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Zusammenfassung

Die Laseroberflachenstrukturierung (eng.: Laser Surface Texturing (LST)) ist ein
schnelles und prézises oberflichentechnisches Verfahren, welches es erlaubt die Reibung von
Maschinenelementen zu reduzieren und somit zur Steigerung der Energieeffizienz beitragt.
AuBerdem  konnen  die  LST-Strukturen die  Verwendung  eines  iiblichen
VerschleiBschutzadditivs wie Zinkdialkyldithiophosphat (ZDDP) unterstiitzen. Allerdings ist
der Einsatz von LST im Grenzreibungsregime noch nicht etabliert. Ziel dieser Arbeit war es,
die Lebensdauer von Wilzlagern unter Grenzreibung durch eine Kombination aus LST und
ZDDP-Einsatz zu verldngern. Zunédchst wurde die chemische Beschaffenheit der
VerschleiBschutz-Triboschicht charakterisiert. Messungen mittels Atomsonden-Tomographie
zeigen eine Anreicherung von Schwefel in der Grenzschicht zwischen Grund und Gegenkdrper.
Dariiber hinaus wurde nachgewiesen, dass die LST-Strukturen den Verschleil aufgrund von
Schmiermittelspeicherung und einer verstdrkten Triboschichtbildung verringern. Die
Druckverteilung auf einer strukturierten Oberfliche wurde durch eine Kontaktsimulation
berechnet, und die Zunahme der Normalspannung fiihrt zu einer Forderung des
Triboschichtbildung. SchlieBlich zeigten die Wilzlager mit den LST-Strukturen eine dreifache

Ermiidungslebensdauer.



Abstract

Laser surface texturing (LST) is a fast and precise surface engineering method capable of
improving the frictional performances of machine elements, thus contributing to an increase in
energy efficiency. However, not many studies have carried out research of LST in the boundary
lubrication regime, likely due to concerns of higher contact stresses that can occur with the
increasing surface roughness. This study aims to improve the fatigue lifetime of rolling bearings
in the boundary lubrication condition by LST combined with ZDDP-added lubrication. Firstly,
the ZDDP antiwear tribofilm was characterized. The composition of the tribofilm and the
difference between the blue- and the brown-colored region was revealed. Moreover, the
analyses by high resolution methods indicated a sulfur enrichment at the interface between the
tribofilm and the steel substrate. Secondly, the LST patterns were verified to reduce wear due
to the capacity of lubricant storage and the enhanced growth of ZDDP tribofilm. The pressure
distribution on the textured surface was calculated by a contact simulation, and the increase of
normal stress led to a promotion of the tribofilm. Finally, the rolling bearings with the LST

patterns demonstrated an increase in fatigue life.
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1. Motivation

1. Motivation

Severe changes in the global climate and the foreseeable shortage of fossil fuels have
raised the importance of energy efficiency. If the energy efficiency improves, then greenhouse
gas emissions will be reduced, and the process of global warming would slow down. A major
source of greenhouse gas emission comes from end-user applications, such as transportation
and industry (see Figure 1) [1-3]. From the perspective of tribology, the CO; emission issue
can be attributed in part to the energy loss caused by wear and friction [4—6]. In other words,

improvement of tribological performance can enable efficient energy use.

m
energy
10%
Electricity and
heat production .
25% Transportation
14%
Buildings
Agriculture, 6%
forestry and
other land use
24% Industry
21%

Figure 1: Percentage of global greenhouse gas emission by economy sector according

to [2].
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1. Motivation

The energy costs due to wear and friction are considerable, as wear and friction may lead
to damages, material losses, and heat. Take passenger cars as an example, Holmberg and
Erdemir [2] show that the energy loss caused by friction is around 16.5%; only 21.5% of the
energy generated from fuel was actual for car moving (see Figure 2). On the bright side, the
statistical result also indicates that the use of modern tribology technologies could reduce
friction losses in passenger cars by 18% in the short term (5-10 years) and by 61% in the long
term (15-25 years) [7]. It is clear that novel friction solutions such as new lubricants and

protection coatings can improve energy efficiency [8—12].

EXHAUST
33%
Useless
energy
losses Total
energy
FUEL COOLING losses
ENERGY : 29%
100%
ENGINE
11.5%
MECHA- FRICTION =
NICAL : LOSSES => TRANSM.5% f
POWER 33% ROLLING ENERGY
38% RESIST. 11.5% : TO MOVE
______ | BRAKES 5% ) THE CAR
AIR DRAG 5% AIR DRAG 5% 21.5%

Figure 2: Energy consumption of a passenger car showing categories of losses from fuel

to motion [13].

Apart from friction, wear is a major factor that increases energy loss of mechanical
components by decreasing components’ lifetime [ 14—16]. Wear damage, which causes material
and energy losses, usually occurs when a heavy load is applied with only a little amount of
lubricant in between. Such boundary lubrication regime is typical in industrial applications like
bearings and gears [17-24] and is formally defined, according to the Stribeck curve [25], as a
lubricated condition with a small ratio of oil film thickness to mean roughness value, which

happens mostly along with a high load and a low sliding speed [26—29].
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1. Motivation

Although, in principle, wear is unpreventable under boundary lubrication, it is well known
that the formation of an antiwear (AW) tribofilm can provide protection to the contacting
surfaces [22]. In particular, one of the most popular AW lubricant additive is ZDDP. Due to its
excellent antiwear performance and inexpensive price, ZDDP has been widely utilized and
studied for more than 70 years. These properties can help to provide protection against damage
from wear and to extend the component’s lifetime [30—34]. Even though the mechanism of the
formation and the detailed reaction paths are still not well understood, the use of ZDDP is still
dominant in commerce and industry [35,36]. In Figure 3, the formation of the ZDDP tribofilm
by a tribochemical reaction is schematically shown.

Even though great success was established in the market with extraordinary performances,
ZDDP produces sulfur, phosphorus oxides, and metal salts that are found harmful to engine
exhausts [37—-41]. Consequently, the tolerance of P and S has been limited lower than 0.5 and
0.08 wt.-%, respectively [30]. It is a difficult task to find a proper replacement considering the
comprehensive performance of ZDDP. At least no research progress has been made to develop
high-performance engine oils at a reasonable price until now [34,42—44]. Nevertheless,
enhancing the effectiveness of ZDDP via surface engineering can further lower its consumption.
Moreover, the continuous researches in the tribology community that investigate ZDDP will

eventually approach a solution with low- or zero-ZDDP formulation [30,45-47].

et
oot

(Antiwear tribofilm} . ::’

o growth) %

.....

Single-Asperity

i Tribofil
Oil + ZDDP rioonim I

Figure 3: The tribo-chemical reactions of zinc dialkyldithiophosphate (ZDDP) with oil

that undergo shear-assisted formation at the single-asperity scale [48].
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1. Motivation

Novel methods of surface engineering, such as laser surface texturing (LST), have been
proven to be beneficial to reducing wear and friction, providing positive contributions in all
lubrication conditions from boundary to hydrodynamic regimes [49,50,59-63,51-58]. LST
usually creates regular or uniform patterns on the surfaces on a microscale. Some typical
patterns produced by LST are shown in Figure 4. The created space can retain lubricants in the
contact zone and then provide necessary lubrication to prevent insufficient lubrication;
moreover, it can trap the harmful wear debris that causes wear to the contacting surfaces [64].
Laboratory tests have also shown that LST can improve the frictional performances in industrial
applications such as roller bearings [50,65], ball bearings [66—68], valves [69,70], and pistons
[71,72]. However, befitting texturing design for a specific application is still challenging that,
in some cases, the increase of surface roughness is causing more wear [73—76]. Moreover, the
combined use of LST and AW additives improves the tribological performances [4,59,62,77,78],

which gives LST the potential to reduce wear even under boundary lubrication.

Figure 4: Various surface patterns textured by direct laser interference patterning (DLIP)
of laser surface texturing (LST). (a) line-like pattern by 2-beam interference; (b)-(d) dot-

like patterns by 3-beam interference with a difference incident angle [79].
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1. Motivation

Typical cases in the industry that face heavy load and wear are rolling bearings. The rolling
bearings are used for supporting a rotating shaft, resisting radial or axial load, and adopt
spherical balls or various types of rollers between the stationary and the moving elements. A
section view of a thrust cylindrical roller bearing is shown in Figure 5. The life of rolling
bearings with rolling/sliding contact is often limited due to the occurrence of pitting failure [80—
82]. Pitting failures are initiated by micro-cracks, and the growth of the cracks eventually leads
to rolling contact fatigue (RCF). Pitting failure can be categorized by the location of the micro-
cracks: either in the sub-surface zone or on the surface of the material. Sub-surface failures
have become less frequent due to improvements in steelworks, which has decreased the number
of inclusions [80,83,84]. However, surface-initiated pitting, which begins with cracks initiated
by defects, wear debris, or asperities on the surface, has caused a rising percentage of failures
in modern applications [85]. This is attributed to the lower thickness of oil film that occurs
when pursuing efficiency via reducing lubricant viscosity or adopting higher machining power,

which makes the machine components operate in the boundary lubrication condition [86—88].

Figure 5: Cylindrical roller thrust bearing type 81212 used for tribological trials.

This study aims to improve the lifetime of rolling bearings by a combined approach using
LST and ZDDP. The first half focuses on the chemical and structural characterization of the
ZDDP tribofilm, and these high-resolution examinations provide deeper insight into the

formation mechanisms of the antiwear tribofilm, by which a sustainable replacement of ZDDP
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1. Motivation

can be approached. The second half focuses on using LST to improve the frictional
performances of the thrust rolling bearings. Four LST patterns will be initially tested for
performance in terms of wear, and the best of these designs will be used for the subsequent
fatigue tests. The correlated behavior of the ZDDP as an additive to the Laser textured surface

will be finally evaluated.

6 Dissertation, Chia-Jui HSU



2. State of the art

2. State of the art

This chapter provides the fundamentals and the up-to-date knowledge for understanding
the approaches used in this dissertation. Because this study aims to improve the frictional
performances of rolling bearings by means of LST, it is essential to introduce the theory of
tribology and surface engineering so that the influencing factors to the frictional performances
can be described precisely. For instance, roughness parameters calculated on the surface
profiles can numerically describe the surface morphology. In addition, the calculation of oil
film thickness can determine the classification of different lubrication conditions. Particularly,
the common failure mechanisms of rolling bearings will be discussed, and the solution to reduce
seizures of surface failure can be provided. Finally, the principle of laser technology and how

it reacts with materials will be demonstrated.

2.1. Tribology

2.1.1. Tribosystem

Combining engineering, materials, and chemistry, tribology is the science of friction, wear,
and lubrication. The study of tribology is fundamentally about materials, surfaces and
lubrication, and the interplay that determines the wear and friction [89]. Tribological
investigations are for the purpose of better controlling wear and friction by manipulating
mechanical, interface, and material parameters [90,91]. The complicated tribological state can

be simplified and described as a tribosystem.
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2. State of the art

Tribo system

Input parameters: Output:

» Materials + Friction force
» Forces * Wear

* Speed

+ Temperature
« Temperature

Figure 6: Diagram of a tribosystem consisting of: (1) and (2) material pair; (3) interface;

(4) environment [90].

A tribosystem (see Figure 6) consists of four elements, including a pair of contacting
materials (substrate and counter-body), the interface between the material pair, and the
environment [90,92]. The interface describes the lubrication condition and the third body, of
which the major part is the wear debris/particle. The environment consists of temperature,
humidity, and operational parameters, such as applied load and deployed motion kinematics.
By manipulating the input parameters such as force, speed, working temperature, and material
properties, the tribosystem performs different outputs [90,93].

Friction is the force parallel to the contact interface that resists the relative motion of the
contacting bodies. The magnitude of the friction force depends on the material characteristics
of the two contacting surfaces [94,95]. Depending on the contact mode, the friction can be
further classified as sliding friction, rolling friction, static friction and etc. [96]. Moreover,
under lubricated conditions, friction is then mainly determined by viscosity. The properties of
lubricant affect the surface interaction, and more details about lubrication conditions can be

found in section 2.1.3.
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2. State of the art

2.1.2. Surface Roughness Parameters

Surface roughness is widely used as an index showing product quality, which shows the
height of the asperities present on the surface over a length or an area [97,98]. It is also
considered as an important factor to the tribological performance of the contacting surfaces,
given that a higher roughness usually results in a higher wear rate [99-101]. By using
profilometric methods, surface roughness can be calculated quantitatively in terms of roughness
parameters, which describe the profile of surface topography. Especially for surface

engineering, the roughness parameters can determine the quality of processing [102,103].
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Figure 7: SEM images of LST patterns under different processing scales: (a) grid, (b)
chaotic, (c) dimple, (d) wavy groove, (e) linear groove, and (f) riblet [104].

LST creates dimples, lines, and some more complex geometric patterns onto the

components’ surfaces at different scales from macroscopic to microscopic levels (see Figure 7).
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2. State of the art

The patterns can be demonstrated using surface profiles obtained by optic microscopy or
profilometry; however, only surface profiles cannot quantify and exhibit the details of the
patterns. Therefore, the height distribution and spatial profile of surfaces are better described
by statistical functions, that the surface morphology can be quantitatively assessed. For example,
one of the main characteristics of LST patterns is lubricant storage, which is positively related
to the volume of valleys [4]. Roughness parameters such as Ry and Ay are usually used for
assessing the capability of lubricant storage [105]. Based on the focus of the present study, the
roughness parameters related to the assessment of LST patterns will be introduced. The values

of the roughness parameters are obtained and calculated by white light interferometry (WLI).

—
—

/—Mean Line

3 UL
i va' A W\M\/W _\

l / /

Figure 8: Definition of the arithmetic average height (Ra) [106].

The arithmetic average height (Ra) and root mean square (RMS) are the most common
roughness parameters for surface examination. For grinded and LST patterned surfaces, these
two parameters indicate the height variation. Firstly, R,, also known as the centerline average
(CLA), is defined as the average absolute deviation of the height difference from the mean line
over a sampling length | and sampling numbers n (see Figure 8), which has its limit of less

sensitivity to small changes in profile. The mathematical definition is shown as follows:

n
—1Z| | 2.1
'y Vi (2.1)
i=1
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2. State of the art

The root mean square roughness (RMS), which is also called as Rq, the standard deviation
of the distribution of surface heights. Both R, and RMS described surface roughness, but each
is calculated differently. R, is calculated as a value of roughness average, and RMS is calculated
as the root mean square. According to the formulars, RMS is more sensitive to the peaks and

valleys than Ra. The mathematical definition of this parameter is as follows:

(2.2)

The skewness value is used to determine the symmetry of the profile to the mean line, and it is
sensitive to occasional peaks such as high spikes or deep valleys. When the bulk of the material
is above the mean line, as shown in Figure 9, the R« valve is negatively skewed, indicating a
plateau-like surface. In contrast, a positive value represents a bearing surface with the main

bulk material beneath the mean line.

Profile Distribution

Positive
Skewness

Negative
Skewness

Figure 9: Definition of skewness (Rs) and the amplitude distribution curve. Peaked
surfaces (top) having a positive value and bearing surfaces (bottom) with a negative value

[106].
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The skewness value calculates the third central moment of the profile density function,

and its mathematical formula is as follows:

1 n
_ § 3
i=

where y; is the height of the profile at point i, and the number of points is n. Sometimes two
different surfaces have a same value of R; and RMS, and thus Rg can be used to differentiate

them. For the use of LST, the capability for lubricant storage can be evaluated by Rsx.

A
Equivalent straight line
Roughness - y
core area > -
I P 40 %
\ /1 v
W A
<
\4
y ~
A - -
5 e
Valley area |
P ol 0 20 40 60 80 100
- o Mrl Mr2

Evaluation length Ln . .
Bearing Ratio [%] —p

Figure 10: Definition of the bearing area curve (Abbott-Firestone curve) [107].

In addition to height parameters, the bearing capability of surfaces can be drawn as a
bearing ratio curve, which is also called the Abbott-Firestone curve (as shown in Figure 10).
The horizontal axis represents the bearing area lengths as the percentage of the sampling length
of the profile, and the vertical axis represents the heights of the profile. The measured
parameters of the curve from top to bottom are: Rk, the reduced peak height; Rk, the core
roughness depth; and Ry, the reduced valley depth. Moreover, M;1 and M, of the plot indicate
the boundary of peak-to-core and core-to-valley; and the triangle regions shown in red and

green color represent the quantity of solid height and valley, which are A, and A, respectively.
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For assessing tribological performances, lower Rpk represents a smoother surface (fewer
asperities), which can usually result in lower friction in the running-in process [108,109]. In
addition, greater R,k indicates more portion of valleys, which has been suggested as an index

of the ability for lubricant storage [110—112].

2.1.3. Lubrication Conditions

Lubricant film

T
<]
W

Material pair

Film thickness h

Surface roughness

)

S —

0,14 ’

@ Boundary friction (h — 0)

@ Mixed film friction (h = R)

@ Elastohydrodynamic lubrication (h > R)
@ Hydrodynamic lubrication (h >> R)

Friction coefficient f

0,014

viscosity - velocity
load

Figure 11: Stribeck curve showing different lubrication regimes from boundary, mixed,
and to hydrodynamic lubrication [96]. (h: lubricant film thickness; R: surface roughness;

v: relative speed)

The primary purpose of lubrication is to reduce friction between contacting surfaces in

relative motion and carry heat and wear particles away [96,113]. An ideal lubrication condition
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is to separate the two surfaces completely with a film of low friction materials such as oil or
pumped gases [114—116]. The relationship of the film thickness and asperities of the contact
surfaces influences the lubrication condition, which is demonstrated in the Stribeck curve (see
Figure 11). The resulting oil film thickness can be controlled by the relative velocity of the
surfaces in contact, the applied load, and the viscosity of the lubricant.

The lubrication regime is classified by the lambda ratio, which is oil film thickness divided
by the composite surface roughness; and it is called dry contact when no lubricant is involved.
With 4,i» and the respective roughness values, the lambda parameter could be calculated, which

is used as an indicator of the lubrication condition:

hmin

e (2.4)

From a fully supplied lubrication to an insufficient case, the lubrication regimes of a
rolling/sliding tribosystem can be determined as follows: hydrodynamic, EHL, mixed, and
boundary lubrication; which is according to Hamrock et al. [117]. Firstly, when a thick film of
lubricant is formed (A > 3), there is no direct contact between two surfaces; this is called
hydrodynamic lubrication (HD). A thick oil film provides positive pressure to separate the
surfaces and support the applied normal load. Therefore, the properties of the lubricant such as
viscosity and cooling ability are essential in the HD regime [118,119]. In this lubrication regime,
the lubrication model can be calculated by Reynold’s equation of fluid dynamics.

Boundary lubrication takes place when fluid film can no longer separate the contact
surfaces (1 > A). Friction and wear rate rise higher than in HD since the fluid film effects are
negligible and the asperity contact is predominant [117,120,121]. Furthermore, when the film
thickness and the roughness are nearly equal (3 > A > 1), a mixed lubrication condition can be
found within the contact, where HD lubrication and asperity contacts coexist [122,123].

When two surfaces encountering in a point or a line contact, the contact pressure increases
due to a small contact area and thus demonstrates an EHL lubrication (10 > A > 2) [96,124].
Concentrated and non-conformal contact leads to a high peak of pressure, and thus

hydrodynamic lubrication can no longer support the focused pressure. Lubricant film still forms
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and has a comparable thickness to the surface roughness. The high pressure causes elastic
flattening of the contacting surfaces and results in a locally conforming contact [87,125].
Moreover, the high pressure also raises the viscosity of the lubricant, benefiting the thickening
of the oil film [4].

The value of minimum oil film thickness Auin is necessary for assessing the lubrication
condition, and can be optically observed by using transparent tools. However, tribosystems are
usually non-transparent and even covered by other elements, which makes the contact not able
to be observed. In practice, the minimum oil film thickness can be estimated according to the

Dowson-Higginson equation [116,125]:
Hpin = 1.6 66 U7 w013 (2.5)
hmin = Hmin X R (2.6)

where G, U and W are the dimensionless parameters of line contact, which refer to the properties
of the materials, sliding speed, and load, respectively. The parameter /ui» represents the
prediction of the minimum oil film thickness at the contact zone, whereas R is the radius of the

counter body.

2.1.4. Boundary Lubrication

An ideal form of lubrication would be the HD regime, since it provides low friction and
high resistance to wear [117]. However, when the load is heavy and/or the speed is low, the HD
pressure may not be sufficient for supporting the load [22]. Boundary lubrication usually occurs
in many industrial application, for instance: bearings, gears, cam and tappet interfaces, piston
ring and liner interfaces, pumps, and transmission [126—128]. Moreover, in many cases, it is
this critical lubrication regime that governs the life of the components [17,129].

Direct contact raises friction and wear, which can lead to starved lubrication due to
insufficient oil supply [87,124]. Note that it is more common to find machine elements

operating in mixed than boundary lubrication [123]. Only when the applied load is extremely
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heavy, or the sliding speed is too low, boundary lubrication can be found. As a consequence,
the wear rate can increase up to 3 orders of magnitude compared with the mixed lubrication
regime [130]. In order to avoid wear, AW additive is used to generate tribofilm for protecting
surfaces.

AW tribofilm can be introduced by adding lubricant additives in the lubricants, which
decreases shear force and prevents asperity contact [45,131,132]. The protective tribofilm
formed by physical adsorption and tribochemical reaction acts as a barrier to prevent direct
contact, thus decreasing the wear rate and friction. Two main classes of boundary lubrication
additives are AW and extreme pressure (EP) agents. AW additives are used to protect the surface
against wear loss, and EP additives to prevent failures under extreme pressure. The structure of
the additives can be described as a functional core and a tail, such as sulfur/phosphor and alkyl
chains, respectively [133]. Among all the commercial products, one of the most successful AW

additives is called zinc dialkyldithiophosphate (ZDDP).

2.1.5. Zinc Dialkyldithiophosphate (ZDDP)

ZDDP is one of the most successful lubricant additives ever invented and has been
employed especially for engine oil for more than 70 years. The triple role as antioxidant,
corrosion inhibitor, and antiwear agent makes this AW additive long-lasting in the market [30].
However, for environmental issues and sustainability, the use of ZDDP has been restricted
under global consensus. As mentioned in the previous chapter, it is a difficult task, and there is
still no other competitive product at a reasonable price still [34,42—44]. Nevertheless, the
continuous research in the tribology community that investigates ZDDP will eventually

approach a sustainable solution with low- or zero-ZDDP formulation [30,45-47].
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Figure 12: Schematic diagram of ZDDP tribofilm with chemical composition. [30]

The formation of the ZDDP antiwear tribofilm is the hinge for wear-resisting, and the
origin of the layer formation is based on the energy input [41] that shear forces and increased
temperature can cause the tribo-chemical reaction. On one side, thermal degradation of ZDDP
occurs when the temperature is above 50°C and deposits a thermal film by adsorption [134,135].
On the other hand, sliding motion introduces pressure and relative motion, and that leads to
tribofilm formation [136—138]. It is suggested that the formation of the tribofilm builds upon
thermal film [139]; however, recent works indicate that the tribofilm can be generated without
the participant of the thermal film [140]. Moreover, the growth of pressure-induced tribofilm is
confirmed to be more efficient [141]. Compared to the thermally induced film, the tribo-
generated tribofilm is more stable and has better tribological performances [137].

The presence of the ZDDP tribofilm reduces friction and wear [126,137,142], and thus
extends the component’s lifetime. ZDDP tribofilm is usually described as blue and brown-
colored patchy layers formed in the sliding contact region, which is island-like with a thickness
of around 100 nm and width from 0.5 to several micrometers [30,143]. An overview of the
chemical composition can be found in Figure 12, which was built upon the theoretical and
experimental results [30]. Basically, ZDDP-related elements ( Zn, P, and S) can be found mixed
with iron compounds. Longer chains of zinc/iron polyphosphates were found at the top of the
tribofilm compared to shorter chains at the bottom region [144—146].

The main body (bulk) of the ZDDP tribofilm has been observed to contain a high
concentration of oxygen usually. For instance, Martin ef al. [147] found approximately 40 at.-
% of oxygen in the tribofilm and a small amount of sulfur at the top layers. Guo et al. [148]

also identified an iron oxide layer at the bottom of the tribofilm. Hence, by the cross-section
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observation, Miranda-Medina et al. [149] indicated that the content of oxygen in the tribofilm

can be due to the accumulated wear debris that mainly consists of iron oxide particles.
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Figure 13: Different phosphates and sulfur species of AW additive by chemical reactions

based on the HSAB principle. [150]

Similar to oxygen, sulfur has also been considered as a common element included in the
tribofilm; however, the content and the distribution of sulfur compounds are still unclear to the
community. Firstly, Martin et al. [151] proposed the Hard and Soft Acids and Bases (HSAB)
principle to predict the chemical reactions of the formation of AW tribofilm (see Figure 13).
Based on the principle, the tribofilm formation was initiated by the chemical reaction between
sulfur and nascent steel substrate, which could produce an interlayer enriched of FeS.
Correspondingly, Smith and Bell et al. [152,153] observed S/O layer in the bottom of the
tribofilm. Moreover, Spikes ef al. [154] indicated that a thin film of S enrichment was found at
the initial state of sliding but afterward pushed out from the contact zone and replaced by P-
and Zn-riched film. Soltanahmadi ef al.[155] used transmission electron microscopy/ energy
dispersive x-ray spectroscopy (TEM/EDS) to visualize the sulfur interlayer. Moreover, the

higher content of sulfur/oxygen at the bottom side of the bulk tribofilm was commonly found
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by using X-ray photoelectron spectroscopy (XPS) [128,156]. However, there are still some
studies claiming that no sulfur interlayer was identified [147,151,157], which leaves the
existence of the S enrichment at the interface still ambiguous. The difficulties of identifying the
interface nature of the tribofilm can be attributed to the nano thickness and the complex mixture

of oxygen and sulfur.

2.2. Laser Surface Patterning

2.2.1. Laser physics

Laser has been widely used in various applications, such as spectroscopy, manufacturing,
profilometry scanning, and even entertaining, due to its unique properties: monochromaticity,
directionality, coherence, and high intensity. The word “Laser” is an abbreviation for Light
Amplification by Stimulated Emission of Radiation. Einstein predicted the stimulated emission
phenomenon in 1916, and Schawlow and Townes originally proposed the development of the
technique in 1958 [158]. The phenomenon of stimulated emission is fundamental for
establishing a laser system. When an incoming photon of a corresponding frequency strikes an
excited electron, it will drop to a lower energy level and emit a stimulated photon at the same
time. The stimulated photons are in phase and traveling in the same direction as the stimulating

photons [159,160], which can be applied for optical amplification.
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Figure 14: Schematic diagram of typical laser system [160].

A typical laser system is shown in Figure 14. In general, a basic laser set-up requires four
essential components in its cavity: gain medium, pumping, high reflector, and partial reflector
[160]. The gain medium is the core of the system, which serves as a means to amplify light.
The gain medium is activated into an excited state for stimulated emission by an external
pumping source. Many materials can be used to show the stimulated emission phenomenon,
but only a few have significant power capability. Conventional laser medium can be in any
physical state, such as CO» (gas), He-Ne (gas), organic dye (liquid), Nd-YAG (solid), excimer
(solid), and diode lasers (semiconductor) [161,162]. The gain medium is activated by external
pumping, and a typical pumping source can be flash lamps, electromagnetic fields, chemical
reactions, or a pump laser. Moreover, the resonator of a laser cavity is composed of two
reflectors at both ends: a fully reflective mirror and a partially transmitting mirror. The coherent
laser beam is resonated in the cavity, and the output emits through the partially transmitting
mirror.

Three interactions occur when electromagnetic radiation hits a surface: reflection,
absorption, and transmission. The absorption can be described by the Lambert-Beer’s law that

the intensity / at a specific depth z as:

1(z) = I,e P> (2.7)
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where [ is the absorption coefficient based on the material characteristics and the
properties of the radiation. /»is the intensity of the radiation just beneath the surface that
excluded the reflection. The interaction between material and laser radiation is due to the
absorption [163,164]. Sufficient energy absorption makes the material melt and further causes
evaporation and plasma [165]. In addition, also the laser characters affect the absorption rate,
such as wavelength, environmental temperature, angle of incidence, and surface roughness.
Steel, for example, has an absorption rate to the laser of 527 nm wavelength approximately
10% higher than 1053 nm [166]. In addition, the continuity of laser beams, namely continuous
wave (CV) or pulsed laser, causes different reaction mechanisms, which will be further

explained in the following section.

2.2.2. Pulsed Laser

A pulsed laser is defined as a laser with beam energy that appears in pulses at specific
repetition rates, and an ultrashort pulsed laser is with pulse duration less than 10 ps [167]. The
use of short and ultrashort pulsed lasers is an emerging technology in the field of surface
engineering [168]. The extreme energy intensities and a shorter exposure timescale influence
the laser-material response. In addition, the advantages of using pulsed lasers included the
reduction of lateral thermal effects, more precise threshold fluences of ablation, and reduced
material redeposition [169,170]. Compared to CV lasers, the use of pulsed lasers reduces lateral
thermal damage and lower heat-affected zone [168], since the thermal effect distance is defined
by:

len = V2DT (2.8)

where D is the thermal diffusivity and 7 is the pulse duration. When the pulse duration is
sufficiently short, the thermal effect distance [;; will be very small. The power density of a
pulse will determine the proportion of the energy that will be absorbed to either evaporate or to
melt [171,172]. Theoretically, take aluminum substrate for example, the depth of the heat-

affected zone is less than 2 um when interacting with ultrashort pulsed laser [173].
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Figure 15: Material-Laser interaction with (a) short; (b) ultrashort pulsed laser. [174]

The laser-to-material interaction differs from a short to an ultrashort pulsed laser, where
the latter is defined as equal or less than 10 ps. In Figure 15, the laser-material interactions
between different short pulse durations are presented [174]. When a laser beam interacts with
a metal, electrons are excited at high temperatures by the absorption of photon energy.
Subsequent electron-phonon interactions transfer the absorbed energy to the lattice in a time
frame of picoseconds for most materials. Consequently, for ultrashort pulsed laser with a pulse
duration shorter than 10 ps, there is insufficient time for the energy transfer to the lattice. Due
to the lack of heat transfer, the thermally affected region is minimal, and some materials
evaporate directly without melting when the energy is high enough to break the bonds. Because
the atoms have too little time to move during the pulses, very high pressures and high
temperatures can be attained [168,175]. The difference of the laser-material interaction between
short and ultrashort pulsed laser determines machining quality [176]. In a brief summary,
materials behave conforming to the classic heat conduction and then melt or evaporate
depending on the temperature achieved by micro- or nanosecond pulsed laser (Figure 15a). On
the other hand, for the ultra-short pulsed laser such as pico- and femtosecond, materials
transform from solid to vapor directly, and those overheated liquid blasts and causes liquid

droplets and vapor (Figure 15b).
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2.2.3. Laser Surface Texturing (LST)

Surface engineering for tailoring topography/roughness of surface has been proven to
effectively reduce friction and wear in the last 70 years [50]. Due to the properties of highly
directional, high power density, and precise focusing characteristics, laser has been considered
to be a candidate for surface engineering [64,79,177]. The introduction of laser to surface
engineering can be traced back to Etsion ef al., who started a comprehensive study on the use
of laser surface texturing (LST) [178]. Since then, the tribology community has increasingly
put attention on laser texturing due to the potential friction and wear reduction by using LST
[62,64,179]. The successes from the laboratory tests have also demonstrated tribological
improvements in industrial applications such as roller bearings [65], ball bearings [66], valves

[69], and pistons [71]. An example of LST on the thrust roller bearing is shown in Figure 16.

Figure 16: Surface morphology of a laser textured thrust roller bearing (lower washer)

with cross-like periodic patterns having periodicity of 30 um textured by DLIP.

The improvement and the mechanism of wear and friction reduction by surface texturing
vary depending on the acting lubrication regime [50]. Under dry contact, LST stores the harmful
wear particles, thus reducing severe abrasive wear. The decrease of real contact area reduces
the frictional force; however, it also causes higher contact stress, which can increase the wear

rate [180—182]. In lubricated conditions, the effect of LST should be discussed under the
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aforementioned lubrication regime, namely HD (A > 3), mixed (3 > A > 1), and boundary (1 >
L) regimes. In general, the unique topography of the laser patterns can retain lubricants in the
contact zone, thus providing necessary lubrication when the external supply is insufficient [50].
In addition, the ability to trap harmful wear debris also reduces wear in the lubricated cases [64]
(The definition of the lubrication regimes is shown in Section 2.1.3.). In the HD lubrication
regime, surface texturing typically provides an additional hydrodynamic pressure, thus
generating a significant contribution to the load-bearing capacity [183—185]. It is suggested that
the use of LST improves frictional performance under the HD regime [50], and the underlying
mechanisms have been comprehensively studied by experiments and numerical simulations
[59,186]. Secondly, in the mixed lubrication regime, the contact pressure is partially loaded on
the oil film and the surface asperities. Since the thickness of the supporting oil film is thinner
in mixed lubrication, the laser textured patterns acting as micro-reservoirs are more essential to
prevent insufficient lubrication. The last lubrication regime, boundary lubrication, is similar to
dry contact, in which the solid-solid contact is dominant. The wear occurs unpreventably, and
an AW protection layer is required to reduce wear [187,188]. Consequently, the use of LST in
the boundary lubrication regime creates a concern that the decrease of contact area could cause
more wear and friction [50,51]. However, there are only a few studies that focus on this topic,
and thus the influences of LST on the tribological performances will be verified in the present

dissertation.

Interference
volume

Figure 17: Schematic diagrams of (a) DLIP set-up and (b) two-beams interference [189].
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LST has progressed towards using short and ultrashort pulsed lasers, which have a more
comprehensive range of material flexibility. Due to different mechanisms of material removal,
pulsed laser results in more precise cutting edges and smaller heat-affected zone [59]. However,
the general shortcoming of laser texturing in micro-scale with complex geometry is the longer
fabrication time. Therefore, Direct Laser Interference Patterning (DLIP) was developed to
texture larger area in just a single laser shot, which is shown in Figure 17. DLIP ensures a time-
efficient and fast surface texturing by a larger processing area [190,191]. Basically, the DLIP
method is established on the principle of interference which applies two or more laser sub-
beams for generating periodic patterns. The requirements of the production are that the laser
wavelength should be suitable for the absorption of the selected materials, and the laser power
should be sufficient for the ablation threshold [60]. When using two coherent sub-beams, DLIP

creates line-like patterns, and the period of the patterns (P) is given by:

A
P=-——"
2sina

(2.9)
where o is the incident angle and 4, is the wavelength of the laser beam. Furthermore,
more complex symmetric patterns can be produced by using additional laser beams. Different
configurations of incident angle and the number of laser beams result in different geometry of
patterns. Therefore, DLIP can provide a faster processing speed for micro-scale microstructure
fabrication than the other surface texturing techniques (see Figure 18) [192]. Based on the
development in the last two decades, DLIP can produce even nano-scale surface patterns (< 100
nm) at a fast fabrication speed (~1 m?*min). The applications include tribology, healthcare,
photovoltaics, as well as decoration, and the substrate material can be metals, polymers, and

ceramics [60].
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Figure 18: A comparison of different surface texturing techniques/methods by

structuring size and fabrication speed. [192]

DLIP has been proven to be beneficial for versatile functions, such as friction and wear
reduction [180,193,194], reduction of the electrical contact resistance [195], and modifications
of wetting properties [58,196]. For the frictional modification, Rosenkranz et al. have presented
that dot-like patterns textured by three beams interference on bearings show a wear reduction
of 83% over the references [65]. The patterns were able to store wear particles into the
topographic valleys and therefore reduce abrasive wear. Even though DLIP would create an
additional artificial roughness on the contact surface, which might lead to increased contact

pressure, the ability to store wear particles seems to be promising in wear reduction [50,65].
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3. Methods

3.1. Materials

Type 81212 cylindrical roller thrust bearings were used in this study, consisting of a pair
of washers and a set of cylindrical rollers in between. The bearings are made of AISI 52100
(100Cr6) with a surface roughness of Rs=0.04-0.06 pm, and the hardness is 59-64 HRC. The
chemical composition of the material is shown in Table 1. In addition, the cage of PA66 was
used with 15 rollers that are with both diameter and length of 11 mm. Moreover, thrust ball

bearings (Type 51212) with the same material and diameter were used for fatigue life testing.

Table 1: Composition (wt.-%) of 100Cr6 (AISI 52100) bearing steel.

C Al Si P S Cr Mn Cu Mo

0.9-1.05 <0.05 0.15-0.35 <0.03 <0.02 1.35-1.6  0.25-0.45 <03 <0.1

3.2. Surface Texturing

Two geometrically different LST patterns, dimple and cross, were tested in this study. Prior
to the texturing, the samples were cleaned using a ultrasonic bath with ethanol and then

1sopropanol. A schematic profile of the LST patterns is shown in Figure 19.
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/L

bearing washer

Figure 19: Schematic diagram of LST pattern’s surface profile in a lubricated condition;
h shows the height from the valley to top, d shows the width of the textured area, and p

shows the periodic distance [197].

The dimple patterns were created by a femtosecond pulsed laser (Spitfire Pro, Spectra
Physics); the patterns’ depth and diameter were = 0.9 and 30 um, respectively. A Ti-sapphire
laser was applied with a wavelength of 800 nm and a pulse duration of 150 fs. The energy
fluence was controlled at 12.7 J-cm™, and each dimple was manufactured by only one laser
pulse. A stage system was used for the sample positioning, and thus the laser pulse can be shot
onto the expected position. The periodic distance between dimples, which is called periodicity,
was set as 200 and 500 pm, respectively. The experimental details of the LST patterns can be
found in Table 2.

Table 2: Pattern dimension and experimental details of LST.

Pattern Periodicity Height Peak Energy Pulse
Samples .
type (um) (um) (J/em?) Duration
Dimple500 Dimple 500 0.9 12.7 150 fs
Dimple200 Dimple 200 0.9 12.7 150 fs
Cross9 Cross 9 1.1 1.2 10 ns
Cross30 Cross 30 1.1 1.2 10 ns
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In addition, DLIP was used for producing cross-like patterns. An Nd:YAG nanosecond
pulsed laser (Quanta Ray Pro 290, Spectra Physics) was applied with 10 nm pulse duration, 532
nm wavelength, and 10 Hz pulse frequency. The laser beam that came out from the laser system
was then introduced into the optic system. The primary beam was firstly split into two sub-
beams through a 50/50 beam-splitter. The two sub-beams were introduced using the other
mirrors to the sample with an identical incident angle and thus superposed onto the same
position on the surface. The superposition caused the interference patterns, which is a line-like
structure with specific periodicity depending on the incident angle. Afterward, the same
treatment was processed again with a 90° of rotation to create the cross pattern. More details of

the DLIP setup can be found in the previous study [190].

3.3. Tribometry

Rotation &

~ 2 —
\/ Sliding

— ; speed

bearings

Figure 20: Cutaway view of the cylindrical roller thrust bearing (Type 81212) and the
modified FES8 test rig for tribotesting [143].

A test rig FE8 (see Figure 20), according to DIN51819-3, was used for processing the
initial selecting tests and the fatigue lifetime evaluations. A cylindrical thrust roller bearings
(Type 81212), composed of two washers and a set of rollers/balls, were installed along the
rotational axis. The LST patterns were manufactured onto the surfaces of the bearing washers,
and the untextured surface was with a roughness value (Ra) of 0.06 pm. The lubricant was

pumped into the test rig, which used base oil ISO VG 100 mixed with ZDDP as an additive of

29 Dissertation, Chia-Jui HSU



3. Methods

C3C4-alkyl-chain with 0.05 wt.-%P. The initial selecting tests were operated in 2 hours with 20
rpm of rotational speed, 80kN of applied load, and 60 °C of working temperature. The
lubrication condition of the tests was estimated in the boundary lubrication regime since the
lambda values were calculated as between 0.04 and 0.12 [126]. The calculation was based on
the oil film thickness, according to Dowson et al. [116,125]. More experimental details of the
preliminary tests can be found in Table 3. After the test, the surface was cleaned by using

benzene and isopropanol to remove contaminants, residual oil, and wear debris.

Table 3: Experimental parameters and lubricant properties at working temperature of the

initial frictional tests for LST patterns selecting [197].

Experimental parameters QOil Properties at 60 °C
Rolling Speed Max. Pressure  Temp.  Kinematic Viscosity Density Pressure-Viscosity Coeff. o
0.04 m/s 1.92 GPa 60 °C 38.3 mm?/s 869.1 kg/m>  1.82x 10%Pa’!

Initial tests had been processed on cylindrical roller bearings with four different LST
patterns, and the best case of these patterns was selected for subsequent fatigue tests by using
thrust ball bearings (Type 51212). The same testing set-up was conducted with the same
concentration of ZDDP in the lubricant. The testing parameters were 750 rpm, 80 kN, and 90
°C. More information of the fatigue experiments and the used lubricant can be found in Table
4. The tests were stopped when the first surface damage occurred, which was detected by a
vibration sensor. Despite the plane surface of roller bearings being more suitable for laser
structuring, ball bearings were chosen to avoid wear loss by shearing. Compared to cylindrical
rollers, the rolling motion of ball rollers experiences much less sliding, which minimizes

abrasive and adhesive wear, and thus the fatigue life would be merely caused by pitting failure.

Table 4: Experimental parameters and lubricant properties at the working temperature

of the fatigue tests [197].

Experimental parameters Oil Properties at 90 °C
Rolling Speed Max. Pressure  Temp.  Kinematic Viscosity Density Pressure-Viscosity Coeff. a
1.53 m/s 3.5 GPa 90 °C 13.6 mm?/s 850.8 kg/m* 1.50x 108 Pa’!
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3.4. Characterization

3.4.1. White Light Interferometry
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Figure 21: Schematic of white light interferometry [198].

White light interferometry (WLI), a type of optical profilometry, is a non-contact
measurement method. It is generally used for topographical observation due to the quick
measurement without leaving damage or contaminant. The principle of interferometry is based
on the wave superposition, which combines two waves, the incident and the reflected light, and
identifies the difference of the interference patterns, which is caused by the phase difference
between the two waves. When the waves are in phase, constructive interference occurs; when
waves are out of phase, destructive interference appears. By means of the low coherent property

of a white light source, diffraction patterns with less noise, compared to monochromatic light,
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can be obtained. At the output of the interferometer, usually a CCD camera is used, and the
light intensity for each pixel on the camera gives the information about the geometric form of
the measured surface/object. A sketch view of a WLI is shown in Figure 21.

A WLI (New View 7300, Zygo) and an optic microscope (VHX-2000, Keyence or BX 60,
Olympus) were used for surface observation in this study, which provides information on
morphology and geometry profile of the textured and reference surface. The measurement

achieves micro-resolution in the lateral direction and nano-resolution in the vertical direction.

3.4.2. Raman Spectroscopy

Raman Spectroscopy is a spectroscopic technique used to determine the vibrational modes
of molecules, which has been usually applied in chemistry. The vibration modes of molecules
are the features for identification, whereas rotational and other low-frequency modes may also
be acquired. By detecting the inelastic scattering of photons, the energy shift provides

information about the vibration modes, which is known as Raman scattering.
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Figure 22: Schematic diagram of a confocal Raman spectroscopy microscope [199].
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Chemical examination of the ZDDP tribofilm here was performed by Raman spectroscopy.
The grating was selected as 2400 lines mm! to have a spectral resolution up to 1.2 cm™. A 532
nm laser was used as a excitation light source with a yielded power of 5 mW. The detected area
was examined after each acquisition by optic microscopy to ensure no thermal damage was
caused by the laser exposure. Furthermore, the spot size of the laser was nearly 4 pm? using a

50x objective lens.

3.4.3. Atom Probe Tomography

10 nm’
|

Figure 23: A typical 3D reconstruction by using atom probe tomography (APT) [200].

Atom probe tomography (APT) is an analytical technique for high-resolution chemical
and structural investigation, which has the ability to demonstrate the material in three-
dimensional (3D) compositional analysis with atomic resolution [201,202]. APT offers great
potential to characterize the elemental distribution of the tribofilm in further detail. However,
only few studies the AW tribofilm by using APT. For example, Kim et al. [203] identified the
little content of boron in a tribofilm by APT, which used boron as an additive. Guo et al. [148]
established a model of tribofilm that shows an iron oxide interlayer with only 10 nm in thickness.
Therefore, APT was adopted in this study to reveal and clarify the interface in between the
ZDDP tribofilm and the steel substrate.

Atoms or compounds are evaporated from the probe base on field evaporation and induced
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by laser pulsing, whereas the sample is prepared in the form of a very sharp tip. The flying time

of an individual atom started from laser pulse till the arrival on the detector is obtained and

called time-of-flight (TOF), which performs the chemical qualitative. In addition, the position

sensitive detector (PSD) captures the ion impact that came from the tip, determining the (X, Y)

positional data. By integrating the information collected from the tip, a 3D image of the tip at

an atomic scale can be reconstructed.
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Figure 24: Schematic diagram of an atom probe tomography. Vi total accelerating

voltage; V),: voltage pulse, Vex: extraction voltage, V,,: postacceleration voltage, R: the

radius of the detector; L: the flight path length [204].
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In order to perform the APT analysis, precise sample preparation is required, by which
samples were shaped to be tips with around 25 nm of diameter. Firstly, above the ZDDP
tribofilm, a 200 nm Cr capping layer was deposited by physical vapor deposition (PVD). Then
the preparation was processed in a dual-beam scanning electron microscope / focused ion beam
workstation (SEM/FIB, Helios Nanolab 600, FEI). The specimens were made by using FIB
according to the lift-out technique described in [205]. Finally, the ultimate shape of specimens
was completed by low energy milling at 2 kV, which minimizes the Ga-induced damage. The
measurements were performed in LEAP™ 3000X HR (CAMECA) laser pulsed APT system
with a repetition rate of 100 kHz and a laser pulse energy of 0.7 nJ. The evaporation rate was
set to 2 atoms per 1000 pulses. In addition, the specimen temperature was set at about 60 K and
the chamber’s pressure was lower than 1 x 107'° Torr (1.33 x 10°® Pa). Moreover, the obtained
datasets were analyzed and reconstructed by IVAS™ 3.6.14 (CAMECA).

3.4.4. Transmission Electron Microscopy

TEM is an electron microscopy used to reveal sub-micrometer to nanometer-scale
microstructures. The specimen for measuring has to be shaped as an ultra-thin section less than
100 nm. An electron beam is used, and this focused beam then passes through the specimen.
The observed intensity of the transmitted electron performs an image of the specimen [206].
Due to the ability of high-resolution observation, TEM has been widely used in the biology and
material science field.

A TEM (Jeol Jem 2010) was used to characterize the microstructure and crystal structure
of the antiwear tribofilm. A 200 kV electron beam was applied by LaB6 source. Furthermore,
an equipped EDS detector and a selected area electron diffraction (SAED) were used to detect

the elemental composition and the microstructural properties.
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Figure 25: A cross-section observation of a steel specimen in a lamella preparation by

SEM/FIB with the stage tilted 20°.

3.4.5. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a high-resolution technique for surface
topography, composition, and surficial distribution. The basic principle is similar to TEM, both
using an accelerated electron beam. The beam scans the specimen surface, and the detector
observes synchronously the signal scattered from the focus spot. The lateral resolution depends
on the size of the electron spot, which can reach a few nanometers. Compared to TEM, SEM
performs less resolution due to the different detecting principle between electron transmission
and scattering [207].

A scanning electron microscope equipped with a focus ion beam (SEM/FIB), FEI Helios
NanoLab600, was used in the present study. The surface morphology can be demonstrated by
secondary electron image (SEI), and the chemical composition by the equipped EDS. The in-
situ lift-out technique was applied to prepare samples for TEM and APT analyses by using FIB.
[208] In addition, SEM/FIB can also provide a quick cross-section observation of the thin film

and the sub-surface as shown in Figure 25.
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3.5. Contact Simulation

The contacts between the rollers and the textured washers of thrust rolling bearings were
modeled by the boundary element method (BEM) to estimate the contact pressures and contact
areas for each LST pattern. BEM is a numerical method that approximates governing
differential equations into integral equations, which has been used for solving contact
mechanics problems since 1981 [209]. When modelling two contacting bodies as shown in
Figure 26, BEM divides the contacting surface into small nodes instead of the whole body and
performs the calculation of strain and stress on each paired node by using the given boundary
conditions. According to the literature [210,211], BEM estimates the calculation of stress more
accurately and efficiently than other numerical methods, including the finite element method

(FEM).

pairs

Figure 26 Schematic for contact analysis of two contacting bodies by boundary

element method [212].

In this study, the 3D surface profile of the textured and reference samples was used for
BEM modeling, and a smooth cylindrical roller was set as the counter body. Homogeneous

half-space was assumed, and an iterative conjugate-gradient method was used to approach a
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valid contact pressure [213]. 3D surface profiles measured using WLI for analysis were in size
640 x 480 nodes as 350 x 263 um, and the measured area was smaller than the full roller-washer
contact. Therefore, the modeling surface was expanded by mirroring and tiling the measured
surface profile data. This provides sufficient contact area and thus avoids the edge effects.
Finally, contact pressures and contact area were subsequently obtained over the as-textured LST
pattens. It is noted that only elastic analysis was made in this contact simulation. Although
without consideration of plasticity and hardness of the material, the simulation does enable an

appropriate comparison of the extent of loading stresses.
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4. Summary of Results

A summary of the results is presented in this chapter. Four peer-reviewed journal papers
listed at the end of this dissertation have studied the frictional performances and chemical
composition of the ZDDP protective tribofilm formed on the laser-textured and standard
surfaces of the thrust rolling bearings. Four types of LST patterns had been examined separately,
and the best one was tested for the fatigue lifetime. The test rig FE8 was used for all the tests,
operating with ZDDP-mixed lubricants under boundary lubrication (see Figure 20). There are
two main targets in this dissertation: the first part is to dedicatedly characterize the ZDDP
tribofilm by high-resolution examinations (Paper I & II); and the second part is to demonstrate
the laser textured surface’s frictional performances and the enhanced growth of the ZDDP

tribofilm (Paper III & IV). The specific contributions to the field are described below:
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Figure 27: Optical image showing the overview of the wear track on the bearing washer
after 2 hours of FES tribotest by 80 kN of applied load, 20 rpm of rotational speed, and

60°C of working temperature.

Firstly, the characterization of the antiwear tribofilm formed on the surface of roller
bearings under boundary lubrication is presented in Paper I. A 0.02 wt.-% of ZDDP was added

into the base oil PAO8 as AW agents, which is a relatively low amount compared to the
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commercial use (0.05-0.1 wt.-%). The FES test rig was operated under contact stress of 1.92
GPa with a rotational speed from 10 to 20 rpm. After 2 hours of testing, the AW tribofilm was
observed formed on the surface and functions as a barrier to prevent direct contact between
washers and rollers, which decreases wear. An overview of the wear tracks was recorded by
optical light microscopy as shown in Figure 27, and the differently colored regions from left to
right along the radial direction can be clearly identified for all the tested bearings. However, the
role of the typically observed color difference is still not fully understood from lots of chemical
investigations over the years [22]. To distinguish the difference among them can reveal the
distribution of tribofilm, and thus enable a precise positioning when characterizing.
Accordingly, the question regarding the appearance of tribofilms as blue- and brown-colored
layers was addressed in this paper.

The tribofilms were preliminary compared by the layer thickness obtained by the cross-
sections of SEM/FIB. The thickness values at the different color regions were similar, both
around 70 nm, indicating the thickness factor is not making the variation of color. However, an
EDS line scanned through the color transition region (see Figure 28) and the blue regions show
stronger peaks related to the ZDDP elements (P, S, Zn). It provides a clear comparison that the
chemical composition differed between different color appearances. Further chemical
examinations of the tribolayer was made by using Raman spectroscopy. The spectra (see Figure
29) in wavelength shift between 200 to 1500 cm™ were taken at the yellow-, brown-, and blue-
colored zones. Comparing to the reference surface, both the blue and brown regions display
resonances of phosphate and zinc sulfite at around 1000 and 350 cm’!, respectively.
Furthermore, the difference in the ratio of the intensities between 351 and 386 cm™' revealed
that the blue region has higher content of (Zno.ssFeo.12)S1.00. In addition, the spectrum of the
yellow region shows Fe3O4 at 660 cm™!. The findings clarify the ambiguous description of the
tribofilm appearance in the literature [150,187,214], and the color difference of the tribofilm

should be attributed to the chemical constitution instead of the layer thickness.
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Figure 28: EDS line-scan of the ZDDP tribofilm through blue (dots) and brown (triangle)

regions on the bearing washer tribotested by FES test rig for 2 hours [143].
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Figure 29: Raman spectra of the antiwear tribofilm at the region of brown/blue on the

roller bearing after 2 hours tribotest in the range from 200 to 1500 cm™.

The blue-colored region can be considered for further microstructural and chemical
characterizations according to the findings from the results of Raman and EDS analyses. In
Figure 30, the microstructure of the ZDDP antiwear tribofilm was obtained by TEM. The cross-
section image shows from the top-right to the bottom-left four regions: Ion-deposited Pt capping
layer, electron-deposited Pt protective layer, the ZDDP tribofilm, and the steel substrate. The
bright layer in the middle, namely the tribofilm, has a thickness between 70 and 140 nm; the
deformed tribomutation region is below and between 250 and 450 nm. The thickness of the
tribomutation region is in good agreement to the literature [215]. SAED was performed on the
tribofilm and the substrate in Figure 30(b) and (c), respectively. The diffraction pattern shows
an amorphous structure of the tribofilm with some unpreventable feature from the substrate due
to the aperture size of 180 nm. Moreover, the substrate displays the main six reflections
corresponding to ferrite. However, no crystalline structure regarding sulfide and oxide was able
to be identified, and thus more dedicated chemical analyses have been done and shown in the

following paper.
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Figure 30: (a) TEM image of the cross-section of the ZDDP tribofilm in the wear track;

Selected area electron diffraction pattern of the tribofilm (b) and the substrate (c). [143]

As a conclusion of Paper I, the antiwear tribofilm formation on the surface of the
cylindrical thrust roller bearings has been tested by the FE8 test rig, and microstructural
performance and chemical constitution of the tribofilm were characterized. Furthermore,
Raman spectroscopy proved that more ZnS and FeS were found in the blue layers, whereas
Fe30O4 was found dominant in the brown layers. The remaining question regarding the oxide

and sulfide layers at the interface was answered then in the follow-up Paper II.
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Figure 31: (a) Image presenting the wear track on the surface of thrust ring with a

cylindrical roller; (b) the ZDDP tribofilm in the wear track obtained by optic microscopy;

(c) the shaped tip specimen of the tribofilm for APT analysis. [216]

The examinations on the ZDDP tribofilm were processed into a nano-scale perspective in
Paper II where both XPS and APT were used for revealing the nature of the interface. This
paper demonstrates the chemical details of the tribofilm and particularly discovered the
interface between the tribofilm and the substrate. The depth profile measured by XPS showed
that the thickness of the tribofilm was around 40 nm. The content of Zn was found higher in
the upper part; in contrast, more Fe could be identified closer to the bottom of the tribofilm.
Moreover, APT atom maps demonstrate the spatial distribution of the elements in the specimen,
which was prepared in a dual-beam SEM/FIB as shown in Figure 31. APT observed the
tribofilm with a spatial resolution of approximately 0.1 nm, which built a delicate 3D-
reconstruction of the tribofilm (see Figure 32). From top to bottom, the 3D-reconstruction
includes Cr capping layer, ZDDP tribofilm, and steel substrate. Those ZDDP related elements
such as Zn and P can be found in the region of the bulk tribofilm, whereas the Fe was located
mainly beneath it. FeO can be found in both the tribofilm and the substrate. Particularly, a 5 nm
thin oxide interlayer under the bulk tribofilm was identified, and cluster-like sulfur enrichment

was found within the interlayer.
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Figure 32: (a) APT 3D-reconstruction of the tribofilm showing from top to bottom Cr
capping layer, ZDDP tribofilm and steel substrate. (b) Individual spatial distribution of
Fe, Zn, S/O, FeO, PO and Cr [216].

The observation of the oxygen at the interface between the bulk tribofilm and the substrate
can be supported by the literature [30,151,156], which has suggested that the shear force of
sliding was causing oxidation to both tribofilm and contact surfaces. Hence, wear particles,
namely iron oxide, would be captured by tribofilm due to the “digestion” mechanism
[30,32,151]. However, it is still not yet a consensus that the sulfur enrichment was found at the
interface. Although some aforementioned studies claim no sulfur enrichment, a thin sulfur layer
should be able to be observed according to the HSAB principle [151]. Correspondingly, the
high-resolution evidence presented in Paper II supports the prediction. It is a clear acquisition
that builds a 3D reconstruction and clarifies the question of sulfur enrichment.

APT does reveal the tribofilm at the nanometer scale that displays further details of the
chemical composition, which would be challenging for the other analytical techniques to obtain.
However, the sample preparation is complex and requires high-level cleanliness. Accordingly,
the XPS depth profile provides, in this study, a general impression of the chemistry concerning
the average depth distribution of the related components. Combining these observations, a

highly probable matching position of the inhomogeneous tribofilm for APT analysis could be
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selected. Consequently, adequate preliminary examinations are recommended to be made

before an investigation of APT analysis, especially for locally varied specimens.
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Figure 33: Topographical profiles of the LST patterns on the surface of bearing washers.
The dimples were produced by femtosecond laser with a periodicity of (a) 500 pm and

(b) 200 pm; The cross patterns were created by DLIP with a periodicity of (¢) 9 pm and
(d) 30 um [197].

The second part of this study aims to improve the lifetime of rolling bearings by a
combined approach using LST and ZDDP. Moreover, the question about the reliability of using
LST for machine components operating under boundary lubrication will be answered in Paper
III and IV. To examine how LST can improve the frictional performances, the concentration
of the additive was changed from 0.05 to 0.02 wt.-%P compared to the previous tests. Since the

aim of this study is to decrease the usage of ZDDP, the additive concentration was selected to
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be decreased. According to a related work by Stratmann et al. [217], the phosphor concentration
of 0.02 wt.-% is not sufficient to generate ZDDP tribofilm for surface protection. However, in
Paper I11, a fully formed ZDDP tribofilm was identified on the LST patterns, indicating the
introduction of periodic micro-patterns enhanced the growth of the antiwear layer. The benefits
of the LST treatments have been proved in these studies, and the scientific details are described

as follows.

Table 5 Surface roughness and parameters of the bearing ratio curve of the LST patterns

as textured [197]*.

Sq Sa Spk Sk Svk Ap Ay
Reference 0.08 0.06 0.12 0.18 0.11 0.003 0.006
Dimple200 0.25 0.15 0.46 0.24 0.45 0.015 0.013
Dimple500 0.16 0.09 0.33 0.13 0.30 0.008 0.009
Cross9 0.39 0.32 0.28 1.04 0.20 0.008 0.008
Cross30 0.33 0.27 0.27 0.68 0.18 0.007 0.007

*All values are shown in pm.

The study was designed to examine four styles of LST patterns, cross- and dimple-like,
respectively, with two different structural periodicities (in Figure 33) produced on the surfaces
of roller bearings. The roughness details shown in Table 5 were obtained from WLI
measurements. The increase of Ra and Rq indicates that the surface roughness was increased in
all LST patterns, and a greater roughness can be found with shorter periodic distance. Moreover,
the dimple patterns show the surface roughness similar to the reference, whereas the cross
patterns modified the surface more significantly.

In order to assess the capacity of lubricant storage, the values from the bearing ratio curve
(see Chapter 2.1.2.) were obtained. It has been suggested that the Svk value extracted from a
bearing ratio curve is a suitable index of the ability for lubricant storage [105]. When taking
only Sy values for comparison, the dimple patterns can store more lubricant than the cross
patterns. However, considering the overall topography differs between the two pattern types,
the assessment of storage capability should involve both Sk and Svk. Therefore, the possible

storage space within the main body of the profile, represented as core height Sk, was also
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included. As a result, cross patterns can provide larger space that acts as reservoir. In addition,

the values of peak and valley area ( Ay and Ap) present a similar trend to the Spk and Sy values.
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Figure 34: Wear and mass loss of the laser textured roller bearings tested by FES8 test rig
with 80 kN load, 20 rpm, and 60°C for 2 hours [197].

After 2 hours of testing, LST patterns performed a distinct reduction of wear, measured
and shown in Figure 34. Compared to the untextured bearings, all the laser patterns were found
with less wear loss. The results conform to the assessment of lubricant storage capacity that
prevents insufficient lubrication. Moreover, Cross30 performs a wear reduction of 99%
compared to the reference samples, indicating a significant ability for surface protection. The

reasons for this have been investigated in Paper III.
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Figure 35: Surface morphology after tribotesting (a) and a comparison of the cross-

section profiles prior/after tribotesting (b) of the Cross30 measured by WLI [218].

In Paper III, the wear behavior and the surface analyses of the Cross30 were studied by
profilometry and Raman spectroscopy. After 2 hours of rubbing, the cross patterns still
remained on the surface of the bearings (Figure 35(a)). Compared to the patterns before
tribotesting, the worn-off depth is approximately 40 %, which can be seen in Figure 35(b).
Moreover, the average coefficient of friction (COF) of the reference sample is 0.14, whereas
the value for Cross30 is about 0.1, which represents a 30% reduction. As mentioned, the wear
damage of Cross30 can be barely seen, performing a reduction of wear loss by two orders of
magnitude. This implies that the use of LST protects the surface from severe wear that was due
to the direct contact of the contacting surfaces. Cross30 was able to prevent insufficient
lubrication and could trap those debris particles in the valleys. Moreover, the formation of the
ZDDP antiwear tribofilm avoids direct contact of metal-to-metal, thus decreasing the damage

from wear significantly.
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Figure 36: Surface topography of Cross30 after tribological test observed by (a) optical
microscopy and (b) laser scanning microscopy. P points to a blue-colored region at the

top of the patterns, whereas P, presents a region without blue color in the valleys [218].
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Figure 37: Raman spectra of the tribofilm on Cross30: P examines a blue-colored region
on the topographical maximum of the patterns, and P is in valley area of the patterns

without blue color [218].
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In Figure 36, the same area on the bearing surface after rubbing was imaged by both optical
microscopy and profilometry. By comparing both figures (a) and (b), the correlation between
color appearance and surface topography can be demonstrated. The blue regions, marked as P1,
connect each other as a net were found on the top of the cross patterns; whereas the spots with
light-brown color were found in the valleys, which are marked as P>. The comparison indicates
that a tribofilm could form at the regions of topographical maximum. Therefore, those two
points (P and P;) were examined by Raman spectroscopy to analyze the surface chemistry. In
Figure 37, Raman spectroscopy was used to determine the tribofilm at the corresponding
regions. The spectrum of P shows peaks related to Zn-S, Fe-S, and P-O at 351, 386, and 965
cm’! [219-221], respectively; the spectrum of P, reveals peaks related to iron oxides at 320 and
670 cm™! [222]. This confirms that the ZDDP tribofilm was formed on top of the pattern, and
the formation was induced by the contact pressure. Contacts occur at the topographical maxima,
whereas the area of valleys retains lubricants and supply oil when encountering insufficient.
According to the literature [136,137], the pressure-induced ZDDP tribofilm grows faster than
the thermally induced one and exhibits better tribological performance. In Paper III, it is
proven that the ZDDP tribofilm appears only on top of the LST patterns, which reduces the
wear loss significantly.

To better understand the reason why particular LST patterns enhance the tribofilm
formation, a contact simulation based on the BEM model was made in Paper IV to analyze the
pressure distribution. It is suggested by Gosvami et al. [140], according to in-situ experiments
of AFM, that the growth rate of tribofilm formation increases five times when contact pressure
increases from 3 to 5 GPa; the growth rate becomes saturated when the stress rises above 6.5
GPa. Consequently, the contact simulation in this study also targets the same pressure range.
Each node of the surfaces from the simulation results has been classified based on the pressure
value. When the pressure is between 3 and 7 GPa, the contacting area would be expected to be

overload for the formation.
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Figure 38: Contact area of the LST patterns from the results of contact simulations of (a)

Dimple200 and (b) the Cross30. The contact area is present in green. [197].

The contact area of the LST patterns by the BEM simulation is shown in Figure 38, and
the overall area coverage of contact is shown in Figure 39(a). Moreover, the pressure value on
each node in the surface was calculated, and the numbers of the nodes that experienced certain
ranges of pressure have been summarized in Figure 39(b) as histogram charts. Based on the
simulation results, the dimple patterns perform a similar pressure distribution compared to the
reference, but higher stress can be found surrounding the dimples. This is attributed to the spikes
observed around the dimples, which were caused by the texturing. Moreover, the total contact
area decreases 20% when the periodicity decreases from 500 to 200 um. The increase of
pressure on the dimple patterns leads to the right-shift of the histogram chart in Figure 39(b).
On the other hand, the cross patterns present more amount of higher-pressure regions due to the
overall smaller contact area, by which the shape of the histogram chart was again biased to the
right. It is obvious that the cross patterns changed the pressure distribution more than the
dimples with respect to the untextured reference since the geometry of LST patterns affected

the surface roughness more dominantly.
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Figure 39: Pressure distribution from the contact simulation results showing (a) the
coverage of the contact area on the LST surfaces and (b) the proportion of the contact

pressure in different value ranges. (P: contact pressure in GPa) [197].

Compared to the dimples, the cross patterns generally show a smaller contact area and a
trend of larger contact pressure. Both of the patterns, Cross9 and Cross30, have a greater
proportion in the range between 3 to 7 GPa, which has been suggested to be beneficial for the
formation of tribofilm [140]. However, although the growth rate increases with greater pressure,
excessively high contact stress can also cause more wear. The significant peak of Cross9 in
Figure 39(b) shows that a high percentage of the contact stress was greater than 9 GPa, which
was probably beyond the optimum pressure range for tribofilm formation. Therefore, instead
of being beneficial, Cross9 can lead to a higher wear rate. In contrast, the Cross30 pattern results
in a sufficient increase of pressure for ZDDP promotion but less excessive stress that would
further cause a higher wear rate.

After the preliminary experiments of wear evaluation, the best-performed LST pattern
style, Cross30, was selected for the following fatigue lifetime experiments. From the Weibull
distribution plot shown in Figure 40, the fatigue life of Cross30 increased triple compared with
the standard bearings. The difference of the Weibull fitting slopes between Cross30 and the
reference is small, indicating the damage mechanisms for both patterns are identical. Although
friction can also cause the occurrence of RCF, there was no notable difference among them.
Moreover, the wear tracks show no macroscopic abrasive or adhesive wear but only pitting

cracks as the failure of fatigue testing. Therefore, the increase of RCF life can be exclusively
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attributed to the enhanced growth of the ZDDP antiwear tribofilm and the lubricant storage
capacity of the LST patterns.
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Figure 40: Weibull distribution of the fatigue lifetime tests showing the failure
probability of Cross30 and the reference thrust ball bearings [197].

Due to the concern that the increase of contact pressure can cause a detrimental effect, the
use of LST to machine components operating in the boundary lubrication regime is still rare.
However, the experimental results from the present study show no negative effect on the RCF
life testing. The LST surfaces provide better wear protection by the evidence of significantly
longer fatigue life, which can be attributed to the growth of ZDDP antiwear tribofilm and the
lubricant storage capacity. Therefore, the use of LST in the boundary lubrication regime should

be possible for application with further research under different texturing geometry, contact

modes, and operating conditions.
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5. Conclusions and Future Works

This doctoral research shows a successful use of LST on thrust rolling bearings in the
boundary lubrication regime with enhanced growth of antiwear tribofilm by ZDDP. The
experimental results show that the laser textured surfaces have less wear and prevent
occurrences of RCF. This conclusion follows from the designed experiments: Firstly, the ZDDP
antiwear tribofilm was generated on the surface of rolling bearings without LST patterns, and
its chemical composition and phase state were obtained. The tribofilm was characterized by
high-resolution analyzing methods to understand the color appearance and the nature of the
interface between the tribofilm and the substrate. Secondly, the frictional performance of the
laser textured roller bearings was evaluated under lubricated conditions with the addition of
ZDDP. Four different geometric designs of the laser patterns were tested for wear evaluations,
and the LST pattern with the best tribological performance was selected for the subsequent
fatigue tests. Finally, the rolling bearing with suitable LST patterns was examined by fatigue
lifetime tests, and the contact distribution affected by surface modification was analyzed by
contact simulations. The main findings are summarized as follows:

1. The question about the color appearance of ZDDP tribofilm is answered: The
experimental results indicate that it is the chemical constitution, but not only the
thickness of the tribofilm affects the color difference. The thickness was found in the
same range; however, the chemical analyses of Raman and EDS reveal differences.
The blue tribofilm has a higher amount of ZnS and FeS, whereas the brown layers are
enriched with more Fe3Oa.

2. Analyses from both the high-resolution methods, XPS and APT, determined the
chemical composition of the ZDDP tribofilm. A sulfur enrichment was found
distributed heterogeneously in a range of 5 nm between the tribofilm and the steel
substrate. Since ZDDP consists of sulfur, it is natural to detect sulfur in its post product,
namely the tribofilm; however, the examining difficulties make it still unclear whether
there is an enrichment at the interface. Eventually, the existence of the sulfur

enrichment proven by APT supports the predictions according to the HSAB principle.

55 Dissertation, Chia-Jui HSU



5. Conclusions and Future Works

3. The frictional results show that LST is beneficial for application in the boundary
lubrication regime, which can be influenced by the pattern geometry and area density.
The increase of area density leads to higher surface roughness, and more valley areas
provide a larger capacity of lubricant storage. In the present work, since the geometry
of the LST patterns between the dimple and the cross is different, both Sk and Syx of
the Abbott-Firestone curve (rather than Sk alone) should be involved for assessing the
lubricant storage capacity.

4. The laser textured thrust rolling bearing (Cross30) demonstrated a three-fold increase
in fatigue lifetime. The improvement is due to the ability of lubricant storage and the
enhanced growth of tribofilm. The lubricant retained within the contact prevents
lubricant insufficient under boundary lubrication, and the antiwear tribofilm prevents
direct contact between surfaces.

5. The contact simulation demonstrates the pressure distribution on the surfaces, which
indicates that the textured patterns introduce higher stress to the contact. An increase
of contact pressures on the laser textured patterns was found to enhance the formation
of ZDDP tribofilm on the cross patterns as LST changes the area of contact. However,
the high area density of LST would also lead to excessively high contact stress at the
textured peaks, causing a higher wear rate than beneficial effects.

The frictional examinations clearly show the positive effects of the combined use of ZDDP
additive and LST. The formation of tribofilm can be enhanced by altering the geometry of the
LST patterns. Moreover, even in insufficiently lubricated conditions, LST reduces wear and
thus prolongs the lifetime of the thrust rolling bearings. Nevertheless, some foreseeable
extension works can be further studied in the future. First of all, a more comprehensive study
on the combined use of LST and AW additive is necessary to promote this method to application.
Based on the outcome of this dissertation, changes in LST parameters such as height and
periodic distance, contact mode, and pattern geometry can alter the performances. A systematic
experimental matrix will optimize the design of the LST patterns for various machine elements.
Secondly, since this study has solved the concern of the use of LST in boundary lubrication,
new approaches and attempts can be introduced into this lubrication regime. Furthermore,
contact simulation or in-situ tribotest with optical observation can estimate and determine the

pressure and its distribution while for tribofilm formation.
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Abstract: Zinc dithiophosphates (ZDDP) have been widely applied in automobile industry for over
70 years as a lubricant additive for wear protection. Tribolayers have been described as blue- and
brown-colored layers on surfaces observed by microscopical observation or even bare eye presumably
as a consequence of layer thickness or chemical composition. However, the reaction pathways of
ZDDP tribolayers are still not yet fully understood. In the present study, the difference between the
blue- and brown-colored tribolayers has been revealed by high resolution methods in cylindrical
roller thrust bearings at relatively high contact pressures of around 1.92 GPa. After running a FE8
standard bearing test with a normal load of 80 kN and a temperature of 60 °C, said tribolayers could
be identified on the bearing surfaces. By using Raman spectroscopy, it could be shown that the
blue-colored layers are enriched by FeS and ZnS whereas the brown-colored layers show a significant
amount of Fe;O,. This is an interesting finding as it clearly shows a correlation between the color
appearance of the films and the chemical composition besides potential film thickness variations.
Finally, transmission electron microscopy verified the amorphous nature of the formed tribolayer
which is in a good agreement with literature.

Keywords: Lubrication; additives; ZDDP; tribolayer; bearings; microstructure

1. Introduction

Nowadays, there is pushing demand in fuel economy for passenger vehicles in order to fulfill
legislative requirements for CO, emissions. This in turn leads to the introduction of ultra-low
viscosity lubricants which could be one efficient way for lubricants to contribute to the fuel economy
performance of passenger cars by reducing shear forces. However, a decrease in lubricant viscosity
will result in thinner oil films and thus it will be more difficult for the oil to keep the loaded contacts
efficiently apart from each other. This may imply a transition from full film to mixed lubrication with
potentially accelerated wear rates and locally increased friction [1]. In order to avoid detrimental
impacts on the engine and all its components it is necessary to add for example extreme pressure (EP)
or anti wear (AW) additives which have the ability to form friction and wear reducing tribolayers [1].
However, the prediction of the forming tribolayers is highly complicated by operating conditions
such as load, speed, and temperature. For that reason, additives are used in high concentrations to
guarantee the formation and durability [2]. In this context, zinc dithiophosphates (ZDDPs) are widely
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used as lubricant additives. The triumphal procession of ZDDP in the automotive industry already
started more than 70 years ago [3]. ZDDP acts as an anti-wear agent, antioxidant, and corrosion
inhibitor by decomposing peroxide and effectively destroying peroxy radicals. Interestingly, also the
reaction products of ZDDP with peroxide and the respective radicals are again strongly efficient in
corrosion inhibition [3]. The friction reducing properties of ZDDP are mainly attributed to an increased
load support, beneficial mechanical properties by preferential shearing, removal of Fe;O3 particles,
and finally the surface protection against corrosion. The growth and removal rate of the tribolayers is
a highly dynamic process [4].

Apart from the abovementioned positive effects of ZDDP as a lubricant additive, it is well known
that sulphur and phosphorous oxides as well as ash may negatively affect the effective life of exhaust
catalysts [1]. Additionally, due to phosphorous and sulphur limits in engine oil specifications, it is
considered to progressively reduce the usage of ZDDP or even to replace it [5]. A successful reduction
or replacement certainly needs a thorough understanding of the governing mechanisms. It is well
known that effective tribolayers can be realized by thermal or tribomechanical activation in loaded
contacts [6]. Fujita and Spikes studied the morphology of the tribolayers for different temperatures
and contact pressures up to 950 MPa [6]. They could show that pronounced tribolayers under thermal
activation are only possible at temperatures higher than 150 °C, whereas loaded conditions already
yield in an efficient tribolayer at room temperature. Although quite similar regarding their composition,
Bancroft et al. proved that the tribomechanically induced reaction layers are more wear resistant than
the thermally activated layers [7].

A closer look at the layer morphology shows some important aspects. According to the
well-established model by Schmaltz, the boundary layer system typically consists of an inner and
outer boundary layer [8]. The inner layer (tribomutation layer) is a fine-crystalline zone resulting from
finishing processes or surface deformations with a thickness around 400 nm up to 5 pm (depending
on operating conditions). In contrast to that, the outer boundary layer is composed of an oxide layer
(<100 nm) followed by a reaction- or tribolayer (<150 nm thickness) and finally an adsorption layer
on top [8]. The reaction layer is particularly interesting as it is responsible for the friction and
wear reduction. Usually, this reaction layer is rough and patchy mainly composed of pyro- and
orthophosphate glasses on the bulk level with an additional nanoscale layer of zinc polyphosphates
and a sulphur-rich layer of typically 20 nm close to the metal surface [9]. Over the years, lots of
microstructural studies and investigations related to the chemical nature of the reaction layers were
done. In particular, Martin et al. applied analytical techniques such as electron energy loss spectroscopy
(EELS), X-ray adsorption fine structure analysis (EXAFS) or X-ray absorption near-edge spectroscopy
(XANES) to reveal the chemical composition and structure of said layers [10-13]. Despite the use of
high resolution and sophisticated analytical methods, there is still a controversial issue concerning
the specific reaction pathways and kinetics of the ZDDP layer formation [1]. Some recent progress
was made by using, for example, classical molecular dynamics simulations (MD simulations) coupled
with tight binding quantum chemical MD [14]. Mosey et al. explained the positive effects of ZDDP by
a cross-linking of phosphates under sufficiently high contact pressure [15]. Gauvin et al. and Berkani ef al.
could experimentally verify the simulations by spectroscopic methods under contact pressures of up to
7 GPa [16,17]. However, studies referring to the transfer of these findings to highly loaded cylindrical
roller thrust bearings are scarce in literature. Moreover, the role and origin of typically observed
blue- and brown-colored films on the contacting surfaces are still not fully understood. According to
Hsu, the different colors of the layers (e.g., blue or brown films) are due to thickness differences [18].

In this research contribution, we would like to study those brown- and blue-colored films in
highly loaded cylindrical roller thrust bearings in more detail by various advanced and high resolution
techniques such as Raman spectroscopy and transmission electron microscopy (TEM). For a given load
of 80 kN and an operating temperature of 60 °C in a roller bearing lubricant test rig (FES test according
to DIN 51819-3 [19]), the speed, as one decisive factor for the film formation, was varied between 10,
15, and 20 rpm. Below 10 rpm, at the given load and temperature, no protective tribolayer can be
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detected [20]. With increasing speed, there is a shift in the amount of blue- and brown-colored regions.
As the appearance of blue and brown regions on the loaded surfaces usually indicates the successful
formation of the wear protective tribolayer and is also most pronounced for the highest applied speed
at 20 rpm, a stronger emphasis is put on analyzing said colored regions for this particular speed within
this research work.

2. Experimental Section

2.1. Materials and FE8 Testing

In the present study, tribofilms were formed at the interface of cylindrical thrust roller bearings
(Type 81212), made of a 100Cr6 bearing steel (52100) with the nominal chemical composition provided
by the supplier (see Table 1, by applying a modified FES8 test corresponding to DIN 51819-3 [19].
A mineral oil of class ISO VG 100 is used as base 0il and mixed with ZDDP additive. During the test,
abundant lubricant was delivered to the area of contact by a circulation pump. In this study, rotational
speed was adjusted at 10, 15, and 20 rpm with 10 rpm as a lower limit below which no tribolayer was
induced at the given testing conditions. The test was run at 60 °C with an axial load of 80 kN, which
corresponds to a Hertzian pressure of 1.92 GPa. The total testing time was 2 h. After the test, the
surface was cleaned by using benzene and isopropanol to remove the residual lubricant, abrasives,
and contaminants.

Table 1. Chemical composition (in wt %) of 100Cr6 (52100) bearing steel provided by the supplier.

Cr C Mn Si Pmax Smax CUmax MoOmax Almax
1.35-1.6 0.9-1.05 0.25-0.45 0.15-0.35 0.025 0.015 0.3 0.1 0.05

2.2. Chemical Analysis

Chemical properties have been examined by Raman spectroscopy equipped with a grating of
2400 lines: mm ! and a spectral resolution up to 1.2 cm~!. 532 nm excitation wavelength laser source
was provided with a power of 50 mW, and set as 10% of energy to prevent thermal effect to the
tribolayer. The spectrum between 200 and 1500 cm~! Raman shift has been obtained within 20 s
acquisition time. After Raman acquisition, the spot focus had been examined by optical microscopy in
order to check that there is no damage due to the laser beam exposure. The laser beam was focused on
the surface by a 50 x object lens with a final spot size of nearly 4 um? for the subsequent analysis of the
different colored regions of the worn ring surface. Moreover, energy dispersive X-ray spectroscopy
(EDS) was used to examine the chemical composition in blue- and brown-colored regions. For that
purpose, EDS line scans were performed at 20 kV and 100 kV (TEM-EDS) electron voltage and a dwell
time of 2400 ms. By marking the respective positions, the resulting EDS line scans were compared with
light microscopic images.

2.3. Topography and Microstructural Analysis

The overall morphology and topography were obtained by using light microscopy (Olympus
BX 60, location) and white light interferometry (WLI, Zygo New View 7300, location).

Scanning electron and focused ion beam microscopy (SEM/FIB, Dual Beam workstation Helios
NanoLab FEI, location) were applied to observe the morphological properties on the surface
and to prepare thin foils for subsequent analysis by TEM. A JEOL 2010F TEM was used for
investigating the tribofilm morphology in more detail and diffraction images were collected to prove
the amorphous/crystalline nature of the tribofilm.

3. Results and Discussion

Systematic studies on the tribofilm formation using ZDDP as an additive are rather scarce for
highly loaded contacts i.e., contact pressure higher than 1 GPa. For that reason, the tribolayer formation
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on the surface of highly loaded cylinder roller thrust bearing rings at 1.92 GPa has been examined in
the present study by high resolution and complementary characterization techniques. The tribological
behavior of the used mineral oil of class ISO VG 100 mixed with ZDDP was tested in a modified FE8
test rig (DIN 51819-3). Here, the test rig is modified in terms of torque measurement and axial load
supply which is done hydraulically [20]. Two cylindrical roller thrust bearings of type 81212 are used
for the classification test due to the high percentage of slippage between washer and roller. The bearing
and the quantitative run of the sliding speed curve as well as the FES test rig setup are shown in
Figure 1. The axial load can be applied dynamically and under different operating conditions during
one test. More details about the test rig and the experimental procedure can be found in [20].

Oil supply

Heating and
cooling

Rotation

Sliding
speed

bearings

Figure 1. Cylindrical roller thrust bearing 81212 and modified FES test rig.

Figure 2 shows an overview of typical wear tracks recorded by optical light microscopy after
having run the modified FES test for bearings for two hours and different rotational speeds (10, 15, and
20 rpm). Here, 10 rpm represents a lower limit for the tribolayer formation. At the given experimental
conditions i.e., load, temperature and additive concentration, no tribolayer will be built up below
10 rpm [20]. In the figure, the radial direction is from left to right (from inner to outer diameter).
The differently colored regions (grey-for the substrate-brown-blue-yellow-blue-brown and grey again)
can be clearly indentified along the radial direction for all tested rotational speeds.

wear track

Figure 2. Overview of the wear track on the surface of the thrust ring, after FE8 test by applying
a rotational speed of 20 rpm (a); 15 rpm (b) and finally 10 rpm (c) with an axial pressure load of 80 kN
and working temperature of 60 °C.

Except the grey regions, which are considered substrate without wear, the other three colored
regions which had intensive contact to the cylindrical rollers during the test are completely located in
the wear track. The emerging bright bands at lower speeds are wear tracks with abrasive and adhesive
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wear. Due to the highest sliding speeds at the sides of the wear track, this area is highly critical with
respect to wear. The inner track is even more critical as the smallest rolling speed and consequently
the highest ratio of solid body contact can be found in this part. Because of that, the wear track at the
inner part is more pronounced (Figure 2c). The width of the roller (11 mm) exceeds the one of the wear
track (~9 mm). The contact width between roller and washer is about 10-10.5 mm and includes the
area of wear in Figure 2c.

The transition zones between different regions are quite diffuse and partially overlapping to
some extent. With increasing rotational speed, the amounts of blue- and brown- colored regions are
changed narrowing the yellow central part of the ring. For 20 rpm, the blue zone is more intense
compared to lower rotational speeds. For that reason, the analysis of the layers in the following will
be focused on that particular speed. By using a higher magnification (see Figure 3), the blue-film
region appears more patchy like “islands” and not as a homogeneous layer. Additional topographical
parameters such as root mean square roughness (rms) and peak to valley (PV) distance of the blue
and brown films were obtained by white light interferometry from the inner and outer segments
(see Table 2). The pristine arithmetic surface roughness of the steel substrate is R,, steel ~0.2 um.
The roughness decreases with the formation of the tribolayers, partially covering the visible grinding
marks of the substrate (see Figure 2). However, there is neither a tendency for the rms value nor the PV
distance for the differently colored regions as a function of rotational speed as can be seen in Table 2.
However, roughness generally plays an important role for the tribolayer formation in boundary
lubricated contacts. Tribolayers usually form faster and require less energy input to be formed for
a rough surface compared to a smooth surface [4].

Table 2. Parameters of FE8 test and root mean square roughness (rms) and peak to valley (PV) distance
for the tribolayers. The arithmetic roughness R, of the steel substrate is around 0.2 pm.

Blue-Film Brown-Film
Rotational Load Working Inner Outer Inner Outer
Speed (kN) Temp.
(rpm) ©Q) Rms Rms Rms Rms
(am) PV (um) (am) PV (um) (am) PV (um) (am) PV (um)
10 80 60 31425 16+10 30+14 08+02 66+25 26+02 47+12 33407
15 80 60 40+36 07+01 47+78 11+06 42+47 06+01 42+06 1.1+09
20 80 60 41+20 15+08 42+68 20+08 58+21 20+02 53+44 21402

Lubricant mineral oil mixed with ZDDP additive, C3C4-alkyl-chain with 0.05% P, 2 h sliding test.

Figure 3 displays the results of an EDS line-scan, which shows the distribution of typically
occurring elements such as Zn, S, or P. In the figure, dots and triangles are used to represent the
position of blue- and brown-colored regions. Along the scan-line, blue and brown film regions are
mixed up thus complicating the analysis. Here, the content of Zn, P, and S rise while scanning through
the blue-film region. On the other hand, in the brown-film region, only sulphur shows a slightly
higher content.

Deeper information regarding the chemical bonding within the tribolayer was acquired with
the help of Raman spectroscopy. In Figure 4, Raman spectra taken between 200 and 1500 cm ™! show
the resonance peaks present at the yellow-, blue- and brown-colored regions, as well as the substrate.
As a reference, the spectrum of the substrate showed the typical peaks to Cr-O and Fe-O, without
revealing neither phosphates nor sulphides. In the yellow region, the spectrum mainly shows iron
oxide (Fe30y) at around 680 cm ™! and some sulphides. The Cr-O peaks (native oxide of the steel)
of the substrate were not observed, presumably either due to the covering of this phase with other
or a higher Raman activity of Fe30,4. Compared to the substrate, the blue and brown film regions
display pronounced P-O, Fe-S, and Zn-S resonance peaks. The broad band at 1000 cm ™! is related to
polyphosphates including three sub-peaks at 965, 1007, and 1045 cm~! [17]. Additionally, the band at
386 cm 1 corresponds to FeS [21], whereas the peak at 351 em ! corresponds to ZnS [22]. Since Raman
spectroscopy is a volume-sensitive technique, the analysis must be performed by comparing intensity
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ratios. In this sense, a comparison of the blue and brown films is carried out by relating the intensities
of the (Zng ggFep.12)S1.00 band (351 cm 1) [23] and the FeS band at 386 cm ™! (Figure 5). By comparing
the intensity ratio of the aforementioned bands for both regions, it can be stated that this intensity ratio
is higher for the blue film, indicating a higher (Zng ggFe 12)S1.00 relative content. Furthermore, higher
relative peak intensity for Fe3Oy is noticed for the brown-colored region, whereas no evident difference
in the polyphosphate signal can be detected in the Raman spectra for both regions. This is a significant
finding between the different colored regions, emphasizing that the color difference could be strongly
attributed to the chemical composition instead of the layer thickness, as previously assumed in the
literature [18].
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Figure 3. EDS line-scan through blue (dots) and brown film (triangle) regions at a rotational speed of
20 rpm.
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Figure 4. Raman spectra of anti-wear film at a fixed rotational speed of 20 rpm in the Raman shift

range from 200 to 1500 cm~?
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Figure 5. Intensity ratio of the peak attributed to (Zng ggFe( 12)S1.00 (351 cm~1) over the peak of FeS
(386 cm 1), between Raman spectra of blue and brown film regions.

Figure 6a shows a bright-field electron micrograph of the analyzed zone. Four different regions are
noticed being from top-right to bottom-left: Ion-deposited Pt protective layer, electron beam-deposited
Pt protective layer, the respective tribolayer, the tribomutation layer and finally the steel substrate.
The protective Pt layers are necessary for the FIB preparation in order to avoid damaging the region of
interest. The bright tribolayer has a thickness between 70 and 140 nm and the deformed tribomutation
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layer between 250 and 450 nm which is in a good agreement with values listed in literature [8].
The thickness mainly varies because of roughness differences and the subjected loading profile (see
Figure 1 magnified insert) from the inner to outer ring segment. Selected area electron diffraction
(SAED) was performed on two regions of interest (the tribolayer and the substrate) at 200 kV with
a diffraction aperture of 180 nm. The diffraction pattern of the tribolayer (Figure 6b) resembles an
amorphous structure, with some reflections from the substrate. This is an unavoidable feature, due to
the aforementioned size of the diffraction aperture of 180 nm. The diffraction pattern of the substrate
(Figure 6¢) has been indexed and fully corresponds to ferrite (ICDD International Centre for Diffraction
Data, PDF-2-file: 06-0696), being observed the main six reflections. The layered structure and the
amorphous nature of the tribolayer fits well to the layer model proposed by Schmaltz and Bec et al. who
describe the existence of a fine-crystalline and deformed tribomutation layer followed by a crystalline
layer of sulphides and oxides and finally an amorphous tribolayer consisting of polyphosphates on
top [8,24]. The crystalline layer of sulphides and oxides cannot be clearly identified in the TEM image.
The typical thickness of this layer would be about 20 nm [24]. In contrast to that, the tribomutation
layer is well pronounced due to the relatively high Hertzian contact pressure of around 1.92 GPa.
Furthermore, chemical analysis was performed on the substrate and the blue film region by TEM-EDS
due to its higher spatial resolution compared to conventional SEM-EDS (see Figure 7). In Figure 7a,
the presence of distinct Zn, P, and S peaks is visible compared to the substrate spectrum.

Figure 6. (a) Bright field TEM micrograph of the cross section of the wear track; (b) Electron diffraction
pattern of the tribolayer; (c) Electron diffraction pattern of the substrate.
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Figure 7. TEM-EDS spectra of blue-film region (a) and substrate (b).

The question regarding which film is more beneficial concerning the tribological performance
cannot be answered in a straightforward manner. As soon as the colored tribolayers form (blue or
brown), the bearings last until the end of the FES8 test without failing. The reaction pathways are
still a matter of debate and the operating conditions provide a quite complex set of parameters with
a difficult interplay between each other. By increasing the speed, more energy will be stored in the
tribosystem and additionally the contact will be more effectively replenished with lubricant and so
additive molecules thus facilitate the formation of potential wear resistant tribolayers. Mosey’s MD
simulations suggested a contact pressure induced cross-linking of zinc phosphate molecules [15].
According to Gosvami et al., the nucleation and growth of tribolayers can be well described by a stress
and thermally activated Arrhenius model. In this context, it is then assumed that the nucleation and
growth are significantly influenced by surface heterogeneities, such as roughness, thus lowering the
necessary activation energy for the tribolayer formation by varying contact areas and stresses [25].
On the other hand, a certain regeneration time between two rolling events is needed to allow for the
formation of the layers [20]. With increasing speed, the time between two rolling events is shortened
and therefore impeding the layer formation. It will be interesting to systematically elucidate the lower
boundaries for the respective operating conditions under which a successful tribolayer can still be
generated and to further reveal the reaction pathways of the tribolayers especially for highly loaded
thrust bearings.

4. Conclusions

The tribolayer formation on the surface of highly loaded cylindrical roller thrust bearing rings
at 1.92 GPa has been examined in a modified FES test for different rotational speeds. The resulting
tribolayers were subsequently characterized by Raman spectroscopy, TEM, and TEM-EDS. The key
findings of the research article may be summarized as follows.

e Below a rotational speed of 10 rpm no tribolayer was observed. Therefore, 10 rpm represents
a lower boundary at the given operating conditions of 80 kN normal load and 60 °C temperature.
With increasing speed, the amounts of blue- and brown-colored regions vary. The most intense
blue color appearance could be found for 20 rpm. The blue layer is not homogeneous but patchy
as reported in literature.

e Raman spectroscopy could prove that the blue-layers are enriched with ZnS and FeS whereas
the brown layers are characterized by a larger amount of Fe3O4. As far as polyphosphates are
concerned, no distinct differences could be found for both colored layers in the respective Raman
spectra. This experimental finding reveals that the color appearance may be due to chemical
composition and not only because of thickness effects. The question regarding the performance
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differences of the blue- and brown-colored regions cannot be answered within this research work
and will be part of a follow-up paper.

e  Microstructural studies by TEM verified the layered morphology with a 250-450 nm thick
deformed tribomutation layer followed by 70-140 nm thick amorphous tribolayer with clear
signatures of Zn, P, and S based upon TEM-EDS measurements.
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Abstract

Purpose — To decrease wear and friction, zinc dialkyldithiophosphate (ZDDP) has been used in engine oil for several decades, but the mechanism of
the tribofilm formation is still unclear. The purpose of this study is to characterize the chemical details of the tribofilm by using high-resolution
approaching.

Design/methodology/approach — An I1SO VG 100 mineral oil mixed with ZDDP was used in sliding tests on cylindrical roller bearings. Tribofilm
formation was observed after 2 h of the sliding test. X-ray photoelectron spectroscopy (XPS) and atom probe tomography (APT) were used for
chemical analysis of the tribofilm.

Findings — The results show that the ZDDP tribofilm consists of the common ZDDP elements along with iron oxides. A considerable amount of zinc
and a small amount of sulfur were observed. In particular, an oxide interlayer with sulfur enrichment was revealed by APT between the tribofilm and
the steel substrate. The depth profile of the chemical composition was obtained, and a tribofilm of approximately 40 nm thickness was identified by
XPS.

Originality/value — A sulfur enrichment at the interface is observed by APT, which is beneath an oxygen enrichment. The clear evidence of the S
interlayer confirms the hard and soft acids and bases principle.
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1. Introduction

Zinc dialkyldithiophosphate (ZDDP) is a multi-functional
additive that has been widely used for formulating lubricants
because of its excellent performance and relatively low cost
(Spikes, 2004). The addition of ZDDP contributes to the
formation of an anti-wear tribofilm, which prevents direct
contact between two surfaces acting as a role of a barrier. The
tribofilm also has the capability of capturing harmful hard
particles such as iron oxide, thus reducing the wear of the
sliding surfaces (Minfray ez al., 2004b; Onodera er al., 2008).
The tribofilm is present as solid-like pads formed in the contact
area that is commonly described as blue-colored tribofilm
(Kubiak ez al., 20125 Onodera et al., 2013; Gachot ez al., 2016).
It is generally accepted that the presence of a ZDDP tribofilm is
correlated with the reduction of wear and friction. ZDDP was
used in various applications because of its benefits in
tribological performance. However, the usage of ZDDP in
engine oil is now facing restrictions, as the phosphorous and
sulfur oxides reduce the effective life of exhaust catalysts
(Spikes, 2004). To find a proper substitute, several open
questions have to be answered.

The formation of ZDDP tribofilm is a complex mechanism
induced by thermal activation and tribomechanical reactions (i.e.
shearing) (Fujita and Spikes, 2004; Fuller ez al., 1997). Shear-
induced tribofilms showed a better stability and wear-resistance,
according to Bancroft er al. (Bancroft er al., 1997). Based on
molecular dynamics simulations, it is suggested that the pressure/
shear-induced cross-linking is the key mechanism in the
formation of anti-wear films (Mosey ez al., 2005). In addition, the
driving force of the tribochemical reaction of ZDDP is not
directly attributed to the temperature but to the entropy mixing
contribution (Martin ez al., 2012). Gosvami et al. (Gosvami et al.,
2015) proved by using in-situ sliding tests with atomic force
microscopy that the formation of the tribofilm is a thermally
activated and stress-assisted reaction. Furthermore, it is
suggested that nano-crystallization within the material caused by
the sliding process enhanced the tribofilm formation.

The composition of the main part of tribofilm, namely, the
bulk tribofilm, is based on the ZDDP related elements, such as
Zn, P and S. Longer chain of zinc/iron polyphosphates were
found at the top of the tribofilm; whereas lower chain at the
bottom region (Spikes, 2004). Various methods have been
applied to reveal the chemical detail of the ZDDP tribolayer,
such as Raman spectroscopy (Berkani er al., 2013), time of
flight secondary ion mass spectrometry (Minfray er al., 2004a),
auger electron spectroscopy (Martin er al., 2000) and X-ray
absorption near edge structure (XANES) (Nicholls er al.,
2003). The morphology of the tribofilm can be described as
island-like pads, which consists mainly of glassy phosphates
(Martin et al., 2001).

A high concentration of oxygen was commonly found in the
bulk tribofilm caused by the sliding motion. Martin er al
(2001) observed a considerable amount of oxygen in the
tribolayer and approximately 4 per cent of sulfur in the top of
the bulk tribofilm. Miranda-Medina er al. (Miranda-Medina
et al., 2019) indicated iron oxide particles captured by the
tribolayer in a cross-section observation. Hence, Guo ez al
(2017) identified a clear iron oxide layer at the bottom of the
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tribofilm, which revealed that there is an oxygen enrichment at
the interface between the bulk tribofilm and the steel substrate.

In addition to oxygen, sulfur has also been identified in the
tribofilm; however, it is still unclear whether there is an
enrichment at the interface. Based on the hard and soft acids
and bases (HSAB) principle, the chemical reaction between
sulfur and nascent steel substrate has been proposed as an
initial step of film formation (Martin, 1999). Bell ez al. (1992),
Smith and Bell (1999) found an enrichment of S/O at the
interface with about 5-10 per cent of sulfur content. Some
recent works present the existence of the sulfur-enriched layer
differently by various methods, Shimizu and Spikes (2016)
found the enrichment of S at the initial state of sliding, but it
was afterward pushed to the edge of the contact zone and
transformed to be P- and Zn-enriched. Soltanahmadi er al
(2017) have made the sulfide interlayer visualized by using
transmission electron microscopy (TEM)/energy dispersive X-
ray spectroscopy (EDS). Moreover, X-ray photoelectron
spectroscopy (XPS) identified a sulfur/oxygen enrichment at
the bottom side of the bulk tribofilm (Heuberger ez al., 2007;
Dorgham er al., 2018). However, there are some studies
claimed that no sulfur interlayer was identified (Martin, 1999;
Martin er al., 2001; Zhou et al., 2017). According to the
literature mentioned above, the S enrichment at the interface is
still ambiguous. The thinness and the mixture of oxygen and
sulfur increase the difficulty of identifying the interface nature
of the tribofilm.

Atom probe tomography (APT) is a high-resolution
analytical technique, which provides three-dimensional (3D)
chemical compositional analysis at the nanometer scale (Kelly
and Miller, 2007; Miller and Forbes, 2009). The chemical
sensitivity limit of APT is around 10 ppm, and it is accordingly
an ideal tool to reveal quantitative chemical information of
segregation and near interfaces. The spatial resolution limit of
this technique is approximately 0.1 nm in z-direction (depth)
and 0.2 nm in xy-directions (lateral), which takes a longer time
for the sample preparation, but gives a prominent three-
dimensional representation of the elemental distribution at
high-resolution. So far, there are only a few APT studies aiming
at tribofilms. Kim ez al. (2016) applied APT to prove the little
content of boron in the tribofilm formed by boron added
lubricants. Guo ez al. (2017), Zhou ez al. (2017) identified the
existence of an iron oxide interlayer, but no sulfur enrichment
was found. Therefore, APT was used in this study to examine
the interface region between the ZDDP tribofilm and the steel
substrate.

2. Experiments

2.1 Zinc dialkyldithiophosphate tribofilm formation

Tribofilm was formed after a tribological sliding test operated
by a modified FES8 test rig according to DIN 51819-3.
Cylindrical roller thrust bearings (Type 81212) comprised of
two washers, a cage, and 15 cylindrical rollers made of 100Cr6
bearing steel (AISI 52100) were tested in lubricated conditions.
The bearings were installed in the vertical plane, i.e. with a
horizontal axis of rotation. The test was run with a rotational
speed of 20 rpm and an axial load of 80 kN for 2 h. A mineral oil
of class ISO VG 100 was used as a base oil and mixed with a
secondary ZDDP additive in a concentration of 0.02 Wt.% of
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phosphorous. Sufficient lubricant was fed to the contact area by
a pumping system. The working temperature was 80°C. The
maximum contact pressure according to Hertzian calculation
was 1.92 GPa. More experimental details can be found in
Table 1. In addition, the minimum oil film thickness was
estimated according to the Dowson-Higginson equation
(Dowson ez al., 1962) as boundary lubrication. After the sliding
test, the surface was cleaned by benzene and isopropanol to
remove the residual lubricant, abrasives and contaminants.

2.2 X-ray photoelectron spectroscopy

The depth profile of the tribofilm was examined by XPS. The
instrument is equipped with a monochromatic Al Ka
(1486.6 eV) source based on a 500 mm circle geometry, a
delay-line detector (DLD), a 165mm mean radius
hemispherical analyzer plus spherical mirror analyzer (SMA)
for parallel chemical imaging and runs under ultra-high
vacuum conditions with a working pressure below 10~® mbar
in the main chamber. The spectrometer was used in small spot
spectroscopy mode, where the virtual probe on the surface of
the samples is defined by choosing a suited aperture inside the
electrostatic column of the detector. The place of measurement
was set to a size of 0.3 x 0.7 mm, matching the tribofilm regions
within the wear track. Congruence of the region of interest and
place of measurement was controlled by parallel chemical
imaging. The chemical composition of the surface of the
sample was analyzed by XPS survey spectra with a typical
information depth of less than 5 nm. Elemental concentrations
in atomic percentages for the detected elements were calculated
from the peak areas of photoelectron lines. Depth information
of the tribofilm was obtained by XPS sputter profiles. All
ZDDP tribofilm related elements including zinc, phosphorus,
sulfur, oxygen and iron were considered. For sputter etching,
the standard Argon ion gun was used with a raster size of 2 x
2mm and an ion energy of 2 keV. The depth scale is given in
regard to a Ta,Os5 reference sample, which would be sputtered
up to this deep with the same adjustments of the ion gun.

2.3 Atom probe tomography

Sample preparation for APT was processed in a dual beam
scanning electron microscope/focused ion beam workstation
(SEM/FIB). A 200 nm Cr sacrificial capping layer was deposited
above the ZDDP tribofilm by physical vapor deposition (PVD).
The specimens were prepared by the lift-out technique
described in (Thompson et al., 2007). The last step of low
energy milling at 2kV was performed to minimize Ga induced
damage. Laser pulsed APT measurements were performed at a
repetition rate of 100 kHz, specimen temperature of about 60 K,
a pressure lower than 1 x 10 —10 Torr (1.33 x 10 ®Pa) and a
laser pulse energy of 0.7 nJ. The evaporation rate was set to 2
atoms per 1,000 pulses. Data sets were reconstructed and
analyzed by a computational analysis software.
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3. Results and discussions

A ZDDP anti-wear tribofilm was formed at the contact area after
2h of the sliding test. The surface overview of the bearing washer
obtained by optical microscopy is shown in Figure 1(a) and (b). In
the wear track area, a tribofilm with brown and blue coloration was
found along the wear track. The correlation between the Slide-Roll
Ratio (SRR) and the thickness of the tribofilm on roller bearings
has been presented previously (Stratmann et al., 2017). By means
of the formation of the anti-wear tribofilm, no severe wear damage
was observed. The presence of the ZDDP tribofilm enhances the
tribological performance and prolongs the lifetime of the thrust
bearings (Hsu ez al., 2017; Rosenkranz ez al., 2016). Furthermore,
it has been proven by Gachot ez al. (2016) that the blue regions are
enriched in phosphates, whereas the brown-colored film fractions
show significant amounts of iron oxides. As a consequence, the
blue region at SRR +7 per cent was selected for further
investigation by XPS and APT. In addition, the cross-section
profile obtained by SEM is shown in Figure 2. The thickness of the
tribofilm is up to a maximum of 80 nm. It can be observed that the
average thickness is around 40nm. The inhomogeneity of the
tribofilm can be attributed to the complex tribochemical reaction,
which is in good agreement with the literature (Kalin, 2004;
Topolovec-Miklozic ez al., 2007).

XPS analysis presents the chemical composition of the
ZDDP tribofilm at its surface and by sputtering along with
the depth. In Figure 3(a), the depth profile shows the
concentration of the elements identified, and Figure 3 (b) shows
the concentration profile of the uppermost 100 nm. According
to the depth profile, the tribofilm was approximately 40 nm in
thickness. The tribofilm was composed of the ZDDP related
elements, including 11 Wt.% of P, 2 Wt.% of S and 24 Wt.% of
Zn; meanwhile around 50 Wt.% of oxygen was found. The
analysis reveals a considerable amount of oxygen in the
tribofilm, which could be composed of the products of
the decomposition of ZDDP itself, iron oxides from the wear
debris, or even caused by the exposure to ambient air after
testing. In addition, iron has been detected in the tribofilm.
This can be attributed either to the diffusion of Fe from the
iron-based substrate, or to the deposition of wear debris
(Martin, 1999; Martin er al., 2001). For further examination
into the interface, the tribofilm was cut and shaped into the
form of a tip by SEM/FIB lift-out process. An SEM image of an
APT tip specimen from the respective sample is shown in
Figure 1(c).

APT atom maps are shown in Figure 4. The data set shows
the spatial distribution of the elements in the specimen,
including the Cr capping layer, anti-wear tribofilm and steel
substrate (Figure 4(a)). Figure 4(b) shows the spatial
distribution of single ions as well as some complex ions. The Cr
capping layer can be observed at the top of the specimen,
whereas the tribofilm and its related elements such as P, S, Zn
and O are dominant in the region below. Fe atoms are located
mainly beneath the region of tribofilm (steel substrate) but also

Table 1. Lubricant properties and lubrication conditions for tribofilm growth in sliding test

Oil properties at 80°C

Kinematic Viscosity Density

Pressure-viscosity coefficient

Sliding and lubrication condition
Rolling speed Max. pressure Temp.

18.4 mm?/s 856.9 kg/m>

1.59x108pPa™"

0.04 m/s 1.92 GPa 80°C
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Figure 1 General view of the sample preparation

Notes: (a) Overview of the wear track on the surface of thrust
ring with a cylindrical roller; (b) the ZDDP tribofilm in the wear
track obtained by optic microscopy; (c) the shaped tip specimen
of the tribofilm for APT analysis

Figure 2 STEM image showing the cross-section of the tribofilm in the
wear track. From top to bottom are Pt protective layer, ZDDP tribofilm
and Fe substrate

Protective layer

ZDDP Tribofilm

Fe Substrate

Figure 3 (a) Chemical composition profile of the ZDDP tribofilm by
XPS, sputtering from the top of the film to the steel substrate and (b) a
concentration profile for the uppermost 100 nm
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Figure 4 (a) 3D APT reconstruction showing the Cr capping layer,
ZDDP tribofilm and steel substrate. A 5 Wt.% of Zn iso-concentration
surface (grey) is used to delimitate the tribofilm and (b) spatial
distribution of Fe, Zn, S/0, FeO, PO and Cr atoms in the reconstruction

Fe Zn S/O

Cr cappin

FeO PO cr
Tribofilm :

Substrate| &
P4

(b)

found in the tribofilm. Several peak-overlaps exist in the APT
mass-to-charge-state ratio spectrum such as Zn>* (m/n = 32-
35) with SiO,”" (m/n = 30-33), FeO*" (m/n = 35-38) and
CrO?" (m/n = 33-36). Furthermore, the overlap in the mass
spectrum between O*! and S™2 at m/n = 16 and between O, ™"
and S*! at m/n = 32, makes it difficult to differentiate these
elements in the spatial maps clearly. A peak decomposition
algorithm was used to correct the overlaps based on the natural
isotopic abundance (Gault ez al., 2012).

Table 2 shows the average composition of the tribofilm
measured by APT. The tribofilm was delimited by a 5 Wt.% of Zn
iso-concentration surface [Figure 4(a)], and the composition was
calculated considering the atoms inside this volume. The
compositions of the Cr-capping layer and the steel substrate are
therefore excluded from such analysis. The results show that the
tribofilm was composed of approximately 26 Wt.% of Zn and
approximately 3 Wt.% of S, which is similar to the results of XPS.
On the contrary, a higher amount of Fe and a lower amount of O
and P were identified. The differences between these two methods
could be attributed to the inhomogeneity of the tribofilm, which
was also found in the previous study by TEM (Gachot et al.,
2016). Additionally, APT analysis required high-level cleanliness
of sample preparation. The organic phosphate layer could have
been partially removed by solvent cleaning before APT sample
preparation (Smith and Bell, 1999). However, the interlayer
covered by the inorganic layer was fully conserved. A clear insight
into the interface between the tribofilm and the substrate was then
obtained.

Table 2. Chemical composition of the tribofilm measured by APT,
calculated from within a volume enclosed by iso-concentration surfaces of
5Wt.% Zn

Composition Wt.%

Zn 25.74 * 0.08
P 0.73 + 0.01
S 2.79 * 0.02
0 15.08 * 0.01
Cr 3.98 * 0.03
Fe 48.33 * 0.09
C 0.61 * 0.01
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In Figure 5, two-dimensional (2D) contour plots highlight the
elemental distributions and compositions within two mutually
perpendicular 5 nm thick slices through the APT data set at the
tribofilm, namely, x-z and y-z planes [correlated to Figure 4
(a)]. From top to bottom, Zn enrichment at the upper part of
the tribofilm is presented in Figure 5(a) and (b), and the
enrichment of FeO underneath the Zn-rich region is shown in
Figure 5(c) and (d). Finally, enrichment of S/O at the bottom
of the substrate is shown in Figure 5(e) and (f). The
disambiguation between S and O was done by the FeS complex
ion peaks, showing the presence of S in the lowest part of the
tribofilm [Figure 5(g) and (h)].

Volume 72 - Number 7 - 2020 - 923-930

At the upper part of the tribofilm, a higher amount of Zn was
found, which was mixed with iron and oxygen. The
composition of the tribofilm shows the participation of ZDDP
elements, which can be attributed to the aforementioned
shearing influence by sliding. Moreover, an iron oxide layer was
formed beneath the Zn-rich area, which can be attributed to the
entrapment of wear debris. The observation of the oxygen
enrichment is in good agreement with the literature, which
suggested that the shearing causes the oxidation of the surface
and the tribofilm (Zhang et al., 2005). Wear particles removed
from the steel surface by mechanical motion were first carried
into the lubricant; the particles would then be embedded into

Figure 5 Two-dimensional (2 D) contour plots showing the elemental distribution and composition profiles at two mutually perpendicular slices

through the tribofilm (x-z and y-z planes)
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Notes: (a,b) Zn enrichment at the upper part of the tribofilm; (c,d) enrichment of FeO
underneath the Zn rich region; (e,f) enrichment of S/O on the substrate. The overlap in the
mass spectrum between O+1 and S+2 at m/n = 16 makes it difficult to clearly differentiate the
e elements. the presence of S on the substrate is then confirmed by the separate plot of the
distribution and concentration of FeS in the film (g,h)
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the tribofilm because of the “digestion” mechanism (Martin,
1999; Minfray ez al., 2006; Spikes, 2004).

The specific observation of the sulfur enrichment by APT
dedicates to understanding the structure of the ZDDP
tribofilm. According to the HSAB principle, a thin sulfur layer
(FeS) would be formed at the nascent steel surface by following
the soft reaction, which happens at the beginning of sliding tests
(Martin, 1999). Although some aforementioned studies found
no S enrichment at the interface, the present study supports its
existence with a high-resolution insight. By separating the
mass-to-charge peaks based on the abundance of isotopes, the
correlation between the distribution of sulfur and oxygen was
distinguished.

A hypothetical construction of the ZDDP anti-wear tribofilm
is illustrated in Figure 6 based on the observation from XPS
and APT. The construction of the tribofilm is generally
corresponding to the Schmaltz model (Schmaltz, 1936). From
top to bottom, it comprises a tribofilm, an oxide interlayer, a
sulfur enrichment and the steel substrate. Zinc dominated in
the tribofilm and mixed with a considerable amount of iron and
oxide. Beneath the tribofilm, an oxide interlayer and a sulfur
enrichment at the bottom appeared. The oxide layer was
attributed to the mixture of oxides, which mainly came from
wear debris because of the severe sliding conditions.
Furthermore, the sulfur enrichment was formed by the
tribochemical reaction that nascent iron surfaces react with
sulfur species (De Barros ez al., 2003).

Two different methods, XPS and APT, were both used for
chemical analyses. In this study, XPS is used as a kind of fast
preparatory screening technique for APT analysis. Regarding
the complex load situation of macroscopic technical samples
and its roughness, the tribofilm formation is understood to be
inhomogeneous, at least on a micro-scale. The XPS depth
profiles cover a representative area of the tribofilm and give a
first impression of the chemistry concerning the average depth
distribution of its components. Based on these results,
including STEM lamella, the best-suited sites for APT analysis,
with a high probability of matching locally pronounced
tribolayer and the relevant depth scale, could be selected. In the
next step, the introduction of APT revealed the tribofilm at the
nanometer scale that provided further details of the tribofilm
composition, which would be difficult to obtain by using other
analytical techniques. Consequently, adequate preliminary
examinations should be manipulated prior to running in an
APT experiment in future studies for a better insight of
characterization (Kelly ez al., 2007).

Figure 6 Schematic representation of the ZDDP anti-wear tribofilm.
From top to bottom are Fe/Zn polyphosphate tribofilm (10-100 nm),
oxide layer (= 10 nm), sulfur enrichment (= 5 nm) and steel substrate.
The sulfur enrichment is shown to be unevenly distributed according to
the findings by APT (Figure 5)

<+— ZDDP tribofilm
with Zn, P, O
10-100 nm

~10 nm
~5nm |

«— Iron Oxide Interlayer

«— Sulfur enrichment

<+— Steel substrate
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4. Conclusions

In the present study, ZDDP anti-wear tribofilms formed on the

surface of a cylindrical roller thrust bearing have been analyzed

by XPS and APT. The chemical composition and constituents
of the tribofilm are revealed. The findings show:

« Analysis from both the XPS and APT demonstrate a well-
established tribofilm formed wunder high pressure,
including a Zn-rich tribofilm, an oxide layer, and S
enrichment. Higher content of Zn was found at the upper
part of the tribofilm; in contrast, a more massive amount
of Fe can be found at the lower part of the tribofilm.

«  Sulfur enrichment was found between the tribofilm and the
steel substrate. The sulfur-rich region distributed
heterogeneously beneath the oxide layer in a range of
approximately 5 nm. With the advantage of using APT, it is
the first time that clear evidence has proven the existence of a
sulfur enrichment covered by ZDDP tribofilm.

« The finding of sulfur enrichment supports the predictions
according to the HSAB principle. The reaction between
sulfide ions and nascent iron substrate, namely the soft
reaction, triggers the formation of the tribofilm.
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Abstract: Laser surface texturing has been successfully applied in the past to various machine
elements in order to improve their tribological performance. In this study, direct laser interference
patterning was used to produce periodic cross-like surface patterns on commercial cylinder roller
bearings. The wear behavior of as-patterned bearings was studied by a modified FES test rig under
boundary lubrication. A mineral oil (ISO VG 100) as a base oil additivated with 0.02 wt % zinc
dialkyldithiophosphate (ZDDP) was used for the tribological tests which were performed under
a Hertzian pressure of 1.92 GPa and maintained at 80 °C and 20 rpm for 2 h. The laser-patterned
bearings showed a significantly reduced mass loss by two orders of magnitude compared to the
unpatterned reference bearings. A closer look at the samples proved the formation of the characteristic
blue-colored ZDDP tribofilm on top of the laser-induced topography maximum positions. Due to the
higher contact pressure at the laser-induced peaks, the tribofilm formation was preferable at those
positions thus protecting against wear. The laser patterns nearly remained unworn compared to the
reference samples. A subsequent Raman analysis of the laser-patterned bearings clearly revealed the
formation of zinc and iron sulfides as well as phosphates at the peak points.

Keywords: laser surface treatment; direct laser interference patterning; boundary lubrication; ZDDP;
roller bearings

1. Introduction

In tribology, boundary lubrication is a lubrication regime which typically appears in the interfaces
of gears, bearings, and piston rings, etc., for relatively low sliding speeds and rather high loads [1].
In this lubrication regime, the oil film thickness is generally significantly lower than the combined
surface roughness of both rubbing partners, which can be reflected in a A-parameter smaller than
1. As a consequence, the surface asperities play an important role since the load is mainly carried
by those asperities. Wear occurs inevitably under boundary lubrication, and it is well known that
the formation of an anti-wear tribolayer is the solution to protect the substrate and to prevent severe
wear [2,3]. In terms of tribofilm formation, zinc dialkyldithiophosphate (ZDDP) can be named as a
popular lubricant additive, which has been widely studied and utilized for more than 70 years due
to its outstanding anti-wear performance and its additional multi-functional characteristics such as
anti-corrosion and antioxidant properties. Those properties can help to provide protection against
damage from wear and to extend the component’s lifetime. In general, ZDDP tribofilms are described
as blue and brown-colored patchy layers formed in the rubbing area [4]. Those layers are composed
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of, for example, iron sulfides and amorphous orthophosphates [5]. There are two ways to generate
ZDDP reaction layers, either by thermal activation or tribomechanical reactions [6,7]. In this context,
Bancroft et al. demonstrated that tribomechanically induced tribofilms are more stable against wear [8].
Gosvami et al. proved that the tribofilm formation is pressure-induced and not thermally induced. [9].
Furthermore, Gachot et al. proved that the blue-colored tribofilm areas contain a high amount of
phosphates and zinc sulfides [10]. Even though the mechanism of the ZDDP tribofilm formation
and the detailed reaction paths are still not clear and well understood, there is a consensus that the
presence of the tribofilm can help to protect the rubbing surface, thus improving the friction and wear
performance [11].

Despite the aforementioned beneficial effects, there are more and more restrictions for the usage of
ZDDP because phosphorous and sulphur oxides reduce the effective lifetime of exhaust catalysts [12].
It is necessary to introduce other methods that can reduce both the wear and the usage of ZDDP. Lately,
laser surface texturing (LST) has become a powerful tool for surface modification due to its ability to
precisely tailor materials [13-15]. Lasers using pulses with short and ultra-short pulse duration such
as nano- and femtoseconds have been typically used in this context because of their high flexibility
towards various materials. However, one shortcoming that can be named is the processing time.
Complex pattern geometries require a relatively long time to be fabricated. In addition to that, in
order to modify large surfaces, the individual laser pulses need to be overlapped, which might lead
to slight inhomogeneities in the overlapping areas [3]. Therefore, direct laser interference patterning
(DLIP) was developed to produce complex patterns on a relatively large area in just a single laser
shot. DLIP ensures a time-efficient and fast surface modification by superimposing two or more
coherent laser beams [12,16]. This technique produces periodic patterns onto the surface of interest
and has been proven to give characteristic patterns for versatile functions, such as friction and wear
reduction [17-19], reduction of the electrical contact resistance [20], and modifications of wetting
properties [21,22]. For the frictional modification induced by DLIP, Gachot et al. suggested that the
surface geometry is the most significant influencing factor [19]. Rosenkranz et al. demonstrated that
dot-like patterns on the surface of bearings produced by three beams interference perform well and
show a wear reduction of 83% compared to the reference state. The patterns were able to store wear
particles in the topographic valleys, thus reducing abrasive wear and therefore lowering the wear
volume. Even though DLIP would create an additional artificial roughness on the contact surface,
which might lead to an increased contact pressure, the ability to store wear particles seems to be
promising in terms of wear reduction [23].

The aim of the present research study is to investigate the effects of specific surface patterns
created by DLIP on the wear performance of highly loaded cylinder roller bearings under boundary
lubrication, as well as the interaction between the resulting surfaces patterns and the ZDDP additivated
oil. Moreover, the formation of the tribolayer and its properties are demonstrated and discussed.

2. Experiments

2.1. FE8 Test Rig

In the present study, cylinder roller bearings (Type 81212), consisting of two washers, a cage,
and several cylinder rollers made of 100Crg bearing steel (AISI 52100) were tested in a modified
FES test rig corresponding to DIN 51819-3. A mineral oil of class ISO VG 100 was used as base oil
and mixed with ZDDP additive using a concentration of 0.02 wt %phosphorus and short secondary
chains (C3-C8). During the test, sufficient lubricant was supplied to the contact area by a pumping
system. The rotational speed was set to 20 rpm. The test was run at 80 °C with an axial load of 80 kN,
which corresponds to a Hertzian pressure of 1.92 GPa. The total testing time was 2 h. The lubricating
condition was calculated as boundary lubrication according to Dowson et al. [24], with a minimum
film height hy = 4.88 nm. After the test, the surface was cleaned by using benzene and isopropanol to
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remove the residual lubricant, abrasives, and contaminants. More details regarding the test rig and
testing parameters can be found elsewhere [25].

2.2. Direct Laser Interference Patterning (DLIP)

DLIP is a surface treatment conducted by applying interfering sub-beams onto the target samples
which can produce a relatively large patterning area in a short period of time. A pulsed Nd:YAG laser
(Quanta Ray Pro 290, Spectra Physics, Santa Clara, CA, USA) was used providing a wavelength of
532 nm. The repetition rate of the laser was 10 Hz with pulse duration of 10 ns. The peak power of the
laser was 0.83 J-cm 2. Figure 1 shows the experimental setup needed to realize DLIP.

Mirror Power Shutter
I Meter 532nm
T Nd:YAG

ns-Laser

50/50
Splitter Sample

Figure 1. Schematic diagram of direct laser interference patterning (DLIP) in order to realize
two-beam interference.

The primary beam (circular beam of around 10 mm in diameter) was then controlled by a
mechanical shutter system (VS52552ZMO, Uniblitz Electronic, Rochestern, NY, USA), allowing only
one pulse passing by for each shot. The laser power was measured by a pyrometric power meter
(EnergyMax Sensors, Coherent, Palo Alto, CA, USA). The primary beam was split into two sub-beams
by using a beam splitter. Afterwards, highly reflective mirrors were used to superimpose the sub-beams
onto the sample. Two-beam interference generated a periodic line-like surface topography. By changing
the incident angle between the two sub-beams the periodicities could be modified in a range from 1 to
30 um. Finally, the overlapping area was selected and shaped as 1 x 1 mm? by applying a squared
refractory mask. Therefore, the line-like pattern was formed on the surface of the bearing washer.
In addition, the position of the sample was controlled by a programmable x-y stage. In this study,
the bearing washer was rotated by 90° after the first patterning step in order to produce cross-like
surface patterns.

2.3. Characterization

Surface chemistry was examined by Raman spectroscopy (confocal Raman microscope, Renishaw,
Wotton-under-Edge, UK) equipped with a grating of 2400 lines mm~! and a spectral resolution up
to 1.2 cm~!. A laser producing an excitation wavelength of 532 nm was used to provide a power of
500 mW. The laser power was set as 10% to prevent thermal damage of the tribolayer. The spectrum
between 200 and 1300 cm ! was obtained using an acquisition time of 200 s. In addition, the overall
morphology and topography of the laser-patterned samples and the wear tracks were imaged using
laser scanning microscopy (LSM, LEXT OLS4100, Tokyo, Japan) and white light interferometry (WLIL,
Zygo New View 7300, Harpenden, UK). The wear loss of the bearing was evaluated after the tribological
experiments using a precision balance (CP324S Sartorius, Elk Grove Village, IL, USA).
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3. Results and Discussions

3.1. Surface topography

The surface topography of the bearing washer after DLIP is shown in Figure 2, which clearly
shows the cross-like patterns with a mean structural depth (peak to valley) of 1.2 um and a lateral
periodicity of 30 um. In a previous review paper summarizing the effects of surface patterning on
friction and wear, it was suggested that the structural depth of the laser pattern should be in the micron
range for boundary lubrication [3]. DLIP typically produces pattern geometries with a mean structural
depth of roughly 1-2 pm which makes DLIP an interesting approach to influence the tribological
performance under boundary lubrication. The roughness parameters of the reference and patterned
surfaces are summarized in Table 1, including values of Ryms, Rim, and Rgy. It can be clearly seen that
the surface roughness increased after DLIP because Rms increases from 0.07 to 0.3 pm. The value Rym
(mean of maximum peak to valley height) can be used to evaluate the performance of the patterned
surface showing the depth below the contact surface which will store lubricant and supply lubricant to
the contact area when needed. Moreover, the value Ry (skewness) also provides information about
the lubricant preservation. For positive Rg values, a high amount of valleys can be found indicating
a larger capacity to store lubricant [26]. Based upon the presented values, the surface roughness
increases after DLIP. Although a possible storage of lubricant can be ensured, the induced surface
topography by DLIP might increase friction and wear due to edge effects and stress concentrations.

Table 1. Summary of the roughness parameters of the reference and the laser-patterned surface,
prior to and after rubbing (Rrms: root mean square; Rym: mean of maximum peak to valley height;
Rgk: skewness).

Prior to Rubbing After Rubbing
Rims/um Rim/um Rgyx Rims/um Rim/um Rgx
Reference 0.07£0.01 028+005 —-0.60+0.05 0.08+£0.01 0.03£001 —0.88+0.27

Cross-patterned 0.30 £ 0.02 139 +£0.07 0.15+0.13 0.20 £0.01 0.81 £0.07 —-0.23+0.04

In this case, the formation of the tribolayer would be the solution to prevent severe wear damage.
As long as an anti-wear tribofilm is formed on the contact surface, the harmful abrasive particles would
not be generated, thus protecting the surface from wear.

1 )
after rubbing
prior to rubbing
0.5 =
£
=1
_-5, 0.0 o
(0]
T
-0.5 =
T T T T
0 100 200 300
Distance / pm
(a) (b)

Figure 2. Surface morphology (a) and surface profile (b) of the laser-patterned cross-like structure with
a periodicity of 30 um imaged by white light interferometry (WLI). In (b), a comparison of the surface
profile prior to and after rubbing is presented.
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3.2. Tribological Performance

In Table 1, the roughness parameters prior to and after rubbing are shown in order to evaluate
the effect of DLIP on the tribological performance. After rubbing, the Rim value also decreases from
1.39 to 0.81 um, indicating unpreventable wear damage. However, the value is still much higher than
the respective value of the untreated reference sample. Additionally, it should be emphasized that
the periodical cross-like patterns remain intact with a reduced structural depth (approximately 40%
of the initial value) after rubbing. This effect can be well seen in Figure 2b. Both results show that
the capacity of DLIP to store lubricant and to trap abrasive particles remains, even after 2 h of testing
under severe conditions. Furthermore, Ry shifts from positive to negative values, indicating a more
plateau-like topography along the rubbed surface. According to the decrease of both Riy, and Rgy, it
can be concluded that the sharp peaks were flattened to blunt asperities during rubbing, thus leading
to a better load-carrying capacity.

The coefficient of friction was measured during rubbing. The average coefficient of friction (COF)
of the reference sample is 0.14, whereas the value for the cross-patterned surface is about 0.1. The COF
of the DLIP sample decreases approximately 30%, and the measurement of wear mass losses was
further introduced. In Table 2, the respective wear losses of the washer and the roller set (reference and
laser-patterned) are presented. The mass loss was evaluated by comparing the weight of the washer
and the roller set prior to and after rubbing. For the reference washer without DLIP, it can be seen
that after two hours a rather large mass loss of 62.5 mg can be measured. In contrast to that, the wear
damage of the laser-patterned surface can be barely seen. It can be stated that the respective mass loss
could be reduced by two orders of magnitude. In addition, for the roller set, the same experimental
trends in terms of mass loss can be detected. This implies that DLIP offers the possibility of preventing
the bearing from severe wear, which could be attributed to the topography due to abrasive particles
and insufficient lubricant supply. Moreover, the formation of ZDDP tribofilm which was mentioned
earlier prevents direct contact between two metal surfaces thus decreasing the damage from wear.

Table 2. Summary of the total mass loss of the washer and roller set of the roller bearings for the
reference and laser-patterned sample.

Washer Mass Loss Am/mg Roller Set Mass Loss Am/mg

Reference 62.5 80.5
Cross-patterned 0.1 0.1

In Figure 3, the surface topography after rubbing imaged by optical and laser scanning microscopy
is depicted. It can be observed that the cross-like structure remains intact with a reduced mean depth
of 0.9 um. Furthermore, it should be mentioned that P; marks a blue spot in Figure 3a,b. By comparing
both figures, the blue spots typically formed by the tribofilm can be found in the topographic maximum
positions. It is worth mentioning that a second spot, Py, was marked in the figures, representing the
area of the topographic minimum position. In those regions, there is no sign of tribofilm formation
in the topographic valleys (P, in Figure 3a,b). Since ZDDP tribolayers can be described as a mixture
of blue- and brown-colored films distributed in the contact region [4,27], the blue tribofilm can be
traced back to pressure and sliding friction. Consequently, the blue spots appearing in those figures
can be attributed to the ZDDP tribofilm, which is the key feature to provide protection of the contact
surfaces against wear [8,11]. Finally, those two points (P and P,) were selected to analyze the surface
chemistry by Raman spectroscopy dependent on the surface topography (topographic maximum and
minimum positions).
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Figure 3. Surface topography after rubbing imaged by (a) optical microscopy and (b) laser scanning
microscopy (LSM). P; marks a position with blue-colored tribofilm on the top of patterns, whereas P,
highlights a region of valleys without blue color.

3.3. Raman Spectroscopy

The surface chemistry of the ZDDP tribofilms on the cross-like patterns was studied by Raman
spectroscopy. In Figure 4, the corresponding Raman spectra for P; and P; are depicted. The spectrum
measured at P; shows pronounced peaks related to Zn-S, Fe-S, and P-O at Raman shifts of 351, 386,
and 965 cm ™! [28-30], whereas P, reveals peaks related to Fe3O4 at 320 and 670 cm 1 [31]. The peaks
assigned to Py correlate well with the composition of ZDDP, which goes hand in hand with previously
published results [10]. This in turn implies that the tribolayer was formed on top of the pattern induced
by the increased contact pressure. As shown by Bancroft et al. [8], the pressure-induced tribofilms
exhibit better tribological performance compared to the thermally induced films. Under tribological
contact, the tribofilm grows faster due to the applied pressure [7]. The presence of the blue tribofilm
appears only on top of the patterns, which significantly reduces the wear loss, and proves the
pressure-induced film formation.
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Figure 4. Raman spectra measured at P;: blue-colored tribofilm on the topographical maximum of the
patterns, and P;: valley area of the patterns after rubbing.
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4. Conclusions

In this study, the effects of periodic cross-like patterns produced by DLIP on the tribological and
wear performance of cylinder roller bearings were studied by using a modified FES test rig. The mass
loss was evaluated by a precision balance and the topography was measured and described by WLI
and LSM. Moreover, the surface chemistry was analyzed by Raman spectroscopy.

Topographic parameters such as Rim and Rq, demonstrated that the periodic laser patterns, which
are able to store lubricant and trap abrasive particles during rubbing, remain intact even after severe
rubbing. The surface has no obvious wear marks, and the characteristic blue-colored tribolayer was
only formed at the laser-induced topographic maximum positions of the patterned surface with the
highest contact pressure, thus confirming the formation of a pressure-induced tribofilm. A subsequent
Raman analysis clearly revealed peaks related to Zn-S, Fe-S, and P-O in the Raman spectra typical
for the blue-colored tribolayer. Because the successful tribofilm formation at the topographic maxima
positions were in contact with the counter-body, the wear loss could be significantly decreased in
comparison to the unpatterned reference sample.
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Abstract: Laser surface texturing (LST) has been proven to improve the tribological performance of machine
elements. The micro-scale patterns manufactured by LST may act as lubricant reservoirs, thus supplying oil
when encountering insufficient lubrication. However, not many studies have investigated the use of LST in the
boundary lubrication regime, likely due to concerns of higher contact stresses that can occur with the
increasing surface roughness. This study aims to examine the influence of LST on the fatigue lifetime of
thrust rolling bearings under boundary lubrication. A series of periodic patterns were produced on the
thrust rolling bearings, using two geometrically different designs, namely cross and dimple patterns. Base oil
ISO VG 100 mixed with 0.05 wt% P of zinc dialkyldithiophosphate (ZDDP) was supplied. The bearings with
cross patterns reduce the wear loss by two orders of magnitude. The patterns not only retain lubricant in the
textured pockets but also enhance the formation of an anti-wear tribofilm. The tribofilm generation may be
improved by the higher contact stresses that occur when using the textured surface. Therefore, in contrast to
the negative concerns, the ball bearings with cross patterns were instead found to increase the fatigue life by a
factor of three.

Keywords: thrust rolling bearing; laser surface texturing; direct laser interference patterning; zinc dialkyldi-
thiophosphate (ZDDP); tribofilm

1 Introduction

The occurrence of pitting failure often limits the lifetime
of machine components operating under rolling/sliding
contacts, such as bearings and gears. Rolling contact
fatigue (RCF) is initiated by micro-cracks, and the
growth of cracks eventually leads to surface pitting
and failures. Pitting failures can be categorized by the
location of the micro-cracks: either in the sub-surface
zone or on the surface of the material. Sub-surface
failures have become less frequent due to improvements
in steelworks, which has decreased the amount of

inclusions [1]. However, surface-initiated pitting, which
begins with cracks initiated by defects, wear debris,
or asperities on the surface, has caused a rising
percentage of failures in modern applications [2].
This is attributed to the lower thickness of oil film that
occurs when pursuing increased efficiency via reducing
lubricant viscosity or adopting higher machining power,
which makes the machine components operate in
severe lubrication conditions, namely the boundary
lubrication regime. Boundary lubrication is defined as
the regime with a small ratio of the oil film thickness to
the mean roughness value, and is mostly associated
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with a high load and a low sliding speed, where only
monolayers of a lubricant cover the interacting
surfaces [3, 4]. In principle, wear is unavoidable in
this lubrication regime, and wear debris can further
damage the surface, which promotes the initiation of
pitting [5]. Consequently, surface engineering and
anti-wear tribofilms are recommended, to enhance
wear resistance in boundary lubrication [6-9].

Novel methods of surface engineering, such as
laser surface texturing (LST), have been proven to be
beneficial for the tribological performance [10]. It is
suggested that LST provides positive contributions in
every lubrication condition, from the boundary to the
hydrodynamic regime [11, 12]. The unique topography
of the laser patterns can retain lubricants in the contact
zone, thus providing the necessary lubrication when
external supply is insufficient. In addition, the space
within patterns can trap harmful wear debris in the
valleys and prevent them from causing further damage
on the contacting surfaces [6]. Laboratory tests have
demonstrated promising improvements to tribological
performance. LST has been evaluated and shown to
decrease wear and friction in industrial applications
such as roller bearings [13], ball bearings [14], valves
[15], and pistons [16]. In case of conformal contacts,
many studies have highlighted positive results by
texturing with the area coverage between 10%-30%.
In case of non-conformal contacts, smaller sizes and
shallower depths (around 1 pum or less) have led
to better performances [7]. Nevertheless, further
experimental results using LST are required to fully
determine the limitation and the applicability of LST.

Another approach to avoiding direct contact in the
boundary lubrication regime is to generate a protection
layer. The so-called anti-wear tribofilm is usually
produced by the introduction of certain lubricant
additives. Zinc dialkyldithiophosphate (ZDDP), which
is one of the most popular oil additives, was used
in this study. It has been shown that the presence of
the ZDDP tribofilm reduces wear [17-19]. The layer
is often described as an island-like thin-film, with a
thickness of around 100 nm and width from 0.5 to
several micrometers [8, 20]. The origin of the layer
formation is the energy input to the contact area [21],
driven by shear and temperature. Moreover, the growth
of the tribofilm is confirmed to be more efficient
when induced by tribological/shearing action [22].

Compared to the film generated only by temperature,
the shear-induced tribolayer is more stable and has
better wear resistance [17].

According to previous studies, the combined use
of LST and anti-wear tribofilm reduces sliding
induced damage [7, 23-26]. Rosenkranz et al. tested
and confirmed the enhancement of the frictional
performances on thrust roller bearings with dot
patterns [12, 13]. Hsu et al. have found a fully formed
ZDDP tribofilm at the topographical maximum of a
periodic laser pattern, indicating an enhancement of
the formation of ZDDP tribofilm by direct laser
interference patterning (DLIP) [27]. Furthermore, the
proven ability of surface protection by LST can further
reduce fatigue failures. As an illustration, the fatigue
lifetime of roller bearings under elastohydrodynamic
lubrication was increased by mechanical surface
texturing [28]. However, to the best of our knowledge,
there is still no fatigue study under boundary lubrication
considering laser textured samples. Therefore, this
study aims at evaluating the fatigue lifetime of laser
textured rolling bearings. Four different patterns
geometry designs were initially tested for performance
in terms of wear, and the best of these designs were
used for the subsequent fatigue tests. The results are
statistically analyzed by Weibull distribution. Finally,
the effect of the laser patterns on the contact pressure
distribution has been examined through contact
simulation models.

2 Experiments and methods
2.1 Laser surface texturing

Two geometrically different LST patterns were tested
in the present study: dimple and cross patterns.
Samples were cleaned by ethanol and isopropanol
before laser treatments. The surface preparation details
can be found in Table 1, and the schematic of the LST
pattern is shown in Fig. 1.

The dimple patterns with a depth of approximate
0.9 ym and a diameter of 30 pm were manufactured
by a Ti-sapphire femtosecond pulsed laser (Spitfire
Pro, Spectra Physics). The laser was applied with a
wavelength of 800 nm, a frequency of 1 kHz, and a
pulse duration of 150 fs. Each dimple was created
from one laser pulse by using a controlled shutter.
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Table 1 Experimental details of the patterns by laser surface
texturing.

Peak

Samples energ Pulse  Pattern Periodicity Height
(J/cm;; duration  type (pm) (pm)
Dimple500 12.7 150 fs  Dimple 500 0.9
Dimple200 12.7 150 fs  Dimple 200 0.9
Cross9 1.2 10 ns Cross 9 1.1
Cross30 1.2 10 ns Cross 30 1.1
Roller
h
| y v
| |
i \/
i i d
i i Bearing washer
I I
i P
|

Fig. 1 A schematic of the profile of the laser textured surface in
the lubricated contact condition; # shows the height from the valley
to top, d shows the diameter of the holes or the ditches, and p
shows the distance of the periodicity.

The applied energy fluence was measured as 12.7 J-cm™.
The texturing position on the surface was manipulated
by a programmable x-y motion controller, which moves
the stage to the required position with a synchronized
link to the laser shutter. The periodic distance between
dimples was set as 200 and 500 pm. The parameters
have been proven for friction reduction under the
boundary lubrication regime [11]. It is noted that the
stepping resolution of the stage movement in the x
direction was limited, and this resulted in alternating
160 and 240 um distances between dimples when
setting the periodicity as 200 pm. Nevertheless, the
average periodicity was measured as 200 pm.
Moreover, cross patterns were produced by DLIP,
which uses interference for LST. A Nd:YAG nanosecond
pulse laser (Quanta Ray Pro 290, Spectra Physics) was
used with a wavelength of 532 nm, a pulse frequency
of 10 Hz, and a pulse duration of 10 ns. The applied
energy fluence was measured as 1.2 J-cm? The
primary laser beam was split into two sub-beams by a

50/50 beam-splitter. Subsequently, the two sub-beams
were superposed onto the surface with a certain
incident angle, which creates the interference patterns.
The incident angle is used to control the periodic
distance of the line patterns. The cross pattern can be
finally produced by an additional laser shot at the
same position with a 90° of rotation. More details of
the DLIP setup can be found in the previous study
[29]. Furthermore, the surface topography was then
evaluated by using a white light interferometer (WLI,
Zygo NewView 7300).

2.2 Rolling bearing test rig

A test rig FE8 according to DIN51819-1 was used for
both an initial wear evaluation of all four textures
plus reference sample, and then for a fatigue lifetime
assessment of the best-performing textured sample
(that showed minimum wear). For the initial wear
tests, commercial thrust cylindrical roller bearings
(Type 81212) were installed with a horizontal axis
of rotation. The bearings are made of steel 100Cr6
(AISI 52100), and the roughness Ra of the washers
was measured as 0.06 um. The LST patterns were
manufactured onto the surfaces of the bearing washers.
Base 0il ISO VG 100 mixed with ZDDP as an additive
of C3C4-alkyl-chain with 0.05 wt% P was used in a 2
hours test; the load, rotational speed, and working
temperature were set as 80 kN, 20 rpm, and 60 °C,
respectively. The lubrication condition based on the
film thickness was calculated according to Dowson
et al. [30, 31]. The lambda values of the experiments
were between 0.04 and 0.12, indicating that all the
tests were conducted under boundary lubrication
conditions [32]. Further information on the experiments
can be found in Table 2. After the test, the surface was
rinsed with benzene and isopropanol to clean the
residual oil, abrasives, and contaminants. The wear
tracks were measured by WLI.

For the fatigue lifetime evaluation, thrust ball
bearings (Type 51212) were used in place of the roller
bearings. Despite the plane surface of the roller
bearings being more suitable for LST, ball bearings

Table 2 Experimental details and lubricant properties of the tribological tests by using an FES test rig.

Experimental parameters

Oil properties at 60 °C

Rolling speed Max. pressure Temp.

Kinematic viscosity

Density Pressure-viscosity coefficient

0.04 m/s 1.92 GPa 60 °C

38.3 mm*/s

869.1 kg/m’ 1.82x10* Pa’!
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were chosen to avoid wear loss by shearing. The rolling
motion of the balls features only a small amount of
sliding (in comparison to the cylindrical rollers), and
thus minimizes abrasive and adhesive wear. This helps
ensure that the fatigue life would predominantly be
determined by pitting failure alone.

The same test rig and the same ZDDP-containing
oil were used. The test conditions were set as 80 kN,
750 rpm, and 90 °C, thus a significant increase in
rotational speed compared to the initial tests but
maintaining the same applied load. The tests were
stopped as soon as surface damage (either on a ball or
a washer) was detected by a vibration sensor. Further
information on the fatigue experiments can be found
in Table 3.

2.3 Contact simulation

The normal contact between each bearing surface
and a roller was modelled, using boundary elements,
to estimate the contact pressures and contact areas
for each different surface pattern. The analysis used a
3D surface profile of the textured and reference samples,
with a smooth cylindrical roller counterbody. The
model assumes a homogeneous half-space for each
surface and uses an iterative conjugate-gradient
method to obtain valid contact pressures for the
imposed loading [33].

A 3D profile of a section of the textured or reference
bearing surface was measured using WLI to provide
a representative surface for analysis of 640 x 480 nodes.
Since the measured surface area did not enclose the
full roller-washer contact, the measured surface was
expanded by mirroring and tiling the surface profile
data. This helps avoid edge effects at the ends of the
roller (or solution domain) while maintaining realistic
contact behavior. Results for the contact pressures
and contact area were subsequently obtained over
the original, as-measured profile only. The simulation
was restricted to an elastic analysis without any
plasticity considerations; whilst this does lead to
some excessive localized pressures, it does enable an
appropriate comparison of the extent of loading stresses

without complications associated with the hardness
of the laser-modified surfaces.

3 Results and discussions
3.1 Morphology of the laser textured surfaces

The surface topography profiles of the LST patterns
are shown in Fig. 2, and the details of the profile are
listed in Table 1. The dimple patterns produced by
femtosecond pulsed laser are shown in Figs. 2(a) and
2(b). The dimples are distributed with a periodicity
of 500 and 200 pum, whereas the cross patterns are
shown in Figs. 2(c) and 2(d) with periodicity of 9 and
30 um. The samples are subsequently referred to as
Dimple500, Dimple200, Cross9, and Cross30, res-
pectively. Further, the profile is similar to a sine wave
with a height of approximately 1 um. The roughness
parameters listed in Table 4 show an increase of surface
roughness by LST for all geometries. The patterns
with shorter periodic distance have greater values of
Saand Sq. Since the LST structural height is larger than
the untextured roughness, the higher concentration
of patterns increases the mean roughness value, which
theoretically causes higher contact stress. However,
the capacity of lubricant storage may not be directly
obtained by the mean roughness values such as S..
Additional topographical parameters were thus
calculated to describe the ability of lubricant storage.
The bearing ratio curve, which is also known
as Abbott-Firestone curve, represents the height
distribution of the laser patterns in Fig. 3. The curves
of the dimple patterns (see Fig. 3(a)) have a similar
shape to the untextured reference surface, which
indicates a geometrical similarity. This is expected
because the surface is only modified at dimple locations
and most of the surface remains nearly unchanged.
However, the higher value at both ends represents a
larger volume near the topographical maximum and
minimum, caused by concentrated sharp edges of the
dimples. Therefore, shorter LST periodic distance
was associated with greater values of Spk and Sw. In
contrast, the bearing ratio curves of the cross patterns,

Table 3 Experimental details and lubricant properties of the fatigue tests by FES test rig.

Experimental parameters

Oil properties at 90 °C

Rolling speed
1.53 m/s

Max. pressure
3.5GPa

Temp.
90 °C

Kinematic viscosity

13.6 mm?/s

Density
850.8 kg/m’

Pressure-viscosity coefticient
1.50x10" Pa’!
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Fig. 2 Surface topography proﬁles of the LST patterns on the washers of bearings. The dimple pattern was made by femtosecond pulsed
laser with a periodicity of (a) 500 pm and (b) 200 pm; the cross pattern was made by DLIP with a periodicity of (¢) 9 um and (d) 30 pm.

Table 4 Roughness and bearing ratio parameters of the surface by laser surface texturing .

S, S, S S S 4, A,
Reference 0.06 0.08 0.18 0.12 0.11 0.003 0.006
Dimple500 0.09 0.16 0.13 0.33 0.30 0.008 0.009
Dimple200 0.15 0.25 0.24 0.46 0.45 0.015 0.013
Cross9 0.32 0.39 1.04 0.28 0.20 0.008 0.008
Cross30 0.27 0.33 0.68 0.27 0.18 0.007 0.007

*All values are shown in pm.

S;—Arithmetic average height; S,—Root mean square deviation; S,—Core roughness depth; S,—Reduced peak height; S, —Reduced
valley depth; 4,—Material volume in peak zone; 4,—Void volume in valley zone.

shown in Fig. 3(b), indicate a clear difference to the
reference samples. The slopes are higher compared
to the dimples, indicating a larger topographical
variation over the total surface. Compared to the dimple
patterns, which were still similar to the reference
surface, the cross patterns had modified the surface
more significantly.

In Table 4, the dimple patterns present larger values
of Su, the valley height of the profile, whereas the
cross patterns show greater values of Sk, the core
height of the profile. It has been suggested that the
Sw value extracted from a bearing ratio curve is a
suitable index of the ability for lubricant storage [34].
An increase of Sw indicates a larger valley area,
which provides space that acts as a reservoir. When
comparing only Sw values, the dimple patterns could

retain more lubricant than the cross samples. However,
when the overall geometry differs between the two
pattern types, the assessment of lubricant storage
should involve both Sk and Sw. Therefore, the possible
storage space within the core height Sk can be also
inlcuded. It is noted that the values of peak and
valley area, Av and Ap, show a similar tendency to the
Spk and Svk values.

3.2 Wear performances of LST samples

In Fig. 4, the mass and volume loss of the bearing
after testing is shown, revealing the extent of wear of
the bearings. The volume loss is an average value
obtained from WLI measurements. It can be seen
that all of the laser patterns showed less wear loss
than the untextured pristine specimens, which can be

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction



Friction

(@
== Dimple 200 pm
19 == Dimple 500 pm
= Reference
Bl
3
= 0
&
a
41 —
T i : i : i : T r
0 0.2 0.4 0.6 0.8 1.0
Bearing ratio (%)
(b)
== Cross 9 um
1 == Cross 30 pm
= Reference

Depth (um)
(=}
|

T T 7 T i T T T
0 0.2 0.4 0.6 0.8 1.0

Bearing ratio (%)

Fig. 3 The Abbott-Firestone curves of (a) the dimple patterns by
femtosecond pulsed laser with a periodicity of 200 and 500 pm;
(b) the cross patterns by DLIP with a periodicity of 9 and 30 um.
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Fig. 4 Wear measurement of the bearings after tribotests in
volume loss and mass loss.

attributed to the lubricant storage capability of the
textured surface. Only mild wear was measured on
sample Cross30, which indicates a significant wear
protection by LST.

The sample Cross30 has a wear reduction of

two orders of magnitude compared to all the other
samples. The reasons for this significant reduction
are presumably due to two points. Firstly, the surface
patterns act as lubricant reservoirs, which supports
lubrication when encountering starved situations. Both
types of patterns can retain lubricants in the valleys,
but the cross patterns have an increased capacity,
which was shown by the aforementioned bearing ratio
curve. Secondly, a fully-established ZDDP antiwear
tribofilm was observed on the Cross30 sample. The
tribofilm can be also found on Cross9 and Dimple200,
but the wear tracks were only partially covered by
the protecting tribofilm due to a higher wear rate, since
the antiwear mechanism is in a dynamic equilibrium
between chemical formation and mechanical removal
[8]. The tribofilm on Cross30 was identified completely
covering the contact area, indicating the growth rate
was sufficient to mitigate wear. More characterization
details have been published by Hsu et al. [27] in a
previous paper, which indicated that the formation of
tribofilm can be encouraged by the LST patterns. In
summary, the combination of lubricant retention and
tribofilm generation appears to reduce wear for all
textures but is most effective with the Cross30 pattern.

3.3 Contact simulation

To better understand the causes of the tribofilm
formation on the bearings, the pressure distribution
was analyzed by contact simulation. According to a
series of in-situ measuring experiments by Gosvami
et al. [22], the growth rate of tribofilm increases
five-fold when increasing the contact pressures from
3 to 5 GPa, and the formation rate will be saturated
above around 6.5 GPa. Consequently, each node from
the simulation results has been classified by pressure
value range. The parts of the contact area that
experience normal stress between 3 and 7 GPa are
expected to be suitable for the formation of the
protecting tribofilm.

The area of contact for the Dimple200 and Cross30
samples is shown in Fig. 5 and the overall contact area
coverage for all samples is represented in Fig. 6(a). In
Fig. 6(b), the proportion of the nodes that experience
contact pressures in the indicated ranges is presented.
The pressure distribution on the dimple patterns is
similar to the untextured reference, and higher stress
can be found surrounding the dimples. When the
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Fig. 5 The contact area of the bearing washers by the results of
the contact simulations of (a) the dimple pattern with the periodicity
of 200 pm and (b) the cross pattern with the periodicity of 30 um.
The contact area is shown in green.

periodic interval decreases from 500 to 200 um, the
total contact area decreases. The topographical spikes
observed around the dimples, which were caused by
the LST, lead to higher pressure spikes which affect
the full pressure distribution. This increase of contact
pressure can be identified by the shift of the histogram
chart to the right. The cross patterns are shown to
have more higher-pressure regions due to the overall
smaller contact area. Again, the shape of the histogram
chart shifts to the right, indicating a greater area with
high contact pressure. Compared to the dimples, the
cross patterns demonstrated a greater difference in
contact geometry with respect to the untextured
sample. With the cross patterns, the effect of pattern
geometry dominates over the surface roughness in
controlling the contact stress.
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Fig. 6 The coverage of the contact area on the patterned surfaces
and the reference by BEM simulation (a), and the proportion of the
contact pressure within the contact area (b). (P: contact pressure
in GPa)

Despite the growth rate of tribofilm increasing when
the contact pressure is greater, higher contact stress
can also cause more wear. The pattern Cross9 has a
distinct peak showing a high percentage of nodes with
pressure greater than 9 GPa (see Fig. 6(b)). While both
of the cross patterns have higher contact pressure,
especially in the range between 5 to 7 GPa, the pressure
value of Cross9 was probably beyond the optimum
pressure range for ZDDP promotion, thus leading to
a higher wear rate. On the contrary, Cross30 enhanced
the formation of tribofilm with sufficient pressures,
but without the excessive pressures that would further
increase wear.

3.4 Fatigue lifetime evaluation

Following the results of the wear evaluation, the
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Cross30 textured sample was selected for the fatigue
lifetime experiments. Compared to the reference
(untextured) bearings, no macroscopic abrasive or
adhesive wear was observed on the wear track, and
only pitting cracks could be found, as shown in Fig. 7.
Fatigue damages occurred on either the washers or
the balls, and the contour of the laser patterns can still
be identified. A comparison of the fatigue lifetime by
using the Weibull distribution is shown in Fig. 8. The
Weibull slopes of the reference and Cross30 are similar,
being 1.3 and 1.37, respectively. Since the distributions
are parallel to each other, the damage mechanisms
for both surface types are identical. Compared to the
reference, the slope of Cross30 shifts to the right,
indicating an increase of fatigue lifetime by a factor
of three. Furthermore, the values were in accordance
with the slope expected for cases of RCF [2].

The use of LST in rolling element bearings is still
rare compared to other machine components, due to
concern about their potential detrimental effect on
RCEF life [12]. It is evident that the increase of surface
roughness by LST (see Table 4) can lead to higher
contact stresses. However, the test results show no
negative effect on the fatigue lifetime of the ball

(a)

Fig. 7 Pitting damage on Cross30 of the fatigue test (a), and an
enlargement (b). The pit occurred in the groove of a bearing washer
with a diameter of approximately 3 mm.
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Fig. 8 Weibull distribution of the fatigue tests of the reference
and the Cross30 laser textured thrust rolling bearing.

bearings. In contrast to the concerns, the LST surfaces
achieved a significantly longer fatigue lifetime, and
with better wear protection. Therefore, the use of LST
in ball and roller bearings should be considered, with
the aid of further investigations into their use under
different operating conditions and geometries.

Although friction is generally one of the main factors
for the occurrence of RCF, there was no notable
difference between Cross30 and the reference, with
the values of friction coefficient being in the same
range for both cases. Accordingly, the longer RCF life
can be attributed to the enhancement of the anti-wear
tribofilm formation and the capacity of the textured
pockets that supplied sufficient lubrication.

4 Conclusions

In summary, the LST patterns make the surface able
to retain lubricants within the contact, which ensures
sufficient lubrication under such high-load conditions.
Furthermore, the growth of the ZDDP tribofilm
promoted by LST prevents direct contact between
surfaces that reduce wear.

The conclusions for the tribological performance
based on the tests and simulations carried out are:

1) A three-fold increase in fatigue lifetime was
demonstrated for the laser textured thrust rolling
bearings with cross periodic patterns. This is attributed
to the ability of the LST patterns to retain lubricants
within the contact, which ensures sufficient lubrication
under such high-load conditions, combined with
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the enhanced formation of the ZDDP tribofilm that
prevents direct contact between surfaces. LST has
been proven to reduce wear of roller bearings in the
boundary lubrication regime.

2) Geometry and area density of the laser patterns
alter the tribological performances. A higher area
density of the patterns leads to a higher roughness,
and thus higher contact stresses. Both the Sk and Svk
parameters of the Abbott-Firestone curve (rather than
Svk alone) should be involved for assessing the ability
for lubricant storage when the geometry of the LST
patterns is different.

3) An increase of the contact pressure enhances the
formation of ZDDP tribofilm on the cross patterns.
However, high LST area density led to excessively
high contact stress at the texture peaks, negating the
beneficial effect and causing a higher wear rate.
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