is due to complex thermodynamical reactions leading to material re-
moval. This can be either wear-resistant or wear-increasing. The oxidation layers protect the
surface from wearing down in sliding wear and can be used as a lubricant [19][20] [21]. It is,
however, not always sure that the oxidation layer has enough time to be effective in protection
[22]. Another factor is the bond strength of the oxide layers which needs to be big enough to
be able to act wear-resistant [19]. Oxidation is a difficult process that in combination with wear
is less understood and very case-specific. Several studies have been done on the effect of ox-
idation to wear. Generally in steel, a few types of corrosion are dominant. For temperatures
below 560 °C, Hematite (Fe2O3) and magnetite (Fe3O4) can be formed [23], along with FeCr4
and Cr2O3 when Chromium is present. Fe3O4 and FeCrO4 are known to be protective oxides
[24][25]. The other 2 are associated with severe wear. The wear will be lower if the film is
regrown. Only the oxide layer will wear down in that case, in a mild way as can be seen in
figure Figure 2.10. This oxide layer is usually very thin and difficult to observe. If the layer is
too weak, intense corrosion can happen if all of the oxides are removed resulting in an exposed
surface. this can also happen in cracks or fissures, as can be seen in figure Figure 2.10. In this
case, corrosion increases wear as intense corrosion happens.
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Figure 2.10: Oxidative wear types[24]

The Archard wear equation can be used to describe the wear volume [26]:

V = k · F · s (26)

Fhere F is the load and s is the sliding distance. The specific wear rate k (mm3/Nm) is a very useful
tool to compare the wear of materials as the volume loss is normalised over the load and sliding
distance.

This is used widely in tribological experiments [27]. It is very easy to compute, however, its drawback
is that k is very system-dependent. Each system can be very different so k needs to be determined
experimentally. Originally it was derived from adhesive wear, but it is used for abrasive wear and
other types of wear too (for example abrasive). In [28], the derivation is described:
On every instance during the contact, the true contact area At is

At = Σn∆At = n∆At (27)

With:
A =

F
H

(28)

It follows that:
n =

1
∆Ar

F
H

(29)

A constant load carrying capacity is present when every aperity contact is changed by a new one,
with the same characteristic after its effective carrying distance d (as can be seen in Figure 2.11. At n
simultaneous contacts, the total contacts per sliding distance is:

N =
n
d
=

1
∆Ard

F
H

(30)

Of these contacts a fraction κ (transfer probability) leads to material transfer, where a volume ∆V =
Awhis transferred. Where h is the mean height of a transferred particle. The transferred material
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volume per unit of the sliding distance is:

dV
ds

= κN∆V = κ
hF
Hd

(31)

The total transferred volume after sliding distance s is found by:

V = κ
hFs
Hd

(32)

In quasi-stationary equilibrium, the transferred material is equal to the formation of free wear parti-
cles. If that is not the case, the transfer layer will grow and the system will not in equilibrium. So V in
Equation 32 is the total volume removed by adhesive wear. Equation 32 and Equation 26 combined
result in a relation between k and κ

κ = kH
d
h

(33)

Figure 2.11: Archard model, reproduced from [28]. Loads are carried by the circular asperities, with
diameter d. After sliding distance d, the situation moves from situation 1 to situation 2, and the
asperities are changed by new ones.

Wear will have a running-in period that is a transient state. This trajectory is very unpredictable, as
wear gradually decreases over time. It is experimentally determined that after some time the wear
process stabilizes and a linear relation between sliding distance and worn volume follows [28]. To
determine the actual lifetime of a mechanism, wear needs to be measured multiple times with a
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time interval in between [29]. The final linear situation can be extrapolated. In literature, however,
the false expression in Figure 2.12 is used many times. This saves measuring time and if the time
(exposure to wear) is large enough, it is approximated quite well with some overestimation when
extrapolated. However, only momentaneously it can be predicted accurately.

Figure 2.12: Steady state of wear [29]

Figure 2.13: Typical wear mechanisms for certain wear rates[30]

Figure 2.13 shows the general wear regimes wear can act in. However, these are regimes and some
cases might vary from this as wear is very system-specific. Tribological systems can easily vary as is
explained in Figure 2.1.

2.6 Gear kinematics and tribology

Gears have a combination of rolling and sliding present with connected characteristics. This will be
explained here. Within gears contacts, the line on which the teeth are in contact, the line of action is
determined by the pressure angle. This line is the common tangent of the base circles [31]. This line
starts at the start of active profile (SAP) and ends in the end of active profile (EAP). See the red line
in Figure 2.14
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Figure 2.14: Based on [31], 1 = root diameter, 2 = pitch diameter, 3 - tip diameter, α = pressure angle

Figure 2.15: Rolling and sliding velocity of a pinion-gear system [32]. This will be similar except for
an infinite radius of the rack for a rack-pinion system.

The Line of action is also shown in Figure 2.15. ρ is the transverse radius that changes as the gear
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rotates and thus the contacting point changes. Based on this radius and the known angular velocity
of the gear ω, the velocities of the rack and pinion can be calculated. For a rack and pinion, the
following holds:

vri = ωi · ρi (34)

However, the rack tangential velocity (vr2) is the same as the tangential velocity of the pinion at the
pitch point (vr1 @P) over the whole line of action. This is the case because a rack is in linear motion
and a continuous motion is assumed. This is not the case if vr2 was not continuous.

vr2 = vr1@P (35)

And for 1:
vr1 = ω1 · ρ1 (36)

The sliding velocity is determined by the difference in velocity between both bodies, resulting in slip.

vs1 = vr1 − vr2 (37)

Because both gears rotate in a different direction (clockwise and anticlockwise):

vs2 = −vs1 (38)

The entertainment velocity ve is used to calculate the slide-to-roll ratio SRR and is calculated as ex-
plained in Equation 14.

SRR(%) =
vs1

ve
· (39)

Figure 2.16: Example of SRR and pressure development over the rotation of the gears. [33]

Above, an example of the SRR and pressure development over the rotation can be seen over a full
rotation (from SAP to EAP). Slip results in sliding surfaces while rolling is present (and thus SRR)
and can result in wear, as is explained in the Archard wear equation, when asperities slide over each
other. During pure rolling no slip is present, and thus theoretically no wear. This is at the pitch point
P (or PP as shown in Figure 2.16) where the tangential velocities are the same. LPSTC is the lowest
point of single-tooth contact and HPSTC is the highest point of single-tooth contact. One tooth pair
contact is present between these two points, while two or more are outside these two points. The
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positions of these points vary with the distance the rack and pinion are mounted from each other. If
this distance is low, LPSTC and HPSTC are close to each other. A low distance can result in always
having minimal two gears in contact and in that case, LPSTC and HPSTC are not present.
In Figure 2.17, can be seen how slip is acting around the pitch for a rolling and sliding contact. The
resulting wear can be seen in Figure 2.18, where the pitch is unworn and around this. Slip has created
a wear pattern that is maximum at the maximum slip. Rolling theoretically cannot cause sliding wear
but can cause rolling contact fatigue. In a gear system, a combination of both sliding and rolling can
be present, which changes as SRR changes over the angle of gear rotation as can be seen in Figure 2.16.

Figure 2.17: Rolling and sliding directions of a pinion-gear system [32]. Engagement of the gears is at
the surface with the dashed lines. For a rack-pinion system, this will be similar except for an infinite
radius (straight line) of the rack.

(a) Top view (b) Side view

Figure 2.18: Visualisation examples of the wear profile of a gear. This profile is of an unlubricated 1
mm module SG iron, driven gear after 300 h at 3Nm and 500 rev/min.[34]

2.7 Possible solutions

The goal of this project is to find a solution for greased open gear systems. One of the possible
solutions is to create a coating that reduces friction and wear. 3 possible coating types are found with
their properties summed up in Table 1.
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Table 1: Three possible solutions for greaseless open gears with their properties [35] [36][37] [38]

APS PTA Laser Cladding
Heat Source Gas Flame/ Plasma Plasma/Electric Arc Laser Beam
Coating Thickness 0.1-2.5 mm 1-6mm 0.5->4 mm
Bond Type Mechanical Metallurgical Metallurgical
Bond Strength <80 MPa <800 MPa <800 MPa
Porosity 2-5% 100% dense 100% dense

PTA and laser cladding are almost similar processes and are superior to APS as they produce a much
stronger metallurgical bond than the mechanical bond. Besides a thicker coating can be achieved,
which increases the allowable wear. In PSA porosity is present, which can lead to brittle behaviour.
Höganäs suggested not to use PTA, as the offshore pinions are difficult to handle. Handling and
accessibility are better with laser cladding due to the focusing of the laser beam. Besides, a lower
heat input reduces distortion and heat-affected zones when using laser cladding over PTA. Laser
cladding is based on this found to be the best solution.

2.7.1 Laser cladding

Laser cladding works by a powder or wire feed that is melted by a laser source as can be seen in
Figure 2.19. It is a type of additive manufacturing and/or coating. The low heat input and rapid
solidification create a very good grain refinement in the coating used [39]. This results in a high-
strength coating. Dilution between the cladding and the workpiece (substrate) creates a strong metal
bond. The adhesive strength of these coatings with this process can (when the steel substrate is
preheated) be better than the cohesive strength of the steel [40]. Preheating is required, to reduce ad-
hesive stresses in the heating affected zone resulting from different thermal expansion of the coating
and substrate. These stresses can result in the cracking of the cladded coating.

Figure 2.19: Schematic presentation of the laser cladding process [39]
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2.7.2 Possible laser-cladded coatings

The coating of the rack-pinion system will be applied on the pinion as this makes the most cycles and
thus is wanted to have the least wear. This coating may not be brittle and requires good friction and
wear properties as a combination of rolling and sliding is present in combination with a high load.
This makes many coating materials unfeasible. The proposed laser-cladded coatings for this research
are cobalt-based superalloys. These are known to have low friction and wear [6][7]. However, these
parameters are dependent on the system and its properties. Typically cobalt-based superalloys also
have a high hardness and high temperature resistance [41]. The material is ductile and has a good
bonding strength to metals so the high loaded situation forms no problem. The possible laser-cladded
coatings are Stellite 21, Stellite 6, Stellite 190 and Tribaloy T-400. Additions of Cr, C, W and/or Mo to
the cobalt matrix result in resistance to cavitation, corrosion, erosion, abrasion and galling, however,
again this is very case-specific.
Stellite 21
The properties of stellite 21 are very much dependent on its processing technique [42]. It consists of a
CoCr matrix with hard carbides in it. It is the softest of the coatings with a possible hardness of (290
- 430 HV) [42]. It has the best corrosion resistance and worst hard particle abrasion resistance of the
stellite family [6]. Its wear rates and friction coefficient based on literature compared to other coat-
ings (non-stellites) and untreated steel sliding against steel are found to be very good and promising
[43].
Stellite 6
Stellite 6 is the most widely used stellite type [44]. It also has a CoCr alloy matrix with hard carbides,
however, more than stellite 21 so the hardness is higher, depending on the production method (380 -
490 HV). Its wear rates and friction coefficient based on literature compared to other coatings (non-
stellites) and untreated steel sliding against steel are found to be very good and promising [45].
Stellite 190
Stellite 190 has a very high abrasion resistance. It has the highest amount of carbides and the highest
hardness (570-760 HV) [46]. Stellite 190 is corrosion-resistant in mildly oxidizing environments, the
worst of the selected materials. Its wear rates and friction coefficient based on literature compared
to other coatings (non-stellites) and untreated steel sliding against steel are found to be very good
and promising. Besides in this particular literature, stellite 190 shows better abrasive resistance than
stellite 6 [47]. It is not against the same type of steel, so this comparison is not true for this research.
However, it tells something about the relative abrasion resistance.
Tribaloy T-400
During production, this material showed cracks so it was not possible to achieve a suitable surface
and shape for the experiments. Further elaborations on why it cracked are in Appendix A. This
means Tribaloy T-400 is not possible to experiment on, leaving the different stellites as possible coat-
ings

The reason it was intended to perform experiments on Tribaloy T-400 is its outstanding resistance
against wear, galling and corrosion [7]. Tribaloy consists of intermetallic phases that are very hard,
called laves. It is a bit softer than stellite 190 but harder than stellite 6 (490-746). Its wear rates and
friction coefficient based on literature compared to other coatings (non-stellites) sliding against steel
are found to be very good and promising. Besides in this particular literature, Tribaloy T-400 shows
better abrasive resistance than stellite 21 against 42CrMo4 in dry sliding [48].

For all coatings holds: no same tribological system (load, sliding velocity, environment) is experi-
mented on in literature, so to know the differences and effects, experimental research is required.
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3 Research questions

The main research question is composed based on the problem statement:

To what extent are greaseless open gears feasible within the high-loaded systems in offshore ap-
plications?

To answer this main question, it is supported by the following subquestions:

1. What are the current conditions in the used greased open gear systems?

2. What is the pure sliding wear behaviour of various coating solutions for a high load at a low
speed, a medium load at a low speed and a medium load at a relatively high speed, under dry,
seawater and pure water conditions?

(a) What is the influence of different types of lubrication?

(b) What is the influence of load?

(c) What is the influence of velocity?

(d) What is the influence of the hardness of the rack and the pinion material?
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4 Current system properties

Many parameters of the systems were found in previous projects by Huisman. However, some data,
for example, roughness parameters was extracted from technical drawings. Others had to be calcu-
lated based on theory.

4.1 Roughness

The roughness for all systems applied is found in technical drawings and can be found below. Some
drawings, however, were unreadable or restricted.

Table 2: Roughness of rack and pinion in systems *Exact value is unknown due to unreadable tech-
nical drawings, but this value is extracted from a similar pinion system

Application Rack/pinion Roughness Ra (micrometer)
Jacking system Pinion 3.2 *

Rack 500
Slew Bearing Pinion Not known

Rack (outer ring) 1.6
Motion Compensated Pile gripper Pinion Not known

Rack 1.6
Winch drive Pinion Not known

Rack 3.2

4.2 Grease

2 different types of grease are used. Grizzly grease is used in the Jacking system and Castrol mollub
is used in all other systems assessed in this thesis. Their properties are shown below:

Table 3: Type Grizzly Grease BIO 1-1000, NLGI 0-1 properties [1]

Type Grizzly Grease BIO 1-1000, NLGI 0-1
Thickener Calcium sulfonate complex soap
Base oil Ester
Density, g/cm3 20 1.02
Base oil viscosity, mm2/s

40 °C 1,000
100 °C 98

Biodegradability 28 days >70%

Table 4: Castrol Molub-Alloy 936 SF Heavy properties [49]

Castrol Molub-Alloy 936 SF Heavy
kg/m³ 950
Base oil viscosity, mm2/s

40 °C 2030
100 °C 57
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4.3 Contact pressure

The theory in subsection 2.2 is used to calculate the exact contact pressures in the system. The inputs
and following pressures are shown in Table 5. The inputs are either material properties of the used
steels or system properties such as loads or lengths.

Table 5: Input parameters and results for maximum Herzian pressures pmax.

W/L
(kN/m)

R′
x

(mm)
E1
(GPa)

E2
(GPa)

ν1
(-)

ν2
(-)

pmax
(Gpa)

Jacking System
210 mm 42755.29 166.8 210 210 0.29 0.29 3.06
250 mm 35914.44 166.8 210 210 0.29 0.29 2.80
Slew Bearing 4250.00 67.7 210 210 0.29 0.29 1.51
Motion Compensated Pile Gripper 6987.20 67.7 210 210 0.29 0.29 1.94
Winch Drive 3687.50 65.7 210 210 0.29 0.29 1.41

4.4 Sliding velocity

This was already calculated by Huisman, based on Equation 37. For 5 points the corresponding input
values are calculated and measured based on solidworks drawings. With these, the maximum value
of the sliding velocity is found and the results are shown in Table 6.

Table 6: Sliding velocities in the systems

Max. sliding
velocity (mm/s)

Entrainment speed
ue (mm/s)

Jacking System
210 mm 7.5 14.1
250 mm 7.5 14.1
Slew Bearing 80.0 240
Motion Compensated Pile Gripper 23.0 66
Winch Drive 459.0 1330

4.5 Lubrication regime

The lubrication regime is calculated for each system, using the theory in subsection 2.3 and the inputs
in the tables above. The temperatures chosen are possible environmental situations.

Table 7: Lambda values for different temperatures

Λ
Application (-10°C) (0°C) (20°C) (40°C)
Jacking System
210 mm 0.18 0.14 0.07 0.04
250 mm 0.19 0.14 0.08 0.04
Slew Bearing 4.09 2.54 0.98 0.38
Motion Compensated Pile Gripper 2.52 1.57 0.61 0.23
Winch Drive 6.81 4.23 1.64 0.63
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Most operations are in the boundary lubrication regime, especially in summer conditions, when most
of the offshore installation is done. It means that the surface is still in contact. This however as
previously discussed, is only true for the base oil. For the complete grease other mechanisms can
happen that change surface separation.

4.6 Sliding distance

The sliding distance can be calculated by the integration of velocity, where the area is the total sliding
distance. However, this is not possible in this case as the complete path of the velocity is unknown.
Values for a few specific points (5) are known. The trapezoidal rule can be used to approximate this
integration, using these specific points. Extra points are interpolated in between for extra accuracy:

∫ tn

t0

v(t) dt ≈ h
2

[
v0 + 2

n−1

∑
i=1

vi + vn

]
(40)

Which can be calculated in Matlab by the ’trapz’ command. The found sliding velocities are changed
to absolute values (negative values are made positive). On the x-axis, time is plotted (which is known
by the rotation velocity and rotating angle between SAP and EAP). The area under the graph in
Figure 4.1 is the total sliding velocity between SAP and EAP (The sliding distance between entering
and exiting the contact on 1 tooth in 1 rotation), graphically, the hatched lines in Figure 2.17. This can
be seen in Table 8.

Figure 4.1: Absolute values of the sliding velocity per unit time
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Table 8: Sliding distance for 1 tooth side per rotation

Jacking
System

Slew
Bearing

Motion
Compensated
Pile Gripper

Winch
Drive

Sliding distance per cycle(mm) 77.1528 27.7738 13.8869 27.1816

Multiplying this with the number of cycles (Table 9), results in the total sliding distance of 1 tooth
during the service life of the gear, shown inTable 10.

Table 9: Number of cycles during service life

Jacking
System

Slew
Bearing

Motion
Compensated
Pile Gripper

Winch
Drive

Cycles 136180 1920001 2276277 5735215

Table 10: Sliding distance of 1 tooth during service life

Jacking
System

Slew
Bearing

Motion
Compensated
Pile Gripper

Winch
Drive

Total sliding distance (m) 10507 53326 31610 155892

4.7 Environment

The environment is a marine environment. Splash water and salt blowing in the contact in combina-
tion with water creates a highly corrosive environment. Besides, the systems are open so dust and
other hard particles can enter if grease is not keeping this out sufficiently.
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5 Experimental materials and methodology

5.1 Measurement inputs and materials

Pure sliding is experimented on the Universal Material Tester (UMT Tribolab) by Bruker [50]. The
setup is shown in Figure 5.1, and a schematic of the setup that shows the process in detail is shown
in Figure 5.2.

Figure 5.1: Setup for pure sliding. (1): Load cell, (2): Leaf spring assembly, (3): Clamp to fix the
stationary disc, (4): (Cladded) stationary disc, (5): Wear track, (6): Rotating disc, (7): Water retaining
cup and mounting mechanisms for the rotating disc, (8): Electromotor (rotating).

Figure 5.2: Schematic setup for pure sliding
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A disc-on-disc experiment is performed. The top disc is stationary and is the pinion (cladded) ma-
terial. This acts as a pin in a pin-on-disc experiment. However, to be able to achieve a high contact
load, an elliptical or point contact was required. For machineability for laser cladding, an elliptical
contact was chosen and thus a disc-on-disc with a radius in 2 directions (The surface is rounded off).
The bottom disc acts as the rack material and is rotated by a rotating electromotor it is screwed onto.
A normal load is applied by a load cell with a leaf-spring assembly in between to keep the normal
load constant and account for height fluctuations of the rotating disc (due to roughness or a tilted
surface). The water is kept in by a customised water retaining cup that is made of aluminium. Below,
the dimensions of the samples can be seen. The stationary disc is turned on a lathe and the rotating
disc is grinded to the specific dimensions.

(a) Stationary disc side view
(b) Stationary disc zoomed on
(non)coated area

(c) Rotating disc top view (d) Rotating disc side view

Figure 5.3: Part of technical drawings used to make the samples, already drawn before this thesis
started by Huisman

5.1.1 Lubrication

The following lubricants are measured:

1. No lubrication

2. Grizzly grease (for properties see Table 3)

3. Q2 (pure) water which is a different name for type 2 water. This is produced using an Elix®
Essential 3 Water Purification System from Merck Millipore Ltd. [51]. This system uses reverse
osmosis (RO) to filter the water. A membrane is used that will block 99.5% of the ions, organics
and salts while allowing water to pass through [52].
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4. 3.5 wt. % sea salt solution of the salt shown in Table 11 mixed with Q2 water

Table 11: Minerals in the sea salt used to make a solution (g/100g)[53]

sodium chloride calcium magnesium potassium sodium
98.16 0.1 0.12 0.02 37.5

5.1.2 Materials

The coatings discussed in subsubsection 2.7.2 are researched, next to the current base pinion material.
From the rack materials, 2 were found to have the same E-modulus and hardness. No additional
value for the research question is found in examining both and only one is used (E690). This results
in 2 rack materials: A hard and soft material (42CrMo4 and E690 respectively) with both the same
E-modulus.

Table 12: Composition of rack materials (wt%), Fe is the base [54] [55]

C Mn Si P S Cr Mo Ni V
42CrMo4 0.38-0.45 0.60-0.90 <0.40 <0.035 <0.035 0.90-1.20 0.15-0.30 - -
E690 <0.21 <1.6 <0.5 <0.02 0.001 <1.5 <0.7 <3.5 <0.08

Table 13: Composition of pinion materials (wt%) [56][42][44][46][7]

Base Cr W C Mo Ni Fe Si Mn Others
18CrNiMo7-6 Fe 1.5-1.8 - 0.15-0.21 0.25-0.35 1.4-1.7 <0.4 0.5-0.9 -
Stellite 21 Co 26-29 - <0.35 4.5-6.0 <3.0 Fe, Si, Mn
Stellite 6 Co 27-32 3-6 0.9-1.4 Ni, Fe, Si, Mn, Mo
Stellite 190 Co 27 14 3.3 <3 Ni, Si, Mo, Mn

All samples are turned to specifications

5.1.3 Cleaning

Before experimenting the samples are cleaned with isopropanol, after which the sample is dried with
compressed air to not catch any particles when drying.

5.1.4 Hardness measurements

The hardness is measured for all used materials, with ZwickRoell DuraScan 70 G5 [57]. Before mea-
suring, the samples are sawed through, embedded and polished. The rack materials (rotating disc)
can be measured at the contacting surface as this is flat. The pinion disc, however, is round at the
contacted surface which is difficult to measure as the hardness measurement is optical. a section of
the disc is cut and embedded. The hardness is then measured as close to the surface as possible to
have similar hardness as the surface hardness (the grey diamond in subsection 6.1)
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Figure 5.4: Hardness measurement spot on sawed and polished (cladded) pinion disc

The hardness measuring technique used is Vickers (according to ISO 6507) and the force used is 5 N,
as the materials are hard.

5.1.5 Grouping of velocities and loads into experimental cases

Different pressures and velocities are present in the real contacts. The relevant pressures and sliding
velocities are taken from Table 6 and Table 2 for each case. It is seen that the Jacking System is unique
in terms of load and pressure. This results in case 1. The slew bearing and winch drive stand out in
terms of velocity. These result in cases 3 and 4 with high velocities. It is chosen to round the velocities
and pressures off to make them scalable. The Jacking system is close to 3 GPa, while all others are
close to 1.5 GPa. For the velocities, it is chosen to take the values for cases 1, 3 and 5. It is chosen to
make them 10 mm/s, 100 mm/s and 500. Many velocities are present for the low-loaded situation
(1.5 GPa). To have a case that connects the high-loaded, low-velocity situation with the low-loaded,
high-velocity situations, it is chosen to also measure case 2: a low-velocity, low-load case.

Table 14: Velocity and pressures per grouped case

Case Maximum sliding velocity v (mm/s) Maximum pressure P (Gpa)
1 10 3
2 10 1.5
3 100 1.5
4 500 1.5

The 500 mm/s is not feasible due to centrifugal forces in the rotating cup, resulting in no seawater in
the contact. Besides, at high speed, even during summer conditions the lubrication regime is most
of the time in the mixed area (see Table 7). This means only cases 1 to 3 are experimented on. Case
2 is not a real case but is used to determine the influence of velocity, and could be present if one of
the low-load applications does not run at full speed. A high-velocity high load case is not useful to
experiment on, as this will not be designed and thus not be present in reality.

5.1.5.1 Calculating loads

To achieve the same contact pressure as in a real system, the Herzian contact theorem of elliptical
contacts is used. The force to meet the same pressure is shown in Table 14. The E-modulus of the
base material is used on all materials. This way, a different E-modulus is beneficial as will also be the
case in the real situation.
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Table 15: Loads required to apply the required pressures

Load case Pressure Load
1 3 351.7
2 1.5 44

5.1.6 Sliding distance

Two pure sliding experimental phases can be distinguished: sliding distance with different intervals
and the complete sliding distance, measured once at the end. The intervals are used as a pretest to
know how wear will behave over time and if it is steady when the total sliding distance is reached, as
is shown in Figure 2.12. This is due to its slow throughput time, only used on the first batch of sam-
ples. The final experiment is the ’false’ wear, measured only once at the end. The pretest included a
stationary disc, laser-cladded with Stellite 21 and E690 as a rotating disc. The slow throughput time
was due to cleaning and measuring in between the sliding experiments, which all adds up to the
experimental time. The volume loss is measured and the measured points are connected via interpo-
lation. In Figure 5.5 and Figure 5.6 can be seen that the volume loss (and thus wear) stabilizes within
the sliding distance of 60 m. The lubricating solution (NaCl) is slightly different from seawater and
only one material combination has been experimented upon. Besides, due to production differences
in shape and roughness are present however, this indicates that the sliding distance is enough for
these experiments to show stable wear. It is assumed this is the case for other cases and the final
experiments too.

Figure 5.5: Volume loss of Stellite 21 and E690 in 3.5% NaCl solution lubrication for high load and
low velocity. Interpolation is used to connect the measured points.
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Figure 5.6: Volume loss of Stellite 21 and E690 in 3.5% NaCl solution lubrication for low load and
high velocity. Interpolation is used to connect the measured points.

5.1.7 Experimental matrix

The experimental matrix is shown in Table 16.

Table 16: Experimental matrix

Case Sliding velocity Load (N) Lubrication type Sliding distance (m)
1 10 351.7 Seawater solution 60
2 10 44 All 60
3 100 44 Seawater solution 60

• To experiment with the influence of lubrication, lubrication is varied, with all other parameters
constant. Case 2 is used for this. The grease-lubricated case is experimented on, only for the
uncoated steel (18CrNiMo7-6).

• To experiment with the influence of load, the load is varied and thus cases 1 and 3 are compared.

• To experiment with the influence of the velocity, the velocity is varied and thus cases 2 and 3
are compared.

• To experiment with the influence of hardness, the hardness of the materials is varied and thus
differences in the results for different materials in a case are compared.
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All experiments are done for both rack materials and all pinion materials, except for the grease situ-
ation. For each influence experimented, one pinion material, randomly selected is a repetition.

5.2 Data measurement

Wear can be quantified by measuring the mass loss or the volume loss. The most advanced and pre-
cise weighing scale was found to be too much off with quantification as the mass loss was found to
be in the error regime (0.1 mg [58]) for the stationary disc. For that reason, this is not used to measure
wear. The samples are measured with the 3D optical profiler (Sensofar S Neox [59]) using the confo-
cal microscope setting. A 3D height profile image of the surface is made from which volume loss can
be extracted.
Friction is measured directly by the UMT.
To see the surface characteristics and morphology in more detail, the Keyence VHX 7000 Light Opti-
cal Microscope [60] is used with the required settings.

5.3 Data processing

5.3.1 Rotating disc

In Sensoview (the software that comes with the Sensofar profilometer), the Sensofar data is filtered:
tilting is removed. Besides, spikes are removed and data is restored for data points with missing
information by tracing with outliers removed. In Matlab, the data is trimmed as the sides of the
measured area show noise.

Figure 5.7: Wear track rotating disc, the worn and unworn areas are shown. The arrow indicates the
direction of the slice.

The mean of the surface outside of the wear track is manually selected after plotting the data. The
worn area is found by looking at the height profile. In Figure 5.7, the worn and unworn areas are
indicated. The unworn area is a flat surface with only the roughness varying (greenish) with the
worn area as a boundary. The worn area consists of wear and plastic deformation and thus peaks
and valleys (red and blue). All data points are lowered by the mean value to be able to subtract the
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wear data from the mean and thus do not influence the roughness. The whole wear track cannot be
measured as it is too big and takes too much time, so only 1 rectangular spot is measured as shown
in Figure 5.7. 100 lines are drawn through the wear track in the direction of the arrow. An example
slice by a line can be seen in Figure 5.8.

Figure 5.8: One slice. Equally distributed over y, 100 of these slides are made

For each line, it is evaluated what is below and above the mean. The wear area loss Aw is calculated
by:

Aw = Al − Ap (41)

Ap is the area that is displaced due to plastic deformation and is piled up. Al is the area that is below
the original surface and consists of wear and plastic deformation. This can graphically be seen in 5.9.

Figure 5.9: Schematic simplified representation of the slice with Ap the displaced area from plasticity
and Ad the area lost underneath the original surface (dashed line)

Now the area loss is known. For each line, this is multiplied by the circumference C of the wear track,
which is known. C = D ∗ π. As 100 lines are measured, a box plot can be made to have statistical
significance and because 100 lines are used, local defects can be ruled out.

5.3.2 Stationary disc

In sensoview, the pinion data is manipulated by removing spiking and restoring data points as de-
scribed for the rack. This results in Figure 5.10 when imported in Matlab and trimmed as the sides of
the measured area show noise.
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Figure 5.10: Data before form removal

To find the volume loss, it is important to be able to measure what is removed. It is chosen to remove
the original shape of the surface. This is approximated by fitting a paraboloid, with a provided Mat-
lab script [61] that uses a polyfit function in a least-square sense. In the input data for this paraboloid
fitting, the worn area is marked and treated as Not A Number values. This results in a paraboloid as
in Figure 5.11

Figure 5.11: Paraboloid subtracted from the measured surface

This paraboloid is subtracted from the total dataset measured (Figure 5.10), and this results in Fig-
ure 5.12. The wear volume is the positive value of the total volume below 0 (the roughness is mean
at 0). Again plasticity is covered by removing the positive values from this. This results in 1 value
per experiment.
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Figure 5.12: Data (wear) after form removal

The uncoated disc has a slightly different shape due to a different production. It is turned from both
sides, instead of in one go as the rest is done. After measuring, this was found to be significant, so it
was required to remove this shape.

Figure 5.13: Uncoated disc with different shape on top

Therefore, the paraboloid is calculated for the uncoated disc by masking the whole width of this
shape on top. After the paraboloid was removed, everything was flat except for the different shape.
This is removed by taking the mean over x for all y. As a check, an unworn surface is flattened.
In Figure 5.14 can be seen that the shape, is now almost completely flat and at least in a roughness
regime.
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Figure 5.14: Uncoated disc flat

A wear profile of this uncoated disc is slightly different and not exactly elliptical (as the contact is not
exactly elliptical) and looks like this:

Figure 5.15: Uncoated disc wear profile

5.3.3 Roughness

Based on the previous analysis the roughness is calculated outside the wear track/area, with the
flattened surfaces that have the mean of the roughness at 0. The average roughness Sa and root mean
square roughness Sq are calculated as follows:

Sa =
1

MN

M

∑
i=1

N

∑
j=1

∣∣z(xi, yj)
∣∣ (42)
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√√√√ 1
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M

∑
i=1

N

∑
j=1

(
z(xi, yj)

)2 (43)

5.3.4 Coefficient of friction

The coefficient of friction is a direct output from the UMT. This is used as input for Matlab and plot-
ted. It was found that high-frequency noise was present. This is only a problem for visualisation
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and as the method depends on visual characterisation (for selecting a steady-state friction), a low-
pass filter is applied to filter these high frequencies out. The sampling frequency of the UMT for the
experiments was set at 100 Hz. After a Fourier plot is made, it was seen that frequencies below 0.05
are dominant, and all above that is treated as noise. This value is chosen as the cutoff frequency and
as no exact amount of removal is required, no fast rolloff is required. Thus, a second-order lowpass
filter is used with a cutoff frequency of 0.05. As a check, the original signal and filtered signal are
compared. The filter has no influence on the mean as the characteristic of white noise is a mean of 0.
The standard deviation is almost not influenced as the low frequencies are dominant.
After filtering the coefficient of friction shows a peak at the start resulting from static friction. In mo-
tion, the coefficient of friction stabilized and from the stable point onwards it is analysed as shown
in Figure 5.16. The friction coefficient is presented as bar plots that present the steady-state friction
with fluctuations and stability in this steady state presented by an error bar showing the standard
deviation.

Figure 5.16: Coefficient of friction over sliding distance, the orange line indicates the starting point
stable friction
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The hardness and roughness results are shown in subsection 6.1 and Table 18. The wear and Co-
efficient of friction results are described in detail in subsection 6.3. Some results are found to be
unreliable or were not possible to visualise which is discussed in subsection 7.4

6.1 Hardness measurements

The measured hardness of the material used in wear experiments is shown below:

Table 17: Hardness of the materials used in the experiments

Rotating disc material Stationary disc material
Material E690 42CrMo4 Uncoated Stellite 21 Stellite 6 Stellite 190
Hardness (HV) 249 298 640 362 437 551

6.2 Roughness

The roughness of the used samples as measured is shown in Table 18

Table 18: Roughness measured on the samples used

Roughness Sa Roughness Sq
E690 0.53 0.60
42CrMo4 0.58 0.70
Uncoated 1.59 2.23
Stellite 21 1.29 1.54
Stellite 6 1.44 1.78
Stellite 190 1.21 1.51

6.3 Wear and Coefficient of Friction results

The wear of the rotating disc is a probability expressed by box plots evaluated over the 100 slices
put through the wear track. The stationary discs are measured over the total wear spot. Some are
measured as a repetition and those are presented with error bars that show the standard deviation.
The coefficient of friction is presented as a bar graph with error bars that show the standard deviation
of the steady-state part. The surface morphology of the rotating discs is displayed using height
profiles, as the pictures from optical microscopy showed corrosion for some experiments due to the
inability to measure directly. To compare, the conditions must be the same, which the case is with
the height profile. The Pinion material wear morphology is shown by optical microscopy images as
these materials are (mildly) corrosion resistant. When comparing the different influences, all other
parameters are kept the same.

6.3.1 The influence of different types of lubrication

The wear rates of E690 with different counter materials are presented first. This is then followed by
the wear rates of these (stellite) counter materials. The friction coefficient is then shown. At last, the
wear morphologies are shown.
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Figure 6.1: Wear rates of the E690 with different stationary discs as a counter material and different
types of lubrication
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Figure 6.2: Wear rates of stationary discs with E690 as counter material and different types of lubri-
cation. A logarithmic scale is used
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Figure 6.3: Coefficient of friction of stationary discs with E690 as counter material and different types
of lubrication.
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(a) E690, counter material: Uncoated, no lubrication (b) E690, counter material: Stellite 6, no lubrication

(c) E690, counter material: Uncoated, seawater lubricated (d) E690, counter material: stellite 190, seawater lubricated.

(e) E690, counter material: stellite 6, Q2 water lubricated (f) E690, counter material: Uncoated, grease-lubricated

Figure 6.4: Wear morphologies rotating disc
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(a) Uncoated, counter material: E690, no lubrication (b) Stellite 6, counter material: 42CrMo4, no lubrication

(c) Uncoated, counter material: 42CrMo4, seawater lubrica-
tion (d) Stellite 190, counter material: E690, seawater lubricated

(e) Stellite 6, counter material: E690, Q2 water lubricated (f) Uncoated, counter material: E690, grease-lubricated

Figure 6.5: Wear morphologies stationary disc

It can be seen that different types of lubrication influence the wear and coefficient of friction. The
wear of unlubricated sliding is the highest for the rotating and the stationary parts. The coefficient
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of friction is also very high and unstable for the dry cases. All show cavities formed on the rotating
discs in Figure 6.4, combined with some scratches. These cavities can be seen on a smaller scale on the
stationary discs too, however, the scratches are the main morphology that can be seen in Figure 6.5a
and Figure 6.5c.

Seawater and Q2 water show similar wear scratches in Figure 6.4 and Figure 6.5. Both have lower
wear than dry wear on all stationary materials and have minimal difference from each other com-
pared to dry and grease lubrication. On the rotating discs, the same holds, with in some cases a bit of
overlap. The coefficient of friction is very similar with overlap for Q2 and seawater lubrication. No
difference seems to be present in the wear type of the rotating disc, with different (cladded) counter
materials as is shown in Figure 6.4a and Figure 6.4b. This is checked another time in Figure 6.4c and
Figure 6.4d So for Q2 not all materials are shown. The corresponding pinions show the same.

The wear of grease-lubricated sliding could not be measured on the uncoated stationary disc be-
cause it was in the roughness range. However, for visualizing a very small value in the boundary
lubrication regime is shown in Figure 6.2. The wear of grease lubrication is the lowest. The wear on
the pinion could not be observed, so that is different from the other lubricants, where low wear on
one material meant high wear on the counter material. Grease lubrication has the lowest coefficient
of friction of all lubrication types experimented on.

Generally, it can be seen that the difference between Q2 water and seawater is very minor, and the
difference between non-, (sea)water-, and grease lubrication is very big in terms of wear type and
rate.

The same trends as for E690 can be seen on 42CrMo4 and are shown in subsection 7.1.

6.3.2 The influence of load

The same order as the influence of lubrication is followed.
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Figure 6.6: Wear rates of E690 with the different station- ary discs as a counter material and varying
load in seawater lubrication

Figure 6.7: Wear rates of stationary discs with E690 as counter material and varying load in seawater
lubrication
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Figure 6.8: Friction coefficient of stationary discs with E690 as counter material and varying load in
seawater lubrication
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(a) Low load rotating disc (b) Low load stationary disc

(c) High load, rotating disc (d) High load, stationary disc

Figure 6.9: Wear morphology, load dependency

Only the cases with E690 can be compared for the varying load cases. It can be seen that against
the base material, it has less spread in wear rate values for a higher load. This means a more stable
wear rate over the circumference of the wear track. The stellites show very much overlap and no big
distinguishment on the wear of the rotating disc. For the stationary discs, it is found that a higher
load results in less specific wear with all materials showing similar wear. The coefficient of friction
does not show a distinction for a high load as an overlap between the standard deviations is present.
This holds between the different stationary discs as well as compared with the low load.
The wear type in Figure 6.9c shows similar scratches as in Figure 6.9a, however, on a bigger width.

6.3.3 The influence of velocity

Again the same order is followed.
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Figure 6.10: Wear rates of the E690 with different stationary discs as a counter material and varying
velocity in seawater lubrication

Figure 6.11: Wear rates of stationary discs with E690 as counter material and varying load in seawater
lubrication

49/71



6 Experimental results

Figure 6.12: Coefficient of friction of the wear experiments of the stationary discs with E690 as counter
material and different velocities in seawater lubrication
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(a) Lowvelocity, rotating disc (b) Low velocity, stationary disc

(c) High velocity, rotating disc (d) High velocity, stationary disc

Figure 6.13: Wear morphology velocity dependence

A high velocity with seawater lubrication results in lower wear for all the stationary discs. Only the
E690 experiments can be compared for velocity dependence. For E690, here generally more spreading
is experienced for the stellites, meaning less stability. However, generally, it is very similar. Versus
uncoated, the stationary disc is not changed much in terms of value and spreading. The scratches
on the surface are similar as can be seen above. The coefficient of friction is lower in means with a
higher velocity, however, a lot of overlap can be seen so it is very similar.

6.3.4 The influence of the hardness of the rack and pinion material

Again the same order is followed.
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Figure 6.14: Influence of different rack material on wear of the rack. Rack materials are divided by
the vertical line and are displayed on top of the subgraph
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Figure 6.15: Influence of different rack materials on wear of the pinion. Rack materials are divided
by the vertical line and are displayed on top of the subgraph
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Figure 6.16: Influence of different rack materials on the coefficient of friction. Rack materials are
divided by the vertical line and are displayed on top of the subgraph
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(a) Q2 lubricated E690, counter material: stellite 6 (b) Q2 lubricated stellite 6, counter material: E690

(c) Q2 lubricated 42CrMo4, counter material: stellite 6 (d) Q2 lubricated Stellite 6, counter material: 42CrMo4

Figure 6.17: Wear morphology hardness influence of the rotating disc

Figure 6.18: Wear morphology Q2 lubricated Stellite 190, counter material: 42CrMo4

The influence of the hardness of the rotating disc on the wear of itself is not possible to determine
as the difference is very low (factor 1.2). The influence of the hardness of the rotating disc on the
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stationary discs, the same holds. When comparing the materials in Figure 6.14, a difference in wear
is not present. For the coatings, an increase in hardness leads to a decrease in the specific wear rate on
itself as can be seen when comparing the results in Figure 6.15. The uncoated material wear is higher
or comparable with Stellite 21 for any of the lubricated situations. In the dry case, this is higher than
stellite 190 but lower than the other stellites. The influence of the hardness of the stationary disc on
the rotating disc is not visible. A lot of overlap in the box plots is present indicating the probability is
very similar with some exceptions. For the non-lubricated case, it can be seen that stellite 21 has the
lowest wear on the rotating disc. Furthermore, generally, the spread of stellite 190 on the rotating disc
in lubricated situations is the lowest. This indicates the best evenness of wear in lubricated situations
for stellite 190, the hardest stellite experimented on. The influence of hardness on the coefficient
of friction is very minor as can be seen in Figure 6.3 and Figure 6.16. A lot of overlap is present.
The only trend present is for Q2 water lubrication a higher coefficient for the higher hardness of the
rotating disc, in contact with the stellite coatings. In contact with the uncoated steel, an overlap of
the standard deviations is present.

56/71



7 Discussion

7 Discussion

7.1 Hardness

The hardness found in Table 17 is for most materials as expected. The stellite coatings are all in the
range of possible hardness [42] [44] [46]. The uncoated steel is case hardened and a bit lower than the
value presented by the manufacturer (58 HRC = 746 HV), but close. The soft rotating disc (E690) was
expected to be 25.6 HRC ≈ 257 HV which is very close to the measured value (249). The hardness of
the quenched hard rotating disc (42CrMo4) depends on the temperatures and time of the quenching
and tempering used [62]. In optimal conditions a hardness of 56 HRC = 694 HV can be reached. The
measured value is much lower (298). The reason for this could be a wrongly used quenching process.
This reduction in hardness is negative for this experiment as the hardness difference of the rotating
discs is only factor 1.2. This means the hardness influence cannot be measured, as other effects can be
more dominant than this small difference. In the calculations for the maximum contact pressure, no
hardness effects are taken into account. The hardness of the softest material, however, is a limiting
factor for the contact pressure. A lower hardness means more plastic deformation and thus a lower
real contact pressure. This means the maximum contact pressure will not be reached. Originally a
difference would be present with the hard material having a higher real contact pressure. However,
now this difference will not be present.

7.2 Wear analysis

Based on the data (wear rate and microscopy images), the grease-lubricated situation is in boundary
lubrication as the wear is in the roughness regime. This is true for the hard and soft rotating disc and
was expected, based on the real-life situations and calculated in subsection 2.3. The grease showed
to have a big impact (it reduced wear and friction coefficient) even with little and no continuous
feeding. Just a small layer of oil was enough to reduce it throughout the experiment (see Figure 7.1).
The friction stays stable during the stabilised situation and shows no increase in value.

Figure 7.1: Coefficient of friction over time for grease-lubricated situation

Q2 water lubrication shows scratches (see 6.17 on the surface meaning abrasive wear. The wear rate
of the softest material (the rotating disc) is lower than the range of unlubricated abrasive wear. The
abrasiveness is very low. Oxidative wear should be present but has a low contribution as Q2 water
is pure and contains no salts. Besides, the oxidative layer will be sheared off continuously.
Seawater lubrication shows a similar scratch type of wear. This means abrasion is present in this lu-
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brication type. Seawater increases corrosion very rapidly as it contains salts which increase general
corrosion and tribo corrosion [63]. So corrosive wear does play a role in seawater however, it cannot
be seen as a very thin layer is formed in the time of one rotation. This layer is sheared off and formed
continuously as discussed in subsection 6.3
Figure 6.4a and Figure 6.4b show small pieces of material removed from the surface indicating adhe-
sive wear that happened in dry sliding [64]. This is true for stellite 6, based on literature [65]. This
would be due to galling (similar to cold welding)[66]. The coefficient of friction being high and un-
stable (high standard deviation) supports this. Adhesive wear can have a wide range of specific wear
rates but in this case, it is more severe than the observed abrasion. This wear is also very unstable as
can be seen on the coefficient of friction as it has a very big standard deviation.

In [67], it is discovered that wear rates of wear resistance steels with a ceramic ball indenting show
wear rates in descending order: dry, seawater and distilled water. [45] shows that for steel and stel-
lite 6, water decreases the wear rate compared to dry sliding as well. This seems to be true for all
stationary materials (coatings and uncoated). Q2 water and seawater are very similar. The wear of
both seawater and Q2 water lubrication is abrasive and oxidative (as oxides are formed in a water
environment). The lowest wear (on both rotating and stationary discs) can be observed in grease lu-
brication. This is because boundary lubrication is present and was expected based on subsection 2.3.
All stellites perform better than the uncoated steel except for the dry and greased contacts. This
difference is, however, lower than the difference between the types of lubrication. Besides, in a real
situation, the pinion makes more cycles than the rack, so it is allowed to have higher wear on the
rotating disc as long as the stationary disc performs well.

It is generally known that the hardness of the softest material contributes to abrasive wear [3] how-
ever, as many other parameters determine the wear coefficient it cannot be stated that a higher hard-
ness directly increases wear resistance. An increasing hardness, results in a lower wear rate for these
experiments within the stellite coatings. The uncoated material has a higher wear rate for (sea) water-
lubricated contacts while having the highest hardness. This can be related to the composition of the
metals as can be found in 13. Stellites are cobalt-based alloys that are known for their high wear re-
sistance [6][68][69][70]. So with the same base material, hardness does influence the wear rate. With
another base material, hardness does not influence the wear rate, but the wear rate behaves differ-
ently. The hardness is changed by different elements that are added to the structure. With carbides,
hardness is increased for stellites [71][72]. Stellite 190 has a higher carbide concentration than stellite
6 and stellite 21 (this is proportional with C atoms that are present to form carbides). An increased
amount of carbides leads to a reduction in wear [71] [46]. So hardness indirectly influences the wear
of the stationary discs for the same base material but the carbides do directly for all materials in this
experiment as the lowest wear is present in stellite 190 followed by stellite 6 and stellite 21. Normally
the coefficient of friction of steel is expected to be the highest for steel-steel, be it very minor [45]. For
dry wear, this is the only case where this is not true. A possible reason is that hardness plays a big
role in the wear and coefficient of friction of the dry contact and not the composition as the uncoated
material is hardened and for that reason is known to have good tribological properties [56].

No big influence of the hardness of the stationary discs on wear can be found on the rotating discs.
Much overlap is present. All coatings (and uncoated) are harder than the rotating discs so they will
abrade the rotating disc. Both hardness are about the same so not much can be said about that.

In the hard rotating disc, a higher carbon content should give a higher resistance to wear [73]. The
Carbon content increases the hardness and the wear resistance. However, this is only visible for the
Q2 water-lubricated situations and non-lubricated wear, with an uncoated stationary disc. All other
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cases show overlap and no distinguishment can be made on that. The carbon content and hardness
are very close to the soft rotating disc, which could be the reason for no visible difference. many other
things could have been present if a difference had been measured.

It is found that for the experimented cases, a higher load leads to a lower specific wear rate (abrasive
anr or corrosive). Load influence is very case specific as found in literature. For cobalt-chromium
alloys, it was found that a higher load reduced the specific wear rate in a specific case [74]. The same
is generally found for steels [75][76]. A simple explanation is an increase in the contact area. With
a higher load, more plastic deformation will be present. This increases the contact area and results
in a non-proportional wear increase compared to the load increase. The much higher width of the
wear track can be seen in Figure 6.9). The total worn volume is higher but as the specific wear rate
is normalized over the normal load, this results in a lower value. This corresponds with the Archard
wear law: V = k · F · s. If a slightly higher volume but much higher force, specific wear will be lower.

A higher velocity leads to less wear on the stationary pin and a lower coefficient of friction. The
results can vary a lot per material, but generally, indeed, a higher velocity increases wear [77]. When
oxidation takes place, lower values can be found. All stellites form oxide layers due to their high
chromium content and Cobalt content[78] [22] [79]. The content can be seen in Table 13. These oxi-
dation layers are strong and dense and are known to prevent them from corrosion. As the uncoated
steel has the same drop as the stellites as can be seen in Figure 6.11, it is assumed that this layer is also
formed on the uncoated steel. Severe wear is not present, so it is assumed that abrasive oxides were
not the main oxides present. Increasing the velocity increases the temperature at the contact spots.
This increases the formation of oxides that protect the surface and result in a lower wear rate [80].
This oxide layer is very thin and is difficult to observe with microscopy. Another possible reason
could be an increase in plastic deformation, however, this does not seem to be true as no deformation
can be seen. A fluid film will not be achieved with seawater so this could not be the reason for lower
wear in higher velocity. So the only possible reason is the formation of an oxide layer.

7.3 Onset of plasticity at the surface

The onset of plasticity can be calculated and is generally known for a Herzian line- and point contact.
This indicates at which coefficient of friction subsurface cracks no longer initiate subsurface but at
the surface. For both line and point contact, this is understood to be a friction coefficient of 0.3 [3]
[81], where Hamilton equations can be used for a point contact [82], while a line contact requires
numerical integration.
To prove plasticity in the experimented situations, simulation is done based on the code that was
provided and elaborated in the following paper: [83]. This results in the following values: a friction
coefficient of 0.15 for a high load and a friction coefficient of 0.25 for a low load. The difference in
E-moduli and hardness (only of the soft material as this is the limiting hardness) does not change
much in the values, so the different materials have no influence. The result is that plasticity on the
surface is present at all times and cracks will no longer be parallel to the surface but transverse to it
[3].
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(a) Low load simulation at a coefficient of friction of 0.25 (b) High load simulation at a coefficient of friction of 0.15

Figure 7.2

7.4 Invalid results

Some results were found to be invalid or unusable. This was mainly due to corrosion.

(a) Seawater (b) Q2

Figure 7.3: Corrosion on rotating discs

No wear rates could be determined on 42CrMo4 with seawater, as severe corrosion was present on
the material as can be seen above. As the discs were not stored in oil, general corrosion happened as
can be seen in Figure 7.3a. For the (sea)water lubricated situation, no microscopy figures are present
as it corroded mildly so this would not give reliable images as can be seen in Figure 7.3b. For this
reason, only the height profiles are used to characterise the wear morphology of the rotating discs to
be able to be compared.
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7.5 Validity of the results used in this research

In this section is discussed to what extent the results used in this research are valid.

7.5.1 Number of measured spots

During data measurement, it was decided only to measure the rotating disc at one rectangular spot.
One could argue multiple spots are required to take tilting into account. However, maximum flat-
ness and parallelism were set for production as can be seen in Figure 5.3d. These requirements are
checked afterwards and are met. Besides, the leaf spring assembly is mounted to keep the normal
force constant and account for roughness and the small tilting that still can be present. One wear
measurement at 4 different positions north, east, south and west is done. In Figure 7.4 can be seen
that the resulting values show overlap, meaning only small differences between the spots are present
which are allowed to be neglected. This means measuring at 1 spot is viable.

Figure 7.4: Position dependence of the wear position measured

7.5.2 Influence of plasticity on measured wear

Plastic deformation is in both (high and low) load cases present. The width of the wear track of the
high-loaded situation is about 3 times bigger than the low-loaded situation. However, the total wear
is closer to each other and for the rotating disc even the same value for both load cases. This means
the plasticity effects are well covered by subtracting the pileup from the wear track as is discussed in
subsection 5.3.

7.5.3 Pinion material shape

Due to the shape of the pinion materials (rounded disc in 2 directions), wear leads to an increasing
contact area over time between the stationary and rotating disc. Wear on the surface creates a new
plane that is closer to the centre of the disc. The length and width of each slice and thus the area of
the plane will increase and thus of the contact area. A visual picture is shown in Figure 7.5. This leads
to a pressure loss. This is an additional influence on the pressure next to the hardness that already
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influences the maximum reachable pressure as is explained in subsection 7.1. 3GPa can be reached
with the smallest radius of the ellipse being 100 µm and 1.5 GPa with 50 µm. In Figure 6.9, it can be
seen that this value is increased as the smallest radius of the ellipse on the stationary discs is bigger
than these required values for both loads. The non-constant pressure over time makes the results less
applicable to a real situation as the pressure will be constant in a real situation. With a flat contacting
surface, the pressure would have been constant during the experiments

Figure 7.5: Increase in ellipse area with wear crossectional lines. Blue has a higher area than red due
to wear.

7.5.4 Different shape on the uncoated disc than other pinion discs

The different shape of the uncoated disc is removed to a level within the roughness regime. However,
this still influences how much wear is measured, as the exact shape is not possible to trace. It is less
accurate than the laser-cladded discs. Besides this different shape must have had an influence on the
amount of wear on both materials. The contact is not perfectly elliptical anymore as can be seen in
Figure 5.15. How much difference is difficult to determine.

7.5.5 Seawater standards

For the reproducibility of experiments, standards for the preparation of seawater are present such
as ASTM D1141-98 [84]. These, however, are difficult and costly to prepare or buy. Besides, in real
seawater, local differences can be present so a real situation can differ from this standard. For those
reasons, it was chosen to use real Mediterranean sea salt and mix it with pure water. For both sea
salt and pure water, the composition is known and thus reproducibility can be achieved by using the
same water and salt.

7.6 Limitations of the research

In this section, the limitations of this research are discussed.

7.6.1 No slide-to-roll ratio

The slide-to-roll ratio is not taken into account in this research. This means rolling contact fatigue is
not measured, while in a real rack-pinion system, this is present. For that reason, a real system can
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have different wear rates than this research [45]. Besides, the coefficient of friction will be lower, as
rolling in combination with sliding has lower friction than pure sliding [3].

7.6.2 1-directional wear

Only 1 directional wear is measured in this research. In a real rack-pinion system, a motion can be
in two directions. Small repetitive movements can create cyclic stresses at the surface. These can be
present when controlling the movement, for example for the motion-compensated pile gripper that
reacts to waves. The cyclic stresses create crack growth and in the end surface fatigue. This wear
behaviour is not examined in this research.

7.6.3 Sliding distance

The real situation has a bigger sliding distance than is used in this research. This can be seen in the
total sliding distance for 1 gear in Table 10. The lowest sliding distance is in a Jacking system that has
10507 meters of sliding distance per tooth flank, which is much higher than the experimented 60 m.
The experiments are executed by measuring only one spot, so a false specific wear rate is observed
when inter or extrapolating the observed values. The wear is in the stable region, so it behaves lin-
early at the measured sliding distance. This means the wear rate will be overestimated when the
wear rates are applied to a real system service life.

Based on the results, the influence of different parameters is discussed and found. The research
cannot be used to determine the service life of the different materials exactly. The research can only
be used with certainty to compare the wear and coefficient of friction of the different materials in
different tribological systems during pure sliding.

7.7 Future research

In this section possible future research is discussed.

7.7.1 Hypotheses of formation of oxides

In future research, the hypotheses on the formation of oxides that help in wear can be researched
for the experimented tribological systems. At the point of finding this hypothesis, the samples are
already corroded by general corrosion. To be able to experiment with this, a freshly worn surface
with (sea) water should be analysed. This can be measured in several ways.

7.7.2 Match hardness of steel and stellite

To be able to exclude all hardness effects, it is required to have the same hardness on an uncoated
and coated disc. This way more information can be found on the effect of a different composition on
wear and friction. In future research, this effect can be experimented on by measuring the wear rate
and friction.

7.7.3 Hardness increase of rotating disc

The original experiments were planned to research the effects of the hardness of the rack material
on the wear of the uncoated and coated pinion. As previously discussed it was not possible to con-
clude anything from this due to too little difference in hardness. In future research, this effect can be
analysed by measuring the wear rate and friction.
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7.7.4 Slide-to-roll ratio included in experiments

To experiment on wear and friction values of a real rack and pinion system a Slide-to-roll ratio should
be applied in future research. This way, rolling contact fatigue will be present as an additional wear
type. A different wear rate and friction are expected due to the added wear mechanism and the fact
that rolling is known to have lower friction than pure sliding.

7.7.5 Calculate if the wear reduction is enough

Based on Finite Element simulations of resulting stresses, the maximum tolerated wear can be calcu-
lated. This way can be decided if the reduction of the wear rate is permissible. If this reduction is
enough with the current specific wear rate that overestimates the real value in a long-term situation,
the reduction of wear with a coating is enough to apply it on a real case.

7.7.6 Additives to the water

To improve efficiency and lifetime by reducing the coefficient of friction and wear, additives can be
added to the water. This has to be experimented on to see the added value. Besides, to stay with the
problem statement of this research, these additives should be biodegradable products.
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8 Conclusion

This research investigated the feasibility of laser-cladded cobalt-based superalloys as a replacement
for greased open gear systems. The main research question of this thesis was: ”To what extent are
greaseless open gears feasible within the high-loaded systems in offshore applications?”

The system properties of the current tribological systems selected for this research are analysed. Us-
ing the Dowson-Higginson equation for the minimum film thickness based on the base oil in the
grease, the lubrication regimes are calculated. The current systems are mainly in boundary lubrica-
tion, especially in summer conditions. The other parameters found were used to construct experi-
mental parameters that are used in the sliding wear experiments.

Disc-on-disc pure sliding wear experiments are performed to study the wear behaviour that is sup-
ported by friction data. A specific wear rate is found and the surface morphology is used to determine
the wear mechanisms present.

The biggest difference in specific wear rates is found between different types of lubrication. Un-
lubricated wear has the highest specific wear rate with severe adhesive wear present. Seawater and
pure water have similar specific wear rates. These show mild abrasive wear in combination with
corrosive wear. Grease lubrication results in wear that is in the roughness regime that is too low to
measure. Boundary lubrication is found to be present throughout the whole sliding distance as the
friction coefficient is stable and very low.

A higher load leads to a lower specific wear rate but still, a similar wear type is present. In this
case, abrasive wear with corrosive wear as seawater lubrication is used for this relation. For an in-
creased load higher total wear is present, however, plastic deformation influences the specific wear
rate. The increase in total wear is less than the increase in load. The contact area increases and thus
pressure is reduced.

A higher velocity leads to less specific wear. The formation of s strong oxide layer is the best ex-
planation based on the literature. This is continuously forming and reduces the abrasive wear. This
is a hypothesis as the effect was not possible to measure.

With the same composition hardness is a factor. Within stellites an increasing hardness leads to
less wear. Stellite 190 performs the best of all coatings, regarding wear. Generally, uncoated steel
performs worse than at least one stellite while being harder. In (sea) water uncoated steel performs
worse than all stellite coatings. The influence of hardness of rack material was not comparable, as
the difference between both rack materials was very minor.

The main question can be answered using the subquestions and the limitations of the research. The
proposed laser-cladded cobalt-based superalloy coatings do reduce wear compared to the uncoated
material. Stellite 190 is found to be the best wear-reducing. Unlubricated wear is undesirable as
severe adhesive wear is present. Sea(water) lubrication shows better performance. However, the
uncoated pinion with grease lubrication which is the current situation in the observed applications
performs better. It is still to be determined if the wear reduction by the coatings is enough to be
feasible as a replacement for grease.
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Appendix

A Cracking and chipping on production

While turning on a lathe with a diamond tool, Tribaloy T-400 showed chipping as can be seen in
Figure A.1. The material consists of a very hard phase (carbides) within a softer solution [7]. These
formed carbides are hard and brittle [85]. This material is very hard to apply since the material is
required to be preheated to avoid cracking [86]. Nonlinear shrinkage and different cooling rates from
the steel it is applied to can cause tensile residual stress [85]. When this exceeds the yield strength of
the cladded layer (T-400 has a lower yield strength than high-grade steel [7], due to the brittleness of
carbides), this layer will start cracking as a failure.

Figure A.1: Chipping of Tribaloy T-400 during the turning process
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