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INTRODUCTION

INTRODUCTION

The objectives of this thesis are to discuss
the friction and wear behavior of a solid lubricant,
and then to compare the effect of test parameters
on the friction coefficient and lifetime of the
coating by statistical analysis, sequentially to
propose some approaches to predict friction
behavior of tribological coatings.

Background

Fretting is considered as a complex phenomenon related to interaction between two sliding
bodies under very low displacement amplitude, which limits the lifetime of elements
significantly. It includes fretting wear, fretting corrosion and fretting fatigue. In industrial
applications, the use of a tribological coating has served as an effective and economical way to
reduce friction and protect the surface of elements from fretting wear and to extend the service
lifetime of machine elements. Therefore, it is necessary to study the friction and wear behavior
of coatings to evaluate the coatings, thereby optimizing the quality of coatings. However, the
coating system depends on many factors (such as coating properties, substrate, counterbody,
interface adhesion and running conditions). There are no general rules to compare the effect of
factors on the quality of coatings.

Obijectives and research approaches

The objectives of this thesis are to discuss the friction and wear behavior of coatings under
different running conditions, and then to analyze the effect of test parameters on the friction
coefficient and lifetime of coatings, which can be effectively helpful for the evaluation of
coatings.

Around the objectives, the following research approaches will be realized. Firstly, literature
study will be carried out to investigate the coating development in the field and the tribological
response of coatings. Secondly, the fretting experiment of coating under different running
conditions will be performed to understand the relationship between tribological response of
coating and test conditions. Finally, some statistical methods (such as analysis of variance,
regression analysis and reliability analysis) will be used to compare the effect of test conditions
on the tribological behavior of coatings and to evaluate the coatings.
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Organization of the manuscript

Chapter I: Bibliography synthesis
- Development of coatings;
- Tribological response of coatings;
- Obijectives.

Chapter Il: Experimental methods and methods of analysis
— Materials and test conditions;
— Mathematical methods;
- Case study for validating the statistical method.

Chapter I11: Durability of a varnish coating Chapter IV: Effect of substrate nature and coating
- Effect of test parameters on the thickness on tribological response of a varnish coating
friction coefficient; — Design of experiments;
— Analysis of durability of coating. — Effect of test conditions.

Chapter V: Durability of a varnish coating under
variable displacement amplitude

- Evolution of friction coefficient;

- Evolution of coating lifetime.

General conclusions

Figure 1: Organization of the manuscript.

The manuscript is organized as presented in Figure 1.

In Chapter I, literature survey will be summarized, including types of coatings, structures of
coatings, coating deposition method, tribological response of coating, tribological evaluation of
coatings, methods of mathematical statistics used to evaluate the coatings systems.

The test conditions and test rigs will be detailed in Chapter Il. Fretting experiments will be
performed to understand the tribological behavior of coatings under different tribological
conditions. The statistical methods will be explained in details. A group of data from a previous
study will be used to validate the availability of statistical methods.

Chapter Il will discuss the different test conditions (such as contact force, displacement
amplitude, contact configuration and coating positions) on the friction coefficient and lifetime
of coatings. The statistical methods (like analysis of variance) will be used to compare the effect
of test conditions. Regression analysis will be used to predict the value of friction coefficient
and lifetime of coating under various test conditions.
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In Chapter 1V, the method of orthogonal design will be used to design the experiments. The
effect of test conditions such as nature of substrate and thickness of coatings will be compared
with other effects such as contact force, displacement amplitude, contact configuration and
coating positions.

Chapter V describes the effect of variable displacement amplitude on the friction coefficient
and lifetime of coatings. The lifetimes of variable displacement amplitude and constant
displacement amplitude will be compared with aim to assess if a linear wear model can be used
to predict the lifetime of coatings under variable displacement amplitude from the results of the
experiments of constant displacement amplitude.

Finally, the annex gives a summary of nomenclatures used in the equations for this thesis. This
annex can be used by the reader to better understand the standardized values of parameters used
in Chapter I11.
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CHAPTER I: BIBLIOGRAPHY SYNTHESIS ON TRIBOLOGY
OF COATINGS AND STATISTICAL METHODS

In this chapter, literature study is summarized
to understand the research context, including
the coating types, deposition methods,
tribological response of different coatings and
the related evaluation methods.

1.1 Introduction

Coatings are employed to improve the surface properties of a substrate, so that it has a good
ability of resisting to wear, corrosion, extreme temperature and wettability. Based on these
excellent properties, they have been used in different industrial fields such as automobile,
aerospace and etc. In the field of aeronautics, the thermal barrier coating can protect the
materials of motor from the high-temperature oxidation and corrosion and thus it prolongs the
service life of turbine blade by two or three times [1]. In the automobile industry, the application
of diamond-like coatings on the components in low-sulfur fuel can protect all components from
massive wear, because low-sulfur oil guarantees their normal function [2]. MoS; based coating
is used in the high vacuum environment such as aerospace to provide the lower friction
coefficient, thereby ensuring the performance of all elements.

The function of tribological coating looks like the liquid lubrication that can reduce wear
between two contactbodies and extend the service life of elements by interposing a third body
between two contact surfaces. The interposed third body has a low shear resistance and thus
prevents the contact surfaces from the serious surface damage. The third body is composed by
various materials including adsorbed gases, reaction films, solid or liquid lubricants [3].

In 2007, a total of 37.2 million tons of lubricants was consumed worldwide (56% automotive
oils, 35% industrial lubricants, and 10% process oils), as shown in Figure 2. Among the
industrial lubricants, 37% were hydraulic oils, 7% industrial gear oils, 31% other industrial oils,
16% metal working fluids (such as temporary corrosion preventives), and 9% greases [4, 5].
Most part of the lubricants induces the pollution of the environment, either during or after use
due to leaks, spillages, emissions, or other problems. According to the survey, approximately 2
— 2.5 million tons of used lubricants in Europe will ultimately pollute the environment every
year [4]. In order to protect the environment, therefore, it is necessary to use some environment-
friendly materials rather than the oil based lubricants.
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. Grease
Metalworking 3%
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Figure 2: Segment break down of the global lubricant market in 2007 [4, 5].

Table 1: Application of solid lubricant: areas where fluid lubricants are undesirable [6].

Requirement Applications
Food-processing machines
Optical equipment
Space telescopes
Metal-working equipment
Surface-mount equipment
Tape records
Avoid contamination product or environment Microscopes and Cameras
Textile equipment
Paper-processing machines
Business machines
Automobiles
Medical and dental equipment
Spectroscopes
Alircraft
Space vehicles

Maintain servicing or lubrication in inaccessible or unlikely area Satellites
Aerospace mechanisms
Nuclear reactors
Alircraft
Space vehicles (Rovers)
Automobiles
Resist abrasion in dirt-laden environments Agrlculturgl and mining
Equipment
Off-road vehicles and equipment
Construction equipment
Textile equipment
Aircraft equipment
Railway equipment
Missile Components
Provide prolonged storage or stationary service Nuclear reactors
Telescope mounts
Heavy plants, buildings, and bridges
Furnaces

Therefore, tribological coatings can be used, instead of oil based lubricants, in some places to
reduce the friction coefficient and then reduce the energy consumption. Table 1 presents
different situations including food and manufacturing industries where fluid lubrication has to
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be eliminated. It displays several positive effects such as avoiding contamination product and
maintaining lubrication in inaccessible or unlikely area where the oil lubricant cannot be used.
It can decrease the friction like oil. Besides, it can reduce tendency to sticking and material
pickup from the surface, which is very important to maintain the performance of forming tools
and other sliding applications [7].

The application of solid lubricant has a very positive effect on the environment protection. At
the same time, it can provide lubrication with the two contact parts, thereby maintaining the
performance of tools. The objective of this thesis is to study one solid lubricant for the industrial
applications.

1.2 Type of coatings
Generally speaking, coatings is generally divided into two types: soft coatings (hardness < 10
GPa) and hard coatings (hardness > 10 GPa) [8] (Figure 3).

_| Metallic hard materials: TiN,
TiCand TiB,

: Covalent hard materials: B,C,
Hard coatings Diamond and DLC

lonic (ceramic materilas):
1,04

Coatings -

Polymer coatings: PTFE,
Polyimide and Elastomeric

Lamella coatings: MoS, and
graphite

Soft coatings

|| Soft metal coatings: Lead, silver
and gold coatings

Figure 3: Types of coatings.

1.2.1 Hard coatings

Hard coating is a coating with high hardness (Table 2). High hardness represents the capability
of resistance against permanent geometric deformation under mechanical loading. It is
especially useful in application involving abrasive or erosive wear. When coating is harder than
the abrasive particles, the conventional abrasive behavior is less possibility to be occurred. Hard
coating is generally divided into three groups: metallic hard materials, covalent hard materials,
and ionic materials (ceramic) according to their chemical bonding character [9].
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Table 2:Properties of hard materials [9].

Minerals/synthetic materials | Formula I(Dg?gzl]?)/ Melt'('l%)p oint He(ner\r}()ess I?km(/)r:lrjr:lzj)s
Titanium nitride TiN 5.40 2950 2100 590
Titanium carbide TiC 4.93 3067 2800 470
Titanium diboride TiB; 4.50 3225 3000 560

Silicon carbide SiC 3.22 2760 2600 480
Diamond C 3.52 3800 8000 910
Boron carbide B.C 2.52 2450 4000 441
Aluminum nitride AIN 3.26 2250 1230 350
Corundum Al;0O3 3.98 2047 2100 400
Titanium dioxide TiO; 4.25 1867 1100 205

1.2.1.1 Metallic hard materials

Metallic hard materials are able to form coherent or semi-coherent interfaces with metals or
other metallic hard materials, leading to low energy interfaces with optimum adherence. It
includes borides, carbides, and nitrides of the transitional metals [9]. Among these materials,
borides, carbides, and nitrides of titanium are the most famous, which have been widely used
in industry because of its high hardness, good adhesion to steel substrates, chemical stability
and excellent resistance to wear, corrosion and high temperature.

= Titanium nitride

Titanium nitride (TiN) is the most widely used metallic hard coatings in industrial applications
with the history of more than two decades ago [10]. TiN is obtained by reduction of titanium
dioxide, as shown in Eq. (I-1):

2TiO, + N + 4C = 2TiN + 4CO (I-1)

It is used on the surface of cutting tools to increase their lifetime (Table 3) and cutting speed as
a result of its relatively high hardness, good adhesion to steel substrates and tough wear
resistance. At the same time, the cost of production can be decreased by protecting tools from
abrasive wear [11], because the abrasive particles cannot abrade the TiN layer or penetrate the
coating by the deformation of substrate or collapse of the coating. In other words, abrasive
failure may not occur [12]. Like most hard coatings, TiN layer is very sensitive to the humidity
but it depends on the materials of counterbody. For the steel counterbody, the friction
coefficient increases with increase of humidity. For the alumina counterbody, in contrast, the
friction coefficient decreases with the increase of humidity from 2% RH to 25% RH due to the
formation of aluminum-hydrated oxide. When the humidity is larger than 25% RH, the friction
coefficient increases again [13].

10
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Table 3: Life increase of TiN-coated tools [11].

Tool name Substrate Work piece Life increase (%)
END MILL M7 1022 STEEL 269
END MILL M7 6061 T6 Al-alloy 804
END MILL M3 7075T Al-alloy 489
GEAR HOB M2 8620 Steel 100
BROACH M3 303 Stainless steel 200
BROACH M2 48% Nickel alloy 1600
BROACH M2 410 Stainless steel 158-210
PIPE TAP M2 Gray iron 200
TAP M2 1040 Steel, RC30-33 917-1233
FORM TOOL T15 303 Stainless steel 220

=  Titanium carbide

Titanium carbide (TiC) is the most popular carbide coating for cutting tools and it can also be
employed in pumps for transporting molten materials [14]. In vacuum environment, the
application of TiC coating can increase the lifetime as many as 10 times under the pin-disc
contact at speed of 200 rpm [15]. When it slides against steel, the humid environment can help
to reduce the value of friction coefficient from 0.3 (in the dry and vacuum environment) to 0.2
(about 50% humidity), because a layer of TiO> formed in the humid air can decrease the value
of friction coefficient [16].

» Titanium diboride

Titanium diboride (TiBy) is especially useful for the continuous cutting operations due to its
high hardness and temperature-resistance, while its friction coefficient is so high that it is not
suitable for sliding components like bearings or piston ring vs. cylinder wall contacts [17]. For
TiB», the humidity has also a positive effect on friction coefficient. The friction coefficient of
TiB:2 can be decreased from 0.75 in vacuum to 0.65 in humid air [18].

=  Summary

Although borides, carbides, and nitrides of titanium have been widely used in the industrial
applications, they have one common weakness that limits their application in the high
temperature and oxidation environment. It is because oxygen can be dissolved in the material
until saturation of carbon or nitrogen vacancies with no changes in the f.c.c. crystal structure
due to its defect structure [19]. To solve this problem, adding impurity element can serve as an
effective way. Al can be added in the TiN so that the oxidation resistance can be increased from
600°C to 800°C [20]. In addition, impurities or metal binders can also improve the oxidation
resistance of TiBz [19]. Adding TiC as an interlayer is a common method that it has been
employed in the many wear-resistant parts like cutting tools, forming dies, or high-temperature
structural components in heat engines or exchangers [21].

1.2.1.2 Covalent hard materials
Covalent hard materials can be obtained under high pressure or temperature. It includes borides,
nitrides and carbides of Al, Si and B, as well as diamond.

11



CHAPTER I: BIBLIOGRAPHY SYNTHESIS ON
TRIBOLOGY OF COATINGS AND STATISTICAL METHODS

= Boron carbide

Boron carbide (B4C) is different from other covalent hard materials, because it can maintain its
hardness even at high temperatures. At 1000°C, it still has a high microhardness (around 1500
kgf/mm?), which is several times higher than the hardness of the hardest transition metal such
as carbides and borides at this temperature. Therefore, it is used in the high-temperature wear-
resistant applications (e.g., light weight armor plates, wheel dressing tools and blast nozzles)
[22] [23]. Like other hard materials, it can also be used in the humid environment (Figure 4).
Higher humidity can bring the lower friction coefficient and higher wear resistance, because
chemical reaction in humid environment are involved in the oxidation of B4C to B>O3 and the
formation of boric acid (HsBOs) which is accompanied by an increase of graphite structure at
the contact surface of coating, leading to a stable and low value of friction coefficient for boron
carbide coating [24, 25].
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Figure 4: Pin-on-disc wear for B4C coating vs. steel under different conditions: (a) friction coefficient as a
function of sliding distance for different relative humidity (load is 15 N, sliding speed 1.0), (b) Wear rate as a
function of the lowest relative humidity for different loads [25].

Although the B4C based ceramics has attracted the technological interest, its industrial
application is limited. Firstly, the sintering of pure B4C components is very difficult, mainly
due to the strong covalent bonding that leads to the low diffusion mobility [26]. Secondly, its
low fracture toughness and low resistance to oxidation also limit the industrial application of
B4C.

= Diamond and diamond-like coatings

In recent years, diamond and diamond-like coatings (DLC) attract more attentions than other
hard coatings as a result of its high hardness and excellent resistance to abrasion. They are
widely applied on the surfaces of cutting tools.

There are some limits for diamond coatings although they have such good advantages. Firstly,
it is not appropriate to use diamond coating at high temperature (around 1000°C), because it
can react with iron. This reaction can cause a reversion to graphite and then leads to high wear
rate [27]. Secondly, the adhesion between substrate and diamond coating is also a problem.
Fortunately, diamond-like coatings (DLC) can overcome these disadvantages in some extent
[28], but it depends on the substrate materials. If Si substrate is used, it will be impossible to
remove DLC from Si except by several conditions such as Oz plasma or heating in air, because
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Si can offer the most remarkable adhesion force at all materials [29]. In contrast, if the soft
substrate (Au, Cu, W, or on stainless steel containing Cu) is used, it will lead to the loss of
substrate in competition with DLC deposition, because the soft substrate can be etched away
by the H ions in the plasma. The application of intermediate can overcome this problem. He
[28, 30] states that adding an intermediate layer, such as molybdenum or chromium, improves
the adhesion force between DLC and substrate.

In addition to the industrial application, DLC is also one of the best materials for orthopedic
applications due to its biocompatibilty. It can reduce the wear rate of the UHMWPE counterface
and prevent itself from fracture of a brittle ceramic [31]. Besides, it also presents a low value
of friction coefficient (typically <0.2) and excellent wear resistance (Figure 5), because it takes
advantages of both polymer (elasticity, surface energy) and ceramic or metal (hardness, Young
modulus) [32].
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Figure 5: Abrasive wear of DLC coatings compared to other coating and substrate materials. As abrasive
medium SiC with a particle dimension of 12 um was used [32].

Field et al. [33] explained that its high hardness and wear-resistance was a result of the strong
carbon-carbon bonding across the clean interface. It was formed between sliding diamonds
mating surface. This strong bonding force resulted in high hardness and abrasion-resistance but
it also resulted in rather high friction coefficient. Therefore, he concluded that the DLC was not
used as friction-reducing materials. However, the rule can only work in the dry environment,
because DLC shows a low friction coefficient in the moist environment. Liu stated [34] that the
adsorbed water might reduce the shear strength of the contacting interface and increase true
contact area, thereby reducing the contact pressure at the interface. In addition, the interface
between diamond and a water layer is weak that shear is easy to be occurred due to a lower
shear stress. It is expected that a low tangential force could maintain the relative motion between
the mating surfaces.

1.2.1.3 lonic (ceramic) materials

lonic (ceramic) coatings refer to the oxides of Al, Zr, Ti and Be. For example, Al.O3 is
employed to improve wear resistant properties of metal cutting tools. The wear loss of coated
substrate is significantly lower than the uncoated substrate, as shown in Figure 6. Like other
carbide coatings, it can be introduced as an intermediate layer in the multilayer arrangement to
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increase the hardness and high temperature strength. At the same time, it does not influence on
the adherence and toughness of the coating [35].
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Figure 6: Weight loss data before (a) and after ‘running-in’ (b) for dry rubber wheel abrasive wear tests of the
various samples (sample 1: 150 um PEO alumina coating; sample 2: 250 um PEO alumina coating) [36].

1.2.1.4 Summary of hard coatings

The properties of hard coatings have been summarized in Table 4. It can be seen that covalent
coating has the highest hardness but lowest adherence to metallic substrate. For metallic coating,
it has middle hardness and high adherence to metallic substrate, which can effectively avoid the
delamination. Therefore, metallic coatings become the most widely used coatings among three
candidates. Thanks to its good adherence to the metallic substrate, the hard coatings has high
hardness and a better wear resistance to abrasive wear, but this good bonding between planes
induces the high friction coefficient (above 0.5) in vacuum. The friction coefficient can be
decreased as a function of humidity because the water can accelerate the formation of oxide
layer for most hard coatings and thus provides a rather low friction coefficient. At the same
time, the wear resistance is also improved.
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Table 4: Properties and behavior of various groups of hard materials
(M=Metallic, C=Covalent, I=ionic) [9, 37].

Meltin Thermal -\ Adherence Interaction | Multilayer
Level | Hardness | Brittleness Hng Stability | Expansion | to metallic ftriay
point coefficient | substrate tendency | suitability
High C I M | | M M M
Middle M C C M M | C |
Low | M | C C C I C

1.2.2 Soft coatings (MoS: coating)
As we know, the soft thin coating on a hard substrate offers the possibility to reduce sliding
friction. It includes polymer coating, lamellar solid coating and soft metal coating.

1.2.2.1 Polymer coatings

Polymer coatings are one of the important categories in the soft coatings, because they have
good self-lubricating properties (the value of friction coefficient sliding against steel is typically
in the range of 0.1 to 0.5 which is lower than the typical value of 0.6 for non-lubricated steel
against steel contacts), good resistance to wear and corrosion, and low noise emission. In
addition to these advantages, they are cheap to produce [17]. The most common polymer
coatings are polytetrafluoroethylene (PTFE), polyimides and elastomers. The wear behavior is
dependent of a transfer film formed during the sliding against each other.

= PTFE

PTFE can be used as an additive in lubricating oils and greases due to its low surface energy.
Adding PTFE can improve the adsorption phenomena of the lubricant and lower the contact
angle, thereby increasing the adhesion between oil and substrate and at the same time
preventing failure of the lubricant film, i.e., more load can be born without the lubricant film
breaking down [38].

PTFE can also be used as a film, which can provide low friction coefficient (typically < 0.05)
because the macromolecules of PTFE slip easily along each other. When rubbed against a
smooth metal counterface, a very thin transfer film of PTFE can be immediately observed at
the opposing surface due to the low activation energy of the slippage between crystalline slices
in bands [39] and the molecules immediately in contact with one another become highly
orientated with their major axes aligned in the direction of sliding, resulting in the low friction
coefficient [40]. Therefore, the wear mechanism of PTFE is featured by a transfer film
mechanism. It also means that its intermolecular strength is not very high, leading to the low
yield strength and low load-carrying capacity [17].

Recently, a lot of efforts have been made in this field to improve its wear-resistance ability and
to keep its lower friction coefficient by adding new particles or changing its structures such as
glass fiber reinforced (GFR), bronze and graphite (Figure 7), carbon nanotube, molybdenum
and tungsten disulfide to get lower wear rate, because its load carrying ability has been
improved [41].
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Figure 7: The wear rate as a function of load for different coatings [41].

= Polyimide

Polyimide is a polymer used in tribological applications such as bearings and seals [17]. Its
friction coefficient is sensitive to the temperature and humidity while it is less sensitive to the
sliding speed, because (1) it behaves in an essentially brittle way when the temperature is low,
showing little elongation before fracture due to the existence of a degree of crystallinity, and it
becomes amorphous and glassy when the temperature is above the glass transition temperature
[40]; (2) the water molecular can be directly attached to the chain of polymer through hydrogen
bonding, thereby limiting the flexibility of a molecule of polyimide. If the flexibility is limited,
the stress causes fracture rather than plastic flow and the wear rate is increased [42]. Fusaro [43]
found out that the wear process can be divided into two parts. At the beginning, the tips of films
asperities bear the load and the lubricating mechanism is the shear of a thin surface layer (of
the film) between the rider and bulk of the film. Then, after the bonded film has worn to the
substrate, the shear of very thin lubricant film occurs between the rider and flat plateaus,
generating on the metallic substrate asperities. The wear mechanism is dependent of the contact
pressure. This conclusion is similar to other soft coating CuNiln. There is a pressure threshold
for wear mechanism. Below the pressure threshold, the conventional abrasive wear processes
are activated, while the severe adhesive wear predominates when it is higher than the pressure
threshold, because the contact pressure modifies the interface structure and the wear kinetics
[44].

= Elastomeric coatings

The elastomeric coatings are usually used in the automotive pre-primed sheets to overcome
severe conditions such as press, cutting and stamping process [45], because its low crosslink
density, high molecular weight and content of flexible can make it recover from large
deformation segments and thus the good resistance to erosive and abrasive wear can be obtained.
At same time, however, this special structure also brings the high friction coefficient, because
the hysteresis phenomena may deteriorate their friction behavior and stick-slip often occurs. It
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IS better to be used on the flat rather than ball, because the curved substrate may stop its
continuous elastic deformation and recovery, as shown in Figure 8 [17].

a) b)

Figure 8: Hysteresis friction occurs (a) continuously when the plane surface is covered by an elastomeric
coating and (b) only in the load and unload position when the ball is coated [17].

1.2.2.2 Lamellar coating

The most widely used lamellar coatings are graphite and molybdenum disulphide (MoSz). The
characteristic structure (Figure 9) is that the strength of the interatomic bonding between
successive layers is very much weaker than that within the planes themselves [40]. Therefore,
they can afford relatively heavy loads at right angle to the layers while still being able to slide
easily parallel to the layers. Besides, an adherent part of the lubricant (a transfer film) form on
the opposing surfaces. According to the above two functions, the low value of friction can be
gained, which is nearly equal to the shear stress parallel to the layers divided by the yield stress
or hardness perpendicular to the layers [46].
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Figure 9: Structure of two commonly used solid lubricants: (a) molybdenum disulphide; and (b) graphite,
showing the arrangement of parallel basal planes [47].

= Graphite

Graphite is one of the best lubrications in a normal atmosphere. Its reaction with gases like
water vapor reduces the bonding energy between the hexagonal planes of the graphite to a lower
level than the adhesion energy between a substrate and the graphite, leading to easy shear and
transfer of the crystalline platelets on the contact surfaces [48]. Hence, it is not a suitable solid
lubricant in the vacuum. In addition, it can be used as an additive in the oil to improve the
thermal tolerance and in some materials to provide material with low wear rate, low friction,
and excellent anti-seizing properties. Babic [49] shows that the increase of the graphite content
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within the zinc—aluminum alloy results in increase in ductility, compressive strength, ultimate
tensile stress, and corrosion resistance, but it leads to a decrease in hardness, as a result of a
formation of the graphite-rich film on the tribo-surface that provides lubrication.

= Molybdenum disulphide

MoS: is a mined material found in the thin veins within granite and highly refined with aim to
achieve purity suitable for lubricants [47]. It shows better performance than graphite in
tribological applications. Firstly, the quality of MoS is more rigidly controlled than graphite
because graphite has various values due to different sources; secondly, the friction coefficient
of MoS: is lower in vacuum than in air because it does not depend on adsorbed vapors; finally,
the load-carrying capacity of MoS: is generally superior [50]. However, it is very sensitive to
the humidity, because the water vapor can penetrate into porous MoS: coatings along edge sites
which are parallel to the ¢ axes of the crystals, resulting in growing rate of formation of MoOs3,
which will deteriorate friction and wear [51]. Different from other soft materials, its wear
mechanism can be separated into four groups [52]:

1) Platelet wear: It is the deformation and fraction of MoS; platelets that makes MoS; coatings
as deposited. Spalvins [53] postulates that the basal planes, which are predominantly
perpendicular to the substrate surface, becomes reoriented parallel to the surface during the
initial stage of sliding. A large pressure increases basal plane reorientation [51]. The platelets
can occur the simple deformation, leading to compaction of the porous coating, fracture and
loosing particles [54].

2) Oxidative wear [54]: oxygen deteriorates MoS: coatings by three modes. Firstly, wiping of
surface oxides: surface oxides can be ‘wiped off” of the coating and transferred to the ball;
secondly, degradation of cohesiveness: oxygen permeates the coating to form the mixtures of
MoS; and MoOz and thereby losing its cohesion; thirdly, blistering of coating: different from
the degradation of cohesiveness, oxygen permeate the coating to form MoOz and SO and
thereby forming spherical brittle void and causing consequent destruction.

3) Adhesive wear: some parts of coatings are observed to transfer to the counterbody and then
become basally oriented along the sliding direction.

4) Plowing wear: hard particles like FesOs, embedded in a MoS; transfer film, behave as
abrasive particle to scratch the coating [55].

1.2.2.3 Soft metal coating

Compared to the lamellar coating, fewer studies have been made on soft metal coatings like
lead, silver, gold and indium. Soft metal coatings also have the crystal structures with multiple
slip planes, similar to solid lubricant, providing the low shear ability that is also needed for
good tribological properties of coated surfaces. Like other metals, the dislocation and point
defects can occur during shear deformation, but they are rapidly nullified by the frictional heat
produced by the friction between two contacts [56]. Therefore, their wear behavior is also
influenced by the film thickness, adhesion force to the substrate, surface roughness, load and
sliding speed. For example, a thin layer of a soft metal coated on a hard substrate can delay the

18



CHAPTER I: BIBLIOGRAPHY SYNTHESIS ON
TRIBOLOGY OF COATINGS AND STATISTICAL METHODS

wear of the hard substrate by preventing plastic deformation and crack nucleation in the hard
substrate. If the thickness of soft layer is more than a critical value, delamination can occur
within this layer and form wear particles. The wear particles can in turn cause ploughing and
further plastic deformation [57].

= Lead coatings

Lead (Pb) coatings were the first to be widely used in the space application instead of liquid
lubricants [17] because of its good wear-resistance and low friction in aerospace. Pb-coated
sheets are the primary material used in anti-corrosion automotive applications, especially in
eastern Europe and Asia [58]. Recently, the focus of research changes from a single lead coating
to a composite material because the adhesive bonding of coating-to-substrate is a critical factor
determining the lifetime of coating [59], while the introduction of a copper interlayer and metal
dopants copper, molybdenum and platinum substantially extends its lifetime [60].

= Silver coatings

Silver can behave as a solid lubricant that present as a thin layer between hard sliding surfaces
due to its significantly marked ductility. This extreme ductility allows the silver film to
plastically shear between the sliding surfaces and thus to provide lubrication [61]. It has also a
very highest thermal and electrical conductivity and good oxidation resistance so that it has
been used as electroplated coating on the retainer of rolling element bearings. However, it is
very expensive. Generally, it is applied as an additive to improve the lubrication and load
carrying capacity [62] of other materials.

= Gold coatings

Gold is a noble metal with excellent corrosion resistance and good electrical and thermal
conductivities. So, it has been widely used in the electrical industry for electrical connectors
and similar components [17]. It has the similar mechanical properties as Ag, but a higher
friction coefficient [63].

1.2.2.4 Summary of soft coatings

Soft coatings can often bring lower friction coefficient than hard coating, because they are easy
to shear and parts of them can be transferred to the counterbody to form the transfer film. The
transfer film will accommodate the relative movement of two contact parts, thereby providing
the low friction coefficient. Accordingly, the transfer film characterizes the wear mechanism of
soft coating.

1.3 Structures of coatings

A comparison of properties of various hard coatings has been shown in Table 4. It can be seen
that covalent coating has the highest hardness but lowest adherence to the metallic substrate.
The metallic coating has better adherence to metallic substrate that can effectively avoid the
delamination, but it has a lower hardness than the covalent coating, which indicates its force
durability is lower than covalent coatings. There is no one group that has all the properties to
the highest level, so it is interesting to have a composite coating which can combine the merits
of various coatings to achieve optimum performance. To improve the tribological properties of
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surface coatings, the structure of coating is changed from single component to multicomponent
or multilayer (Figure 10) with aim to combine the advantages of each kind of coatings together.
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Figure 10: Historical development of tribological coatings [56].

1.3.1 Multicomponent and multilayer coatings

1.3.1.1 Multicomponent coatings

Multicomponent coatings are made up of two or more constituents in the form of particles,
grains, or fibers. From the aspect of microstructure, it can be realized by adding non-metallic
elements in the coating or substituting the metal lattice of compound phase with another
compatible metal. For the former one, it is aimed to change the valence electron concentration
(VEC) and thus to improve the mechanical and physical properties [17]. Figure 11 describes
the relationship between VEC and hardness. Adding the nonmetal elements or changing the
stoichiometry varies the value of VEC. When the value of VEC is about 8.4, maximum hardness
occurs for the most components [9]. Sometimes, the added new element will not change the
hardness but increase the ability to wear resistance. Cosemans [64] adds soft MoSx phase (8
wt.%) in the TiN matrix without a decrease in hardness, but it significantly decreases the friction
coefficient by a factor of 2 — 3 and increases the lifetime of coatings as many as 10 times.
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Figure 11: Microhardness of carbides, mixed carbides or carbonitrides as a function of valence electron
concentration (VEC) [9].
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For the latter one (substituting the metal lattice), it also improves the wear-resistance and
temperature-resistance and thereby fulfilling special requirements such as high speed and dry
cutting. In the TiN coatings, the lattice of Ti can be partly substituted by transition metals. For
example, Y and Cr can greatly improve the resistance to oxidation; Zr and V improve the
resistance to wear, because the stabilization effect of zirconium in the fcc TiN monocell and
the formation of very thin zirconium oxide layer on top of the coating in the crater area can
reduce diffusion wear [65]; Si can increase the hardness and chemical stability [20].

1.3.1.2 Multilayer coatings

Multilayer coatings are composed of a periodically repeated structure of lamellae of two or
more materials (Figure 12), whose thickness is up to a few tens of micrometers [56] with aim
to improve the adhesion force between coating and substrate or other physical and mechanical
properties.
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Figure 12: Schematic of a multilayer of coating architecture of Kennametal’s KC990 grade cutting tool [37].

The presence of a lot of interfaces between individual layers of a multilayered structure
increases drastically the hardness and strength. Hollect [35] gives the comparison for different
combination of interlayers. The interlayer structure has improved the durability of single layer
by about a factor of two, as shown in Figure 13, because interfaces in multi-layer coatings are
sites of energy dissipation and crack deflection resulting in a toughening of the layer materials
[35]. The cracks in multilayer composite coating cannot always propagate in a given direction
because it lacks columnar crystals in the multilayer coating and its grains are finer, leading to a
lower rate of crack propagation than the single layer, as shown in Figure 14. Therefore, its
cracks are thinner and shorter, thus the possibility of severe wear can be retard [66].
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Figure 13: Edge life of cutting tool bits coated with single and multilayer metallic hard materials (edge life=
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Figure 14: Comparison of wear mechanisms of coatings with (a) single layer; (b) multi-layer [66].

Therefore, the advantage of combining several structures and composition within one coating
includes reduction of mismatch in chemical and mechanical properties between the substrate
and coating, improvement of physical properties, control of the residual strain and the stress
within the coatings, and the ability to stop cracks [56].

1.3.2 Gradient, superlattice and nano-structured coatings

The new development of coatings is based on the multicomponent or multilayer coatings. It
controls the structure and composition of coatings at the nano-scale to get a significant increase
in mechanical properties or wear-resistance.

1.3.2.1 Gradient coatings

Gradient coatings is a multicomponent coatings with a new structure where the microstructure
and properties vary gradually from the surface to the interior of the material [67]. The formation
of functionally gradient ternary systems with a different concentration of elements, both on
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inside the coating and interphase boundary allows to reduce the internal compressive stresses
of gradient systems and to increase adhesion [68].

1.3.2.2 Superlattice coatings

Superlattice is a periodic structure of layers of two (or more) materials. Typically, the thickness
of one layer is several nanometers. Supperlattice coatings are one type of multilayer coatings,
but its size is within the nano-scale. This kind of structure can help increase the hardness
enhancement (Figure 15) and provide the high oxidation resistance [69]. These features are
attractive for the practical wear-resistant applications.
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Figure 15: Coefficients of friction of TiN and superlattice coatings against the WC-Co counter-face as a function
of hardness and applied normal load [69].

1.3.2.3 Nano-structured coatings

By decreasing the grain size, the hardness of coating can be increased through a high dislocation
resistance. The nano-structured coatings have received more attentions, because this special
structure can be used in both soft and hard coatings to improve their mechanical and friction
properties. It is reported that thin films of fullerene-like MoS; nanoparticles, deposited by a
localized high-pressure arc discharge method, can have an order of magnitude of friction
coefficient lower than for sputtered MoS: thin films (Table 5), because inter-crystallite slip can
still occur in fragmented nanoparticles and crystallites consist of irregularly shaped curved
S£MoxS planes, providing the lower friction coefficient. At the same time, the curvature of the
hexagonal planes can buffer the Mo atom from oxidation by reducing the number of exposed
dangling bonds at the edges of the planes [70]. In addition, it can be added in polymer
nanocomposite, which transfers from the surface of the nanocomposite to the mated surface
during the friction test, leading to a low friction and wear rate [71].

Table 5: Results of tribological test on MoS; film [70].

Film u K (mm3N-tmm-?)
Nanoparticle MoS; 0.008-0.01 ~1x10 %
Sputter MoS; 0.1-0.3 ~3x10°°

For hard coatings, the nanostructure can increase the hardness and at the same time decrease
some defects such as pore, inter-lamellar and intra-lamellar cracks in the coating, leading to
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reduced probability of adhesion-induced spalling and fracturing of lamellae and thus bringing
the higher resistance to wear [72].

I.4 Coating deposition method

The quality of coating is not only dependent on the properties of coating, but also on the method
of deposition. It can be classified as conduction and diffusion process, chemical process,
wetting process, physical vapor process and spraying process.

1.4.1 Conduction and diffusion process

Anodization is one of representative process in conduction and diffusion. It is an
electrochemical conversion process. Plasma anodization is a method used for depositing a much
coherent oxide layer on the surface of silicon and some metal compounds [73].

1.4.2 Chemical process

The main generic coating sub-groups are Chemical Vapor Deposition (CVD) and Physical
Vapor Deposition (PVD). Both CVD and PVD accounted for approximately 65% coatings for
the metal-cutting tools in North America and Western Europe [74]. In other words, they are
very effective for producing hard coatings.

Chemical VVapor Deposition (CVD) involves the vaporization of material by a chemical reaction
occurring on or in the vicinity of a normally heated substrate surface [75]. Typical CVD
deposited films for tribological applications, like titanium nitride (TiN), have large angle grain
boundaries and grain sizes in a range of 0.5 - 5 um [17]. TiN hard coating was first coated
commercially on tools by the CVD method, as shown in Figure 16, following the gas phase
reaction [76] as Eq. (I-2).

2TiCls + Hz + 2NHz = 2TiN + 8HCI (1-2)
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Figure 16: A typical CVD process layout [17].

It employs TiCls as a precursor, with nitrogen or ammonia (carrier gas) as oxidants, because
TiCls is a fairly inexpensive and volatile liquid at room temperature, which can be easily
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delivered as a vapor by direct liquid injection sources or bubbler. The liquid decomposes readily
upon exposure to moisture or air, generating HCI vapor, but it does not lead to exploding or
burning. At this time, the temperature is above 600°C to avoid forming a dusty yellow TiCls:
NH3, which oxidizes readily upon exposure to air producing HCI and white TiO2 dust. In
addition, it is also helpful for the reasonable deposition rates and low CI concentration in the
deposited film [77].

However, this traditional method may not provide the good adhesion between substrate and
coating. When this kind of coating is used in the cutting tools, it can delaminate or break off in
a brittle manner, because the adhesion is poor due to a poor interfacial contact, low degree of
chemical bonding, low fracture toughness or high internal stresses [17]. To solve this problem,
the plasma assisted PVD process has been applied to improve the adhesion and then brings
better tribological properties.

1.4.3 Wetting processes

Wetting processes can change the material form from liquid to solid by solvent evaporation,
spinning, curing, baking, or cooling. It is a traditional way to brush the solid lubricant on the
substrate. However, it is same as the traditional CVD method that it cannot guarantee the
adherence between the coating and surface.

1.4.4 Physical vapor deposition

Physical vapor deposition (PVD) technology includes the techniques such as ion plating,
evaporation and sputtering. Compared with the CVD, the toughness of PVVD coatings is an order
of magnitude lower than of CVD. In addition, it has a better adhesion between substrate and
coating than CVD coating [78]. Thirdly, it is able to produce unusual microstructures and new
crystallographic modifications, e.g. amorphous deposits and deposits with very high purity [79].

= Evaporation

In the evaporation process, vapors are produced from a material located in a source which is
heated by direct resistance, eddy currents, e-beam, radiation, laser beam, or an arc discharge
[79].

= |on plating

In the ion-plating process, the material is vaporized in a manner similar to that in the evaporation
process but passes through a gaseous glow discharge on its way to the substrate, thus ionizing
some of the vaporized atoms (Figure 17).
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Figure 17: Iron plating process [79].

= Sputtering

The sputtering process is shown in Figure 18. Positive gas ions (usually argon ions) produced
in a glow discharge (gas pressure 20-150 mtorr) bombard the target material (also called the
cathode), dislodging groups of atoms which then pass into the phase and deposit onto the
substrate [79]. In addition to depositing hard coating, it is especially useful for depositing soft
coatings. Sputtered MoS; coating is the second-generation methods for deposition of MoSa,
which follows the early simple burnishing or rubbing, air-spraying resin-bonded or
inorganically bonded coatings. By this method, the thickness of coating can be reduced from
the typical range of 5-15 mm to 0.2 mm with good uniformity and reproducibility [51].
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Figure 18: Basic sputtering process[79].

1.4.5 Spraying processes (varnish coating)

The spraying processes are usually divided into macroscopic and microscopic spraying
depending on the size of sprayed particles. If the diameter of particle composed by many
molecules is usually greater than 10 um, it is called macroscopic spraying. If it is in contrast, it
is called microscopic spraying. Among the spraying process, there is one called the air or airless
spraying that is dependent of the spraying speed. When a liquid exceeds a certain critical
velocity, it breaks up into droplets. The atomized droplets, by advantage of their velocity
(acquired from high-pressure air or airless source), can be sprayed onto a substrate [80]. This
method has been widely used in industrial applications to get a varnish coating that can prevent
the surface from severe wear. The advantage of a lubricating varnish is its simple application
in an immersion centrifuge or spray drum, both of which are time-tested procedures for the
coating of mass-produced parts. Special areas of application for lubricating varnishes and
sliding films include metric screws, thread-shaping screws, thread-cutting screws, all types of
wood screws, screws made from plastic, thread-grooving screws, and screws made from
aluminum alloys [81]. In order to have a low friction coefficient, the solid lubricant can be
added into the varnish. Generally, a lubricating varnish contains 20-40 vol.% solid lubricant
particles. The sprayed varnish can cover all ‘valleys’ and the surface asperities. During the
sliding between two counterparts, the varnish can be released out of the ‘valleys’ and transferred
between the two sliding counterparts, thereby providing a low friction coefficient and a good
lubrication between two contacts [82].

1.4.6 Summary of deposition method

To get better mechanical and physical properties, the single layer is not the direction of
development. Instead, more attentions have been put in the composite coatings. For the
composite coatings, therefore, the combination of deposition method can get better tribological
response. Take the multi-layer coating as an example. CVD deposited coating can be used as
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the interlayer coating due to its high adherence strength. The diffusion, occurring at high
temperature, can improve adhesion between the first coating and substrate. The subsequent
PVD coating layer provides a fine grained microstructure with better resistance to wear and
toughness [37] .

I.5 Tribological response of coating

As we know, the coating-substrate system (hard/soft coating on hard/soft substrate, thickness
of coating and its roughness) also has a significant influence (Figure 19) on the tribological
response of coating, except for the deposition method.
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Figure 19: Macromechanical contact conditions for different mechanisms which influence friction when a hard
spherical slider moves on a coated flat surface [83].

1.5.1 Hardness of coating
Hardness is a very important parameter for the tribological response of coatings. The different
combination of hardness will affect the wear behavior and wear processes significantly.

1.5.1.1 Hard coating

In most cases, the hard coating is mostly deposited on the soft substrate because it prevents the
coating system from the delamination. The substrate significantly deforms and the stress can be
easily dispersed underneath, as shown in Figure 20 [84]. In contrast, a hard substrate can result
in fracture in the scratch response [85].

28



CHAPTER I: BIBLIOGRAPHY SYNTHESIS ON
TRIBOLOGY OF COATINGS AND STATISTICAL METHODS

Figure 20: Illustration of the mechanical deformation of hard coating on the soft substrate [84].

1.5.1.2 Soft coating

Soft coating can work as a lubricant to reduce the friction coefficient and it is preferred to
deposit on the hard substrate rather than soft substrate, because the soft coating on soft substrate
can induce the significant plastic deformation and groove formation [85]. However, if the soft
coating is deposited on the hard substrate, the soft coating will increase the contact area but
decrease interfacial shear strength for hard substrate because only soft coating will suffer from
the deformation, as shown in Figure 21. The white dash line that is the interface between the
substrate and coating does not change since no significant deformation occurred on the steel
substrate [84]. Therefore, it can well prevent the substrate from wear and provide the low
friction coefficient and good lubrication between two contacts.
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Figure 21: The von Mises stress field for the soft coating on the hard substrate [84].

1.5.2 Thickness of coating

1.5.2.1 Hard coatings

When hard coatings are thin, the friction coefficient is high, because the coating is so thin that
it cannot afford the load and thus the soft substrate deforms accordingly (Figure 19). The
deformation of soft substrate adds a ploughing or hysteresis effect to friction [17]. When it is
thick, in other words, it can afford the load and avoid the deformation of substrate so that a low
friction coefficient occurs.
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1.5.2.2 Soft coatings

For the soft coatings, the thinner coating can lead to less ploughing of the film [17]. Then, the
contact area and shear strength of the film determine the friction, which is related to the
deformation properties of the substrate. The friction coefficient will decrease with the decrease
of film thickness until the film is very thin [86]. When the thickness of coating is less 1 um, the
thickness of coating is inversely proportional to the friction coefficient, as shown in Figure 22.
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Figure 22: Map showing the effect of surface roughness and MoSr coating thickness on friction coefficient
contours are lines of equal friction coefficient [87].

1.5.3 Roughness
In the industrial applications, there is no entire smooth surface so that it is interesting to consider
the effect of roughness on the frictional behavior.

1.5.3.1 Hard coating

For the thin hard coatings, roughness of substrate, coating or counterpart may affect
significantly the friction behavior of two contact bodies. The roughness of substrate is
proportional to the friction coefficient (Figure 23), while it is affectless to the thick coating [17].
Hayward [88] also points out that decrease of the roughness of coating and counterparts can
reduce the friction coefficient because of decreasing the slope angle of the asperities according
to the theory of Tabor [89] (Eq.(I-3)).

_ ue(1+tan?e) (1-3)
1-pZtan26

uav

where L refers to the true friction between smooth surfaces, 6 is the slope angle of the asperities the stylus is
traversing.
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Figure 23: Friction coefficients in a ball-on-disc test of a-C:W coated specimen. Values after (a) 20 000 cycles
and (b) 100 000 cycles; sliding speed: 0.07 m/s. The 9 mm ball and 36 N load are not included in (a) because of
coating failure [90].

1.5.3.2 Soft coating

If the coating is thick enough, the influence of roughness of substrate can be ignored. However,
its influence is significant for the thin coating, as shown in Figure 24, due to the reduction in
true contact area. In addition, the penetration of asperities through the film is also a reason,
which leads to the increase of shear resistance and ploughing of either the substrate or
counterface and thus to an increase of friction coefficient.
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Figure 24: Variation in friction coefficient as a function of CLA roughness for 52100 steel substrate [91].

1.6 Tribological evaluation of coatings

The wear modes are generally classified by abrasive wear (like scratching), adhesive wear (like
galling and scuffing), fretting or fretting corrosion, erosive wear, rolling contact fatigue (like
spalling), delamination and tribo-corrosion, leading to the failure of elements. Therefore, it is
necessary to know the wear resistance of one element for each wear mode before applying in
the machine.
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Characterization of coating includes many perspectives including the mechanical properties,
physico-chemical properties and tribological properties. The mechanical properties can be
realized by the nanoindentation test (for hardness and elastic properties), scratch and
indentation tests (for adhesion force). Transmission electron microscopy (TEM), scanning
electron microscopy (SEM), Auger electron spectroscopy (AES), X-ray diffraction analysis
(XRD), Electron spectroscopy for chemical analysis (XPS), Rutherford backscattering
spectroscopy (RBS) and secondary ion mass spectrometry (SIMS) are usually used to
investigate physico-chemical properties. For the tribological properties, it includes sliding tests,
abrasion testing and rolling contact fatigue tests.

1.6.1 Experimental methods

1.6.1.1 Sliding test
Various sliding tests (Figure 25) have been widely applied to test the wear rate and friction
coefficient, of which the pin-on-disc is used mostly.
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Figure 25: Common wear test geometries: (a) pin-on-disc with circular track (b) pin-on-disc with spiral track
(c) reciprocating linear test (d) block-on-ring (e) disc-on-wheel (f) thrust washer (g) ball-on-prism (h) four ball.
Pin-on-disc and pin-on-plate may be identified as ball-on-disc or ball-on-plate, respectively, if the pin has a
hemispherical tip [92].

= Pin-on-disc

The pin-on-disc is employed to determine the wear rates and coefficient of friction at low loads.
Due to the size of test, it can be put in different box to control the environment. Therefore, it is
preferred to test the effect of environment such as humid air, oxidation, temperature or vacuum
on the friction coefficient and wear rates. The layout of pin-on-disc is shown in Figure 25 (a-
b). The sliding friction test occurs between a stationary pin stylus and a rotating disk. Rotational
speed, normal load and wear track diameter can be different according to the design of
experiment. Electronic sensors can be used to record wear and tangential friction force as a
function of speed, load, or environmental conditions.

= Block-on-ring and hammer wear
Block-on-ring is often used to determine the abrasive and adhesive wear rate of materials. A
steel ring is rotated against a stationary block. It can simulate the wear rate of line contact.
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Hammer wear test is used to give information about the cohesion and adhesion qualities of
coatings. For above two tests, they are not popular in the scientific research.

= Fretting test

Fretting is considered as a complex phenomenon related to interaction between two sliding
bodies under a very low displacement amplitude [93], which limits the lifetime of elements
significantly. It includes three modes of failure: fretting wear, fretting fatigue and fretting
corrosion. Applying coating can reduce these problems in some degree, because it can increase
surface elasticity and decrease the friction and thus reduce the crack initiation and propagation.
It can also increase the surface inertness and reduce the unfavorable chemical reactions.
Sometimes, it can build up favorable transfer of reaction layer between the contacting bodies
so as to decrease the shear and friction [94]. Therefore, it is necessary to evaluate the fretting
performance of a coating in different working conditions by fretting machine, which can
provide some information such as wear rate and friction. For fretting, the contact counterbody
can be changed to realize the research on the point-contact, line-contact and conformal-contact.

1.6.1.2 Abrasion testing

Good abrasive resistance ability is an important criterion for the tooling materials. Through the
abrasion testing, the rack of materials in their resistance to abrasion under specified set
conditions can be sure. Figure 26 shows the basic layout of abrasion testing. Different size of
particles or water slurry can be put in hopper to test the influence of slurry on the friction and
wear rate, thereby getting a tribological evaluation about the coating.
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Figure 26: Layout of the dry sand rubber wheel abrasion test apparatus [95].

1.6.2 Modeling methods

According to the experimental results, different treatments of data can be applied so that the
internal relationship between different parameters can be discovered, thereby better explaining
the results and providing the data for industrial applications. It is generally divided into three
aspects: wear models, friction models and mechanical models.
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1.6.2.1 Wear Models

= Archard Model

Talking about the wear models, Archard model [96] is the most famous one with the history of
more than 50 years. Based on it, many related models have been developed for the industrial
applications. It describes the relationship between the wear rate and different parameters such
as hardness, displacement amplitude and normal force (Eq. (I-4) ).

leﬂzkxﬁ (|'4)
SL, H

where W’ refers to wear rate (material volume loss W for a given total sliding distance S.).
According to Archard's law, the wear rate W’ is proportional to normal load P, inversely
proportional to material hardness H and proportional to a constant k, the wear coefficient that
is volume of material removed per unit load and sliding. k is strongly affected by the material
properties and the test parameters. It can be used to predict component lifetimes if the tribo-
system does not change wear modes.

= Dissipated energy models

Mohrbacher [97] presented the conception of cumulated dissipated energy in 1999. According
to the fretting wear results, they stated that the wear of materials in fretting is proportional to
the dissipated energy due to friction of contacting bodies. Due to the appearance of third body
in the contact, the dissipated energy is decreased as a function of cycles (Figure 27). This is the
very early discovery about the dissipated energy.
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Figure 27: Evolution of mechanical contact response in contact TiN vs. corundum during displacement induced
fretting (D=80 um, F,=2 N, F=10 Hz, T=23°C) [97].

In recent years, Fouvry [98] has done several studies to develop this theory. The dissipated
energy is proportional to the wear volume, shown in Figure 28 as

V=aXYE;+ B (1-5)

where « is the wear energy coefficient (um?®/J), g is the residual value (um?).
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Figure 28: Evolution of TiN and HSS wear volume versus the accumulated dissipated energy [98].

For the application of coating, the durability of coating is more useful for industry. According
to the theory of Fouvry, Fridrici [99] developed this theory to the prediction of coating lifetime
(Eq. (1-6)), because lifetime has the linearly relationship with the maximum value of dissipated
energy density (Edo maxini) Shown in Figure 29.

Edymaxini = 4WiniSoPnax (1-6)

Edg maxini = 4Mini * 00 * PmaxEdo max ini IS the maximum value of dissipated energy density. It
is located at the center of the contact in cylinder on plane contact, while it is located in the
outer parts of the contact in the punch on plane contact. do is the sliding distance at the

interface during an entire cycle and wuini is initial friction coefficient. Pmax refers to the
maximum contact pressure.
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Figure 29: Relation between the lifetime of the solid lubricant and the initial maximal dissipated energy density
for the punch on plane contact (&: P = 2000 N; 4: P = 3000 N) and comparison with the predicted lifetime
from the cylinder on plane contact (plain line) [99].

1.6.2.2 Models of friction coefficient
Except from the development of wear models, the friction coefficient models were deduced in
1990s by Singer [100]. The friction coefficient is inversely proportional to contact pressure for

the MoS; coating. With the increase of contact pressure, the friction coefficient is decreased, as
shown in Eq. (I-7).

n=(2)+a (1-7)
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So and a represent material properties controlling friction. P is the mean Hertzian contact
pressure so that it can be only used in the elastic deformation. Dvorak [101] proposed to divide
the friction coefficient into two parts, shown in Eq.(1-8). One part (Uint) depends on an interfacial
shear strength (Sint), and other part pshear depends on a shearing term (Sgebris), With aim to explain
the effect of third body on the friction behavior. The former term (Sint) describes the interfacial
shear strength between the debris and the track, and the latter one (Sqebris) refers to the shear
strength of the debris (not that of the coating)

K= Wint t HUshear (1-8)

Due to the high sensitivity of MoS> to humidity, it has a significant difference of value for the
dry air and humid air. Therefore, it provides a good example to describe the shear strength of
debris or between debris and track. Sint value is sensitive to relevant humidity, but Sqebris does
not, because it accounts for the time dependence in both the friction coefficient and the delayed
shear/extrusion.

1.6.2.3 Mechanical model

Finite element analysis (FEM) is a numerical method that divides very complicated problems
into partial different equations or integral equations so that it can model the mechanical
evolution during the movement of contact bodies. It can be used with the coatings systems or
no coating systems.

For the coating system, FEM helps explain the position of deformation and cracks. When
coating is thin, the maximum shear stress occurs at the coating/substrate interface that
accelerates the crack propagation, leading to the delamination, while the thick coating can avoid
this problem (Figure 30). In addition, the stress discontinuity at the interface for thin coating is
larger than that of thick coating, which accelerates the delamination wear.
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Figure 30: Counter plots of radial stress for the single-layer coatings with different thicknesses subjected to the
same loading conditions, (a) ts/a= 0.1 (b)tc/a= 0.5 (c)tc/a= 1.0 [38].

1.7 Methods of mathematical statistics

Statistics is the study of the collection, organization, analysis, interpretation and presentation
of data. It is divided into two parts that are descriptive statistics and inferential statistics. The
former one is used to organize, summarize and focus on the main features of the data, which
includes the factorial analysis and regression analysis. The later one is focused on generalization
or interference from the data to a larger set of data, based on probability theory, which includes
the logistic regression and survival analysis. The results of tribological response such as friction
coefficient and wear rate or coating lifetime are the continuous data, which are suitable for the
analysis of mathematical statistics.

1.7.1 Descriptive statistics

In 1998, Mondal [102] used factorial analysis to make a comparison of effect of normal force
and particle size on the wear rate, which cannot be realized by the traditional tribological
analysis. By the factorial design, it builds a mathematical or quantitative description for the
relation of different test parameters on the wear rates, as shown in Figure 31. When the point
(one test parameter) is located in the right-up corner of normal probability distribution, it
indicates that it is independent on the wear rates. In other words, no matter what kind of change
of reinforcement will bring no effect on the tribological response of materials. In contrast, a
little change of environment may bring a significant change of wear rates. It also provides an
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evaluation rate for different test parameters. The parameters at the left down corner present
more important than the parameters at a higher position. The importance of parameters of model
can be well explained by the observation and chemical analysis of wear scar. In addition, it can
give a final relationship between the tribological response and test parameters. Apart from the
model of wear rate and friction coefficient, it can be used to evaluate the relationship among
surface hardness, cutting speed, cutting force and tool life, which is difficult to describe by the
existing models [103]. It is also a useful method in predicting the trends and building models
in complex processes such as wear—corrosion interactions, because it can explain the interaction
between erosion and corrosion with ease [104].
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Figure 31: Normal probability of the effects of the factors and their interactions [105].

1.7.2 Inferential statistics

Life distribution is very important for lifetime data analysis, because it describes the statistical
probability distribution of time to failure of a component, subassembly, assembly or system.
Besides, it offers an appropriate model to estimate the life reliability [106]. It explores
deterministic physical/chemical mathematical relationships between rate of failure mechanism
and accelerating variables [107] like contact force, displacement amplitude and contact
configuration. It is one general way to fit reliability distribution to failure data. By reliability
analysis, an appropriate parametric distribution, such as exponential, normal, lognormal,
Weibull or gamma, can be chosen to estimate the unknown parameters.

1) Exponential distribution
It is the most commonly used for components or system exhibiting a constant failure rate due
to its simplicity. It can be defined by Eq. (1-9):
f@) = 2e74ED)
where A is the constant failure rate and y is the location parameter.

2) Weibull distribution
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It is generally used to model material strength, time-to-failure of electronic and mechanical
components or systems. It can be defined by Eq. (I-10):

t—vy. —(tV8
f© =D
where £ is a shape parameter, n is a scale parameters and y is a locating parameter, as shown
in Figure 32.
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Figure 32: Effect of different parameters on Weibull probability density function (pdf) [108].

3) Normal distribution
Normal distribution is commonly used for simple electric and mechanical component,

equipment. It can be expressed Eq. (I-11):
1

f® =
o\2m
where W is the mean value of failure time and o is the standard error of failure time.

1t-p
e_f( G )

4) Lognormal distribution
It is generally used for reliability analysis of materials design and loading variables. When the
natural logarithms of time to failure are normally distributed, it means that the data follow the

lognormal distribution.

gy
e 2

g

1
f®= to'\2m
f®)=0,t>0,0 >0,t"=In(t)

where p’ is the mean value of In(t) and o' is the standard deviation of In(t).

At present, the Weibull distribution has been widely used in the material fatigue as an evaluation
method. According to the Weibull distribution, an empirical cumulative distribution function
(CDF) graph can be drawn to compare the fitted distributions for each treatment and estimate
the percentile of failure [109], as shown in Figure 33. It can give a reference for the industrial
application of this material.
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Figure 33: Empirical cumulative distribution function (CDF) to failure of as cast material [109].

Guseva and Evans [110, 111] employed an accelerated test to predict service life of aircraft
coating under different temperature, UV and aerosols by the Weibull distribution. In the
experiment of fatigue test, one of the most popular curves is called the S-N curve. This test
describes the data as a plot of stress (S) against the number of cycles to failure (N), as shown in
Figure 34. The S-N curves show four different safe levels (R=0.99, R= 0.50, R= 0.368, R=
0.10) according to the Weibull distribution, which provide the possibility to predict reliable
fatigue life needed to designer [112, 113].
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Figure 34: The S—N curves for different reliable levels [113].

Recently, some researchers find out that the distribution of 2-parameter Weilbull can serve as
a tool to differentiate failure mechanisms. Generally speaking, a group of product will fail due
to more than one failure mode, but one product can be failed one time due to one failure mode.
A Weibull plot demonstrates the statistical percentage of a specimen for the failed event in
fatigue tests. If the data points follow an S-shape on the probability plot, it may indicate that

40



CHAPTER I: BIBLIOGRAPHY SYNTHESIS ON
TRIBOLOGY OF COATINGS AND STATISTICAL METHODS

more than one failure mode occur during the time. Based on the research, the shape value g is
related to different failure modes as following [108]:

1) if <1, it is induced by the early failure where the substandard components fail and are
removed from the population, corresponding to a decreasing failure rate.

2) if p=1, it is indicative of failure of component by chance alone and constant failure rate

3) if p>1, wear-out process occurs and more components are removed out, corresponding to
increasing failure rate. This part is the focus in this study.

The plot in Figure 35 (a) shows that a simple Weibull model does not adequately fit the data,
because the points do not scatter around a straight line [114]. In contrast, it clearly exhibits a
bimodal distribution. This special distribution of the life data may reflect the difference in
failure modes of the coatings under the same tribological condition of contact stress [115]. As
the Weibull modulus becomes larger and the plot becomes steeper, the failure mode shifts from
early E modes to D modes, as shown in Figure 35 (b). Therefore, the Weibull distribution
reveals information about the failure mechanisms of the specimens [116].
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Figure 35: Weibull Probability Plot for Voltage Endurance Data [114].

1.8 Conclusions

Coatings are effective coverings to reduce friction and palliate wear and protect contacting
surfaces. Therefore, it is interesting to understand the application area of different coatings. In
order to do this, in this chapter, bibliography synthesis was carried out from the following
aspects:

- Coating types and structures linked to the friction and wear behavior,

- Deposition methods linked to adhesion force between coating and substrate,

- Tribological response of coating systems,

- Important parameters influencing the tribological response of coating systems,

- Wear and friction prediction of coatings,

- Theoretical analysis of depth.

The friction reducing function of coatings is dependent on the shear strength at the contact
interface and the real contact area. The wear resistance of coatings is related to the hardness of
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coatings. Therefore, the soft coatings have lower friction coefficient than hard coatings, but
hard coatings have better wear resistance than soft coatings.

With the aim to combine their individual advantages, more coating structures and deposition
methods have been developed in the past 20 years. In this study, a MoS; based varnish will be
used to do the research, because the varnish with MoS; particle can have a low friction
coefficient between sliding counterfaces. However, the tribological response of a coating
system is complex, which is influenced by many parameters such as the counterpart, coating
properties, interface, substrate and running conditions. The effects of parameters for friction
reduction and wear resistance under different wear mechanisms are quite different.

In order to give a fair evaluation to the tribological response of coatings, some models like FEM
and dissipated energy have been proposed. FEM is an effective way to describe the mechanical
evolution of materials, while dissipated energy give a valid way to predict the wear volume in
fretting test. Recently, the statistical method has been applied in the model to give an equation
that describes the relation between various test parameters and tribological response.

According to the literature study, the following 4 aspects are very important, and they will be
respectively discussed in the subsequent chapters:

- Explore the effect of test parameters on the tribological response of one coating,

- Give a simple wear and friction prediction model,

- Explain properly the relationship between the wear process and predicted model,

- Evaluate the relationships between tribological response and coating properties and running
conditions.
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CHAPTER Il: EXPERIMENTAL METHODS AND METHODS
OF ANALYSIS

This chapter introduces the
materials under investigation,
including the coatings, substrates
and counterparts, the experimental
tests and the analytical methods.

I1.1 Introduction

In this study, the effects of normal force, displacement amplitude, contact configuration, coating
position, thickness of coating and nature of substrate are studied to understand the application
scope of the coatings. Some statistical methods are used to compare the effect of various test
conditions. Factorial analysis is used to understand the competition of various test conditions
on the friction coefficient and coating lifetime. Reliability or survival analysis is used to
establish the relation between wear mechanism and reliability.

11.2 Materials

In this work, MoS; based varnish coating is used in the experiments. It is a product of ORAPI
Company (MoSz dry lubricant MOLYSPRAY 700), which has been widely used in the
treatment and pre-treatment of all machinery and parts to be assembled. The varnish is served
as an effective bonding agent to help improve the adhesive and film-creating properties of MoS;
coatings.

11.2.1 Substrate materials and pretreatment

Three substrates are used in these experiments, 304 stainless steel, AISI 52100 and AISI M2
steel whose chemical composition and mechanical properties are shown in Table 6 and Table
7, respectively. 304 stainless steel is one kind of stainless steel with a minimum of 10.5%
chromium content by mass. This content of chromium can form a protective layer of chromium
oxide on the steel surface. The 10% of nickel can improve general corrosion resistance. The
lower carbon content lowers the possibility of formation of chromium carbides which can
decrease the corrosion resistance [117]. M2 is one kind of high-speed steel with an addition of
11 % of tungsten-molybdenum, which can efficiently improve the hardness and toughness of
steel and thereby leading to high wear resistance. Due to the technology of powder metallurgy,
some porosity can be observed at the surface, as a result of low carbon content and undersintered
[118]. In this study, the porosity percentage is about 20% of surface. Thanks to this special
structure, it allows to do the study on the effect of porosity on the tribological behavior
compared with the 304 stainless steel (without porosity). Three shapes of materials (ball,
cylinder and flat) are used as shown in Figure 36. The purpose of different curvatures of
substrate (flat or ball/cylinder) is to estimate the effect of curvature on the friction coefficient
and coating lifetime during the relative movement. Before the deposition of MoS: coating, the
surfaces of the flat substrates were polished with abrasive papers (grade 400, 800 and 1200),
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corresponding to a final roughness Ra = 0.025 pm £ 0.01 pm. All substrates were cleaned 15
mn in an ultrasonic bath of acetone before tests.

Table 6: Chemical composition of the materials.

Material C | Cr|Ni| Mn Fe Si |W| Mo |V

304 stainless steel | 0.06 | 18 | 10 - Balance - - - -
AISI 52100 steel | 1.0 [ 15| - | 0.35 | Balance | 0.25 | - - -
AISI M2 steel 09 | 4 - | 03 |Balance | 0.3 | 6 512

Table 7: Mechanical properties of the materials
(determined by nano-indentation tests).

Material Elastic modulus (GPa) | Hardness (GPa)
304 stainless steel 200 3
AISI 52100 steel 207 6.8
M2 steel 210 7.7
Coating 15 0.015

[ 20mm

]
I
|
i
i
\
\
\
10mm
10mm

(a) ball-on-coated flat (b) cylinder-on-coated flat
Figure 36: Schematic outline of contact configuration.

11.2.2 Deposition process

The MoS> based varnish was sprayed from the aerosol spray can. The liquids contained in the
can are hexane (50 <=x% < 100) and dimethoxymethane (25 <= x% <50). They are all colorless
liquids at room temperature, with relatively low boiling points (50 — 70 °C). The additives are
MoS:; particles with the size of 700 nm. They are conserved in the can under pressure. When
the container’s valve is open, the liquid (made from hexane and dimethoxymethane) with some
particles is forced out of a small hole and emerges as an aerosol, leaving the droplets on the
surface of substrate. Finally, a film of varnish is formed on the surface. During the deposition,
the distance between the aerosol and sample was about 25 cm. To gain a well-distributed
coating on the ball or cylinder, its holder was rotated at a given constant speed. After deposition,
sample was put in a dry box for 24 hours before experiments. The deposited coating on ball and
cylinder can be seen in Figure 37. The SEM micrograph of the coating is shown in Figure 38.
Prior to spraying, one part of the sample was covered by a paper band so that it was not coated
and then comparing the profiles between coated part and uncoated part allowed us to estimate
thickness of the coating. The thickness of coatings on flat substrate is 9.7 um £ 1.6 pm (for one
layer coating) and 19.8 um + 4.7 um (for two layers coating). Thickness of one layer coating
on the other substrates is 12.7 um + 4.7 um (ball) and 12.1 + 3.5 um (cylinder), measured by a
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profilometer. The values for two layers of coating are about 22.2 um + 1.0 um (ball) and 23.8
pm £ 1.8 um (cylinder). Stoichiometry of the MoS: particles is about 1:1.98 (determined by
energy-dispersive X-ray spectroscopy).

Figure 37: coating on ball and cylinder substrates.

Figure 38: SEM micrograph of aerosol sprayed MoS; based varnish.

The mechanical properties of coating are determined by the nanoindentation tests. It was
performed by the continuous stiffness measurement method with a Nanoindentation XP with a
Berkovich diamond tip (three-side pyramid with an angle of 115.12° between edges). This
method consists in superimposing a small displacement oscillation (3 nm, small enough to
generate only an elastic strain) at a given frequency during the indentation test (32 Hz).
Therefore, the sample endures small loading-unloading cycles. The mechanical properties of
materials were calculated, following Bec and Loubet model [119]. The maximum load was 450
mN and the ratio between the load rate (P) and the load (P) was kept constant, following the
Eq. (11-1). Figure 39 shows the load-displacement indentation curve for coating on the flat
substrate.

=3x107%s7?
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Figure 39: Load-displacement indentation curve.
11.3 Experiments

11.3.1 Fretting rig

The fretting tests were carried out on a fretting device developed in LTDS, which is based on a
tension-compression hydraulic machine MTS®. The schematic outline of the test rig is shown
in Figure 40 (a). Coated block specimen is mounted on a main shaft, which moves up and down.
Displacement is controlled by the extensometer. The counterpart is fixed in the other side. For
selected numbers of cycles during a fretting test, evolutions of the displacement amplitude ¢°,
contact force Fn and tangential force Ft are recorded during one cycle. According to the captured
data, the relationship between friction force and displacement can be drawn in Figure 40 (b).
The area of the quadrangle is the frictional dissipated energy (Eq) in the cycle.

Displacement & F.
measured by an

extensometer

‘\:'_‘ )
Tangential
force|F, 5
al force F, !
Ed
MOBILE FIXED
COUNTER BODY :
| Flat | ball or cylinder
(@) (b)

Figure 40: Fretting test rig (a) and fretting loop F-6 curve (b).

11.3.2 Test conditions

Table 8 describes the test conditions for the soft coating. The fretting test of pressure sprayed
MoS; based varnish was carried out under two contact configurations (i.e. ball-on-flat and
cylinder-on-flat) (Figure 36). In addition, the coating is deposited on spherical or cylindrical
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substrate to investigate effects of curvature of substrate on wear and friction behavior of the
coating. Table 8 describes the coating position (flat, ball or cylinder and both). This is because
of interesting observation of Descartes in 1995 [120] explained that coating on the sphere could
lead to a long durability by reducing adherence of the moustaches, which is the ejected coating
particles layered outside the contact area, thereby modifying the energy of the surface. Early
investigations of bonded coating made exclusively on the flat substrate sample [121-124] so
that it is necessary to do some research to discuss the effect of coating position on the friction
coefficient and coating lifetime. In 2011, Mary et al. [44] concluded that the wear process was
dependent on the wear pressure. Below a pressure threshold, conventional abrasive wear
processes were activated, while the severe adhesive wear phenomena operated when it was
higher than the pressure threshold. Therefore, it is necessary to do the experiment to explore
the interaction between contact pressure and wear process for coatings. According to the
Hertzian contact theory, the contact pressure is determined by the contact force and contact
configuration. The chosen contact force is shown in Table 8. Displacement amplitude affects
the third body flow, which is a very important wear process of soft coating. Three displacement
amplitudes are chosen to understand the third body flow under certain working conditions.
Coating thickness and different structures of substrates may influence the friction coefficient
and lifetime of coating.

Table 8: Test parameters.

Test variable Levels
Contact force 100 N, 400 N, 700 N
Displacement amplitude +10 pm, * 25 pm, =40 pm
Frequency 5Hz
Contact configuration ball-on-flat, cylinder-on-flat
Coating position coating on the flat, coating on ball or cylinder, coating on both counterparts
Thickness of coating one layer coating, two layers coating
Substrate materials 304 stainless steel (flat), AISI M2 steel (flat), AISI52100 (ball and cylinder)

Calculations of Hertzian contact parameters are shown in Table 9 and Table 10. They were
performed without taking into account the coating because of its relatively small thickness and
low mechanical properties. In addition, the contact pressure by Hertzian theory has exceeded
the critical stress of plastic deformation of the coating (=1.6Y=1.6H/3=5 MPa), so the result of
Herzian theory cannot be used. The mean contact pressure can be calculated by the FEM model
(with coating), which is discussed in next section.

Table 9: Hertzian contact parameters for ball-on-flat and cylinder-on-flat without coating
(304 stainless steel flat).

Contact configuration (304 stainless steel)
Contact -
force . Ball-or_l-flat _ Cyllnder_-on-flat
Fa (N) Contact radius | Maximum contact pressure | Contact width | Maximum contact pressure
n
(Lm) (GPa) (Um) (GPa)
100 204 1.144 96 0.266
400 324 1.816 191 0.533
700 391 2.189 253 0.705
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Table 10: Hertzian contact parameters for ball-on-flat and cylinder-on-flat without coating
(AISI M2 steel flat).

Contact Contact configuration (AISI M2 steel) _
force _ BaII-or)-fIat _ Cylmderron—flat
Fa (N) Contact radius | Maximum contact pressure | Contact width | Maximum contact pressure
(Lm) (GPa) (Hm) (GPa)
100 200 1.195 92 0.275
400 317 1.896 185 0.551
700 382 2.285 245 0.728

11.4 Finite element analysis

The simulation methodology for determining stress distribution is based on a two-dimensional
FE modeling approach using ABAQUS, a general purpose, linear, commercial code. Two basic
models were chosen, because two contact configurations were employed in this study.
Axisymmetric model was used to simulate the point contact (ball-on-flat) and 2D planar was
chosen to simulate the line contact (cylinder-on-flat). As the tangential friction component was
not the focus of this work, quarter symmetry was implemented into the model to reduce the
computational effort. Hence, as depicted in Figure 41 (a), the model consisted of a 90°
cylindrical or sphere section in contact with plate. The coating was modeled as a perfectly
adhered, the thickness of layer, equal to 10 um or 20 um for coating on flat and 12 um or 24
pm for coating on cylinder or ball on both contacting surfaces. The substrates were set to be
linear-elastic and the polymer coating layer was modeled with an elasto-plastic behavior with
isotropic strain hardening. Constrains were applied to the top and right hand side of the finite
element model. The bottom of plate substrate was constrained in all 6 degrees of freedom to
have it fixed throughout the whole simulation. The normal load was applied on the top surface
of cylinder or ball.

The mesh is shown in Figure 41 (b). The substrate and coating layer were discretized by 4-node
bilinear plane strain quadrilateral elements for contact configuration of cylinder-on-flat and by
4-node bilinear plain stress quadrilateral elements for contact configuration of ball-on-flat. The
mesh size at the densest mesh area was about 0.5 um. This gave a high degree of accuracy for
the predicted stress field. Detailed mesh studies have been carried out to arrive at the mesh
design (Figure 41 (b)), which includes a sharp transition from the fine mesh region to the coarser
mesh (further from the contact) to minimize CPU times, on the one hand, whilst maintaining
solution accuracy on the other. The contact pressure-overclosure relationship used in the FEM
model is chosen as the “hard” contact model. Contact surface roughness was considered smooth
throughout each simulation.
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Figure 41: (a) Schematic view of the cylinder on flat coated substrate model; (b) full model mesh (c) contact
region mesh detail.

11.5 Statistical method

In this thesis, some methods such as factorial design, orthogonal design, analysis of variance
(ANOVA), reliability or survival analysis used in the tribological analysis have been employed.
Firstly, factorial design and orthogonal design are the methods used to design the experiment
with an aim to conduct experiments effectively; Secondly, analysis of variance is a method used
to describe the effect of factors on the dependent values; Thirdly, the reliability analysis is
served as an effective way to describe the survival rate of materials under certain running
conditions.

11.5.1 Design of experiment

An experimental design is a plan for running experiments. Factors in design of experiment can
have two or more fixed values (or called levels). Experiments are performed to study the effects
of factor levels on the response variables.

11.5.1.1 Factorial design

Factorial design is generally divided into two parts that are full-factorial design and fractional-
factorial design. Full-factorial design consists of all possible combinations of the levels of
factors. Therefore, all main effects, two-interactions and high-order interactions are estimable
and uncorrelated. However, it is not cost-effective, because it requires to carry out experiments
for all combinations, of which some are not necessary [125]. For this reason, the fractional-
factorial design is usually preferred, because it can reduce the numbers of tests and thus reduce
the cost and time. A fraction is usually %2 or ¥4 part of full factorial design. It reduces the number
of runs and it keeps the balance property that every level of a factor appears the same number
of times at every level of the other factor. However, the numbers of runs violates the efficiency
of experimental design. If the number of tests is not enough, the main effect can be confounded
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by the interaction effect between two factors. In this case, the efficiency of experimental design
is violated. Therefore, the design of fractional-factorial design should consider the resolution
property. The property of resolution is the ability to separate main effects and low-order
interactions from one to another, which is very important to the fractional-factorial design.

11.5.1.2 Orthogonal design

Orthogonal design is a special type of fractional-factorial design, in which all estimable effects
are uncorrelated, as shown in Table 11. Dr. Genichi Taguchi proposed it at the end of 1940s.
Actually, orthogonal design is the design according to the orthogonal tables. The columns
(factors) in table have the orthogonality, which means the levels of all factors are uncorrelated
[125] and every factor can be independently estimated from every other factor, because it is
orthogonal to every other column. In addition, the sum of one column is zero. This orthogonality
guarantees that the effect of one factor or interaction is estimated out of any influence due to
any other factor or interaction. Figure 42 describes the distribution of experimental parameters
in the orthogonal design, which reduces 2/3 the numbers of runs and effectively saves time and
cost. In each line of orthogonal design, there is only one experimental point, indicating that the
experimental distribution is homo-disperse. A perfect design includes the property of both
balance and orthogonality. Therefore, the number of test cannot be determined optionally. It
has some specific number of runs (e.g. 16, 18, 20, 24, 27, and 28) for specific numbers of factors
with two or three levels.

Table 11: Orthogonal table.

Number of runs Column (factor)

1 2 3
1 -1 1 -1
2 -1 0 1
3 -1 1 0
4 0 1 1
5 0 0 0
6 0 1 -1
7 1 1 0
8 1 0 -1
9 1 1 1
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(@) Full factorial design (b) orthogonal design

Figure 42: The distribution of experimental parameters in the full factorial design (a) and orthogonal design (b).

11.5.1.3 Uniform design

In addition to the factorial design and orthogonal design, the uniform design has been widely
used in the industrial applications. Different from the orthogonal design, the uniform design
only considers the uniform distribution in the experiment, ignoring the homodisperse. It can
reduce the runs of experiments in some degree. It is suitable for more levels of one factor.

11.5.1.4 Summary of design of experiments

According to the above description of design of experiments, the advantage and disadvantages
are concluded in Table 12. In this study, the orthogonal design will be employed to design of
experiment, because the order of effect of various factors is a very important parameter for the
study.

Table 12: Comparison of three experimental designs.

De5|gn of Advantages Disadvantages
experiment
Full factorial all effects ( two-effect interactions or high- . .
) . . X high cost, longer time

design order interaction can be estimated)

Ortho_gonal middle cost, middle time _not app_llcaple for the high-order
design interactions; less levels are better

Uniform design | low cost, less time, applicable for more levels not be used for the ANOVA

11.5.2 Analysis of variance (ANOVA)

Factorial analysis technique enables designers to determine simultaneously individual and
interactive effects of many factors that can affect output results in any design [126]. It helps to
point out sensitive parts and areas in designs that cause problems in experimental results by the
method of analysis of variance (ANOVA). It is a statistical technique that used to compare the
means of two or more groups of observation. For example, assume the response data measured
in k levels of one factor, where yij represents the value of i" observation (i=1,2,...,n;) on the j*"
factor level (j=1,2...k). The relation between yijj and ij can be expressed as Eq. (11-2):

Yij =u-++ l] + Sij, ]= 1,2, ...,k,i = 1,2, le (”'2)
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Before the analysis, it proposed a hypothesis that different levels have equal variances, which
is commonly called homogeneity of variance. According to the assumption of ANOVA, the
means of different levels are same (Figure 43(a)), expressed as Eq. (11-3):

Hoip=p =p == (11-3)
50 90
H : Means are equal I 80—-
40 70

[ With
group
variation

60
501
40
304
20
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04 _]0:

1 204
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Between group
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Le“’f’l l Le‘l'em Lelvel 1 Le‘vc12
(a) (b)
Figure 43: The explanation of ANOVA assumption.

When the assumption of Ho is true, the mean of Levell and Level 2 is same. In other words, the
change of value for this factor (x) does not bring the change of response value (y). There is no
relationship between dependent value (y) and independent value (x). The response value (y) is
independent from the factor (x). In contrast, the value change of factor (x) (from value of level
1 to level 2) can lead to significant change of response value (y) (Figure 43 (b)). The assumption
(Ho) is violated. It indicates that the response value (y) is dependent on the factor (x). This
comparison can be also realized by Table 13. The sum of square between groups is called model
sum of square (SSM), and the sum of square with group variation is called Error sum of square
(SSE). The total sum of square is the sum of SSM and SSE. F is the value of difference of
between group variation and within group variation. If it equals to or less than 1, it indicates
that there is no effect of factor (x) on the response value (y). As the value of F increases above
1, the change of levels for factor brings increasing variance between mean values of two levels.
Generally, if F = Feritical, the y is dependent on X. Feritical IS the critical value F-1, n- «), Which is
the tabular value of the F distribution with k-1 and n-k degrees of freedom at level a. In contrast,
if F <Fcritical, the change of value for factor produces same result. Prob>F is the probability of a
value of F greater than or equal to Fcritical. FOr example, the statistical significance level of a
equals to 0.05. If Prob>F equals to 0.001 (less than 0.05), then the null hypothesis (y is
independent on x) is rejected. In other words, the response value (y) is dependent on the factor

(x).
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Table 13: One-way Anova table

(k=number of levels, n=number of total tests).

Source of Degrees of Sum of Squares Mean Square
variation Freedgom (DF) (Ss;q (MSq) F Value Prob>F
Model (Factor) k-1 SSM MSM MSE/MSE P {F>Fg1nka}
Error n-k SSE MSE
Total n-1

11.5.3 Regression analysis

Regression analysis is a statistical technique for estimating the relationships among dependent
variables and response variables. Eq. (11-4) is a simple regression model according to Eq. (11-5).
According to the relationship, an estimation of the change of response variables can be made.
Therefore, it is widely used for prediction and forecasting. This is also one goal of the present
work.

y = aO + aixq + arXxX, + .- anxn (“-4)

E(¢)=0,i=12,-n

2 _ (11-5)
cov(si,gj)={0 PG i=12,m)

0,i#]

This assumption indicates that the quantitative model follows i) linearity between dependent
and independent variables; (ii) independence of the errors (no serial correlation); (iii)
homoscedasticity (constant variance) of the errors (a) versus time and (b) versus the predictions
(or versus any independent variable); (iv) normality of the error distribution.

To describe fitting quality of a model equation, R? is preferred in most cases. An R? of 1.0
indicates that regression line perfectly fits the data. However, Adjusted R? is preferred when
considering the effect of each explanatory term on the model, because Adjusted R? is a
modification of R? that adjusts for number of explanatory variables in the model. Unlike R?,
Adjusted R? increases only if added explanatory term improves the model more than that can
be expected by chance.

11.5.4 Survival analysis

Based on the lifetime of the coating, survival analysis or reliability under different levels of
variables can be obtained. Firstly, the Kaplan—Meier curve (a non-parametric analysis) is used
to describe the evolution of survival rate S(t) under different levels of variables. S(t) gives the
probability that random variable T exceeds specified time t. Secondly, a parametric analysis is
introduced to extrapolate a time-to-failure from failure data obtained at various levels. These
models describe the degradation path of the life characteristics from one parameter level to
another. A life characteristic can be expressed as a function of various working conditions [112].
Results such as mean life or median life can be obtained from this analysis.

Since Weibull distribution provides a closer approximation to probability of many natural
phenomena [112, 113], it is used as the underlying life distribution. The Weibull distribution
function can be expressed mathematically as Eq. (I-10).
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According to the PDF (probability density function) equation, survival function (S(t)) in is
obtained from Eq. (11-6):

t
S@) = exp(—(a)ﬁ)
Prior to employing the Weibull distribution, following assumptions were made:

1. Underlying life distribution has a common shape parameter across different stress level,
which means coating will fail in the same manner or with same failure mode across different
stress levels [112, 113];

2. Initial life parameters are constant over the life of the product;

3. Material property is isotropic and homogeneous.

11.6 Case study for validating statistical method

The results of thesis of Vincent Fridrici [127] are used in this part to prove the validity of
statistical methods in friction and wear analysis. In this research, the full-factorial design is used
to design the experiments due to the limited number of factors (3 factors with two or three
levels). The experimental details are shown in Table 14. According to the theory of full-factorial
design, the number of experiments will be 18 (2'x3?). The number of experiments is so small
that it is not necessary to use other design of experiments such as orthogonal design or uniform
design. Then, the method of analysis of variance will be used to describe the effect of factors
(contact force, displacement amplitude and interlayer) on the friction coefficient and lifetime
of coatings. Reliability analysis will be used to describe the survival rate under certain running
conditions.

Table 14: Test parameters for coatings with interlayer.

Test variable Levels
Contact force 400 N, 1000 N
Displacement amplitude + 15 um, £ 50 ym, = 75 um
Contact configuration Cylinder-on-flat
Coating position Coating on the flat
Interlayer Roughness interlayer, none interlayer, smooth interlayer

11.6.1 Effect of test parameters on friction coefficient of coatings

Analysis of variance is one method used to statistically distinct the effect of each factor on the
dependent value. Before doing the analysis, it should make sure that each treatment (a group
combination of test parameters) has the same variance. In addition, the data should be normally
distributed for each treatment. In this study, only one test is carried out so that these two
assumptions are complemented. Some scholars proposed that the analysis of variance should
be complemented with 1) a run sequence plot of the residuals; 2) a normal probability plot of
the residuals; 3) a scatter plot of the predicted values against the residuals [128]. According to
this requirement, the normal test of residuals is made, as shown in Figure 44. It can be seen the
distribution of residuals is normal and residuals are scarred randomly around the center line,
which arrives the requirement for the ANOVA.
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Figure 44: The diagnostics for residuals of friction coefficient: (a) the normal probability plot for residuals of
friction coefficient; (b) the residuals of friction coefficient vs. the predicted value.

According to the analysis of variance (Table 15), it can be seen that the most significant factors
are contact force and interlayer, because its value of Pr > F is significantly less than 0.05. With
the increase of contact force, the friction coefficient is decreased significantly (column 1 and
line 1 of Figure 45). The smooth interlayer can have the lower friction coefficient compared
with rough interlayer and none of interlayer (line 3 and column 3 of Figure 45). This is because
the contact pressure may change a little with the interlayer. The rough layer may increase the
shear strength of coating so that the friction coefficient is increased.

Table 15: Analysis of variance for friction coefficient.

Source DF [ Sum Square | Mean Square | F Value [F critical| Pr > F

Contact force 1| 2.57E-01 2.57E-01 25.52 445 | 0.01
Displacement amplitude 2 | 2.62E-02 1.31E-02 1.3 3.59 | 0.37
Contact force x Displacement amplitude| 2 | 3.48E-03 1.74E-03 0.17 3.59 | 0.85
Interlayer 2 | 1.45E-01 7.23E-02 7.17 3.59 [ 0.05
Contact force x Interlayer 2 | 6.53E-02 3.26E-02 3.24 3.59 | 0.15
Displacement amplitude x Interlayer | 4 | 2.65E-02 6.63E-03 0.66 2.96 | 0.65

Error 4 | 4.03E-02 1.01E-02

Corrected Total 17| 5.64E-01
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Figure 45: Interactive map of friction coefficient.

11.6.2 Effect of test parameters on coating lifetime of coatings
Before analyzing the variance, the normal test is made for the data of lifetime. It can be seen
that the residuals of lifetime are not distributed randomly (Figure 46) so that it is necessary to
do the transformation of lifetime. According to the theory of Box-cox, the lifetime is changed
to the In(lifetime) to achieve the requirement. Figure 47 describes the residuals of transformed
lifetime that is distributed randomly around the center line.
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Figure 46: The diagnostics for residuals of coating lifetime: (a) the normal probability plot for residuals of
lifetime; (b) the residuals vs. predicted value.
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Figure 47: The diagnostics for residuals of transformed lifetime (In (Nc)): (a) normal probability plot for the
residuals of In(Nc) (b) the residuals of In(Nc) vs. predicted value.

Different from the friction coefficient, the lifetime is firstly dependent on displacement
amplitude, secondly dependent on interlayer (Table 16). With the interlayer, it can increase the
adhesion force between substrate and coating, leading to better coating lifetime (line 3 and
column 3 of Figure 48). Rough interlayer can have longer durability than smooth interlayer,
because the rough substrate surface can help hold the coating during fretting movement.

Table 16: Analysis of variance for In(Nc).

Source DF [ Sum Square [ Mean Square | F Value |F critical| Pr > F

Contact force 1] 5.24E+00 | 5.24E+00 10.35 | 4.45 | 0.03
Displacement amplitude 2 | 428E+01 | 2.14E+01 | 42.22 | 3.59 | 0.00

Contact force x Displacement amplitude| 2 | 3.99E+00 | 2.00E+00 3.94 359 | 011
Interlayer 2 | 3.39E+01 | 1.69E+01 | 33.44 | 359 | 0.00

Contact force x Interlayer 2 | 1.70E+00 8.50E-01 1.68 3.59 ([ 0.30
Displacement amplitude x Interlayer | 4 | 3.53E+00 8.83E-01 1.74 296 | 0.30

Error 4 | 2.03E+00 5.07E-01
Corrected Total 17| 9.32E+01
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Figure 48: Interactive map of In(lifetime) (a transformed value of 7 means a coating lifetime of 1096 cycles; a
transformed value of 13 means a coating lifetime of 442413 cycles).

11.6.3 Regression analysis

V. Fridrici [127] has shown that the initial maximum dissipated energy has a relationship with
the lifetime of coatings (Figure 49). It can be used as an effective method in the industry to
predict the durability of coating by a lower cost. The long lifetime is related with the low initial
maximum dissipated energy density.
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Figure 49: Relation between the lifetime of the solid lubricant and the initial maximal dissipated energy density
[127].
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Based on the significant factors in analysis of variance, a regression analysis can draw an
equation to describe the relationship between independent variables and dependent variable, as
shown in Eq. (11-7):

Ne¢ = exp(8.39 — 1.37F, — 2.185" + 2.09 X INTER1 + 3.32INTER2 — 1.12F, X §* + 0.665*" + 0.99F, X
INTER1 + 0.83F, X INTER2 — 1.246" x INTER1) (11-7)

adjusted R?=0.91

here, the value of each variable is normalized value of coded value. Firstly, coding can reduce
range of each factor to a common scale regardless of its relative magnitude and scaling
establishes factor levels that can be orthogonal (or nearly). Secondly, normalized values allow
the comparison of corresponding normalized values for different datasets in a way that
eliminates the effects of certain gross influences. To get the value of contact configuration and
coatings position, dummy values can be used because they are categorical values. Dummy
coding uses only one and zero to convey all of the necessary information on group membership,
as shown in Table 17. The value of displacement amplitude is not chosen with the same interval
so that its coding method is complicated. According to [129], the normalized value for
displacement amplitude is shown in Table 18. The quadratic part should be considered because
the evolution of lifetime as a function of displacement amplitude is not linear (Figure 48). In
addition, the 400 N of contact force is normalized as FE, =
—1/v2 and 1000 N of contact force is E, = 1/V2.

Table 17: Dummy values of interlayer.

Interlayer | Interl | Inter2
None 0 0
Smooth 1 0
Rough 0 1

Table 18: Normalized value for displacement amplitude.

Displacement amplitude | Linear part | Quadratic part
+15um —-19/V654 5/V218
+50 um 2/V654 —12/V/218
+75 um 17/V654 7/V218

According to this equation, it can be seen that the increase of contact force has a negative effect
on the friction coefficient. Increase of displacement amplitude can lead significant decrease of
coating lifetime because its coefficient is a large negative value. Rough interlayer may increase
more lifetime than smooth interlayer because the coefficient of roughness is larger than the
coefficient of smooth.

This method has a lower value of adjusted R? than the method of maximum initial energy so
that its fitting result is not so good as the latter one. However, the latter one should recalculate
the equation according to the different interlayer. The regression method can predict the lifetime
of all working conditions by adding or deleting a variable. The comparison between model and
experimental results has been shown in Figure 50. Several points are failed to be fitted. For
example, the predicted value of point 4 (400 N, £ 15 um, rough interlayer) is higher than the
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experimental value. Generally, high normal force will lead to the lower coating lifetime (Figure
48). Therefore, the lifetime of 400 N should be much higher than 1000 N. However, in this
experiment, the value of (400 N, 15 um, rough interlayer) is lower than (1000 N, 15 pum, rough
interlayer) so that the equation gives a higher prediction. To solve this problem, more
experiments should be done to assure the reliability of experiments.
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Figure 50: Comparison of experimental results and modeled results for coating lifetime.
The regression analysis can also be done for the friction coefficient, as shown in Eq. (11-8):

W= 0.19 — 0.04F, — 0.02INTER1 + 0.019INTER2 + 0.03F, X INTER2 + 0.026* X INTER1 + 0.02 §* x
INTER?2 (11-8)

adjusted R?=0.82

The values used are also normalized value (Table 17 and Table 18). The equation (11-8)
describes the relationship between variables and friction coefficient. The coefficient associated
with factors can be used to describe the change of dependent value as a function of variables,
because the normalizing can reduce range of each factor to a common scale regardless of its
relative magnitude. With the increase of contact force, the decrease of friction coefficient is the
most significant, because the absolute value of coefficient associated with Fy is largest, reaching
an agreement with the analysis of variance. The smooth layer can have a low value of friction
coefficient than none interlayer, because the coefficient is a negative value. Rough interlayer
can lead to increase of friction coefficient.

Figure 50 compares the results of friction coefficient between experimental and modeled one.
It can be observed that the modeled ones are almost near to the experimental results. It is due
to the limited number of results. For the regression analysis, more results can give more stability
of regression.
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Figure 51: Comparison of experimental results and modeled results for friction coefficient.

11.6.4 Survival analysis

Kaplan-Meier analysis is one of survival analysis methods that often used to biostatistics to
describe the death rate due to different factors. It can also be used in the failure analysis to
compare the failure rate of different factors. Figure 52 to Figure 54 show the comparison of
survival probability of the coating under different test conditions. Log-rank test and the
Wilcoxon test give the test of whether the survival probabilities are same for different
treatments (different level of one factor). Therefore, there is an assumption for Log-rank test
and Wilcoxon test that the survival probabilities are same for different treatments. The value of
Pr >chi-square is a test whether the probability of the assumption is accepted. If the probability
of chi-square is less than 0.05, it means that the assumption (the means of different levels for
one factor are same) is rejected and the treatment leads to the change of survival probability.
Sometimes, the values of Pr > chi-square for Log-rank and Wilcoxon test are different. If Log-
ranks test rejects assumption but Wilcoxon test accepts the assumption, it indicates that the
difference between the levels of factor occurs in later failure events in time ant no difference
between the levels of treatment occurs in earlier failure events in time, since the Wilcoxon test
gives more weight to early times than to late times and it is less sensitive than log-rank test to
the difference occurred at later events in time. If both values are less than 0.05, their individual
value chi-square can be employed distinct the deviance degree between earlier survival rate and
later survival rate. The likelihood-ratio tests the assumption that the event time has an
exponential distribution. If the value of Pr > chi-square is more the 0.05, the assumption is
accepted.

Generally, the results of KM seem to agree with the main effect plot of lifetime, but it gives
some information in detail. Figure 52 describes the survival probability for coating under
different contact force. It can be seen that curves are most overlapped. In other words, the
change of contact force does not bring significant influence on the survival probability of
coatings. The survival probability is significantly influenced by the displacement amplitude
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(Figure 53). The survival probability of + 15 um is significant higher than that of + 50 um and
+ 75 um. Its mean that lifetime of £ 15 um is about 10 times as many as + 50 um. It is because
that the displacement can affect the third body flow (flow of wear debris). With the increase of
displacement amplitude, the third body flow between contact bodies is accelerated. More wear
debris can be delaminated at earlier time, leading to the decrease of survival probability. When
the running cycle arrives 200 000, all of the coatings running under £ 50 um and + 75 um fail,
but coating running under £ 15 pum still has one half probability of normal working. Figure 54
shows the survival probability of coating for different interlayer. With the interlayer, the
survival probability is significant higher. After 50 000 cycles, all of coatings without interlayer
have failed, but the coating with interlayer still has 40% survival probability. When comparing
the lifetime for rough and smooth interlayer, it can be observed that the curves are farthest apart
in the early part in time before becoming closer later. It indicates that the roughness of interlayer
can lead to the significant difference in early time, but the difference is reduced with the increase
of time. This is because the trapped coating in the rough interface shows fatigue after suffering
from long time of relative movement. Some coatings begin to be removed from the rough
interface. With the increase of cycles, the survival probability for rough and smooth interlayer
arrives similar.
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Figure 52: KM test for different contact force.
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Figure 54: KM test for different interlayer.

11.6.5 Summary

Statistical method such as analysis of variance can effectively distinct the important factors on
friction coefficient and lifetime of coatings. During the competition of various factors, the
contact force and interlayer are most important variables on friction coefficient. For the lifetime,
the most important factors are displacement amplitude and interlayer. With rough interlayer can
significantly improve the durability of coatings, because it can provide the good adhesion force
than smooth coating.
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I1.7 Conclusions

In this chapter, the test parameters are confirmed, including the contact force, displacement
amplitude, contact configuration, coating positions, thickness and substrate. It is expected to
describe the evolution of wear as a function of various test parameters to explain the potential
problems related to the application of coatings.

Some statistical methods such as ANOVA, regression analysis and survival analysis are used
to describe the relationship between independent variables (test parameters) and dependent
values (friction coefficient and lifetime of coating). According to the analysis of data from Dr.
Fridrici, it is proved that these statistical methods can explain well the relationship between
different variables. It is interesting to use these statistical methods to describe the wear behavior
of coating under different test parameters.
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CHAPTER I11: DURABILITY OF A VARNISH COATING

This chapter investigates the effects of
factors like contact force, displacement
amplitude, contact configuration and coating
positions on friction coefficient and lifetime of
the coating. The wear evolution as a function of
different parameters is also discussed. Two
predictive equations are used to predict the
friction coefficient and durability.

[11.1Introduction

Fretting is a complex phenomenon related to interaction between two sliding bodies under a
very low displacement amplitude [93], which limits the lifetime of elements significantly. To
protect the element from the fretting weatr, it is necessary to deposit the coating on the surface.
Therefore, it is interesting to carry out research on the fretting wear of coating to improve the
coating quality by understanding the wear mechanism of coatings. The tests in different
conditions were performed and compared with modeled results from the statistical model. The
thickness of coating was one layer and the flat substrate used was 304 stainless steel.

I11.2 Tribological behavior

111.2.1 Evolution of friction coefficient

Generally, the evolution of friction coefficient as a function of cycles allows to define three
typical conditions (partial slip, mixed slip and gross slip regimes) depending on various test
parameters. Partial slip condition is as a result of elastic deformation between contact bodies. It
is defined as a quasi-linear shape as a function of friction coefficient and displacement
amplitude, as shown in Figure 55. The contact area is divided into two parts including stick area
at the contact center and sliding area. To describe the friction behavior of partial slip regime, it
is better to use friction force ratio rather than friction coefficient, because the discontinuity of
friction force occurs during the partial slip regime. This discontinuity is associated to a
maximum value of the tangential force amplitude. In this case, it is not appropriate to apply the
friction coefficient to describe the friction behavior. Instead, the ratio of friction force and
contact normal force is a good representative of the friction coefficient operating under partial
slip regime. Gross slip is characterized by open or quasi — rectangular cycles. Sliding occurs at
the entire contact [93]. Mixed slip is complicated, because it is composed by the two regimes
(i.e. partial slip and gross slip regimes). It can be divided into two situations: firstly, the gross
slip is transformed to partial sip after a period of running. It is characterized by the elliptic shape
of Fi/Fn - ¢ after some cycles of gross slip, because the partial slip at this time is accompanied
by plastic deformation in the upper layer of the stick area of contact center. Secondly, it is
characterized by the alternative transformation between gross slip and partial slip.
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Figure 55: Three types of running regimes [93].

111.2.1.1 Fretting properties of uncoated substrate

In order to determine the friction-reducing capability of MoS: based varnish coating, fretting
behavior of substrate (304 stainless steel) versus counterbody (A1S152100) has been tested. The
evolution of friction coefficient as a function of cycles has been shown in three typical
conditions depending on various test parameters.

= Ball-on-flat

Three types of running regimes are found out under the contact configuration of ball-on-flat as
a function of normal force. When the normal force is large, the fretting is running in the partial
slip regime. With the decrease of normal force, the fretting running regime is transformed from
partial slip to mixed slip regime and then to gross slip regime.

1) Partial slip regime

For the small amplitude (6" = + 10 pm) and large contact force (Fn = 700 N), the fretting loops
are gradually transformed from the quadrangle shape to linear shape within 20 cycles and it
keeps to the end of test (Figure 56). It indicates that the fretting is running in the partial slip
regime. The initial quadrangle shape is a result of an adsorption film or contamination film on
the surface.
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Figure 56 : Fretting loops (a), fretting logs (b) and the evolution of friction force ratio (c) under + 10 um, 700 N.

2) Mixed-slip regime

When the contact normal force is reduced to 400 N, the running regime reaches mixed slip
regime: fretting loops are transformed from quadrangle to linear, and then to ellipse shape, as
shown in Figure 57.
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Figure 57: Fretting loops (a), fretting logs (b) and the evolution of friction force ratio (c) under + 10 pm, 400 N.
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3) Gross slip regime

When the normal force is 100 N, fretting loops keep quadrangle shapes during the whole test
duration (Figure 58). In the first cycles, the friction force ratio is rather low due to the protection
film like contamination film that protects the surface from wear. With the increase of cycles,
the two bodies become to contact directly, leading to the increase of friction force ratio. As a
function of cycles, some wear particles appear in the contact area, resulting in the increase of
friction force ratio. When the ejection rate of wear particles is larger than formation rate, the
friction force ratio is decreased. When the formation rate equals to ejection rate, the friction
force is decreased to a rather low value and keeps this value to the end of test.
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Figure 58: Fretting loops and the evolution of friction force ratio under + 10 um, 100 N.

= Cylinder-on-flat

Different from the situation of ball-on-flat, two running regimes (including mixed-slip and
gross slip regimes) are found out under the contact configuration of cylinder-on-flat (Figure
59). Compared with gross slip, the curve of mixed slip is unstable due to the stick-slip effect.
In addition, the initial friction coefficient of cylinder-on-flat is higher than that of ball-on-flat.
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Figure 59: Fretting loops and the evolution of friction force ratio under £ 10 pum.

=  Summary

Three running regimes are observed for the contact of two substrates. With the decrease of
normal force and increase of displacement amplitude, the running regime is changed from
partial slip, to mixed slip and then to gross slip. However, only mixed slip and gross slip are
observed under the contact configuration of cylinder-on-flat due to the limit of test parameters.

111.2.1.2 Fretting properties of MoS; coating
Under the same test parameters, the fretting test of MoSz based varnish coating show gross-slip
and mixed slip regimes due to the lubricating function of coatings.

= Ball-on-flat

Figure 60 describes the evolution of friction force ratio as a function of cycles. The uncoated
substrate suffers from the increase of friction force ratio after 10 cycles due to the removal of
contamination layer. For the coated substrate, the coating can protect the substrate from high
friction force ratio and it can also decrease the friction force ratio from around 0.7 to 0.18,
thereby prolonging the lifetime of elements. This decrease of friction force ratio is called
lubrication and it can last for about 1000 cycles. After phase I (friction reduction of coating),
the coating begins to be removed and the friction process enters into phase Il (degradation
process of coating). At phase I, friction force increases. When it arrives a stable value (around
0.9), which is near to the value of direct contact of two substrates, it enters the last phase (direct
contact of two substrates).
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Figure 60: Fretting loops and evolution of friction force under 100 N, = 10 um: (a) fretting log of coating, (b)
comparison of friction force ratio between coating and substrate.

= Cylinder-on-flat

The value of friction force ratio is 0.12, which is lower than uncoated substrate, indicating that
coating effectively reduces friction force between two contact bodies. With the increase of
cycles, coating is gradually removed from two contact bodies, resulting in increase of friction
force. At the same time, the curve of coating is transformed to the shape of uncoated substrate
(Figure 61). At the same time, the fretting enters into the mixed slip regime. The coating loses
its function.
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Figure 61: Fretting loops and evolution of friction coefficient under 700 N, + 10 um: (a) fretting log of coating,
(b) comparison of friction force ratio between coating and substrate.

= Summary

Generally, the friction behavior for coating is divided into three phrases: the friction reduction
of coating, the degradation process of coating and direct contact of two substrates. The details
of each phase such as the value of friction force ratio and number of cycles in each phase depend
on the test parameters.
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111.2.2 Coating lifetime and wear phenomena of the coating and substrate

111.2.2.1 Definition of coating lifetime

Coating lifetime refers to failure of the coating. In other words, the coating loses its lubricating
function and leads to an increase of friction coefficient. According to Langlade et al. [130],
lifetime of the coating can be defined as the number of cycles for which the friction coefficient
is equal to half sum of pa and pw (Where . is the friction coefficient of the coating and iy is the
friction coefficient of the substrate, after removal of the coating), as shown in Figure 62.
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Figure 62 : Evolution of the coefficient of friction vs. the number of cycles (N¢ = coating lifetime).

111.2.2.2 Summary of wear phenomena occurring before and after lifetime of the coating
= Ball-on-flat

Deposition of coating on the substrate can effectively protect substrate from wear and provide
a low friction coefficient for the friction system (Figure 63 (a)). Due to the significant stress
discontinuity between the coating and the substrate, it is easy for debonding and fracture to
occur at the interface between the coating and the substrate (Figure 64). Some coating is pushed
to the outer part of contact area. Other parts of coatings are transferred to the counterbody, as
shown in Figure 63 (b) and (c). It is a character of adhesive wear. At this moment, the contact
at contact center is between coating and transferred coating. In addition, some island of coating
around contact area (Figure 63 (b)) can also be recirculated into the contact center due to the
movement of two contact bodies. Thanks to the lubricating properties of coating, the friction
coefficient keeps a low value (Figure 63 (a)). As a function of cycles, the coating and transferred
coating are gradually ejected from the contact center. Then, no coating is observed at the contact
center, as shown in Figure 63 (d) and (e). When the third layer of steel debris occurs, the friction
coefficient reaches a stable and high level.
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Figure 63: Evolution of friction coefficient and SEM micrograph of wear scar for ball-on-flat
(Fn=400 N, 6" = £ 25 pm).
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Figure 64: Stress distribution for coating on the substrate under ball-on-flat (F, = 100 N') (a) and (b) zoomed
part of stress distribution for coating on the substrate under ball-on-flat.

= Cylinder-on-flat

Many abrasive grooves are observed on the surface and many fine particles are at the slip end,
as shown in Figure 65 (a) and (b). Due to the stress discontinuity between coating and substrate,
debonding and fracture of coating can occur (Figure 66). In addition, different hardness of the
two contact bodies makes it easier for abrasive wear to occur, and asperities of hard body push
the soft material out. Some strips debris of coatings are observed in both counterbodies before
the failure of coating. With the movement of two contact bodies, these strip debris may
recirculate into contact center, thereby maintaining the friction coefficient at a stable value. In
addition, some abrasive particles are observed around the contact area. As a function of cycles,
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some wear begins to appear on two substrates (Figure 65 (c) and (d)), the coating loses its
function of providing a low friction coefficient.
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Figure 65: SEM micrograph of wear scar for cylinder-on-flat (Fn = 400 N, 6* = £ 25 um).
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Figure 66: Stress distribution for coating on the substrate under cylinder-on-flat (F, = 100 N) (a) and (b)
zoomed stress distribution for coating on the substrate under cylinder-on-flat.

=  Summary

In this study, the contact configuration is related to different wear mechanism. For ball-on-flat,
it is dominated by the adhesive wear, accompanied by the recirculation of coating debris. The
fretting process of cylinder-on-flat configuration is dominated by the abrasive wear,
accompanied by the recirculation of coating debris. The failure of coating can be divided into
two phase: firstly, the third-body flow and debris circuit of coating provide a good protection
for the substrate. Secondly, as a function of cycles, the coating is removed and direct contact
between two substrates and finally the coating fails.
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I11.3Effect of test parameters on friction coefficient

Friction coefficient can be influenced by many factors such as contact force, contact
configuration, displacement amplitude and coating position. Therefore, there is a need for a
statistical method to describe the competition of these factors in order to determine which one
IS more important for increase or decrease of friction coefficient. Each test condition is repeated
at least three times. Analysis of variance is a statistical method used to compare the effect of
each factor on the response value.

Prior to analysis of variance, two assumptions should be complemented. One is the normal
distribution of data for each treatment (the combination of one group of test parameters) and
the other is the homogeneity of variance across the treatment. Due to the fact that only two tests
have been performed for each condition, these two assumptions can be complemented
automatically. Some scholars suggested doing other assumptions prior to analysis of variance:
1) a run sequence plot of the residuals; 2) a normal probability plot of the residuals; 3) a scatter
plot of the predicted values against the residuals [128].

Due to the fact that the experiments are done by the random sequence, it is not necessary to test
the relationship between sequence of experiments and residuals. Figure 67 describes the
distribution of residuals. It follows line distribution in the normal probability plot except for
one point. This test parameter for this point is 100 N, + 40 um and coating on cylinder, leading
to a rather large value of friction coefficient (>0.4). The coating loses its function at very
beginning. Actually, one distinct point will not change the dispersion of residual value so that
the dispersion of residuals is normal. The residuals are distributed around the centerline as a
function of predicted value. Therefore, the value of friction coefficient can be used directly in
the study.
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Figure 67: The diagnostics for residuals of untransformed and transformed friction coefficient: (a) normal
probability plot for residuals of friction coefficient and (b) the residuals of friction coefficient vs. predicted
value.

In order to determine the effects of the test parameters (contact configuration, displacement
amplitude, coating position and contact force) on friction coefficient, we will use Figure 68 to
give a description for the evolution of friction coefficient of the coating vs. different test
parameters: for instance, 3 curves of the graph of the second row and first column of Figure 68
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are curves of evolution of friction coefficient of the coating vs. contact force (from 100 N to
700 N) for 3 different displacement amplitudes applied (£ 10 pum (solid line), £ 25 um (dash
line) and £ 40 um (dash dot line)); and 3 curves of the graph of the first row and second column
of Figure 68 are those of evolution of friction coefficient vs. displacement amplitude (from £
10 pum to £ 40 um) for 3 different normal forces (100 N (solid line), 400 N (dash line) and 700
N (dash dot line)).

Table 19 gives a corresponding quantitative description. The number of degrees of freedom is
the number of values that are free to vary. Sum of square describes the variance of average
value of each level for a factor and the average value for one factor. F value is used for
comparing the factors of the total deviation. If the value of F is less or equal 1, it means that the
factor has no effect on the friction coefficient of coating. If the F value is larger than Feritical, it
indicates that the factor has a significant effect on the friction coefficient of coating. Pr >F
describes the probability of a value of F is greater than or equal to the critical value. Generally,
the significance level («) is 0.05. If value of (Pr >F) < 0.05, it indicates the factor has a
significant effect on the evolution of friction coefficient. The last column PC (%), values for
each factor in the table of analysis of variance. PC (%) is the relative contribution of sum of
sguares minus the variance due to error for each factor or error to total variance [131].

From Figure 68 and Table 19, it can be seen that the contact force and contact configuration are
the most significant variables, totally contributing to 82% for the change of friction coefficient.
The friction coefficient of cylinder-on-flat configuration is significantly higher than that of the
ball-on-flat configuration (line 3 or column 3 of Figure 68). Higher contact force has lower
friction coefficient (line 1 or column 1 of Figure 68). In addition, there is a significant
interaction between contact force and contact configuration, accounting for 7.02% of the
variation of friction coefficient. It can be explained by the fact that the difference of friction
coefficient between cylinder-on-flat and ball-on-flat configurations is decreased when the
contact force is increased (line 3 and column 1 of Figure 68). Besides, some contributions such
as interaction between contact force and coating disposition and interaction between
displacement amplitude and coating position are less than 0. It indicates that they have no effect
on the variation of friction coefficient. The error contribution is a little large with the value of
7.63%. The error contribution is not only the pure error (due to the deviance of experiments in
the same conditions) but it includes also the contribution of interaction of between three or four
variables. To improve the efficiency of analysis, the variance of interaction of three or four
variables is contained in the error contribution. In this study, we focus on the most important
variables so that the error contribution is not important. Several negative contributions of
variables have been observed because it is not significant compared with the other variables.
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Figure 68: Interaction map of friction coefficient of the coating.

Table 19: Analysis of variance (ANOVA) for friction coefficient.

Sum Mean F F

Source DF Square Square Value | critical Pr>F | PC
Contact force 2 | 3.59E-01 | 1.79E-01 |341.49| 3.11 |<0.0001 {48.58%
Displacement amplitude 2 | 257E-03 | 1.28E-03 | 2.44 | 3.11 0.09 ]0.21%
Contact force x Displacement amplitude 4 | 1.10E-02 | 2.75E-03 | 5.24 | 2.48 | 0.0008 [1.21%
Contact configuration 1 | 250E-01 | 2.50E-01 |475.85| 3.96 |[<0.0001|33.88%
Contact force x Contact configuration 2 | 5.27E-02 | 2.64E-02 | 50.19 [ 3.11 [<0.0001]7.02%
Displacement amplitude x Contact 2 | 1.17E-02 | 5.86E-03 | 11.16 | 3.11 |<0.0001|1.45%

configuration

Coating position 2 | 225E-03 | 1.13E-03 | 2.14 | 3.11 0.12 ]0.16%
Contact force x coating position 4 | 1.66E-03 | 4.15E-04 | 0.79 | 2.48 0.53 |-0.06%
Displacement amplitude x coating position | 4 | 1.38E-03 | 3.45E-04 | 0.66 | 2.48 0.62 |[-0.10%
Configuration x coating position 2 | 1.16E-03 | 5.80E-04 | 1.10 | 3.11 0.33 10.01%
Error 82 | 4.31E-02 | 5.25E-04 7.63%
Total 107| 7.36E-01 100%

111.3.1 Contact configuration and contact force
Contact force and contact configuration are the most important factors on friction coefficient
(Table 19). For contact force, it accounts for 48.58% of change of friction coefficient, followed
by the contribution of contact configuration whose value is 33.88%. This is in an agreement
with theory of Singer [100] (Eqg. I-7, Page 35). The evolution of friction coefficient is inversely
proportional to the contact pressure. According to the Hertzian contact theory, the contact
pressure is proportional to F,"*® for ball-on-flat and it is proportional to Fn™/2 for cylinder-on-
flat. Therefore, a fitting curve can be drawn in Figure 69 to describe the evolution of friction
coefficient as a function of contact force. With the increase of contact force, the friction
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coefficient is decreased. The friction coefficient of contact configuration cylinder-on-flat is
higher than that of ball-on-flat. The coefficient (So) in the case of cylinder-on-flat is always
higher than that of ball-on-flat. According to the analysis in 111.2.2.2, it can be explained as a
parameters (So) controlled by the ploughing effect, because the fretting movement of cylinder-
on-flat is dominated by the abrasive wear and the ball-on-flat is dominated by the adhesive wear.
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Figure 69: Evolution of friction coefficient as a function of normal force: (a) coating on flat, (b) coating on
counterbody (ball or cylinder) and (c) coating on both counterbodies.

For the competition between contact force and contact configuration, the F and PC values give
different conclusions. In the terms of F value, the contact configuration is more important than
the contact force, while the conclusion is in contrast for PC value. This is due to the different
degrees of freedom. Contact force has 2 DFs, but contact configuration has only 1DF so that it
leads to different conclusions according to two comparing methods. For F value, it is calculated
according to mean square. If degree of freedom is large, it may have a low F value. For PC, it
is calculated according to sum of square and it is independent of DF so that it is possible to
have different conclusions with F value for the ranks of importance of factor. When contact
force is increased from 100 N to 400 N (Figure 68), the decrease of friction coefficient is more
significant (about 0.18) than contact configuration (0.15). When the contact force increases
from 400 N to 700 N, the decrease of friction coefficient is less than contact configuration.

111.3.2 Displacement amplitude
Displacement amplitude seems to have no effect on the friction coefficient, because friction
coefficient barely shares the same evolution versus displacement amplitude, for the other test
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parameters. However, the interaction between displacement amplitude and contact
configuration is quite significant. In other words, friction coefficient with £ 10 um is higher
than that with = 40 pum under ball-on-flat configuration, but it is the opposite under cylinder-
on-flat configuration. It may be due to the difference of the ratio between displacement
amplitude and radius of contact between the two configurations. Nevertheless, this effect is
quite small compared to that of other parameters.

111.3.3 Coating position

Coating position has no effect on the friction coefficient. Under the cylinder-on-flat
configuration, coating position is independent of friction coefficient. Under ball-on-flat, coating
on both counterbodies will decrease the friction coefficient a little. It is because real friction
pair for three different coating positions is indeed similar (friction between coating and transfer
film). The coating transfer film adheres to the uncoated counterbody, thereby achieving similar
friction coefficient as the coated-coated contact.
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Figure 70: Evolution of friction coefficient as a function of normal force under different contact configurations.

111.3.4 Summary and prediction of friction coefficient of the coating

One of purpose of this research is to predict the friction coefficient for various test conditions.
Regression analysis is applied to reach this purpose. The value of each variable is coded value,
because coding can reduce range of each factor to a common scale regardless of its relative
magnitude and scaling establishes factor levels that can be orthogonal (or nearly). Generally,
the coded value for numeric value can be calculated according to Eq. (I11-1). In this study, the
evolution of friction coefficient as a function of normal force is not linear so that it should
consider the quadratic part for coded value. The array of linear part and quadratic should be
orthogonal (Table 20). The calculation of linear part is completed according to Eq.(I11-1).

coded value= (-1)
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Table 20: Coded value for contact force and displacement amplitude.

Coded value
Real value — -
linear part | quadratic part
Contact force 100 N -1 1
400 N 0 -2
700 N 1 1
Coded value
Real value — -
linear part | quadratic part
Displacement amplitude | +10 pm -1 1
25 pum 0 -2
+40 pm 1 1

To get the value of contact configuration and coatings position, dummy values can be used
because they are categorical values. Dummy coding uses only one and zero to convey all of the
necessary information on group membership, as shown in Table 21.

Table 21: Dummy values of coating position.

Coating position Cy C
Coating on the flat 0 0
Coating on the ball or cylinder 1 0
Coating on both counterbodies 0 1

In addition, the ball-on-flat configuration is coded as CON = 1 and cylinder-on-flat
configuration is CON = 0. Finally, to compare the coefficient associated with each variable, the
coded value should be normalized. Then, the normalization can be calculated according to the
coded value is divided by the square root of summer of square of coded value for each factor.
Finally, standardization is done to complete the regression analysis (Table 34 of the Annex).

According to ANOVA, correlation between the factors (normal force, displacement amplitude,
contact configuration and coating position) and measured friction coefficient of the coating are
expressed in Eq.(111-2). To describe fitting quality of a model equation, R? is preferred in most
cases. An R? of 1.0 indicates that regression line perfectly fits the data. However, Adjusted R?
is preferred when considering the effect of each explanatory term on the model, because
Adjusted R?is a modification of R? that adjusts for number of explanatory variables in the model.
Unlike R?, Adjusted R? increases only if added explanatory term improves the model more than
that can be expected by chance. Here, Adjusted R?=0.92 is highest one among all kinds of
combination of explanatory variables. It indicates that the best combination of explanatory
variables have been found to get the best fit of model.

W= 0.20 — 0.13F, + 0.04FE2 — 0.09CON + 0.07F, x CON + 0.028* — 0.045* x CON — 0.01CON X C,(I11-2)
Adjusted R = 0.90

Concerning Eq.(I11-2), it is found that the configuration and contact force have higher
coefficients, leading to the same conclusions as ANOVA. For coating position, only C; is added
in this equation without Cy, indicating that the coating on flat or coating on counterbody (ball
or cylinder) does not change the friction coefficient, but coating on both counterbodies under
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the ball-on-flat configuration will slightly change the friction coefficient, reaching an agreement
with Part 2.3.

Figure 71 shows comparison between the modeled and experimental average results for
repeated experiments. Results show that the regression (Eg.(111-2)) is in agreement with
experimental results with the average deviance of 0.78%. However, the maximum deviance is
very large (34%) due to point 16 (Fn= 100 N, 6" = + 40 um, cylinder-on-flat, coating on the
cylinder). This may be related to the high value of friction coefficient for this combination of
conditions.

0.5
0.45 Experimental results
= = Modeled results
0.4

CoefTicient of friction
(=]
o
h

o VAUARAW-WRWS
N WU

0.05

0 10 20 30 40 50 60
Number of tests

Figure 71: Comparison between experiment and model for friction coefficient of the coating.

According to the analysis of variance and regression analysis, it can be seen that contact force
and contact configuration are the most important variables for friction coefficient. Coating on
ball, cylinder or flat substrate do not change friction coefficient significantly.

111.4 Analysis of durability of coating

One of the purposes of this study is to study the influence of coating position on the coating
lifetime. In this part, the comparison of coating position and other test parameters is made by
the analysis of variance.

111.4.1 Statistical analysis of durability

Like the analysis of friction coefficient, the analysis of variance should be complemented with
1) a run sequence plot of the residuals; 2) a normal probability plot of the residuals; 3) a scatter
plot of the predicted values against the residuals [128]. Figure 72 describes the distribution of
residuals between untransformed and transformed data of lifetime. The equation of
transformation is shown in Eq. (111-3) according to the Box-cox transformation.

Trans(Nc) = In(Nc) (11-3)
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Prior to transformation, the residuals are almost distributed normally, because most residuals
are distributed around the reference line except from some points (Figure 72), but several points
do not change the dispersion of residuals. However, with increase of coating lifetime, the
residuals are also increased. Therefore, it is necessary to do the transformation to lifetime to
reach the assumptions. After transformation, the residuals of lifetime can be distributed around
the centerline instead of linear relationship between predicted value and transformed lifetime.
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Figure 72: The diagnostics for residuals of untransformed and transformed durability: (a) the normal
probabilities plot for residuals of real lifetime; (b) the residuals vs. predicted value of real lifetime; (c) the
normal probabilities plot for residuals of transformed lifetime; (d) the residuals vs. predicted value of
transformed lifetime.

In order to determine the effects of the test parameters (contact configuration, displacement
amplitude, coating position and contact force) on coating lifetime, we will useFigure 73 to give
a description for the evolution of coating lifetime vs. different test parameters: for instance, 3
curves of the graph of the second row and first column of Figure 73 are curves of evolutions of
coating lifetime vs. normal force (from 100 N to 700 N) for 3 different displacement amplitudes
applied (£ 10 pm, £ 25 um and £ 40 um); and 3 curves of the graph of the first row and second
column of Figure 73 are those of evolution of coating lifetime vs. displacement amplitude (from
+ 10 um to = 40 um) for 3 different normal forces (100 N, 400 N and 700 N). The lifetime in
theFigure 73 is not real lifetime but the transformed lifetime to reach the assumption of
ANOVA. Table 22 gives a corresponding quantitative description. Generally, with the increase
of contact force, the lifetime is increased (line 1 and column 1 of Figure 73). However, this
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variation of contact force only accounts for 0.47% of total variation of lifetime. In other words,
the change of contact force can induce some change of lifetime of coating, but it is not so
significant. In addition, when the coating is working under 100 N and cylinder-on-flat, its
lifetime is longer than that of 400 N and 700 N. This is as a result of higher friction coefficient
of coating for 100 N (> 0.3) than that of 400 N and 700 N (< 0.15). According to the calculation
of lifetime, the lifetime is corresponding to the half sum of friction coefficient of coating and
friction coefficient of two contacts. If the friction coefficient of coating is high, the value of
half sum between friction coefficient of coating and friction coefficient between two substrates
will be large so that lifetime will be longer. Actually, the lifetime of coating under 100 N is low.
With the increase of displacement amplitude, the decrease of lifetime is very significant, which
accounts for 11% of total variation of coating lifetime. In addition, the decrease of lifetime from
+ 10 um to £ 25 um is more significant than the decrease from £ 25 pum and + 40 um. Contact
configuration is the most important variable for the variation of lifetime, accounting for 71%.
This is why the lifetime of cylinder-on-flat is lower than that of ball-on-flat. In addition, the
change of coating position has also some effect on the coating lifetime, which accounts for 6%.
Coatings on both bodies and counter body have longer durability than coating on flat (line 4
and column 4 of Figure 73).

In addition to the significant contribution of variables, it is also observed that interaction
between the variables is significant. For example, interaction between contact force and contact
configuration accounts for 4.74% of change of the durability. When the contact force is 100 N,
the durability of cylinder-on-flat is larger than 400 N and 700 N, while the value of 100 N for
ball-on-flat is always lower than 400 N and 700 N. In the analysis of lifetime, the error
contributions including the pure error, interaction between three variables or four variables are
lower (about 3.56%).
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Figure 73: Interaction map of transformed lifetime (In(Nc)) of the coating (a transformed value of 6 means a coating
lifetime of 403 cycles; a transformed value of 8 means a coating lifetime of 2980 cycles).

Table 22: Analysis of variance (ANOVA) for transformed lifetime of the coating

Source DF | Sum Square | Mean Square | F Value |F critical] Pr>F PC
Contact force 2 0.87 0.44 7.34 3.11 0.0012 | 0.42%
Displacement amplitude 2 19.79 9.90 166.92 3.11 <0.0001 | 11.04%
Contact force x Displacement |, 2,59 0.65 1091 | 248 | <0.0001 | 1.32%
amplitude
Contact configuration 1 126.50 126.50 2133.62 3.96 <0.0001 | 70.94%
Contact force x Contact 2 8.57 4.29 7231 | 311 | <0.0001 | 4.74%
configuration
Displacement amplitude x 2 0.98 0.49 8.28 311 | 0.0005 | 0.48%
Contact configuration
Coating position 2 11.47 5.73 96.71 3.11 <0.0001 | 6.37%
Contact force x coating position 4 1.20 0.30 5.07 2.48 <0.0011 | 0.54%
Displacement amplitude x 4 0.43 0.11 179 | 248 | 0138 | 0.11%
coating position
Contact configuration x coating |, 0.99 0.49 832 | 311 | 00005 | 0.49%
position
Error 82 0.87 0.44 7.34 3.56%
Total 107 19.79 9.90 166.92 100%

111.4.2 Survival analysis

In addition to analysis of variance, survival analysis (also called reliability analysis) is also
employed in this study to learn the ratio of lifetime under different test parameters. The Weibull
distribution is also used to predict the distribution of survival rate.
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111.4.2.1 Non-parametric survival analysis

Kaplan—Meier (KM) survival curve is used to describe probabilities of survival at given survival
time and failure status information on a sample of subjects. It is one of the best options used to
measure the fraction of subjects living for a certain amount of time after treatment. Generally,
it has been widely used in biostatistics to calculate the survival probability after treatment. It is
calculated according to the Eq.(111-4):

ti<t

ni is just the number of survivors just prior to time ti and d; is the number of failed coatings at
time t;.

It involves computing of probabilities of occurrence of event at a certain point of time and
multiplying these successive probabilities by any earlier computed probabilities to get the final
estimate. The survival curve can be created assuming various situations [132]. Figure 74 shows
the comparison of survival probability of the coating under different test conditions. Log-rank
test and Wilcoxon test give the test of whether the survival probabilities are same for different
treatments. If the probability of chi-square is less than 0.05, it means that the assumption (the
survival probabilities are same for different treatments) is rejected and the treatment induces
the change of survival probability. If Log-ranks test rejects assumption but Wilcoxon test
accepts the assumption, it can explain that the difference between the levels of treatment occurs
in later failure events in time and no difference between the levels of treatment occurs in earlier
failure events in time, since the Wilcoxon test gives more weight to early times than to late
times and it is less sensitive than log-rank test to the difference occurred at later events in time.
If both values are less than 0.05, their individual value chi-square can be employed distinct the
deviance degree between earlier survival rate and later survival rate. The likelihood-ratio tests
the assumption that the event time has an exponential distribution. If the value of Pr > chi-
square is less the 0.05, the assumption is rejected.

Figure 74 (a) describes the survival probability of two contact configurations. The mean
survival time of ball-on-flat is about 10 times as many as that cylinder-on-flat. Before 1000
cycles, the survival probability of cylinder-on-flat has reduced to 0. It reaches same conclusion
as ANOVA that the contact configuration is the most important factor on the evolution of
coating lifetime. Coating lifetime under cylinder-on-flat configuration is significantly lower
than that of ball-on-flat. Two curves of 400 N and 700 N are almost the same before about 500™
cycle, and both of them have lower survival probability than the 100 N (Figure 74 (b)). When
lifetime exceeds 500" cycle, higher contact pressure leads to better survival probability (Figure
74 (b)), because failure before 500" cycle is attributed to abrasive wear and failure after 500"
cycles is attributed to adhesive wear, which will be discussed in the next section. Moreover, it
does not appear to be a meaningful difference between 400 N and 700 N. The logrank test
(p=0.18) is not significant at 0.05 level, because change of the survival ability induced by the
change of contact pressure is not so significant when it is compared with effect of other factors.
Figure 74 (c) indicates that lower displacement amplitude always shows a better survival rate.
Mean lifetime of £ 10 um is 3 and 4 times as many as that of £ 25 um and = 40 pm, respectively.
It appears that the difference between the coating on two bodies or ball/cylinder and coating on
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flat is small before 500" cycle of follow-up but diverges after 500 cycles of follow-up (Figure

74 (d)). Moreover, the coatings on ball/cylinder or two sides always have better survival
probability than coatings on the flat.
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Figure 74: The Kaplan—Meier (KM) survival curve under different working conditions (counter = coatings on
the ball or cylinder substrate, flat = coating on the flat substrate, both = coating on both counterbodies).
111.4.2.2 Parametric survival analysis
The obtained times to coating failure for different applied stress parameters were used to
construct the Weibull probability failure plot, along with approximate pointwise 95%
confidence limits, as shown in Figure 75 (a). However, the plot shows that a simple Weibull
model does not adequately fit the data because points do not scatter around a straight line and
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a curvature occurs at around 32" percentile of lifetime. In addition, the shape factor is less than
1. If the value of shape factor is less than 1, it is the failure induced by defects of components,
corresponding to a decreasing failure rate [108]. In this study, the failure rate is increased as a
function of cycles so that the Weibull model is not correct due to the failure modes are combined
[114]. Prior to do the Weibull analysis, the failure point should be grouped according to their
individual failure mode. The failure of coating under cylinder-on-flat is controlled by abrasive
wear and the failure of coating under ball-on-flat is dominated by adhesive wear. Below 500"
cycle, this curve is essentially the same as the expanded Weibull probability plot of cylinder-
on-flat (in Figure 75(b)) and its latter part is similar to that of ball-on-flat (in Figure 75 (c)).
Therefore, the failure point should be grouped according to the contact configuration. At this
moment, both shape factors are larger than 1, corresponding to the wear-induced failure. Only
several points do not scatter around a straight line. Combining with results of the interaction
map (seeFigure 73), it can be observed that less than 500 cycles is under the cylinder-on-flat
conditions, related to abrasive wear, while more than 500 cycles is under the ball-on-flat,
dominated by the adhesive wear. Competitive failure modes are well distinguished by the
Weibull distribution. In other words, Weibull can be used not only for different failure modes
but also for different wear modes. For different wear modes, they share the same feature of
shape factor that is more than 1, but they have different scale factor. Longer durability induce
larger scale factor.
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(a) Weibull probability plot for coating lifetime data: Omnibus analysis
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Figure 75: Weibull probability plot and fit for coating lifetime data: omnibus and separate failure mode analysis
(the blue points are the distribution of lifetime, the blue line is referred to the reference line for Weibull
distribution, the blue shadow is the 95% confidence limits).
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111.4.3 Effect of various factors
Based on the statistical analysis of relation between coating lifetime and various test conditions,
the wear mechanism should be used to explain their relationship.

111.4.3.1 Contact configuration

Contact configuration is a factor with biggest effect on durability, as shown inFigure 73.
According to analysis in section 111.2.2.2, the cylinder-on-flat configuration is related to the
abrasive wear, where many abrasive grooves are observed on the surface and many fine
particles are at the slip end (Figure 76 (a)). The ball-on-flat is dominated by the adhesive wear
where overall transfer is discovered for the ball-on-flat (Figure 76 (b)). In both contact
configurations, the coating begins to be delaminated from outer-part of contact within decades
of cycles (Figure 76). It can be explained as following: the varnish, made of polymer, can absorb
moisture, and absorbed moisture presumably reduces bonding strength between the coating and
substrate [133]. In addition, ambient environment can provide opportunity for oxide or water
molecule to contaminate the MoS; particles. Some water may directly attach to the chain
through the hydrogen chain. Since the temperature involved in the fretting is far below the Tg,
these attached water could behave as ‘antiplasticizers’ [133] so that the coating becomes brittle
and it is easier to be pushed on the end of slip. Then, the delaminated debris will recirculate in
the fretting or be ejected from contact area as a function of relative movement. Compared with
ball-on-flat, the contact configuration of cylinder-on-flat provides larger opportunity to contact
ambient environment. More coatings are ejected from contact center earlier than ball-on-flat,
resulting in lower coating durability.

DA SN o
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HV: 20.0 kV DATE: 05/30/12 2mm Vega ©Tescan HV: 20.0 kV DATE: 05/30/12 500 um Vega ©Tescan

VAC: HiVac Device: TS5136XM ECL-LTDS VAC: HiVac Device: TS5136XM ECL-LTDS
(a) (b)
Figure 76: SEM image of worn surface of coating before its lifetime under different contact configurations,
400 N, + 25 um, 50" cycle: cylinder-on-flat (b) coated flat, ball-on-flat, (a) coated flat.

111.4.3.2 Displacement amplitude

Displacement amplitude is a controlling factor for the coating lifetime, as shown in Table 22.
The increase in displacement amplitude can increase wear and reduce lifetime of the coating by
facilitating ejection of the wear debris, because the debris flow through interface was critically
controlled by the imposed sliding amplitude. Relative displacement during a fretting cycle of
debris trapped below surface will be longer by increasing the displacement amplitude and thus
the debris kinetics and ejected third body flow should increase [134]. Moreover, It is observed
that a significant interaction between the contact configuration and displacement amplitude.
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When the contact configuration changes from the line contact (cylinder-on-flat) to point contact
(ball-on-flat), the gap between different amplitudes is more significant, as shown in Figure 73.
This is because a large contact (induced by ball-on-flat, as shown in Table 9 and Table 10) and
small displacement amplitude can make it difficult for debris to eject [134]. In other words, the
contact configuration of ball-on-flat is more sensitive to the change of displacement amplitude
than that of cylinder-on-flat, because the contact length in the sliding direction for cylinder-on-
flat configuration is small and the debris is not so difficult to be ejected as that of ball-on-flat.
When the displacement amplitude is increased to a certain value (around £ 25 um) for the
contact configuration of cylinder-on-flat, the increase of displacement has no significant effect
on the lifetime of coating (Figure 74 (c)). In Figure 74 (c), the earlier failure events (before 500
cycles) are mainly due to the abrasive wear under cylinder-on-flat configuration. However, the
survival probability for ball-on-flat (after 500 cycles in Figure 74 (c)) shows the significant
difference for different displacement amplitudes. Therefore, a significant interaction between
contact configuration and displacement amplitude can be discovered, as a result that the
discrepancy of survival rates of different displacement amplitude for ball-on-flat is not same as
the case of cylinder-on-flat.

111.4.3.3 Coating position

There is almost no difference in coating lifetime between the coated ball (or cylinder) and both
coated counterbodies. They have higher lifetime than that of coated flat substrate (line 4 and
columnFigure 73). This is because the flat substrate is more sensitive to plastic deformation. In
other words, the flat will be subjected to more serious plastic deformation compared to ball or
cylinder so that more coatings has been pushed to the end of the contact due to plastic
deformation. Therefore, less coating will form transfer film between two counterbodies, leading
to a low durability. Moreover, another assumption is that coating on the sphere reduces the
adherence of compacted wear particles at both sides of slip end and by consequence, external
flow of the third body, track width and presence of cluster responsible for fretting wear [120].

Figure 77 compares the evolution of wear process for different coating positions under ball-on-
flat configuration. At the first contact (stage 1), there is a little deformation of the coating on the
ball. As a function of cycles, some coating debris have been ejected to the outside of contact
and some coating debris stayed on the wear track or are transferred to the flat (Figure 77 (stage
2)). As the movement of fretting continues, the coating that stayed on the wear track can
recirculate into contact center. In addition, some new coating at out-edge of contact area can
recirculate into the contact center due to the radius of ball. Different from the coating on flat,
therefore, coating on ball provides a higher possibility for coating debris to rejoin the contact
center due to its special geometry. If we assume that the formation and ejection rate of coating
debris is constant, less coating debris will be formed and re-circulated after certain numbers of
cycles because more coating has been ejected. At this moment, the friction coefficient begins
to increase and thus the contact changes to the two-body contact between two substrates. Finally,
all of the coating has been ejected from the contact and TTS structure [135] is formed on the
contact center (Figure 77 (stage 3)). Around the contact center, the oxide particles could be
formed around the contact area and it could be ejected outside to cover around coating. The
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two-coated parts only increase the volume of transfer film, but its value is limited between two
contact bodies so that it has no significant difference compared to one side coated contact case.

For the contact configuration of cylinder-on-flat, the wear process is dominated by the abrasive
wear so that more debris have been pushed outside of the contact center compared with adhesive
wear of ball-on-flat configuration. Therefore, the durability of low friction coefficient depends
on the recirculation of coating debris. The curved substrate of cylinder also can provide a higher
possibility for coating debris to rejoin the contact center due to its special geometry.
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Figure 77: The evolution of friction coefficient as a function of cycles (a) and corresponding schematic drawing
of the wear process (b).

111.4.3.4 Contact force

A large pressure may also improve the formation of transfer films on the counterface and may
shorten the time required to form an equilibrium particle size of MoS; [51] so that the lower
friction coefficient occurs on high contact pressure. At the same time, the more third body of
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coating debris may help improve the lifetime of coatings, because it can accommodate the
fretting movement between two contact bodies. In addition, High contact pressure induces
serious plastic deformation of tribological system that will offer small reservoir for the debris,
thereby prolonging its period of lubrication and survival ability. Therefore, high contact force
leads to high lifetime, as shown in Figure 73.

111.4.4 Prediction of coating lifetime
According to the results above, regression equation based on significant parameters can be
determined as follows:

N, = exp(5.6 - 0.32F, - 0.715 +1.63CON + 0.226*2 +0.88F x CON +0.78CON x C, +0.80CON x C,) (111-5)

Adjusted R?> =0.89

Here, the value of each variable is the standardized value (Table 34 of the Annex). According
to the equation, the lifetime of coating decreases with increase of contact force when the coating
is running under contact configuration of cylinder-on-flat (CON = 0), because the coefficient
associated with contact force is less than 0. When the coating is running under the contact
configuration of ball-on-flat (CON = 1), the lifetime of coating increases with increase of
contact force. This is because, for CON = 1, the very significant interaction between F, and
Con should be taken into consideration. Therefore, the coefficient associated with contact force
is more than 0 (= 0.56), for ball-on-flat configuration. This leads to the same conclusion as the
analysis of variance. The decrease of lifetime with the increase of contact force under cylinder-
on-flat can be explained by the definition of coating lifetime. The friction coefficient is high
under 100 N, thereby leading to higher average value between the friction coefficient of the
coating and of two substrates and longer coating lifetime.

In addition, the contact configuration has also a significant interaction with the coating position,
but the coefficients associated with coating on counterbodies and coating on both counterbodies
is very close. It indicates that coating on counterbodies and both counterbodies can have
significant improvement on coating lifetime compared to the coating on flat substrate, but these
two coating positions have similar results on the coating lifetime, reaching an agreement with
the ANOVA. Finally, with the increase of displacement amplitude, coating lifetime is decreased.
Here, the quadratic part of displacement amplitude is considered because the evolution of
coating lifetime as a function of displacement is not linear.

Based on Eq. (I11-5), Figure 78 shows the difference between experimental and modeled results.
Several points like samples 20, 21, 38 and 39 present a significant difference between model
and experiment. This is because, in these conditions, the fretting tests are running in mixed slip
regime, where the coating lifetime will be largely prolonged. It is very difficult for regression
analysis to produce correct values in the mixed slip regime based on results that are mostly
ranging in the gross slip regime.
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Figure 78 : Comparison between experiment and model for lifetime of the coating.

I11.5 Conclusions

In this chapter, the effects of factors such as contact force, displacement amplitude, contact
configuration and coating positions on the friction coefficient and lifetime of coating have been
investigated.

Based on the analysis, contact configuration is the most important effect on both coating
lifetime and friction coefficient, because it is related to different wear mechanisms. Contact
force is the second significant factor on friction coefficient, while displacement amplitude is
the second significant factor on coating lifetime.

Two predictive equations have been made by regression analysis to describe the relationship
between test parameters and friction coefficient or lifetime.

Survival or reliability analysis can serve as an effective way to distinct the wear modes by
different scaling factors.
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CHAPTER IV: EFFECT OF SUBSTRATE NATURE AND
COATING THICKNESS ON TRIBOLOGICAL
BEHAVIOR OF A VARNISH COATING

In this chapter, orthogonal design is used to
study the effect of contact force, displacement
amplitude, contact configuration, coating
position, thickness of coating and nature of the
substrate.

IV.1 Introduction

Thickness of coatings can influence the distribution of contact pressure, thereby influencing the
friction coefficient and lifetime of coating. Different substrates can affect the adhesion force
between coating and substrate and then the coating lifetime. Concerning the variation of friction
coefficient and lifetime of coating, the competition whether the two factors (thickness of the
coating and nature of substrate) are more important than contact force, displacement amplitude,
contact configuration and coating positions is a very interesting object to do research. To realize
this object, orthogonal design is chosen to do experiments with aim to save cost of experiments.

IVV.2 Design of experiment

IV.2.1 Full-factorial design

A full factorial design of experiments of type p" was used in previous chapter where n
corresponds to the number of factors and p represents the number of levels [102]. It consists of
all possible combinations of the levels for all the factors and thus it can estimate all main effects,
all two-factor interactions, and all higher-order interactions such as interaction between three
factors or more [136]. Generally, the nature of the substrate affects the adhesion of the coating
and thus the coating durability or friction coefficient. Besides, thickness is also a very important
factor that affects the coating properties such as resistance to plastic deformation. Based on the
previous study, therefore, two new factors (thickness of coatings and substrate nature) with two
levels will be added in the study so that the number of factors will be extended to 6 (Table 23).
According to the requirement of full-factorial analysis, there will be at least 216 tests. The
deposition method is explained in Chapter II.

Table 23: Test parameters.

Factor Level 1 Level2 Level3
Normal force 100 N 400 N 700N
Displacement amplitude +10 ym + 25 pum + 40 ym
Contact configuration Ball-on-flat Cylinder-on-flat -
Coating positions Flat Cylinder or ball Both
Substrate SS 304 M2 steel -
Thickness 1 layer (10 um) 2 layer (20 pm)
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IVV.2.2 Orthogonal design

Although a full factorial design can be used to test all possible combinations of factors, it is not
a practical way to carry out so huge numbers of experiments because it is a low cost-effective
way to do experiments. In this study, one of the purposes is to rank the importance of variables
so that it is not necessary to carry out full-factorial design. Instead, the orthogonal design is
used due to its feature of balance and orthogonal. When each level occurs equally often within
each factor, the design is balanced. A design is orthogonal when frequencies for level pairs are
proportional or equal [136]. Therefore, this feature can give a fair evaluation on the ranks of
importance of variables. The aim of orthogonal design is to reach operation within one of its
components without creating side-effects to other components [68]. Deming and Morgan [137]
have proven it to be an effective and efficient optimization strategy with widespread application
in many research fields.

To be sure of the balance and orthogonal of design, the design should be a multiple of 36 runs
for variables having two or three levels, since 36 runs can be divided by 2 x 3,2 x 2 and 3 x 3.
According to the theory of orthogonal table, the number of runs should be larger than the
freedom of factors. If we only consider the main effect without the interaction of factors, the
runs will be at least 36 (> 3 (factors) x 2 (degree of freedom) + 3 (factor) x 1 (degree of
freedom)). However, the interaction effect should be considered in the study, as it is proved by
Chapter 111, where the significant interaction between contact configuration and displacement
amplitude is found for the evolution of coating durability and interaction between contact
configuration and contact force takes some responsibility for the evolution of friction
coefficient. Therefore, the numbers of runs should be 72 (> 3 (factors) x 2 (degree of freedom)
+ 3 (factor) x 1 (degree of freedom) +interaction 9 (one three-level factor x one two-level
factors) x 2 (degree of freedom) + interaction 3 (one three-level factor x one three-level factors)
x 4 (degree of freedom) + interaction 3 (one two-level factor x one two-level factors) x 1
(degree of freedom)). The orthogonal design is shown in Table 24. By using the orthogonal
design, it saves 2/3 cost and time of experiments. Each experiment is done two times. The order
of experiment is random.

Table 24: Orthogonal design of 6 factors (SS 304: 304 stainless steel; M2: M2 steel).

No | Substrate coan(i)th;;:on T:;;:I; Cfc()) r;iict D:ﬁﬁﬁgim Coating positions
1 SS 304 ball-on-flat 1 100 N +10 um both (ball and flat)
2 | SS304 ball-on-flat 1 100 N +25 um counter (ball)

3 | SS304 ball-on-flat 1 100 N +40 um flat

4 | SS304 ball-on-flat 1 400 N +10 pm flat

5 | SS304 ball-on-flat 1 400 N + 25 um both (ball and flat)
6 | SS304 ball-on-flat 1 400 N + 40 pm counter (ball)

7 | SS304 ball-on-flat 1 700 N +10 pm counter (ball)

8 | SS304 ball-on-flat 1 700 N + 25 um flat

9 | SS304 ball-on-flat 1 700 N +40 um both (ball and flat)

10 | SS304 ball-on-flat 2 100 N +10 pm flat
11 | SS304 ball-on-flat 2 100 N +25 um both (ball and flat)
12 | SS304 ball-on-flat 2 100 N + 40 pm counter (ball)
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13 | SS304 ball-on-flat 2 400 N +10 um counter (ball)

14 | SS304 ball-on-flat 2 400 N +25 um flat

15 | SS304 ball-on-flat 2 400 N +40 um both (ball and flat)
16 | SS304 ball-on-flat 2 700 N +10 um both (ball and flat)
17 | SS304 ball-on-flat 2 700 N + 25 um counter (ball)

18 | SS304 ball-on-flat 2 700 N +40 um flat

19 | SS 304 cylinder-on-flat 1 100 N +10 pm counter (cylinder)
20 | SS 304 cylinder-on-flat 1 100 N +25pum flat

21 | SS304 cylinder-on-flat 1 100 N +40 pm both (cylinder and flat)
22 | SS304 | cylinder-on-flat 1 400 N +10 um both (cylinder and flat)
23 | SS304 | cylinder-on-flat 1 400 N +25 um counter (cylinder)
24 | SS 304 cylinder-on-flat 1 400 N +40 pm flat

25 | SS 304 cylinder-on-flat 1 700 N +10 pm flat

26 | SS304 | cylinder-on-flat 1 700 N + 25 pum both (cylinder and flat)
27 | SS 304 cylinder-on-flat 1 700 N + 40 um counter (cylinder)
28 | SS304 | cylinder-on-flat 2 100 N +10 ym counter (cylinder)
29 | SS304 | cylinder-on-flat 2 100 N +25 um both (cylinder and flat)
30 | SS304 | cylinder-on-flat 2 100 N +40 um flat

31 | SS304 | cylinder-on-flat 2 400 N +10 um flat

32 | SS304 | cylinder-on-flat 2 400 N +25um counter (cylinder)
33 | SS304 | cylinder-on-flat 2 400 N +40 pm both (cylinder and flat)
34 | SS304 | cylinder-on-flat 2 700 N +10 um both (cylinder and flat)
35 | SS304 | cylinder-on-flat 2 700 N +25um flat

36 | SS304 | cylinder-on-flat 2 700 N +40 pm counter (cylinder)
37 M2 ball-on-flat 1 100 N £10 um counter (ball)

38 M2 ball-on-flat 1 100 N +25 um both (ball and flat)
39 M2 ball-on-flat 1 100 N +40 um flat

40 M2 ball-on-flat 1 400 N +10 um Flat

41 M2 ball-on-flat 1 400 N +25 um counter (ball)

42 M2 ball-on-flat 1 400 N + 40 um both (ball and flat)
43 M2 ball-on-flat 1 700 N +10 um both (ball and flat)
44 M2 ball-on-flat 1 700 N +25 um flat

45 M2 ball-on-flat 1 700N + 40 um counter (ball)

46 M2 ball-on-flat 2 100 N +10 um counter (ball)

a7 M2 ball-on-flat 2 100 N +25 um flat

48 M2 ball-on-flat 2 100 N + 40 um both (ball and flat)
49 M2 ball-on-flat 2 400 N +10 um both (ball and flat)
50 M2 ball-on-flat 2 400 N +25 um counter (ball)

51 M2 ball-on-flat 2 400 N + 40 pm flat

52 M2 ball-on-flat 2 700 N +10 um flat

53 M2 ball-on-flat 2 700 N +25pum both (ball and flat)
54 M2 ball-on-flat 2 700 N +40 um counter (ball)

55 M2 cylinder-on-flat 1 100 N +10 um Flat

56 M2 cylinder-on-flat 1 100 N +25pum both (cylinder and flat)
57 M2 cylinder-on-flat 1 100 N +40 pm counter (cylinder)
58 M2 cylinder-on-flat 1 400 N +10 um counter (cylinder)
59 M2 cylinder-on-flat 1 400 N +25um flat
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60 M2 cylinder-on-flat 1 400 N + 40 pm both (cylinder and flat)
61 M2 cylinder-on-flat 1 700 N +10 pm both (cylinder and flat)
62 M2 cylinder-on-flat 1 700 N +25 um counter (cylinder)
63 M2 cylinder-on-flat 1 700 N + 40 um Flat

64 M2 cylinder-on-flat 2 100 N +10 um both (cylinder and flat)
65 M2 cylinder-on-flat 2 100N +25 um counter (cylinder)
66 M2 cylinder-on-flat 2 100 N +40 pm Flat

67 M2 cylinder-on-flat 2 400 N +10 um Flat

68 M2 cylinder-on-flat 2 400 N +25pum both (cylinder and flat)
69 M2 cylinder-on-flat 2 400 N + 40 um counter (cylinder)
70 M2 cylinder-on-flat 2 700 N +10 um counter (cylinder)
71 M2 cylinder-on-flat 2 700 N +25 um Flat

72 M2 cylinder-on-flat 2 700 N +40 um both (cylinder and flat)

To estimate the effects of factors, after carrying out the mixed-level orthogonal array, the
analysis of variance (ANOVA) is changed a little bit, because the orthogonal array cannot
guarantee the data distribution is obeyed with homoscedasticity. Therefore, a parameter of
purified sum of square, SS’, will be used to calculate percentage contribution, PC (%), values
for each factor in the table of ANOVA. SS’ is the sum of squares minus the variance due to
error and PC (%) is the relative contribution of SS’ for each factor or error to total variance
[131]. In this study, PC (%) will be used instead of Pr > F to evaluate the significance of factor.
When PC (%) is less than 0, it indicates this factor has no effect of the dependent value.

IVV.3 Friction coefficient

1VV.3.1 Evolution of friction coefficient

1V.3.1.1 Fretting tests of uncoated substrate

In order to compare the friction-reducing capability of MoS,-based varnish coating, fretting
behavior of substrate (AISI M2 steel with porosity at the surface due to undersintering process)
versus counterbody (AISI 52100) has been determined. The evolution of friction coefficient as
a function of cycles has been shown in three typical modes depending on various test parameters.
Two types of running regime are found out under the contact configuration of cylinder-on-flat
as a function of normal force.

1) Mixed slip regime

When the normal force is large, the fretting is running in the partial slip regime after 20 cycles.
However, within the first 100 cycles, the fretting loops are changed between elliptical and
quadrangular shapes due to its special structure of porosity (Figure 79). This special structure
may lead some contamination layer including oxide layer, adsorbed layer and contaminant layer
(about 15 nm [17]) to be trapped in the porosity (depth = 15 pum) (Figure 80). With the increase
of cycles, this trapped contamination layer may go out and provide the surface with lubrication
and make the elliptical shape transform to quadrangular shape. It may not stop transforming
between two shapes until the entire contamination layer has been squeezed from the porosity.
At this time, the shape of ellipse can be kept until the end of the test.
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Figure 79: Fretting loops (a), fretting logs (b) and the evolution of friction force ratio (c) under + 10 pum, 700 N,
cylinder-on-flat.

Contamination layer

A\

(a) SEM top-view of M2 (b) Cross-section view of M2
Figure 80: Schematics for AISI M2 in air: (a) SEM top-view of M2 and (b) cross-section view of M2.

2) Gross slip regime

When the normal force is 100 N, fretting loops keep quadrangular shapes during the whole test
duration (Figure 81). In the first several cycles, the coefficient of friction is rather low (about
0.2) due to the protection film like contamination film which protects the surface from wear.
With the increase of cycles, the two counterbodies become to contact directly, leading to the
increase friction coefficient. As a function of cycles, some wear particles appear at the contact
area, resulting in the increase of friction coefficient and then reaching a stable value (about 1.0).
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Figure 81: Fretting loops (a), fretting logs (b) and the evolution of friction force ratio (c) under £ 25 um, 700 N,
cylinder-on-flat.

1V.3.1.2 Fretting tests of MoS; coating

Under the same test parameters, the fretting tests of MoS; based varnish coating only show
gross-slip regime due to the lubricating function of coatings. Thanks to the lubricating function
of coatings, the friction coefficient is lowered. Similar to the results of FE modeling for SS 304,
a significant stress discontinuity is also found in the case of M2 substrate (Figure 82). It
indicates that debonding and fracture of coatings can occur at the interface of coating and
substrate.

Similar as the SS 304, the wear mechanism includes abrasive wear and adhesive wear. Two
types of curves of friction coefficient as a function of cycles have been observed (Figure 83 and
Figure 85).

\ S, Mises
o (Avg: 75%)
coating +4.111e+02

+3.768e+02
+3.426e+02
+3.083e+02
+2.740e+02
+2.398e+02
+2.055e+02
+1.713e+02
+1.370e+02
+1.028e+02
+6.851e+01
+3.426e+01
+2.310e-04

Figure 82: von Mises stress contour map of coating on the M2 substrate for ball-on-flat under 100 N, one layer.
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=  Abrasive wear

Similar to the tribological analysis of coated SS 304, the tribological process also involves
abrasive wear and adhesive wear. However, it shows some different features from the coated
SS 304.

Figure 83 describes the tribological process when the lifetime of the coating is more than 20
000 cycles. It is a result of the special structure of M2. With the increase of cycles, the coating
is gradually removed from the contact area due to abrasive wear (Figure 83(b)). At the stage I,
there are some coatings still on the surface of substrate (Figure 83(c)). The profile of Figure
83(h) shows that the thickness of the coating on the flat substrate is decreased. Some coatings
around the contact area may transfer to the cylinder (Figure 83 (j)). As the movement of fretting
occurs, some coating debris may recirculate in the fretting area, providing low friction
coefficient. When it reaches stage Il, most of the coating has been removed from the contact
area (Figure 83(i)). However, some coating trapped in the porosity during the deposition (Figure
83(g) and Figure 84) is difficult to be squeezed under the lower contact pressure and small
amplitude and coating is transferred on the counterpart (Figure 83(k) and (m)), so that friction
coefficient can maintain a low value for a long time.
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Figure 83: Evolution of friction coefficient and wear scars for 400 N, £ 10 um, coated substrate = M2, 1 layer.
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Figure 84: Wear of M2 substrate.

= Adhesive wear

Siginificant materials transfers are also observed for the M2 steel (Figure 85 (b) and (f)). With
the increase of cycles, the coating and transferred coating are gradually ejected from the contact
center (Figure 85 (d) and (e)), but the trapped coating is very difficult to be removed so that it
will stay at the contact center (Figure 85 (c)) to provide low friction coefficient. At the same
time, some coating near to the contact center can also recirculate in fretting process to
accommodate the fretting movement of two contact bodies, leading to a slow growth of friction
coefficient (Figure 85 (a)). When trapped coating is removed and no island coating appears at
the contact area, some steel debris begins to appear. At this time, the coating totally loses its
function. When third layer of steel debris appears, the friction coefficient reaches a stable high
level.
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Figure 85: Evolution of friction coefficient and wear scars as a function of cycles for 400 N, + 25 um, 1 layer
coating, coated both substrate, M2 flat substrate.

1V.3.1.3 Summary of wear mechanism of coating deposited M2 substrate

Comparing the wear mechanism between SS 304 and M2 steel substrates, it can be seen that
the trapped coating in the porosity of M2 steel helps maintain the low friction coefficient and it
is difficult to be ejected from the contact center, because its ejection includes two steps that is
to be squeezed out from the porosity and then to be ejected from the contact center. Similar to
SS304, the wear mechanism of cylinder-on-flat is related to abrasive wear and ball-on-flat is
related to adhesive wear. The transformation from abrasive to adhesive depends on the contact
pressure [44]. When contact pressure is low, it is not possible to form the transfer layer.

1\V.3.2 Effect of factors on the friction coefficient

In addition to the requirements of homogeneity of variance across the treatment (combination
of different factors), the analysis should be complemented with 1) a run sequence plot of the
residuals; 2) a normal probability plot of the residuals; 3) a scatter plot of the predicted values
against the residuals [128]. Due to the factor that the experiments are done in a random sequence,
it is not necessary to test the relationship between sequence of experiments and residuals. Figure
86(a) and (b) describe its normal distribution and its predicted value with residuals. For its
normality, it can be seen that it almost reaches an agreement with the definition of normality
that the residuals is scared around the reference line, but several points are little far from the
reference line (Figure 86 (a)). Concerning the value of skewness and kurtosis, they shows that
the data are little skewed right and a “peak” distributed (Table 25). Skewness is a measure of
whether the data are symmetrically distributed. When the value is zero, the data are totally
symmetrical. Kurtosis is a measure of whether the data are peaked or flat relative to a normal
distribution. If it is larger than O, the data are peaked and the data are flat when the value is less
than 0. Accordingly, the residuals are normally distributed. However, its values of residuals are
little smaller when the predicted values are lower than that of when the predicted values are
larger. Therefore, it is better to do a transformation to improve the scatter plot of the predicted
values against the residuals.
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A transformation is used according to the Box-Cox transformation theory. The equation of
transformation is shown in Eq. (IV-1) :

Trans(p) = (%% — 1)/(-0.5) (Iv-1)

The comparison of transformed and untransformed results is plotted in Figure 86 when
considering all main effects and interactions between two variables. For the normality, the
residuals of transformed friction coefficient are better than untransformed one. The points on
Figure 86(a) form a nearly linear pattern, which indicates that the normal distribution is a good
model for this data set, but some points still vary from this line. Generally, the further the points
vary from the reference line, the greater the indication of departures from normality. In this
aspect, the transformed data has better normality than untransformed data. Similarly, the
distribution of residuals of transformed friction coefficient is more scarred around the centerline.
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Figure 86: The diagnostics for residuals of untransformed and transformed friction coefficient (a) normal
distribution plot for residuals for real value of friction coefficient, (b) the distribution of residuals vs. predicted
value for real friction coefficient, (c) normal distribution plot for residuals for transformed value of friction
coefficient, (d) the distribution of residuals vs. predicted value for transformed value of friction coefficient.
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Table 25: Values of skewness and kurtosis.

Mean | Skewness | Kurtosis
Residuals of p 0 0.46 1.42
Residuals of trans (p) 0 -0.11 -0.19

IV.3.2.1 Comparison of the results with results from Chapter 111

Table 26 describes the results of analysis of variance for friction coefficient with two new
variables that are thickness and substrate. However, adding two variables does not change
prominence of variable. Contact configuration is the most important (percentage contribution
is 38.27%) and contact force is following (PC = 29.65%). This is similar to the results in Chapter
I1l. It indicates that the adding two new variables do not affect the friction coefficient
significantly. However the prominence of interaction effects is changed a little. The interaction
effect between contact force and contact configuration is less than the interaction effect between
substrate and thickness and the interaction effect between contact force and substrate.

Table 26: ANOVA for transformed friction coefficient.

Source DF SS MS F F critical PC

Contact force 2 44.34 | 22.17 | 124.77 3.07 29.65%
Displacement amplitude 2 0.85 0.43 2.4 3.07 0.34%
Contact configuration 1 56.95 | 56.95 | 320.52 3.92 38.27%
Coating position 2 0.95 0.47 2.66 3.07 0.40%
Thickness 1 1.70 1.70 9.59 3.92 1.03%

Substrate 1 0.75 0.75 | 4.25 3.92 0.39%

Contact force x Contact configuration 2 2.69 1.35 7.58 3.07 1.58%
Contact force x thickness 2 2.23 1.11 6.27 3.07 1.26%
Contact force x substrate 2 3.71 1.85 | 10.43 3.07 2.26%
Displacement amplitude x contact configuration | 2 1.37 0.69 3.86 3.07 0.69%
Displacement amplitude x thickness 2 116 | 058 | 3.26 3.07 0.54%
Displacement amplitude x substrate 2 1.92 0.96 5.39 3.07 1.05%
Contact configuration x thickness 1 1.09 1.09 6.12 3.92 0.61%
Contact configuration x substrate 1 1.58 1.58 8.9 3.92 0.95%
Substrate x thickness 1 5.91 591 | 33.25 3.92 3.86%

Error 119 | 21.14 | 0.18 17.13%

Corrected Total 143 | 148.34 100.00%

1V.3.2.2 Effect of coating thickness

The main effect plot is preferably used to analyze the effect of each variable, because it is
appropriate for analyzing data from a designed experiment, where the factors are at two or more
levels. Thickness of the coating (from one layer to two layers) changes a little friction
coefficient, whose effect on friction coefficient is much less than the effect of contact
configuration and contact force (Figure 87).
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Figure 87: The main effect plot for transformed friction coefficient (contact configuration: -1 for cylinder-on-flat
configuration and 1 for ball-on-flat configuration; coating position: -1 for coating on flat, 0 for coating on
counterbody and 1 for coating on both flat and counterbody; thickness: 1 for 10 um and 2 for 20 um; substrate:
-1 for 304 stainless steel, 1 for M2 steel; a transformed value of -3.8 corresponds to a friction coefficient of 0.12
and a transformed value of -2.4 t0 0.21).

The friction coefficient in average increases with the increase of thickness (column 5 of Figure
87). Singer [100] states that the friction coefficient is inversely proportional to the mean contact
pressure, but the value of contact pressure for different thickness is very similar (Table 27)
then it can have rare effect on the friction coefficient. In addition, ploughing is one component
of friction coefficient. Generally, thin soft coating leads to less ploughing effect of the film so
that friction coefficient decreases with decrease of thickness, but the decrease is not so
significant as the effect of contact force and contact configuration.

Table 27: Mean contact pressure obtained by FEM (F,=100 N, substrate= SS 304).

Contact Thickness Maximum contact Contact radius | Mean contact pressure

configuration pressure (MPa) (um) (MPa)
11 10 670.8 329.7 447.2

Ball-on-flat ayer (10 pm)
2 layers (20 pm) 671.0 331.8 447.3
1 layer (10 pm 501.0 293.7 393.3

Cylinder-on-flat yer (10 um)
2 layers (20 pm) 508.3 297.0 399.0

1V.3.2.3 Effect of substrate nature

According to column 6 of Figure 87, substrate can also affect the friction coefficient a little bit.
Due to the fact that elastic modulus of M2 is a litter bit higher than that of SS 304, the mean
contact pressure is higher with M2 steel substrate than that of 304 stainless steel substrate
(Figure 88), but the difference is not significant. Therefore, the increase of friction coefficient
of M2 can be explained by the product of shear strength of interface and the real contact area,
which is related to the deformation properties of the substrate [17]. If the coating is thick enough,
the influence of roughness of substrate can be ignored. However, its influence is significant for
the thin coating, due to the reduction of true contact area. In addition, the penetration of
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asperities through the film is also a reason, which leads to the increase of shear resistance and
ploughing of either the substrate or counterface and thus to an increase of friction coefficient
[17]. Due to the porosity at the surface of M2, the roughness of M2 substrate is higher than that
of SS 304 even with same polishing process (as shown in Table 28 and Figure 89).

460
450
440 +——
430 +——
420 +——
410 +——
400 +——
390 ——
380 ——
370 +——
360 -

ball-on-flat
m cylinder-on-flat

Mean contact pressure (MPa)

SS 304 M2

Figure 88: Mean contact pressure for one layer of coating on different substrates.

Table 28: Roughness of coating (Ra) for different thicknesses and substrates.

Substrate no coating (um) 1 layer (um) 2 layers (um)
SS 304 0.025+0.01 0.47+0.04 1.29+0.14
M2 0.1+£0.0 1.08+0.08 0.9+ 0.05
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—_—
200,00um

(a) SS 304 steel flat (b) M2 steel flat

]
200,00pm

(c) AISI 52100 cylinder (d) AISI 52100 ball

Figure 89: Optical image of substrates: (a) SS 304 substrate, (b) M2 steel flat; (c) AISI 52100 steel cylinder; (d)
AISI 52100 steel ball.

1V.3.2.4 Effect of coating position

In this study, coating the counterbody (ball or cylinder) can induce a little bit higher friction
coefficient compared with other two coating positions (coating the flat substrate or coating both
counterbodies), as shown in column 4 in Figure 87. This is due to different surface textures
(Figure 89). SS 304 flat substrate and AISI52100 cylinder present unidirectional grinding marks
with a roughness value of 0.07 £ 0.02 while M2 does present unidirectional grinding marks
with some porosity. The ball has an isotropic roughness with a value of 0.04 + 0.01. If the
coating can slide across the unidirectional-grinding, the coating should flow over the asperities,
inducing higher levels of stress and a more pronounced plane strain conditions. If coated ball
or cylinder can slide parallel to the unidirectional-grinding, the coating may flow along the
valleys of steel plate and thereby leading to low shear stress. For friction occurring with
isotropic surface, the shear stress required is lower than across the unidirectional-grinding [138].
According to Figure 89 (a) and (b), it can be seen that the flat substrate may induce rather high
shear stress, because the coated ball slides across the unidirectional-grinding with an angle.
Generally, the coated ball or cylinder may have a little higher friction coefficient than coated
flat. However, the contribution of effect of coating position for friction coefficient is as small
as 0.4% (Table 26), whose value is a little higher than the value in Chapter I11 (Table 19). This
may be explained by the higher friction coefficient of M2 steel at £10 pum (line 2, column 4 of
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Figure 90) when the coating is on the counterbody, which increases the average value of friction
coefficient for all experiments in this chapter.

IV.3.2.5 Interaction between variables

In addition to the main effect plot, the interactive plot can also serve as an effective method to
do the analysis for designed experiment, with aim to describe the interaction relationship with
different variables (Figure 90). Three curves of the graph of the second row and first column of
Figure 90 are curves of evolution of transformed friction coefficient vs. normal force (from 100
N to 700 N) for 3 different displacement amplitudes ( 10 pum, £ 25 pm and + 40 pum); and 3
curves of the graph of the first row and second column of Figure 90 are those of evolution of
transformed friction coefficient vs. displacement amplitude (from + 10 pum to £ 40 um) for 3
different normal forces (100 N, 400 N and 700 N).

According to the analysis of variance, it can be seen that the interaction between substrate and
thickness and between substrate and contact force are significant.
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Figure 90: Interactive map of transformed friction coefficient under different test parameters (contact
configuration: -1 for cylinder-on-flat configuration and 1 for ball-on-flat configuration; coating position: -1 for
coating on flat, 0 for coating on counterbody and 1 for coating on both flat and counterbody; thickness: 1 for 10

pm and 2 for 20 um; substrate: -1 for 304 stainless steel, 1 for M2 steel; a transformed value of -3.8
corresponds to a friction coefficient of 0.12 and a transformed value of -2.4 t0 0.21).
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B Interaction between thickness and substrate

Considering its interaction effect with other variables, it can be seen that the substrate has a
significant interaction with thickness. When the substrate is SS 304, the increase of thickness
leads to an increase of friction coefficient, but the increase of thickness barely changes the
friction coefficient when the substrate is M2 (line 6, column 5 of Figure 90). Therefore, it
induces a significant effect of this interaction.

For M2 substrate, it almost shares the same friction coefficient for different thicknesses (Figure
91), because the difference of roughness for various thicknesses of M2 is very small (Table 28)
so that increase of thickness affectless to the friction coefficient. In the case of SS 304 substrate,
the increase of thickness also increases the roughness significantly. Therefore, it significantly
increases the slop angle of asperities, leading to the increase of friction coefficient [89].

0.50 0.25
Cylinder-on-flat Ball-on-flat
0.454 o M2, 1 layer ® M2, | layer
©  SS304, 1 layer X ® 55304, 1 layer
0.40 0.204 5
& M2, 2 layers 1=0.02+0.7F * A M2,2 layers
=, 035 < 78S 304, 2 layers =, 2 v S5304,2 layers
5 0304 u=0.12+1.5F " 5 0154
2 5 2
4 025 A ) an =
g g u=0.10+2.2F §
S 020 2 0.10-
= 2
5 0.15+ T =
2 p=0.13+13F " © 2 2
0.10 . 0.05
u=0.017+2.9F
0.05 5
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Figure 91: Evolution of friction coefficient as a function of contact force under different contact configurations
(data for all coating positions).

B Interaction between contact force and substrate

In addition, there is a significant interaction between substrate and contact force on the friction
coefficient. When contact force is low (100 N), the friction coefficient of coating on SS 304 is
higher than that on M2 (line 6, column 1 of Figure 90). Figure 91 describes the evolution of
friction coefficient as a function of contact force in details. According to the equations in Figure
91, it can be seen that the decrease rate of friction coefficient of coating deposited on SS 304
as a function of contact force is faster than that of M2, leading to a significant interaction
between contact force and substrate. For coating on the M2 under cylinder-on-flat, it is a
combination of wear mechanisms of both abrasive wear and fatigue wear of trapped coating.
Fatigue wear is the main mechanism, so the decrease of friction coefficient is less dependent
on the wear mechanism transformation from abrasive wear to adhesive wear due to increase of
contact pressure. Therefore, the decrease rate of friction coefficient is less than that of SS 304,
which only consists of abrasive wear and adhesive wear.

I1VV.3.3 Summary of analysis of friction coefficient of the coating

Friction coefficient is mainly influenced by the contact configuration and the contact force. The
effect of two factors, substrate and thickness, seem to be less than the effect of the previous two
factors on the evolution of friction coefficient. It is because the friction coefficient is inversely
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proportional to the contact pressure and the contact pressure is only dependent on the contact
force and contact configuration. The porosity in substrate can induce increase of shear stress,
leading to a little increase of friction coefficient. High thickness can increase ploughing effect
in the friction coefficient, but it does not change the contact pressure significantly.

IVV.4 Lifetime of the coating

One of the purposes of this study is to study the influence of substrates and thickness on the
coating lifetime. In this part, the comparison of coating position and other test parameters is
made by the analysis of variance and survival analysis.

Figure 92 describes the distribution of residuals of coating lifetime. It can be seen the
distribution of lifetime is deviant from the reference line (Figure 93 (a)). In addition, the
residuals increase with increased lifetime of coatings (Figure 92(b)). Due to the non-normal
distribution of residuals of coating lifetime and the linear relationship between the predicted
value and residuals, it is necessary to do a transformation according to the Box-Cox
transformation. The equation of transformation is shown in Eq. (IV-2):

Trans(Nc) = (Nc™%25 — 1)/(—0.25) (IV-2)

The values of residuals after transformation on Figure 92 (c) form a nearly linear pattern, which
indicates that the normal distribution is a good model for the transformed durability. After
transformation, the residuals is scattered around the reference line instead of linear relationship
(Figure 92 (d)).
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Figure 92: The diagnostics for residuals of untransformed and transformed durability (a) normal distribution
plot for residuals for real value of coating lifetime, (b) the distribution of residuals vs. predicted value for real
coating lifetime, (c) normal distribution plot for residuals for transformed value of coating lifetime, (d) the

distribution of residuals vs. predicted value for transformed value of coating lifetime.

Table 29: Values of skewness and kurtosis.

Residuals Mean | Skewness | Kurtosis
Residuals of N 0 1.09 6.70
Residuals of trans (Nc) 0 -0.14 -0.13

1V.4.1 Effect of substrate nature and coating thickness on the coating lifetime

1V.4.1.1 Comparison the results with results of Chapter 111
Contrary to the analysis of friction coefficient the prominence of variables of coating lifetime
is changed a lot when the two new variables, substrate nature and coating thickness, are

considered (Table 30).
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Table 30: Analysis of variance for transformed coating durability.

Source DF SS MS F F critcal PC
Contact force 2 0.01 | 0.01 0.57 3.07 -0.11%
Displacement amplitude 2 042 | 0.21 | 21.40 3.07 4.56%
Contact configuration 1 221 | 221 | 22491 | 3.92 25.09%
Coating position 2 0.08 | 0.04 | 4.13 3.07 0.69%
Thickness 1 0.00 | 0.00 | 0.16 3.92 -0.10%
Substrate 1 2.63 | 2.63 | 268.24 | 3.92 29.94%
Contact force x Configuration 2 0.36 | 0.18 | 18.35 3.07 3.88%
Contact force x Amplitude 4 0.08 | 0.02 1.95 2.43 0.40%
Displacement amplitude x Contact configuration 2 0.07 | 0.03 | 3.44 3.07 0.53%
Displacement amplitude x Coating position 4 0.08 | 0.02 | 2.16 2.43 0.49%
Displacement amplitude x substrate 2 0.12 | 0.06 | 6.32 3.07 1.18%
Contact configuration x Coating position 2 0.09 | 0.05 | 4.83 3.07 0.85%
Contact configuration x Substrate 1 1.37 | 1.37 | 139.18 | 3.92 15.48%
Substrate x Thickness 1 0.03 | 0.03 | 2.56 3.92 0.17%
Error 116 | 1.21 | 0.01 16.96%
Corrected Total 143 | 8.76 100.00%

It can be seen that some percentage contribution (PC%) is less than 0, indicating this variable
is not significant. Contact force and thickness have the ignorable effect on the coating lifetime.
In contrast, substrate, contact configuration and displacement amplitude have the most
significant effect on the coating lifetime. This reaches an agreement with Chapter Il1, in some
extent, that the contact configuration can bring a significant effect on lifetime, followed by
displacement. This is because the contact configuration is related to different wear mechanisms.
When the contact pressure is low, the wear mechanism is dominated by abrasive wear. With
increasing contact pressure, the amount of transfer layer increases and the wear mechanism
changes to adhesive wear. Wear mechanism is responsible for the durability of coating. In this
study, the transfer layer made of coating can lubricate the mating parts and provide the interface
with lower friction coefficient. Generally, the contact configuration of cylinder-on-flat
(dominated by abrasive wear) has rather lower durability than ball-on-flat (dominated by
adhesive wear). Displacement amplitude controls the ejection rate of wear particles so that its
prominence should be lower than contact configuration.

1V.4.1.2 Effect of coating thickness

The main effect plot in Figure 93 describes the evolution of durability as a function of various
parameters. Increasing thickness bring an ignorable increase of coating lifetime when it is
compared with the effect of other variables. The real value of coating lifetime is corresponding
to the transformed value of coating lifetime.
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Figure 93: Main effect plot for transformed durability (contact configuration -1=cylinder-on-flat, 1= ball-on-
flat; coating position -1= flat, 0=counterbody, 1=both; thickness 1=10 pum, 2= 20 um; substrate -1=SS 304, 1=
M2; a transformed value of 3.25 means a coating lifetime of 809 cycles, a transformed value of 3.5 means a
coating lifetime of 4096 cycles).

Generally, increase of wear depth is attributed to three factors i.e. elastic deformation, plastic
deformation and material removal. Large plastic deformation may induce the breakage or wear
of coating. FEM predicts the maximum plastic equivalent strain for different thicknesses, which
is related to degree of plastic deformation [139]. A small value of plastic equivalent strain
means a less plastic deformation. According to the analysis of FEM, the thicker coating
demonstrates a similar plastic deformation resistance as the thinner coating (Figure 94) with the
similar PEEQ (equivalent plastic strain) value of around 0.5. If the value PEEQ is larger than
0, it indicates the plastic deformation occurs. This result is different from the modeling of Wang
et al. [139] that the thicker soft coating (PEEK) can have better resistance to plastic deformation.
This is because the PEEK materials have higher hardness than the MoS»-based varnish coating.
Therefore, the increase of thickness has less influence on the very soft coatings. However, in
this study, the plastic deformation only accounts for a very small fraction of wear depth, because
a large normal pressure has made the total plastic deformation to occur in most cases.
Accordingly, materials loss accounts for a very large fraction of wear depth or coating lifetime.
Materials loss is dominated by the wear mechanism and different thicknesses have the same
wear mechanism so that various thicknesses may have no effect on lifetime. However, it is
observed from Figure 93 that the increase of thickness induces a little increase of durability. It
is because that two layers coating may give more low friction materials to be worn than one
layer coating.
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Figure 94: Predicted strain distribution of coated M2 sample for one layer coating (a) and two layers coating
(b) under cylinder-on-flat configuration (100 N, top-view of coating at the interface of coating and substrate).

1V.4.1.3 Effect of substrate nature

Generally, the wear behavior of coating can be influenced by substrate from several aspects
such as hardness, elastic modulus and substrate surface structure. For example, hardness of
substrate can affect the distribution of contact stress. In other words, the high hardness will
delay the plastic deformation of substrate and micro-cracking of coatings as well as the size of
the plastically deformed zone [140]. Finally, high hardness can delay the delamination, coating
damage and material loss. High elastic modulus of substrate can affect the stress distribution in
the coatings if the coating thickness is far lower than the contact radius. In this study, the
mechanical properties of the two flat substrates are similar so that hardness and elastic modulus
are not prominent reasons for lifetime. Instead, the surface structure of the substrate
significantly affect the coating durability, because different structures of substrate can improve
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or weaken the adhesion between coating and substrate, and the flow of coating debris [141].
For the substrate with porosity, the porosity can hold some varnish under the fretting movement,
thereby providing longer lifetime (Figure 95). Compared with the SS 304 substrate, it is very
difficult to eject the coating from porosity so that it can accommodate the wear process and
maintain the low friction coefficient.

: - é

M2 substrate

(a) wear for coating on M2 steel substrate

- |

SS 304 substrate

(b) wear for coating 304 stainless steel

Figure 95: Schematic of wear process: (a) wear for coating on M2 substrate;
(b) wear for coating SS 304 substrate.

I1V.4.1.4 Interaction effect between two variables

Figure 96 describes the interaction effects between two variables. It can be seen that the
interaction between coating positions and thickness, the interaction between substrate and
coating position and interaction between substrate and contact configuration are significant.
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Figure 96: Interactive plot for transformed durability (contact configuration -1=cylinder-on-flat, 1= ball-on-
flat; coating position -1= flat, 0=counterbody, 1=both; thickness 1=10 um, 2= 20 um; substrate -1=SS 304, 1=
M2; a transformed value of 3 means a coating lifetime of 256 cycles, a transformed value of 3.4 means a coating lifetime of

1975 cycles).
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B Interaction effect between coating position and thickness

In Chapter 111, we stated that coating the ball or cylinder and both counterbodies leads to longer
durability than coating the flat. Figure 96 (line 4, column 5) shows that this conclusion is still
available for one layer, but it does not work for two layers. In the case of two layers, coating
both counterbodies leads to longer durability, followed by coating the flat and coating on
counterbody. This is induced by two layers coating on the M2 steel substrate, as shown in Figure
97. For two layers of coating, it has lower coating lifetime when coating is deposited on the
counterface AISI 52100 than coatings deposited on M2 substrate.

3.8 T 38

one layer I two layers 1 one layer : two layers
3.6+ ' 3.6
;

‘
3.4 3.4

324 324 N

In(Nc)
In(Ne)

3.0+ 3 3.0+

2.8 3 2.8

2.6 N\

T T T t T
both counter flat both counter flat both counter flat both counter flat

Coating position for M2 substrate Coating position for SS 304 substrate

Figure 97: Comparison of coating lifetime under different coating positions, thicknesses and substrates (a
transformed value of 2.6 means a coating lifetime of 67cycles, a transformed value of 3.2 means a coating
lifetime of 625 cycles, a transformed value of 3.8 means a coating lifetime of 160000 cycles).

B Interaction between substrate and coating position

Generally, it is considered that coating the flat has longer durability than coating the
counterbody (line 6, column 4 in Figure 96). When considering the effect of thickness, the
results are a little bit different. Figure 97 describes the lifetime of coating on M2 substrate under
different thicknesses for different coating positions. It can be seen that the lifetime of one layer
coating for different coating positions is similar, but the lifetime of two layers coating on the
counterbody is significantly lower than that on the two other coating positions. It may be
explained by that the function of substrate with curvature is decreased. When the layer is one,
the coating on substrate with curvature can maintain more coating debris on the contact area,
thereby prolonging the coating lifetime. This can be proved by the case of SS 304 steel substrate
in Figure 97. However, with the increase of thickness of coating, the advantage of curvature is
decreased. The difference of coating lifetime for SS 304 substrate among three coating positions
is not so significant as the one of one layer coating, because the total volume of coating debris
is increased due to the increase of coating thickness. However, the volume of coating debris is
limited between two contact bodies so that there is no significant difference between three
coating positions. For the case of M2 substrate, it is the same case. The volume of coating is
increased as a function of thickness of coating and the advantage of coating on substrate with
curvature is decreased. At the same time, the coating debris can be trapped in the porosity in
M2 substrate. However, this kind of trapped coating debris is easy to be squeezed out from the
porosity because it does not form an adhesive force between coating and substrate during the
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deposition. Therefore, there is a lower coating lifetime on the counter body for M2 substrate
with two layers coating than that of the other two coating positions.

B Interaction between substrate and contact configuration

If the fretting movements occur on the SS 304 substrate, the change of contact configuration
leads to a significant change of durability, because the cylinder-on-flat configuration is
dominated by the abrasive wear and ball-on-flat configuration is dominated by adhesive wear.
A difference in the wear mechanism is the most important factor for materials loss so that it
effect greatly determines the lifetime of coatings.

However, the change of durability induced by different contact configurations for M2 is small,
because of the competition between lubricating function of embedded coatings and abrasive
wear. Under cylinder-on-flat configuration, the contact pressure may be large enough to make
the coating deform plastically, but it is not enough to squeeze the trapped coating from the M2
substrate. Instead, the squeezing process of embedded coating may result from the cyclic
loading or fatigue so that it will not stay in the porosity and lubricate the contact area until
fatigue occurs. Therefore, the case of M2 has significant longer durability than that of 304
stainless steel.

IV.4.2 Survival analysis

Survival analysis (also called reliability analysis) is also employed in this study to compare the
survival probability under different test parameters such as contact force, displacement
amplitude, contact configuration, coating position, thickness of coating and substrate nature.
The Weibull distribution is also used to predict the distribution of survival probability.

IV.4.2.1 Non-parametric survival analysis

Kaplan—Meier (KM) survival curve is used to describe probabilities of survival at given survival
time and failure status information on a sample of subjects. Figure 98 to Figure 105 show the
comparison of survival probability of the coating under different test conditions. Log-rank test
and the Wilcoxon test give the test of whether the survival probabilities are same for different
treatment. If the value of probability > chi-square is less than 0.05, it means that the assumption
(the survival probabilities are same for different treatment) is rejected and the treatment induces
the change of survival probability. Log-ranks test rejects assumption, while Wilcoxon test
accepts the assumption. It can explain that the difference between the levels of treatment occurs
in later failure events in time ant no difference between the levels of treatment occurs in earlier
failure events in time, since the Wilcoxon test gives more weight to early times than to late
times and it is less sensitive than log-rank test to the difference occurring at later events in time.
If both values are less than 0.05, their individual value chi-square can be employed to distinct
the deviance degree between earlier survival rate and later survival rate. The likelihood-ratio
tests the assumption that the event time has an exponential distribution. If the value of Pr > chi-
square is more the 0.05, the assumption is rejected.

Generally, the results of KM seem to be in agreement with the main effect plot of lifetime, but
it gives some information in detail.
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B Effect of substrate

M2 substrate presents better survival ability than SS 304 substrate (Figure 98). At the same
cycle, the failure events in the group of M2 substrate are less than in the group of SS 304. The
mean lifetime of M2 give the value 3 times as many as mean lifetime of SS 304 (Figure 98). In
addition, the Wilcoxon test yields a higher chi-square value than the log rank test for the
performance of two substrates. The curves of M2 and SS 304 are further apart in the early part
in time before becoming closer later. This can also be due to the porosity in M2 substrate, which
significantly improves the survival rates in the cylinder-on-flat (Figure 99). Due to the trapped
coating that accommodates the fretting movement and maintains the low friction for cylinder-
on-flat, the survival probability of cylinder-on-flat is greatly improved in the case of M2, similar
to the survival probability of ball-on-flat for the case of SS 304.
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Figure 98: Kaplan-Meier survival curves for different substrates.
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Figure 99: Kaplan-Meier survival curves for different substrate and contact configurations.
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B Effect of contact configuration

Figure 100 describes the survival distribution under different contact configurations. All the
tests of coatings under ball-on-flat configuration also has better survival rate than that cylinder-
on-flat due to the different wear mechanisms, except for two points (it will be explained later).
Comparing the values of Wilcoxon test and log-rank test, it shows that the difference in early
part in time is larger than in the later time.
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Figure 100: Kaplan-Meier survival curves for different contact configurations.

B Effect of displacement amplitude

Displacement amplitude of + 10 pum leads to a higher survival rate than the other two
displacement amplitudes (Figure 101), because increased displacement amplitude can facilitate
the ejection of wear particles. In the early part in time, the displacement amplitude seems to
have no effect on the survival rate because three curves are closer to each other before 500
cycles. The most failure events before 500 cycles are induced by the cylinder-on-flat
configuration for SS 304 substrate. It indicates that the change of displacement amplitude
cannot do a great contribution to the durability when ploughing effect is prevailing, because the
wear particles are easy to be ejected in this case. Concerning later part of three curves, the
survival rate of + 25 um is almost similar to + 40 um. It indicates that the ejection rate is
increased when the displacement is increased from = 10 um to + 25 um, but it arrives to the
maximum ejection rate at displacement amplitude of = 25 um. In other words, the survival rate
will be barely changed with increase of displacement amplitude when the displacement
amplitude is more than + 25 pm.
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Figure 101: Kaplan-Meier survival curves for different displacement amplitudes.

W Effect of thickness

The difference between different thicknesses is not so significant, because the equation
probability for different thicknesses is larger than 0.05 (Figure 102). Log-rank test yields a
higher chi-square value than Wilcoxon test. The two curves being compared are closer before
5000 cycles and then become apart after 5000 cycles.
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Figure 102: Kaplan-Meier survival curves for different thicknesses.

B Effect of contact force

Although the contact force is not a significant factor when it is compared with substrate and
displacement amplitude, Figure 103 proves that it still can make a very small contribution to
the lifetime. The decline rate of survival probability for 100 N is a little faster than 400 N and

700 N.
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Figure 103: Kaplan-Meier survival curves for different contact forces.

B Effect of coating position

Although there is no significant difference between the three curves for the three different of
coating positions (coating on flat, coating on counterbody, coating on both flat and
counterbody), the value of Log-rank and Wilcoxon tests are different. Figure 104 shows the
difference between three curves after 5000 cycles is larger than before 5000 cycles. In Chapter
I11, we have stated that the coating position has significant effect on the durability so that it is
necessary to do the analysis for different coating positions when considering the substrates.
Figure 105 describes the KM survival curves for different coating position when considering
the substrates of M2. It can be observed that difference of coating positions becomes significant
when considering M2 substrate, because the Pr > chi-square is less than 0.05. The coating on
the counterbody induces less deviance of durability between M2 and SS 304 substrate than
coating on the flat or ball or cylinder (Figure 106). It is as a result of embedded coating. As the
movement of flat, some coating is delaminated coating from ball or cylinder that can trap into
the porosity in the M2 substrate, but this trapped coating does not have same adhesion force as
that embedded coating during the deposition process. It is easy for this trapped coating to be
ejected from the porosity so that the increase of durability on the counterbody is less than the
coating on the flat or both counterbodies when it makes comparison of durability between M2
and SS304 substrates.
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Figure 104: Kaplan—Meier (KM) survival curve for different coating positions.
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=  Summary
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Figure 106: Comparison of mean lifetime for different coating positions and substrates.

According to the above analysis, it can be observed that coatings on flat or both counterbodies
under the cylinder-on-flat configuration for substrate M2 have an abnormal large value (Table
31), which extended the lifetime of coatings under lower survival probability.

Table 31: Two extreme longer durability points.

Normal Displacement | Thickness Contact Substrate Coating Durability
force amplitude configuration positions

400 N +10 um 1 layer Cylinder-on-flat M2 flat 59999 cycles
100 N +10 um 2 layers Cylinder-on-flat M2 both 39999 cycles

It can be seen that the lowest displacement amplitude and coatings on flat are in common. It
may be explained by the special structure of substrates. The dimension of porosity is about 10
-30 um in length (Figure 107). When the contact pressure is low and displacement amplitude
is very low (less than + 15 um), it is impossible to squeeze the embedded coating in porosity in
very short time so that it will also stay in porosity and accommodate the fretting process (Figure

108).
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Figure 107: Optical image of M2 substrate.
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Figure 108: SEM for coated M2 at 17000 cycles under normal force 400 N.

According to the above analysis of effect of variables, it can be seen that M2 can the most
effectively prolong the lifetime of coating by a factor of 3, followed by the effect of contact
configuration and displacement amplitude. Thickness is not important for the change of lifetime.

1V.4.2.2 Parametric analysis
= Log normal distribution

For the survival analysis, it is interesting to predict the reliability of materials under the certain
conditions. It is necessary to do a parametric analysis for the distribution of coating lifetime.
According to the Box-transformation, the transformed lifetime (In (Nc)) is distributed normally
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so that the distribution of lifetime can be expressed by the log normal probability density
function, as Eq. (IV-3):

1 _ (In(N¢)-7.55)?

f(ln(NC)) = 1.46\/ﬁexp( 2x1.462 ) (IV_3)
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Figure 109: Probability plot for In(lifetime).

= Competing failure analysis

In Chapter 111, we have proved that the mixed Weibull distribution can be used as an effective
way to distinct the failure modes, because it can model data that do not fall on a straight line on
a Weibull probability plot (Figure 110), but life data of each failure mode may follow a distinct
Weibull distribution for individual wear mode. In addition, the shape value should be larger
than 1 according to the Weibull distribution for wear-out process. Therefore, the overall life
data does not follow the Weibull distribution, because the value of shape factor (0.72) is less
than 1. In addition, the value of scale factor reaches an agreement with Chapter I1I that long
durability of coatings is related to the large value of scale factor when the shape factor is larger
than 1.
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Figure 110: Weibull distribution for lifetime data (the blue points are the distribution of lifetime, the blue line is
referred to the reference line for Weibull distribution, and the blue shadow is the 95% confidence limits).

In the above discussion, it has been seen that the failure modes are generally separated into 4:
abrasive wear, adhesive wear, abrasive wear + coating embedding, adhesive wear + coating
embedding. Figure 111 describes the Weibull distribution for each wear mode. It can be seen
the life data falls on a straight line on a Weibull probability plot according to each wear mode.
In addition, the scale factor of each wear mechanism is higher than 1 and the scale factor of
wear mechanism involved with embedding coating (M2 substrate)is always higher than that
without embedding coating (SS 304 substrate).
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Figure 111: Weibull distribution for different wear modes (the blue points are the distribution of lifetime, the
blue line is referred to the reference line for Weibull distribution, and the blue shadow is the 95% confidence

limits).

According to the Weibull distribution, the reliability for each wear mode can be calculated
according to the Eq. (IV-4)

R(®) = exp(=()") (IV-4)
n refers to scale factor and g refers to shape factor.

For example, the reliability of 1000 cycles in different contact configurations and substrates
can be calculated in Table 32. If the fretting is running on the coating on SS 304 substrate under
cylinder-on-flat configuration, the coating should not be used, because its reliability for 1000
cycles is about 0.

Table 32 : Reliability for 1000 cycles.

Contact configuration | Substrate | Reliability
Cylinder-on-flat SS 304 0.004

M2 0.83
Ball-on-flat SS 304 0.95
M2 0.96

IV.4.3 Summary
The lifetime of MoS> based varnish coating depends on the test conditions, because the test

conditions affect the wear mechanism and ejection debris. In this study, coating on the M2
substrate always have higher coating durability than SS 304 substrate and it can improve the
reliability of coating from 0 to 0.83 under cylinder-on-flat. It is because the porosity of the M2
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substrate can hold some coating and thus it is difficult for coating in the porosity to be squeezed
from the porosity. During the fretting movement of coating on M2 substrate, the embedded
coating plays a great role in keeping low friction coefficient and extending the lifetime. The
thickness of coating only plays a very ignorable role in durability of coating, because it does
not change the plastic deformation of coating or wear mechanism.

IV.5 Conclusions

In this chapter, based on the investigation of MoS; base varnish coating under different contact
configurations, contact force, displacement amplitude, coating position, thickness and
substrates, the following conclusions can be drawn:

-The friction coefficient depends on the contact configuration and contact force, because both
of them determine the contact pressure. This is in agreement with the results of Chapter I11. The
evolution of friction coefficient is inversely proportional to contact pressure. Thickness can
change a little the friction coefficient, because the increase of thickness can increase the
ploughing component of friction coefficient and thus it leads to an increase of friction
coefficient. Some porosity in the substrate such as M2 can effectively increase shear strength
of coating, resulting in an increase of friction coefficient.

-Nature of substrate is the most important variables for coating durability, because it can change
the wear mechanism by adding the function of embedded coatings. It overrides the importance
of contact configuration and displacement amplitude, which are the important variables for
coating lifetime in Chapter I11. The porosity can hold the coating and thus keep the low friction
coefficient and prolong the coating durability. Thickness seems to be affectless to the durability,
because it does not change the wear mechanism or ejection rate of wear particles.
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CHAPTER V: DURABILITY OF A VARNISH COATING FOR
VARIABLE DISPLACEMENT AMPLITUDES
CONDITIONS

This chapter investigates the effects of
variable amplitudes on the friction coefficient
and coating lifetime. The comparison between
lifetime of variable displacement amplitudes and
mean of value of that from several constant
displacement amplitudes is made.

V.1 Introduction

According to the analysis presented in Chapter Il and Chapter 1V, we have seen that the
displacement amplitude is a very important factor for the coating lifetime, following the nature
of substrate and contact configuration. For the nature of substrate and contact configuration,
they are related to the wear mechanism, but the displacement amplitude is controlling the debris
flow of wear debris (Figure 112). If the displacement is large, the coating lifetime will be
reduced, because the ejection rate of debris is accelerated due to the large displacement
amplitude.

accumulated sliding amplitude (3,)
dissipated 2 Wear kinetics
energy debris ejection rate R T
SE debris formation
‘d ) debris J
l Oy § T debris low 7 debris ¢jection
| M
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Figure 112: Debris chart illustrating the fretting wear parameters, by which the wear kinetics of adhesive
materials submitted to gross slip fretting wear sliding can be quantified. d4: imposed sliding amplitude [142].

However, the above analysis is limited to constant displacement amplitude conditions, which
occurs in the modeling tests. Real industrial applications are in fact subjected to the variable
sliding displacement (Figure 113). Hence, the purpose of this chapter is to extend the model to
take into account the effect of variable sliding conditions on the friction coefficient and
durability of coatings, thereby better understanding the flow of third body. In addition, the
lifetime of variable displacement amplitude will be compared with the lifetime of constant
displacement amplitude. It is aimed to that whether the linear wear mode can be used to predict
the wear of variable displacement amplitude.
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Figure 113: Illustration of variable sliding conditions imposed on a blade disk contact during a single
commercial flight [127].

V.2 Evolution of friction coefficient

All tests are carried out with a constant normal force Fn =400 N and F, = 100 N. The thickness
of coating is 2 layers (20 um). The coating is only deposited on the SS 304 substrate. The
description methods of experiments follow the test nomenclature, proposed by Paulin et al [142],
but it changes a little due to different test materials. According to this study, the normal force
is changed so that it is necessary to show the value of contact force in the test nomenclature. In
this new test nomenclature, the value of contact force will replace the value of durability of
materials shown in the nomenclature (Figure 114). To guarantee the accuracy of the test, each
test was repeated four times.
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(b) Hlustration of variable and non-symmetrical sliding condition test
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(c) Hlustration of different sliding condition tests
Figure 114: Test nomenclature: (a) Definition of the nomenclature; (b) lllustration of variable and non-
symmetrical sliding condition test; (c) lllustration of different sliding condition tests.

V.2.1 50% of the lifetime of first amplitude
The friction behavior of coating under variable displacement is studied for imposed amplitudes
equal to £25 um and +40 pum, as shown in Figure 115. The number of cycles of first amplitude

is identical to 50% of durability for coatings under the imposed 1% constant displacement
amplitude.

(a) Constant amplitude 8" = +25 pm (b) (25,40)3%

400

(c) Constant amplitude §" = +40 um (d) (40,25)501

400
Figure 115: Examples of fretting logs for fretting tests.
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=  Contact force =400 N

Figure 116 describes the variation of displacement amplitude can lead to the increase of friction
coefficient when it occurs at the moment that the coating is almost removed and the friction
coefficient begins to increase.
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Figure 116: Comparison of friction coefficient for stable and variable displacement amplitude when the
variation of displacement amplitude occurs at the 50% of durability of 1% amplitude (F,= 400 N).

Figure 117 and Figure 118 describe the wear scar at the moment of 50% of durability for
constant displacement amplitude of £25 pum and +40 um, respectively. It shows that the most
coating debris have been ejected from the contact area. Significant materials transfer is observed
on the ball. In addition, fewer coatings are left on the wear track for the case of £40 um than
the case of £25 um. It indicates that the larger displacement amplitude may accelerate the third
body flow, leading to more coating ejected from contact area. At the same time, increasing
displacement amplitude can decrease mean contact pressure for a given moment force (because
of larger contact area), leading to the increase of friction coefficient.

coated flat

— [o—
200,00um 200,00um

Figure 117: Optical observation for wear scar under Fn = 400 N, " = £ 25 pm,
cycle = 50% of durability (2000™ cycle).
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Figure 118: Optical observation for wear scar under Fn, = 400 N, 5" = + 40 pm,
cycle = 50% of durability (1150 cycle).

= Contact force = 100 N

Figure 119 describes the evolution of friction coefficient for constant and various displacement
amplitudes under 100 N. The increase of displacement amplitude can decrease friction
coefficient a little bit. Generally, the friction coefficient depends on three factors: adhesion
between flat surfaces, ploughing by wear particles and asperity deformation. In this case, the
increase of displacement amplitude can introduce some new coating into contact area. Adhesion
between flat surfaces can be explained by that the junction growth comes from plastic flow
between the asperities, as they are loaded with local contact force and local tangential
displacement. These junctions are stuck locally and the resulting tangential force occurs as
plastic flow which resists local sliding [143]. As a result of increased displacement amplitude,
more coatings present at the contact area. These coatings have a characteristic of low-shearing
strength so that the junctions between two contacts are reduced. The adhesion force is reduced.
Therefore, the friction coefficient decreases a little bit.

When the displacement amplitude is decreased from 40 pm to £25 pm, the friction coefficient
is also decreased a little bit (Figure 119). Figure 120 shows that almost all the coating has been
ejected from the contact center at the 50% of the lifetime of £40 um for 100 N. The decreased
displacement amplitude can decrease the contact area. Therefore, the coating debris at the small
contact area can accommodate the fretting behavior. In other words, the junctions between two
substrate asperities are decreased. The decreased junctions between two substrates can give less
resistance to local sliding. Therefore, the friction coefficient is decreased a little bit.
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Figure 119: Comparison of friction coefficient for stable and variable displacement amplitude when the
variation of displacement amplitude occurs at the 50% of durability of 1% amplitude (F,= 100 N).

coated flat

Figure 120: Optical observation for wear scar under Fn = 7100 N, " = £ 40 pm,
cycle = 50% of durability (600" cycle).

= Summary

The decrease or increase of displacement amplitude can change the friction coefficient a little
bit, but it depends on the contact force. When the contact force is 400 N, the change of
displacement amplitude can lead to the increase of friction coefficient, but the change of
displacement amplitude under 100 N can decrease friction coefficient a little bit. This can be
explained by the model of Descartes et al. [120]. She explained the third body flow for MoSx
based coating. It was dependent on the internal flow and recirculation of recycle particles
(Figure 121). Some ejected coating can recirculate in the fretting movement and accommodate
the fretting, providing the lower friction coefficient for the friction system. For contact force of
400 N, the large contact pressure can give a better isolate space for fretting at contact area than
that of contact force 100 N. In other words, the external coating debris under 400 N is difficult
to recirculate into the contact area. However, it is easier for the case 100 N. This recirculated
coating debris can cover some exposure substrate and lower the adhering force, thereby
lowering friction coefficient.
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Figure 121: Flow of third body viewed from the ball [120].

V.2.2 25% of the lifetime of first amplitude

Figure 122 and Figure 123 present the variation of the friction coefficient versus the number of
cycles of the tests for 25% lifetime of first constant displacement amplitude. In both cases, the
increase or decrease of displacement amplitude does not change the value of friction coefficient
significantly when the coating is working very well. For contact force of 400 N, the friction
coefficient is decreased a little when the displacement amplitude is changed from +40 um to
+25 um. The decrease of displacement amplitude may result in the decrease of contact area so
that the contact pressure may be increased under the same contact force. The contact pressure
is inversely proportional to the friction coefficient. However, the increase of contact area is so
little because the increase of displacement amplitude is only 15 um. Therefore, the change of
contact pressure is a little bit, leading to a very little decrease of friction coefficient. Similar
phenomenon can also be observed for the 100 N when the displacement amplitude is changed
from the £40 um to +25 um, but the deviance of value (0.01) is less than the case of 400 N
(0.02).

However, the increase of displacement amplitude seems to have no effect on the friction
coefficient. New coating parts can be involved in the fretting movement due to the increase of
displacement amplitude. At this time, the new involved coating cannot change the friction
coefficient significantly, because there are many coating debris at the contact area. There are
no junctions between two substrates asperities. This is different from the case of 50% of lifetime
of coating. When the coating lifetime arrives 50%, the most coating has been removed from the
contact center. Some junctions between two substrate asperities begin to appear. If some
coatings are added at this moment, they can work as a third layer between two substrate
asperities, thereby decreasing the friction coefficient a little bit. In this case of 25% of lifetime,
more coatings are present at the contact area so that increase of displacement amplitude has no
effect on the friction coefficient.
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Figure 122: Comparison of friction coefficient for stable and variable displacement amplitude (25% of
durability for coatings under the imposed 1st displacement amplitude, contact force = 400 N).
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Figure 123: Comparison of friction coefficient for stable and variable displacement amplitude (25% of
durability for coatings under the imposed 1st displacement amplitude, contact force = 100 N).

V.2.3 75% of the lifetime of first amplitude
Figure 124 and Figure 125 present the friction coefficient versus the number of cycles of the
tests for 75% lifetime of first amplitude. For contact force Fn = 400 N, the variation of
displacement amplitude occurs when the friction coefficient is increasing so that the increased
displacement can increase the growth rate of friction coefficient. For the case of F, = 100N, the
variation of displacement can prolong the duration of low friction coefficient. For the
displacement increased from £25 pum to +40 um, the increased displacement can introduce more
coating to be involved in the fretting process. Therefore, the adhesion between contact parts is
decreased, leading to the decrease of friction coefficient. When the displacement is decreased
from £40 um to £25 um, the contact area is decreased. At the same time, the junctions between
two substrate asperities are decreased. The friction coefficient is decreased a little bit.
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Figure 124: Comparison of friction coefficient for stable and variable displacement amplitude (75% of
durability for coatings under the imposed 1% displacement amplitude, contact force = 400 N)
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Figure 125: Comparison of friction coefficient for stable and variable displacement amplitude (75% of
durability for coatings under the imposed 1st displacement amplitude, contact force = 100 N)

V.2.4 Summary

When the coating is almost removed (coating lifetime is about 50% and 75% of lifetime of
constant displacement amplitude) for 400 N, the change of displacement amplitude can lead to
the increase of friction coefficient. When most coatings are still on the substrate (coating
lifetime is about 25% of lifetime of constant displacement amplitude), the change of
displacement amplitude from +25 pum to +40 um seems to have no effect on the friction
coefficient for both contact force. However, the friction coefficient is decreased a little bit for
both contact forces (100 N and 400 N) when the displacement amplitude is decreased from +40
pum to £25 pum. In the case of 100 N, the change of displacement amplitude at the 50% or 75%
of lifetime of constant displacement amplitude can decrease the friction coefficient a little bit.

V.3 Evolution of coating lifetime
In the study of Paulin et al. [142], he confirmed that at given total number of fretting cycles,
the wear volume of a variable displacement test is close to the mean value of that from the two
constant displacement amplitude. However, in the case of coating, the result is a little different
due to the complicate flow of third body.

To evaluate the influence of various displacement amplitudes on coating lifetime compared
with the stable displacement friction coefficient, the relative lifetime is displayed as Eq.(V-1):
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M1 2 o
< + ) x 100% = relative lifetime
Nlori NZori

M1 refers to the imposed cycles for 1% amplitude, M2 refers to the lifetime minus M1 (i.e. the
number of cycles for the 2" lifetime), Niori is the lifetime of constant 1%t amplitude, Naori is the
lifetime of constant 2" amplitude. If the value of relative lifetime = 100%, it means the lifetime
of a variable displacement is the mean of value of that from the two constant displacement
amplitude and it means that the wear damage follows a linear rule.

V.3.1 50% of the lifetime of first amplitude

Figure 126 describes the relationship between the variable displacement and the mean value of
that from the two. Generally, the relative lifetime is around 100%. With the increase of contact
force, the relative lifetime is decreased. Under 400 N, the value of variable displacement is
almost the mean value of that from two, but the value for 100 N is a little higher. The fretting
movement under 400 N is mainly dependent of the internal flow rather than recirculation of
recycle debris so that the lifetime of a variable displacement almost equals to the mean of value
of that from the two. For the case of 100 N, it depends on the external flow so that increasing
amplitude will give a result that the lifetime of variable displacement is larger than the mean of

value of that from the two.
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Figure 126: Comparison of lifetime for coating under 50% of durability for coatings under the imposed 1st
displacement amplitude.

V.3.2 25% and 75% of the lifetime of first amplitude
Similar to the results in 3.1, the 25% and 75% of the lifetime of first amplitude for 400 N seems

to have no effect on the relative lifetime (Figure 127). The value of relative lifetime is around
100%.
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Figure 127: Comparison of coating lifetime for heterogeneous distribution (Fn= 400 N).

However, the results of 100 N show a significant difference from the 3.1 (Figure 126). When
imposed cycles are 75% lifetime of 1% constant amplitude, the value of relative lifetime is higher
than 100% (Figure 128). The value almost equals to 100% when the imposed cycle is 25%
durability of 1% constant amplitude, because the variation of displacement occurs in the earlier
time of coating lifetime and it does not affect a lot third body flow and friction coefficient.
However, the variation of displacement amplitude can have a significant effect on the relative
lifetime when the change of displacement amplitude occurs at the 75% of the constant coating
lifetime. It is as a result of recirculation of recycle coating debris (Figure 121). When the contact
force is 100 N, the recirculation is easy to occur. Therefore, some coating debris can easily
recirculate into the contact center and provide the lubricating function. With the decrease of
displacement amplitude, the ejection rate of particles is slowed. Therefore, the change of
displacement amplitude from +40 um to £25 um can lead to a long durability.
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V.4 Conclusions

In this chapter, based on the investigation of variable displacement amplitude, the following
conclusions can be drawn:

- The evolution of friction coefficient as a function of variable displacement amplitude depends
on the contact force. When the contact force is 400 N, the change of displacement amplitude
after 50% of lifetime of constant displacement amplitude can lead to the increase of friction
coefficient. When the change of displacement amplitude occurs at 25% of lifetime of constant
displacement amplitude, there is no change of friction coefficient when the displacement
amplitude is changed from +25 um to £40 um. When the displacement amplitude is changed
from 40 um to £25 um, the friction coefficient can be decrease a little bit. When the contact
force is 100 N, the change of displacement amplitude at 25% of lifetime of constant
displacement amplitude have no effect on the friction coefficient. If this change occurs at 50%
and 75% of lifetime of constant displacement amplitude, the friction coefficient can be
decreased a little bit.

- The relative lifetime is near to 100% for 400 N whenever the displacement amplitude is
changed. The relative lifetime is near to 100% for 100 N when the change of displacement
amplitude occurs at 25% and 50% of lifetime of 1t constant displacement amplitude. When the
change occurs at 75% of lifetime of 1% constant displacement amplitude, the lifetime of coating
will be long due to the effect of recycled coating debris.
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Fretting wear is considered as a complex phenomenon related to wear between two sliding
bodies under very low displacement amplitude, which limits the lifetime of elements
significantly. In industrial applications, coatings have been widely used to protect the surface
from fretting wear. The evaluation of coating has become an important subject in the research.
The selection of coating is involved with many factors such as properties of substrate, adhesion
of coatings to the substrate and various test conditions. However, there are no general rules to
evaluate the coating according to these factors. The objectives of the thesis were to study the
friction and wear behavior of a varnish coating, in order to evaluate the effect of factors on the
tribological behavior of coating.

To evaluate the properties of coatings, several methods have been used: experimental method
and modeling method. Experimental method uses different tests rig to model the real industrial
running conditions. According to results of experimental methods, modeling method can
deduce some equation to predict the friction and wear behavior of coating in the industrial
applications. At present, some statistical methods (including factorial analysis and regression
analysis) have also been used in the tribological analysis. Factorial analysis is aimed to describe
the effect of test parameters on the tribological behavior of coatings. Regression analysis is used
to predict the tribological behavior in the industrial applications according to the experimental
results. Finally, the reliability method has also been used in the research. It can describe and
predict the failure rate or survival rate of coatings under certain running conditions.

In order to investigate the tribological behaviors of a solid lubricant, fretting test studies were
performed with different coating positions (on the flat substrate, on the ball or cylinder substrate
and both counterbodies) and different substrates (304 stainless steel, AISI M2 steel) with the
objective to understand the effect of running conditions on the tribological performance of a
varnish coating and to analyze the effects of test conditions on the tribological behavior of the
coating.

In order to understand the effect of test conditions on tribological behavior of a MoS: based
varnish coating, the tests were firstly performed on the one layer coating (thickness of about
10 um) on 304 stainless steel under different contact forces (100 N, 400 N and 700 N), different
displacement amplitudes (£10 um, £25 um and £40 um), different contact configurations (ball-
on-flat and cylinder-on-flat) and different coating positions (flat, ball or cylinder, both
counterbodies).

- A MoS; based varnish coating could effectively reduce the friction coefficient to 0.09-0.20
under fretting conditions, and the specific value of friction coefficient depended on test
parameters.
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— Friction coefficient was mainly dependent on the contact configuration and contact force.
The value of friction coefficient of ball-on-flat (around 0.1) was significantly lower than that
of cylinder-on-flat (around 0.2). With the increase of contact force, the friction coefficient
was decreased in both contact configurations. For this MoSz based varnish coating, the
friction coefficient was inversely proportional to the contact pressure (the contact pressure
IS a consequence of contact force and contact configuration), which is quite usual for friction
in Hertzian contacts. Coating on only one counterpart failed to change the value of friction
coefficient, but coating on both counterbodies could decrease the friction coefficient a little.
Variation of displacement amplitude can change the value of friction coefficient a little, but
the effect of displacement amplitude was not so significant as the effect of contact
configuration and contact force.

— Coating lifetime was mainly dependent on the contact configuration and displacement
amplitude. The effect of contact configuration was ranked at first place, because it accounts
for 71% variation of coating lifetime. The lifetime of ball-on-flat was about 10 times as many
as that of cylinder-on-flat. In this study, the contact configuration of cylinder-on-flat was
related to abrasive wear and the contact configuration of ball-on-flat was related to adhesive
wear. Therefore, the coating lifetime of cylinder-on-flat configuration was significantly
lower than that of ball-on-flat. This was explained by the fact that the transfer film in ball-
on-flat configuration was made of coating debris, which can provide a good lubrication
between the two contacting bodies. Displacement amplitude is ranked at the second place.
Larger displacement amplitude can lead to lower coating lifetime, because it influenced the
third body flow between two contacts. Coating on the curved substrate (such as ball and
cylinder) can have longer durability than that on the flat substrate, because curved substrate
can accelerate the recirculation of coating debris into the contact area and thus prolong the
coating lifetime.

— Two predictive equations have been made by regression analysis to describe the relationship
between test parameters and friction coefficient or lifetime.

— Survival or Reliability analysis was used to describe the survival rate of the coating under
certain running conditions. Weibull distribution was proven as an effective way to distinct
the wear modes under different running conditions, because the lifetime data of same wear
modes should be distributed randomly around the center line of Weibull distribution.

In order to identify the relationships between the nature of substrate and the thickness of
coating, and the tribological performance of the coated system, an orthogonal design of
experiments was made to study the effects of the nature of substrate and the thickness of
coatings with other running conditions (contact force, displacement amplitude, contact
configuration and coating position).
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— The effect of nature of substrate on the friction coefficient was not so significant as the
effects of contact configuration and contact force. The coating on the M2 substrate had a
little higher friction coefficient (0.16) than that on the SS 304 substrate (0.15), because the
porosities on the M2 substrate could hold the coating, thereby increasing the shear stress a
little bit. The effect of thickness was not as significant as contact configuration and contact
force. The relative thick coating (20 um) could increase the friction coefficient a little
compared with the thin coating (10 um). It was because the relative thick coating could lead
to a little lower contact pressure than the thin coating.

— The nature of substrate replaced the contact configuration and became the most important
factor on the coating lifetime, because it changed the wear mechanism of coatings. The
coatings on the M2 substrate had a significant higher lifetime (7153 cycles) than that of SS
304 substrate (2382 cycles), because the porosity in M2 substrate can hold the coating and
thus keep the low friction coefficient and prolong the coating durability. Thickness seems to
be affectless to the durability, because it does not change the wear mechanism.

— The friction coefficient of coating was mainly dependent on the contact pressure. If a factor
can change the contact pressure significantly, then the friction coefficient of the coating will
be changed significantly. The lifetime of the coating was mainly dependent on the wear
mechanism and the third body flow. If a factor can significantly change the wear mechanism
or third body flow, this factor will have a significant effect on the coating lifetime.

In order to identify whether a linear wear model based on the results of tests in constant
displacement amplitude can be used effectively to predict the wear behavior of the coating
under variable displacement amplitude (which occurs in industrial applications), some
fretting tests were carried out on the one layer coating on SS 304 substrate with variable
displacement amplitude.

— The evolution of friction coefficient as a function of variable displacement amplitude
depended on the contact force. When the contact force was 400 N, the change of
displacement amplitude after 50% of lifetime of constant displacement amplitude could lead
to an increase of friction coefficient. When the change of displacement amplitude occurred
at 25% of lifetime of constant displacement amplitude, there was no change of friction
coefficient when the displacement amplitude was changed from £25 pm to +40 pum. When
the displacement amplitude was changed from £40 um to +25 um, the friction coefficient
could decrease a little bit. When the contact force was 100 N, the change of displacement
amplitude at 25% of lifetime of constant displacement amplitude had no effect on the friction
coefficient. If this change occurred at 50% and 75% of lifetime of constant displacement
amplitude, the friction coefficient could decrease a little.

— The relative lifetime determine with the linear wear model was near to 100% for 400 N
whenever the displacement amplitude is changed. The relative lifetime was near to 100% for

159



GENERAL CONCLUSIONS

100 N when the change of displacement amplitude occurred at 25% and 50% of lifetime of
1st constant displacement amplitude. When the change occurred at 75% of lifetime of 1st
constant displacement amplitude, the lifetime of coating was longer due to the effect of
recycled coating debris.

In brief, the MoS; based varnish coating can be used to effectively protect the substrates from
the fretting wear. To have a higher lifetime of the coating, it will be better to deposit the coating
on a substrate with optimized porosity. The MoS; based coating is preferred to be used under
high contact pressure and low displacement amplitude.

Finally, the objective of this research can be realized by proposing a method of evaluating
coatings according to tribological behavior of coatings. Therefore, several steps can be done as
following:

Analyze the tribological application, find out the requirements;

According to the requirements, test the coatings under relevant tribological conditions to
investigate the test parameters on tribological performance;

Apply the analysis of variance to rank the effect of test conditions on the coating
performance and find out the controlling factor(s) for the coating performance and irrelevant
factors for the coating performance. Give the limits of the controlling factor(s) for the
coatings;

Employ the reliability analysis to predict the reliability of the coating under certain running
conditions.
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ANNEX

ANNEX

1. Transformation

To meet the requirement of analysis of variance, two assumptions should be complemented.
One is the normal distribution of data for each treatment (the combination of one group of test
parameters) and the other is the homogeneity of variance across the treatment. Due to the fact
that only two tests have been performed for each condition, these two assumptions can be
completed automatically. Some scholars [128] suggested doing other assumptions prior to
analysis of variance: 1) a run sequence plot of the residuals; 2) a normal probability plot of the
residuals; 3) a scatter plot of the predicted values against the residuals. If the distribution of
residuals fails to meet the requirement, some transformation should be done, which has been
explained in Chapter 111 and Chapter IV.

In Chapter I11, only coating lifetime needs to be transformed as Eq. (111-3)

Trans(Nc) = In(Nc)
In Chapter 1V, two values (friction coefficient and coating lifetime) are transformed as Eq. (IV-
2) and (IV-3):

Trans(p) = (%% — 1)/(-0.5) (IV-2)

Trans(Nc) = (Nc™%25 —1)/(—0.25) (IV-3)

2. Coding method

Prior to regression analysis, it is necessary to code the value of each factor, because coding can
reduce range of each factor to a common scale regardless of its relative magnitude and scaling
establishes factor levels that can be orthogonal (or nearly). Generally, the coded value for
numeric value can be calculated according to Eq. (111 -1).

coded value=

2 an-1)

Therefore, the coded value of each numeric factor is shown in Table 20. In this study, the
evolution of friction coefficient or coating lifetime as a function of normal force is not linear so
that we should consider the quadratic part for coded value. The array of linear part and quadratic
part should be orthogonal. In addition, the normalization should be calculated according to that
the coded value is divided by the square root of summer of square of coded value for each factor.
Therefore, all independent values (value of factor) can have the same scale (-1 ~ 1), as shown
in Table 33. Then, the coefficient in the equation can be used to describe the variation of
dependent value as a function of factors.
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Table 20: Coded value for contact force and displacement amplitude.

Coded value
Real value -
linear part | quadratic part
Contact force 100 N -1 1
400 N 0 -2
700 N 1 1
Coded value
Real value — -
linear part | quadratic part
Displacement amplitude | + 10 um -1 1
+25pum 0 -2
140 pm 1 1

Table 33: Standardized value for contact force and displacement amplitude.

Standardized value
Real value -
linear part | quadratic part
Contact force 100 N -2 1/6
400 N 0 26
700 N 12 16
Standardized value
Real value -
linear part | quadratic part
Displacement amplitude | * 10 um -1N2 V6
+ 25 pum 0 216
+40 pm 1N2 1N6

To get the value of contact configuration and coatings position, dummy values can be used
because they are categorical values. Dummy coding uses only one and zero to convey all of the
necessary information on group membership, as shown in Table 21. In addition, the ball-on-flat
configuration is coded as CON = 1 and cylinder-on-flat configuration is CON = 0. For the
dummy case, the standardized values are same to the coded value.

Table 21: Dummy values of coating position.

Coating position Ci C
Coating on the flat 0 0
Coating on the ball or cylinder 1 0
Coating on both counterbodies 0 1
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3. Summary
Table 34 summarizes all the nomenclatures used in this thesis for the regression analysis.

Table 34: Nomenclatures used in thesis for the regression analysis.

(a) Standardized value for contact force and displacement amplitude

Standardized value
Real value -
linear part | quadratic part
Contact force 100 N A2 16
400 N 0 26
700 N 12 16
Standardized value
Real value -
linear part | quadratic part
Displacement amplitude | * 10 um -1N2 V6
+ 25 pum 0 216
+ 40 pm 12 16

(b) Standardized value for contact configuration

Contact configuration CON
Ball-on-flat 1
Cylinder-on-flat 0

(c) Standardized value for coating positions

Coating position Ci C
Coating on the flat
Coating on the ball or cylinder
Coating on both counterbodies

ol | O
= Ol O
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Abstract

Fretting wear is considered as a complex wear phenomenon related to interaction between two sliding
bodies under very low displacement amplitude, which limits the lifetime of elements significantly. Solid
lubricant is more and more applied in tribological applications to reduce friction and protect the substrate
surface from fretting wear. The performance of coating depends on many factors such as running
conditions, properties of substrate, counterbody and coating, and adhesion between coating and substrate.
The objectives of this thesis are to discuss the friction and wear behavior of the coating under different
running conditions, and to analyze the effect of test parameters on the friction coefficient and lifetime of
the coating, which can be effectively helpful for the evaluation of quality of the coating. Fretting
experiments are carried out to understand the relationships between the tribological behavior of a MoS;
based varnish coating and running conditions. The coating is investigated under different contact forces,
different displacement amplitudes, different contact configurations, different coating positions, different
substrates and different thicknesses. The rank of effect of factors is evaluated by the analysis of variance.
Regression analysis is used to predict the performance of coatings under certain running conditions. The
observation of evolution of wear scar is applied to explain the rank of factor and coefficients in the
prediction equations. Furthermore, the reliability analysis is used to describe and predict the survival rate
of coatings under certain running conditions. Finally, a linear model for lifetime is assessed in order to
take into account variable displacement amplitude.

Keywords: friction, wear, fretting, lifetime, bonded coating, solid lubricant, analysis of variance,
regression analysis, reliability analysis.

Résumé:

La dégradation des contacts tribologiques sous une sollicitation de fretting est un phénoméne complexe
lié & I’interaction entre deux corps sous une faible amplitude de débattement, ce qui limite la durée de
vie des piéces de maniére significative. La lubrification solide est de plus en plus utilisée dans les
applications tribologiques pour réduire les frottements et protéger la surface du substrat contre I'usure
par fretting. La performance du revétement dépend de nombreux facteurs tels que les conditions de
sollicitation, les propriétés du substrat, du contre-corps et du revétement et I'adhérence entre le
revétement et le substrat. Les objectifs de cette thése sont de discuter le frottement et le comportement
en usure du revétement sous différentes conditions et d'analyser l'effet des paramétres d’essai sur le
coefficient de frottement et la durée de vie du revétement, ce qui peut étre effectivement utile pour
I'évaluation de la qualité des revétements. Les tests de fretting sont menés pour comprendre les relations
entre le comportement tribologique d'un vernis & base de MoS; et les conditions d’essai. Le revétement
est étudié pour différentes valeurs de force de contact, amplitude de déplacement, configuration de
contact, position du revétement, nature du substrat et épaisseur. L'effet de chaque facteur est évalué par
I'analyse de variance. L'analyse de régression est utilisée pour prévoir la performance du revétement.
L'observation de I'évolution de la trace d’usure est réalisée pour expliquer I’importance des facteurs et
les coefficients dans les équations de prédiction. En outre, I'analyse de fiabilité est utilisée pour décrire
et prévoir le taux de survie du revétement sous certaines conditions d’essai. Enfin, un modéle linéaire de
durée de vie est évalué afin de prendre en compte I'amplitude de déplacement variable.

Mots-clés: frottement, usure, fretting, durée de vie, vernis de glissement, lubrifiant solide, analyse de la
variance, analyse de régression, analyse de fiabilité.
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