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Preface

Tribology is the science and technology of interacting surfaces in relative motion and of re-
lated subjects and practices. Understanding the nature of these interactions and solving the
technological problems associated with the interfacial phenomena constitute the essence of
tribology. The integrated study of friction, wear, and lubrication as constituent parts of tri-
bological subject is now considered as a discrete discipline, having independent but direct
effect on ultimate design, manufacture, and use of “customer-friendly” marketable prod-
ucts. In the major field of design and manufacturing of mechanical, production, automobile,
and industrial engineering, typical and advanced methodologies and processes are imple-
mented for the best performance of the product or machinery. Thus, the concept of tribology
has come into practice for even better performance. The lack of consideration of tribological
fundamentals in both fields is responsible for vast economic losses, including shortened life,
excessive equipment downtime, and large expenditures of energy. Nowadays, it is very im-
portant that the tribological knowledge be implemented at each stage of design and manu-
facturing to minimize the frictional and wear losses, and ultimately these will serve as best
preference for the economical growth of the nation. Currently, tribologists are playing a vi-
tal role in the same direction. By proper utilization of tribological knowledge, it is possible
to improve the performance of existing product or machinery without affecting its conven-
tional design and manufacturing method. This subject is equally important for analyzing the
hazard rate, failure probability, and reliability from the viewpoint of systematic evaluation
of the performance of product, process, and service for economic development of the world.

The purpose of research in tribology and application of tribology are understandably the
minimization and elimination of losses resulting from friction and wear at all levels of tech-
nology where the rubbing of surfaces is involved. Thus, tribology has an important role to
play in the more efficient utilization of energy and materials resources—through increased
efficiency, enhanced reliability, and reduced maintenance costs, leading to increased pro-
ductivity of engineering plant and machinery. In addition to its industrial applications, tri-
bology is used for most of the household appliances/components, including medical
instruments and practices. It is useful in almost all walks of life—from walking on the floor
to flying in the air and so on. There are no mechanism, no machine, and no equipment that
are not effected by tribological factors. What has become increasingly obvious in recent
years is the inherently interdisciplinary nature of the tribologist’s task; as well as involving
practicing and academic engineers, advances in the subject have drawn upon the ingenuity
and expertise of physicists, chemists, metallurgists, and material scientists. I hope that this
volume may be of interest to research scholars, academicians, industrialists, professional en-
gineers, and specialists in these related areas. This book would also be of immense help to
various practicing engineers, technologists, managers, and supervisors engaged in the main-
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tenance, operation, and upkeep of different machines, equipments, systems, and plants of
various industries. Tribology is an area of active research, and the published chapters play a
major role in continuation with the growth in this field.

This book contains original and innovative research studies on recent applications of tribolo-
gy, contributed by the group of selected researchers describing the best of their work.
Through its 11 chapters, the reader will have access to work in 3 major areas of tribology.
These are surface engineering and coating, friction and wear mechanism, and lubrication
technology. The first part of the book from Chapters 1 to 4 deals with the surface treatment
and coating through which component life can be improved by reducing wear rate. The sec-
ond part of the book from Chapters 5 to 7 deals with tribo-testing and tribo-system monitor-
ing for friction and wear mechanism presented with real-life case studies. The third part
from Chapters 8 to 11 discusses the advances in lubrication, which also includes the role of
nanolubricants and lubrication additives.

I feel amazing pleasure to edit this book. I would like to express my sincere gratitude to all
authors for their outstanding chapters. I also wish to acknowledge the InTech editorial staff,
in particular, Mr. Edi Lipovic, publishing process manager, for indispensable technical assis-
tance in book preparation and publishing. And of course, thanks to my parents, wife
“Veera,” and loving son “Fagun” for the support they always give to me. Thanks for being
close to me during all my life.

Prof. (Dr.) Pranav H. Darji

Professor and Head, Department of Mechanical Engineering
C. U. Shah College of Engineering and Technology

Director, P. G. Studies and Research

Research, Development and Innovation Centre

C. U. Shah University

Wadhwan City, Gujarat, India
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Manipulation of Tribological Properties of Metals by

Ultrashort Pulsed Laser Micro-/Nanostructuring

Quan-Zhong Zhao and Zhuo Wang
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64764

Abstract

Surface texturing as a means for controlling tribological properties of mechanical
components is well known for many years. Various technologies have been developed
for surface texturing. Among them, ultrashort pulsed laser surface texturing is one of
the most promising ways to achieve micromachining in the field of tribological
applications. Ultrashort pulsed laser technology can produce various micro-/nano-
structures on the material surfaces to modulate their tribological properties. The aim of
this chapter is to introduce the recent progress on ultrashort pulsed laser-induced
frictional property change of metals and to demonstrate the potential applications of
ultrashort pulsed laser-induced frictional property change of metal in various fields.

Keywords: ultrashort pulsed laser micro-/nanostructuring, surface texturing, tribolog-
ical property, metals

1. Introduction

In the past decades, there has been a growing interest in the designing of surface structures
in micro-/nanoscale to modulate tribological properties of materials [1-3]. Various surface
modification technologies have been proposed to tune the tribological properties of various
materials [1-3]. Surface texturing, an artificial topography on the surface of material, has been
introduced to modulate the tribological properties of materials [1]. These textured surfaces
can act as lubricant reservoirs for supplying lubricant, as traps for wear debris, and as
microhydrodynamic bearings for improving load-carrying capacity [4-8]. Up till now, these
textured surfaces have been utilized to improve the tribological performances of interfaces

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X IR



4 Advances in Tribology

in various fields, such as piston rings, mechanical seals, thrust bearing, magnetic storage
devices, cutting tools, and microelectro-mechanical system (MEMS) [9-14].

Many surface texturing technologies, including mechanical processing, lithography, ion beam
texturing, and laser surface texturing have been developed for producing the micro-/nano-
meter-sized structures on different material surfaces [15-18]. Compared to other techniques,
laser structuring provides significant advantages including fast machining time, environment
friendly, precise control of the geometric features of the patterns, and so on. Especially, the
ultrashort pulsed laser with pulse width ranging from picosecond to femtosecond is one of the
most promising ways to achieve micromachining in the field of tribological applications [19-
37], which is owing to its ultrashort pulse width and ultrahigh peak power that can process
almost all materials. Moreover, ultrashort pulsed lasers are expected to minimize the melt
ejection and heat-affected effects for surface texturing in tribological applications.

Some researchers have proved that ultrashort pulsed laser structuring can modulate the
friction behaviors of metal materials [23-37]. Surface textures not only reduce the friction
coefficient, but also can raise the friction coefficient, depending on the geometry, scale, and
subsequent modification. The aim of this chapter is to introduce the recent progress on
ultrashort pulsed laser-induced frictional property change of metals and to demonstrate the
potential applications of ultrashort pulsed laser-induced frictional property change of metal
in various fields.

2. Ultrashort pulsed laser-induced micro-/nanostructures on the surface of
metals: phenomena and mechanisms

Laser surface modification has been intensively studied since the invention of laser. The first
step in any structural modification of a material by laser processing is the deposition of laser
energy. The total laser energy and the spatial and temporal energy distribution determine what
kind of final structure on the modified surface will be obtained [38].

During the interaction of laser pulses with metal targets, the laser energy is absorbed by free
electrons through such mechanisms as inverse bremsstrahlung [39]. Then the evolution is the
excitation of electrons from their equilibrium states to excited states by absorbing photons. The
electronic excitation is followed by multiple secondary processes, ultimately ending in the
final structural modification of the material. The time scales of various secondary processes
can be identified as shown in Figure 1 [38].

The primary electronic excitation is related to a quite short-lived coherent polarization of the
metal material. The polarization is destroyed during the dephasing process within a time scale
of about 10 s [40]. The pure dephasing changes the phase of the excited states but have no
effect on the electronic energy distribution. The started distribution of excited electronic states
corresponds to the set of states coupled by the optical transitions. The occupation of these
primary states is promptly changed by the process of carrier-carrier interaction, and a quasi-
equilibrium state is established among the electrons within a time scale of approximately
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10"s. At this moment, the electron temperature (T,) is greater than the lattice temperature (T)).
Subsequently, the quasi-equilibrium electrons cool down on a time scale of 10"°-107" s by
emission of phonons. The final stage of the thermalization process is the redistribution of the
phonons over the entire Brillouin zone according to a Bose-Einstein distribution. It is generally
accepted that a few picoseconds after the deposition of the laser energy the energy distribution
is close enough to the thermal equilibrium. The thermal diffusion can take place on a time scale
of the order of 10" s after the thermalization. The solid-liquid transition will take place at
melting temperature when a sufficient amount of energy is deposited in the metal.

t/s
A
10+ ablation

101 thermal melting
T thermal diffusion T thermal
10121 electron cooling lnon-thennal
phonon relaxation

1031 electronic thermalization

101 electronic dephasing

Figure 1. Time scale of the various secondary processes [38].

As mentioned above, it can be concluded that a distinct dividing line at about 10? s separate
the regime of nonthermal processes and thermal processes. For the pulsed laser-metal
interaction process, if the pulse duration (pulse width) is much longer than 10'%s, the whole
process will involve thermalization within the electron subsystem, energy transfer to the
lattice, and energy losses due to the electron heat transport into target. Thus, the thermal
mechanisms of laser ablation such as melting and boiling are likely to play an important role.
While if the pulse duration is much shorter than 10™'%s, the thermal diffusion can be neglected,
which avoids negative effects of energy transfer.

Chichkov et al. [41] compared holes drilled in 100 pm thick steel foils (in vacuum) with a pulse
duration of 3.3 ns (1 ns =107s) laser and a pulse duration of 200 fs (1 fs=10"%s) laser. Figure 2(a)
and (c) shows the schematic of nanosecond-pulse ablation and the surface morphology of holes
drilled with a pulse duration of 3.3 ns and a fluence of F = 4.2 J/cm?. The trace of the molten
material can be seen in Figure 2(c). Due to the longer pulse duration of nanosecond pulses,
there is enough time for the thermal wave to propagate into the metal target and to create a
relatively large molten layer. Thus, the solid-liquid and solid-vapor transformation take place
in the process of laser ablation. The molten material is pushed out by the recoil pressure
produced by the vaporization process, which lead to a “corona” around the hole as shown in
Figure 2(c). Figure 2(b) and (d) presents the schematic of femtosecond-pulse laser ablation and
the hole drilled with a duration of 200 fs and a fluence of F = 0.5 J/cm?. It can be seen that there
is no trace of the molten material and only a vapor dust ring around the hole. As mentioned
above, when the laser pulse duration is much shorter than time scale of thermal diffusion,

5
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nonthermal ablation mechanisms will occur. Due to the very short time scales involved in the
ablation with femtosecond laser pulses, direct ionization and the formation of dense electron-
hole plasmas can result in athermal phase transition, direct bond breaking, and explosive
disintegration of the lattice through electronic repulsion. Therefore, the thermal conduction
into metal can be neglected.

(a) Ablation Long pulsed laser ~ (b) Ablation Ultrashort pulsed laser

Figure 2. Schematic of nanosecond/femtosecond-pulse laser ablation and surface morphology of holes drilled in a 100
um thick steel foil. (a) Schematic of nanosecond-pulse laser ablation, (b) schematic of femtosecond-pulse laser ablation,
(c) surface morphology of holes drilled through a steel foil with a pulse duration of 3.3 ns and a fluence of F = 4.2 J/cm?,
(d) surface morphology of holes drilled through a steel foil with a pulse duration of 200 fs and a fluence of F = 0.5 J/cm?
[41].

As early as 1965, a kind of near-wavelength periodic structures has been discovered in optical
damages on semiconductor surfaces induced by a ruby laser [42]. Since then, these laser-
induced periodic surface structures (LIPSS) or the so-called ripples have been studied exten-
sively on various material surfaces. Recently, LIPSS as a kind of nanostructures have gained
remarkable interest because they enable tuning of a wide range of properties, including
wettability, colorization, and tribological properties [43—45]. In this section, we will introduce
phenomena and mechanisms concerning ultrashort pulsed laser-induced periodic surface
structures on the surface of metals.

Ultrashort pulsed laser-induced ripples on the surface of metals are formed as a result of light-
matter interaction and their period (A), orientation, and morphology are strongly dependent
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on both the material properties and the laser irradiation conditions, including polarization,
angles of incidence, laser energy fluence, incident light wavelength (1), and pulse number/
scanning speed [46—49]. Period is the most important ripples’ parameter. Nowadays, ultrashort
pulsed laser can easily induce subwavelength ripples on different metals. In general, the
ripples can be separated into near-subwavelength ripples (NSRs, 0.4 < A/A < 1) and deep-
subwavelength ripples (DSRs, A/A <0.4) in normal incidence [48, 50]. Orientation of ripples
with respect to irradiation polarization is another parameter allowing to distinguish different
ripple morphologies. For a linearly polarized laser beam, the origination of ripples is most
often perpendicular to the incident laser polarization [51]. Figure 3 shows uniform periodic
nanostructures produced on the surface of stainless steel using an 800-nm femtosecond laser.
It can be seen that the ripples are oriented perpendicular to the incident laser polarization
(white double arrows direction). The period in the ripple structures is measured to be about
560 nm along the polarization direction, which is less than the wavelength of the employed
femtosecond laser.

Figure 3. SEM images of the 304 stainless steel surfaces ablated by an 800-nm femtosecond laser. (a) DSRs, (b) NSRs,
and (c) NSRs [48].

However, early studies showed that the period of ripples (A) is close to the incident light
wavelength (1) with a strong dependence on the angle of incidence (6) when the ripples formed
on the surface of metals using lasers with long pulse width (>ns) [52].

A
1+sind
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where the sign + or — depends on a scattered wave direction toward (+) or from (-) the incident
beam. These classical ripples are widely accepted as a result of the interaction between the
incident light and the surface scattering wave [52-54]. However, the period of ripple is
generally found smaller compared to the laser wavelength when the ripple induced by using
ultrashort pulsed lasers such as femtosecond lasers. Thus, the subwavelength ripples should
not be ascribed to the classical ripples described by the scattering mode. Recently, some
researchers propose that the interaction between the incident laser light and the excited surface
plasma (SP) wave is responsible for the formation of ripples induced by femtosecond pulsed
lasers on a metal surface [50]. They believed that the propagating SPs and the incident laser
will interfere to form a fringe with a vector as shown in Figure 4:

+ @O

G=k, -k @)

where k; is the wavevector of incident laser, and k; is the wavevector of SPs. Considering the
components in the interface, they obtain

2 4sing ©

where A =271 |G|, A =2m |k;|™, A, =27 |Kk,|7", and 6 is the incident angle of laser. Assume ¢
"<|e'l (¢"istheimaginary part of ¢), the A, on ametal/dielectricinterface is given by Raether [55]

e'+e
A=A (4)

ge,
where ¢, is the dielectric constant of the dielectric material (for air, ¢, = 1). Thus, the simple
relationship A = A, can be obtained in normal incidence. It means that in the situation with a
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destructible fluence, the interference fringes will induce permanent ripples on material
surface with A equal to A, which is always smaller than A.

3. Modulation of tribological property of metals by ultrashort pulsed laser-
induced microstructures

Lasers with long pulse width are used to produce surface textures to improve tribological
properties of metal in the early stage [9, 11]. However, there is an obvious thermal effect during
the long pulse width laser ablation process, which results in the reduction of machining
accuracy. As above-mentioned, the ultrashort pulsed lasers, owing to their ultrashort pulse
width and ultrahigh peak power, can safely process almost all materials with minimal heat
effects for surface texturing. Therefore, the ultrashort pulsed laser surface texturing is expected
to be a useful tool for improving tribological properties of materials (Figure 5).

Figure 5. Laser textured surface. (a) Laser-textured stationary specimen of the seal. (b) Laser-textured thrust bearing [9,
11].

As early as 2004, Dumitru et al. [25] studied the effect of femtosecond laser ablation on
tribological properties of coated WC-Co surfaces under dry condition. Surface textures with
various shapes were found to occur after a given number of incident femtosecond laser pulses
and the tribological tests demonstrated improved wear behaviors for the patterned coated WC-
Co surfaces. Figure 6 showed that the particle trap role of the femtosecond laser-induced pores
is responsible for the improvement of tribological properties of coated WC-Co surfaces to a
great extent.

Figure 6. SEM image from wear track of the patterned coated WC-Co surface [25].
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As mentioned above, ultrashort pulsed laser technology is one of the most promising ways to
achieve micromachining in the field of tribological applications. In comparison of other laser-
textured surface, there is very minimal resolidified and spatter particles on the ultrashort
pulsed laser-textured surface due to its ablation mechanism. Bathe et al. [26] investigated the
effect of laser-textured surface produced by different laser sources on the tribological behavior
of gray cast iron under dry condition. The microtextured surfaces with dimple feature were
produced on gray cast iron using millisecond (0.5 ms), nanosecond (40 ns), and femtosecond
(120 £s) laser source. As shown in Figure 7, the femtosecond laser-textured surface exhibited
the lowest steady-state coefficient and wear rate among the tested samples. The reason is
ascribed to the absence or very minimal resolidified particles present on femtosecond laser-
textured surface. During sliding wear test, the resolidified and spatter particles on the metal
surface is collapsed readily, which is generally detrimental to the tribological properties.
Moreover, the dimple can capture wear debris and reduce the plowing of metal surface.
Consequently, the femtosecond laser-textured surfaces show a considerable lower friction
coefficient and wear rates compared with the untextured and other long pulse width laser-
textured surfaces. The SEM images of the wear track of the textured and untextured samples
are shown in Figure 8. It can be seen that a spread of wear debris cover the worn surface of the
untextured samples (Figure 8a). However, the wear track does not show much wear debris on
surface (Figure 8b—d). This indicates that wear debris moves from the contact region and fills
the dimples. In this case, dimples act as reservoirs of debris that leave free interface between
the friction pairs, thus reducing friction and wear.

(2 (b)
(]
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Figure 7. Ball-on-disk test performed at room temperature: (a) steady-state friction coefficient for untextured and tex-
tured samples, (b) wear rate for untextured and textured samples [26].

Femtosecond laser surface texturing not only reduces the friction coefficient, but also can raise
the friction coefficient. The authors of this chapter have [27] found that tribological property
of textured surfaces by femtosecond laser can be modulated. By producing regular arranged
microgrooved textures with different spacing on the AISI 304L steel surfaces by an 800-nm
femtosecond laser, they proved that the spacing of microgrooves had a significant impact on
friction coefficient of textured surfaces under dry condition. As the spacing of the textured
surfaces increases, the average friction coefficients first decrease and then increase (Figure 9).
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And the structured surface with a microgroove spacing of 100 um has the minimal average
friction coefficient. When the period of microgroove is within 15-35 pum, the average friction
coefficients of structured surfaces are more than that of the unstructured surface. However,
when the period of microgroove is in the range of 50-300 um, the average friction coefficients
of structured surfaces are smaller than that of unstructured surface. In conclusion, the increase
or decrease of average friction coefficient of textures surfaces depends on the microgroove
spacing compared with untextured surface.

Figure 8. SEM images of wear track of (a) untextured, (b) millisecond laser textured, (c) nanosecond laser textured, and
(d) femtosecond laser-textured samples [26].
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Figure 9. Average friction coefficients of untextured surface and textured surfaces with different microgroove spacing
[27].



12 Advances in Tribology

The result can be ascribed to the changing contributions of the three components of friction,
i.e., due to the adhesion, to the plowing, and to the deformation [56]. The friction coefficient
can be formulated by Eq. (5) under dry condition:

H=p+ 0+ iy )

where 11, is the adhesion friction coefficient component which is related to the real contact area
[57], u, is the plowing friction coefficient component which is related to wear debris, and y, is
the deformation friction coefficient component which is related to the surface roughness and
contact stress, respectively [58]. As the increase of spacing of textured surfaces, the density of
microgrooved textures decreases and the real contact area between two relative sliding
surfaces increases correspondingly. The adhesion friction coefficient component depends on
the real area of contact [57]. So, when the real area of contact increases, adhesion friction
coefficient component increases. The plowing friction coefficient component also increases
with the period of the microgroove as to the trapped effect becomes weaker. While the
deformation component of friction coefficient decrease with the increase of spacing of textured
surfaces due to the decrease of the contact stress. The small real contact corresponding to large
contact stress may result in a transition from elastic deformation to the plastic deformation,
usually causing a great increase of the friction force. Meanwhile, the deformation and collision
of asperities lead to the ratchet coefficient which depends on the surface roughness. With
increasing the period of microgrooves, the roughness of textured surfaces reduces, accordingly,
the deformation friction coefficient component decreases. Therefore, there is a minimal friction
coefficient caused by the changing contributions of three friction components. In summary,
friction coefficients of AISI304L steel can be controlled by changing the period of microgrooves
of the textured surfaces.

Ultrashort pulsed laser surface texturing can reduce friction and wear under lubrication
condition as well. In metal cutting with continuous chips, severe friction exists as the chip
flows over the rake face of the cutting tool at high normal load and speed. In order to reduce
friction and wear between the chip and the tool rake face, Lei et al. [28] utilized femtosecond
laser surface texturing to produce microholes to form micropools filled with liquid or solid
lubricants on the rake face of WC cutting inserts. They conducted a comparative investigation
between micropool lubricated (surface-textured) cutting tools and flood-cooled (untextured)
cutting tools. The cutting tests showed that the friction coefficient of the textured surface
significantly reduced compared with that of untextured surface. The following two mecha-
nisms can explain this phenomenon. First, the direct chip-tool contact area was reduced with
embedded micropools that contain liquid or solid lubricants. Second, the lubricant may be
squeezed out or spread over by the rubbing action of the chip flowing over the micropools to
form a thin film at the chip-tool interface thus direct chip-tool contact can be further reduced.
Consequently, the smaller direct contact area between the chip and tool rake face leaded to less
friction coefficient. Ling et al. [29] also reported a research on utilization of surface textures to
reduce adhesion and enhance drill bit life. The results from this study reveal that surface
textures induced by picosecond laser on the margins of drill bits is a promising method for
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these purposes. The surface textures can serve as microreservoirs to retain some lubricant and
release it under pressure or physical scribing. Therefore, properly designed microscale surface
textures could provide positive impact on lubrication enhancement.

Surface texture will inevitably cause an increase in surface roughness which may destroy the
oil films due to large local contact stress. Thus, a critical issue in application of surface texturing
concerns the optimum surface texture under lubrication condition. The authors of this chapter
[30] have investigated the effect of femtosecond laser-induced microgrooves on starved
lubrication tribological properties of stainless steel. The results show that the average friction
coefficients initially decrease and then increase as the spacing of the textured surfaces increas-
es. Moreover, the average friction coefficient of textured surface is reduced by 30.9% with their
optimum microgroove spacing (75 um) compared with that of untextured surface. When the
period of microgroove is very small, the reduction of actual contact area between friction pairs
enhances the average contact stress at the sliding surface, which makes the oil film easily
collapsible in the untreated region. When the period of microgroove is very large, the grooves
as oil reservoirs (secondary lubrication effect) cannot be sufficiently provided to the sliding
contact surface, and the wear debris cannot be effectively trapped by the grooves (wear debris-
trapped effect). Therefore, the changing contributions of the three effects of friction lead to the
existence of the optimum friction property for the textured samples with the increase of
microgroove spacing. In a word, femtosecond laser surface texturing has a marked potential
for reducing friction and wear under lubrication condition if the surface textures were
distributed in an appropriate manner.

4. Reduction of friction of metals by ultrashort pulsed laser-induced
periodic surface nanostructures

Laser-induced periodic surface structures (LIPSS) or the so-called ripple structures exhibit
several amazing properties such as the capability of tuning wettability, reflectivity, and
tribological properties. The modification of tribological properties has specifically attracted
attention because of its potential application in industrial fields such as magnetic recording
devices, cutting tools, and microelectro-mechanical system (MEMS) [12-14].

As the density of magnetic recording on computer hard disk drive increases rapidly and
approaches the level of 1 Tb/in?, the flying height of the magnetic head (the slider), or hard
disk interface, has to be reduced to about 5 nm. Such ultralow hard disk interface can only be
realized on super smooth surfaces of slider and disk; however, this will result in serious stiction
at the hard disk interfaces. Therefore, reduction of the interfacial adhesion and stiction has
attracted great attentions in recent years. Some researchers found that the surface texturing is
an effective method to reduce stiction and adhesion at the hard disk interfaces. Hanchi et al.
[59] reported that the textured sliders can prevent the catastrophic failure caused by a sudden
rise of friction from super smooth surface. Wang et al. [60] also showed that the textured sliders
exhibited less lubricant depletion and smaller vibrations compared with untextured sliders.
Tagawa et al. [31] proposed a novel concept of contact sliders with nanotextures produced by
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femtosecond laser processing. Contact sliders experiments were carried out using the contact
sliders with and without nanotextures. It was found that the nanotextured sliders facilitate the
development of contact hard disk interface with lower friction, low wear of the contact slider
surfaces, and low contact sliders bouncing vibration.

One of the successful applications of laser surface texturing is in cutting tools. Surface textures
with micrometer scales on the tool surface have been reported to improve tribological
characteristics [32, 33]. The nanoscale textures are also the ideal candidate for improving the
properties of cutting tools. Kawasegi et al. [32] developed WC-Co cutting tools that had
nanoscale textures on their surfaces using interference inscription of a femtosecond laser. The
effect of nanoscale textures on the machinability of an aluminum alloy was investigated with
a turning experiment applying the minimum quantity lubrication method. The tested results
indicated that the ripple structure decreased the cutting force due to the corresponding
reduction in the friction on the rake face (Figure 10).
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Figure 10. Comparison of the cutting forces required for the nanotextured tools with various texture directions [32].

Using cutting fluids is one of the effective methods to alleviate the severe friction and wear
conditions in metal cutting operations. However, the lubrication effectiveness of cutting fluids
reduces because of its difficult infiltration into the tool-chip interface during high-speed
machining. Moreover, most of the fluids with environmentally harmful compositions are hard
to dispose and expensive to recycle. Based on the above reasons, research on metal machining
under dry condition has caused more attention for its positive role in reducing environment
pollution and production costs. When machining under dry condition, the friction and
adhesion between the chip and tool becomes higher, resulting in higher temperature and wear
rates. It was thought that a solution to these problems could be achieved by developing new
cutting tools with the purpose of reducing the heat generated by lowering the friction. In view
of the above, nanoscale surface texturing was made on the rake face of the cutting tools with
femtosecond laser pulses, which are expected to decrease friction and wear due to the reduced
contact length at the tool-chip interface of the nanotextured tools. Deng et al. [34] fabricated
nanoscale surface textures on the rake face close to the main cutting edge of the WC/TiC/Co
carbide tools by femtosecond laser surface texturing. Dry cutting texts were carried out with
the rake face-textured tools (TT) and the conventional carbide tools (CT). Results indicate that
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the cutting forces, the cutting temperature and the friction coefficient at the tool-chip interface
of the TT were significantly reduced in comparison with that of the conventional CT:

Pf = awlfrC (6)

where a,, is the cut width, [is the tool-chip contact length, and 7, is the shear strength at the
tool-chip interface, respectively. As shown in Figure 11, the nanoscale surface textures decrease
the tool-chip contact length [, which result in the reduction of friction between the tool-chip
interfaces.

Surface textures on
the tool rake face

Figure 11. Schematic diagram of the tool-chip contact length for CT and TT. In the case of dry cutting, the friction force
(Ff) at tool rake face can be calculated as [34].

Figure 12. SEM micrographs of the LIPSS (laser-induced periodic surface structures) on the AISI 304L steel surfaces.
Note the different magnifications used in (a)—(c). The black double-headed arrow indicates the polarization direction of
the femtosecond laser pulses [35].
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The authors of this chapter also [35] found the effect of femtosecond-laser-induced periodic
surface structures (LIPSS) on the tribological properties of stainless steel in the conditions of
starved lubrication and in dry contacts, respectively. By utilizing an 800-nm femtosecond laser
to produce uniform ripple structures on the stainless steel surface are shown in Figure 12. The
tribological properties of original surface and nanotextured surfaces with LIPSS were inves-
tigated under both dry and starved oil lubricated conditions. The friction coefficient of
nanotextured surfaces with LIPSS has shown a lower value than that of the original surface
under both dry and starved oil lubricated conditions. This finding may suggest applications
in field such as microelectro-mechanical systems.

5. Manipulation of tribological properties of metals by ultrashort pulsed
laser texturing and quenching

In the past, several classes of tribological experiments were developed in order to investigate
the benefits of laser surface texturing in terms of transition between different lubrication
regimes, reduction of friction coefficients, and reduction of wear rates. As a matter of fact, there
exist possible local quenched effects accompanying with laser surface texturing process as a
consequence of the interaction between laser beam and metal materials. As mentioned in
Section 2, the time scale for a considerable energy transfer from electronics to the lattice is about
1 ps (107'? s) during the interaction of pulse laser radiation with metal targets [41]. Thus, the
thermal diffusivity cannot be neglected during the nanosecond or picosecond laser surface
texturing process. The high energy deposited only in a very thin layer within picosecond time
scale will result in the formation of a laser quenched layer on the textured surfaces. The laser
quenching effects can lead to a reduction in grain size, phase transition, and change surface
chemistry, which are possible to enhance tribological properties [59, 60].
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Figure 13. Friction coefficients against Stribeck parameters calculated as the ratio between mating speeds (range from
0.06 to 40 cm/s) and nominal contact pressures (maintained constant: roughly 0.2 MPa) [59].
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Gualtieri et al. [59] fabricated microdimples on the 30NiCrMo12 nitride steel by nanosecond
laser surface texturing. They also found that laser ablation in creating microdimples is
accompanied to local quenching which caused grains size reduction and local hardening in
micrometric subsurface areas near the microdimple edges. Tribological tests showed a
reduction of friction coefficient due to the well-known hydrodynamic lift effect ensured by
microdimples in full lubrication configuration (Figure 13). The local hardening induced by
laser quenching may significantly improve the wear resistance of nitride steel during friction
process.

Laser interference metallurgy is one possible approach to create well-defined surface topog-
raphies on the microscale accompanied with metallurgical effects including melting, resolidi-
fication, and the formation of intermetallic phases. Gachot et al. [60] applied the
aforementioned technique to pattern both interacting surfaces (steel substrate and tribometer
ball) to control the involved contact geometries under dry condition. They found that the dry
friction between two laser-structured solids depends not only on the geometric characteristics
of textured patterns but also on the surface chemistry and mechanical properties of textured
surfaces.

Figure 14 shows the change of average friction coefficients of textured surfaces with different
spacing in the process of picosecond laser surface texturing under dry condition. It can be seen
that the average friction coefficients initially increase then decrease as the spacing of the
microgroove increases. Moreover, the picosecond laser surface texturing can reduce the
average friction coefficient if the microgrooves are distributed in an appropriate manner. The
well-controlled tribological properties are attributed to the combined effects of laser surface
texturing and laser quenching [61].
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Figure 14. Average friction coefficients of untextured and textured surfaces with different spacing under dry condition
[61].
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6. Reduction of friction of metals by combining laser-induced periodic
surface nanostructures and coating techniques

As mentioned above, laser-induced periodic surface nanostructures have marked potential to
improve tribological properties of metal materials. However, only laser surface-texturing
technology cannot meet strict requirements under harsh condition. As well known, coating
materials surfaces with hard or soft solid lubricant has been considered to be a feasible method
to enhance the tribological properties of materials. Thus, a combination of laser surface
texturing and solid lubricating coatings are expected to significantly enhance the tribological
properties of material substrates.

Lian et al. [36] developed an effective cutting tool named tungsten disulfide (WS,) soft-coated
nanotextured self-lubricating tool which is fabricated by two steps. First, nanoscale surface
textures were produced on the tool-chip interface of rake face of uncoated YS8 (WC + TiC +
Co) cemented carbide cutting inserts by femtosecond laser surface texturing. Then the
nanotextured tools were deposited with WS, soft coatings by medium-frequency magnetron
sputtering, multiarc ion plating, and ion beam-assisted deposition technique. From Fig-
ure 15, it can be seen that the friction coefficient at the tool-chip interface of the nanotextured
tools (CFT) was reduced compared with that of the conventional one (YS8). Moreover, the
WS, soft-coated nanotextured self-lubricating tool (CFTWS) exhibits the lowest friction
coefficient among all the tools under the same tested condition. Zhang et al. [37] also studied
the synergic effect of the laser-induced periodic surface nanostructures and the Tis;Al;sN hard
coating on dry cutting property of WC/Co cutting tool. They developed two kinds of WC/Co-
based Tis;Al;sN coated tools by changing processing sequence of femtosecond laser surface
texturing and physical vapor deposition method as shown in Figure 16. Both the first Tis; Al,;N-
coated and then nanoscale-textured tools (CNT) and the first nanoscale-textured and then
TissAlsN-coated tools (NCT) have lower friction coefficient compared with the conventional
coated tool (CCT).
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Figure 15. Friction coefficient between the tool-chip interface of the YS8, CFT, and CFTWS tools at different cutting
speed (ap = 0.3 mm, f=0.1 mm/r) [36].
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Figure 16. Schematic diagram showing the surface treatment procedure on WC/Co cemented carbide substrate: (a) pol-
ished, (b) coated, (c) textured, (d) first coated and then textured, and (e) first textured and then coated specimens [37].

7. Summary and outlook

There is an increasing need to control friction and wear in order to extend the lifetime of
mechanical systems, to improve their reliability, and to conserve resources and energy.
Previous investigations and applications have been demonstrated that tribological properties
of metal materials can be improved by surface-texturing technology. However, ultrashort
pulsed laser technology is considered as one of the most promising ways to achieve micro-
machining in the field of tribological applications, which is owing to its ultrashort pulse width
and ultrahigh peak power that can process almost all materials. Moreover, ultrashort pulsed
lasers are expected to minimize the heat-affected effects for surface texturing in tribological
applications. To meet different requirements, various micro-/nanostructures can be produced
by ultrashort pulsed laser surface texturing on the material surfaces to tune their tribological
properties. Combining LIPSS with some solid lubricant coatings is also a good idea to obtain
a desired reduction in friction and wear. What needs illustrating is that the surface textures
are a kind of hierarchical structures consisting of micro-/nanostructures in the real application.
Sugihara et al. [62] developed a cutting tool with a banded nano-/microtextured surface and
it was revealed that the surface significantly improved the antiadhesiveness and lubricity. In
a word, ultrashort pulsed laser surface texturing has a marked potential to modulate tribo-
logical properties of metal materials.
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Abstract

Boundary slip can be triggered by certain engineered surfaces. Journal bearings with slip
surfaces have markedly different performances compared with traditional journal bearings.
In order to reasonably utilise boundary slip to improve the tribological performances of
journal bearings, including hydrodynamic and hybrid journal bearings, it is necessary to
draw out the impact laws of boundary slip on the performances of journal bearings. The
design criterion of slip surfaces is presented in this chapter; only a well-designed slip
surface could improve the tribological performances of journal bearings. This chapter could
provide a valuable guide for the design of slip surfaces in journal bearings.

Keywords: boundary slip, journal bearing, tribological performance, impact law, de-
sign criterion

1. Introduction

Tribological performances of lubricated contacts are strongly governed by the boundary
conditions of fluid flows that provide lubrication. Traditional textbooks always assume that
the immediate layer of liquid next to a solid surface moves with the same tangential velocity
as the solid surface itself, which is the well-known ‘no-slip” assumption; but for over a century,
there have been persistent doubts about its validity.

In recent years, a number of experiments have shown that for certain engineered surfaces, the
no-slip boundary condition is not a valid one, and boundary slip might occur at the fluid-solid
interface [1-3]. Such slip surfaces can be obtained by modifying the geometrical micro- or
nanostructure of the surfaces and controlling the surface energy. The micro- or nanostructured
patterns on solid surfaces can be created using micro-nano fabrication techniques such as
plasma etching, lithographic techniques, electro chemical etching, laser texturing and so on.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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And the surface energy of a solid surface can be controlled by such techniques as film or
molecule deposition, solution coating, or self-assembly of hydrophobic layers.

A large number of literatures reported that the boundary slip phenomenon is very obvious
and remarkable when liquids flow over superhydrophobic surfaces (not-wettable surfaces). It
is remarkable that when boundary slip is introduced into lubricated contacts, their tribological
performances would present significant differences comparing with that without slip [4-7].
Slip surfaces will significantly influence the tribological performances of lubricated contacts
[5-12]. Thus, it is necessary and valuable to draw out these changes and differences with and
without boundary slip. This chapter will look into the tribology of slip surfaces in journal
bearings and reveal their impact laws on the tribological performances of hydrodynamic and
hybrid journal bearings.

2. Slip numerical models

Nowadays, there are mainly three numerical models to describe the boundary slip phenom-
enon, i.e. slip length model, limiting shear stress slip model and slip intensity model.

The slip length model, also named Navier slip model, states that the slip velocity, U,, is
proportional to the surface shear rate, du/dy, and slip length, b, seeing Eq. (1).

ou
U=b— 1)
y

The slip length, b, is defined as the fictive distance below the solid surface where the velocity
extrapolates linearly to zero, as shown in Figure 1.
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Figure 1. Slip length model.
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The limiting shear stress slip model assumes that there is a critical shear stress, 7,, at the fluid-
solid interface and the wall slip occurs only when the wall shear stress, 7, reaches the critical
value, 7. If slippage occurs, the surface shear stress, 7,, is equal to the critical value, i.e.

N
and others,
r,=1, (7,<7,)

where

The reported slip length, b, ranges from the order of the mean free path of fluid molecular to
micrometer, even centimeter; the reported critical shear stress, 7, still exists in an over-broad
range; consequently, it is difficult to qualify the exacting value of slip length and critical shear
stress.

Not only the slip length model but also the limiting shear stress slip model indicates that the
slip velocity, U,, is always related to fluid velocity, U,, at the nearest region close to this fluid-
solid interface. For the convenience, to determine the slip intensity, a slip-intensity factor, y, is
introduced and restricted from 0 to 1, which seems to be much easier to qualify, and the slip
intensity increases with the value of slip-intensity factor, y; thus, a slip intensity model is
derived from the limiting shear stress slip model then and is expressed as

U=y-U-n<U-n>) )

where 7 is the surface normal vector; the dot produce, U; ', is the projection value of fluid
velocity, U, projecting to the surface normal direction; the minus sign, —, in the formula
represents that the angle between the surface normal vector, 1, and the velocity vector, U,, is
an obtuse angle; and the dot produce, n- <Uj; -n>, represents the velocity component of, U, in
the surface normal direction.

Assuming that the three components of slip velocity, U,, are u,, v, w, and those three compo-
nents of fluid velocity, U, are u;, v, w, respectively, under the coordinate system x,-y,-z,,, where
the direction of surface normal vector # is -z,, as shown in Figure 2, Eq. (2) can be rewritten as

uS :j/.ul
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Consequently, the slip intensity model indicates that the boundary slip only occurs in the
tangential direction. When y = 1, this slip model becomes the limiting shear stress slip model
with 7. =0, i.e. a shear free condition, also called perfect slip condition. When y = 0, this slip
model regresses to a no-slip boundary condition with zero velocity (stationary wall). For the
convenience to identify the slip intensity and analyse its influences on the performances of
journal bearings, the slip intensity model is utilised to represent the boundary slip in this
chapter.

Fluid-solid /’;4_ P f_q__“_

interface ,© [ %/ § ey
" ; Lo

F 2 -H""-hn._| i i

; q it "

Figure 2. Schematic diagram of velocity.

3. Governing equations and cavitation model

In order to reduce the generation of frictional heat in high-speed journal bearing systems,
lubricant with low-viscosity, such as water, is usually utilised, and water is chosen as the
lubricant in this chapter. Assuming that water is a continuous isoviscous incompressible fluid
medium, so continuity equation and full Navier-Stokes equations are used to predict the
performances of the fluid domain. For steady-state study, these governing equations are
expressed as
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where u/v/w are velocity components, x/y/z are Cartesian coordinates, p is fluid density, p is
fluid pressure, p is viscosity.

Additionally, gas may escape from the lubricant or lubricant may vapour, when the pressure
drops to negative value, which means that the fluid film of journal bearings ruptures and a
cavitation phenomenon occurs. As it was well known, some numerical models had been
developed to describe the cavitation phenomenon, for example, the half-Sommerfeld boun-
dary condition, Reynolds boundary condition and the Jakobsson-Floberg-Olsson (JFO)
formulation. In order to consider the generating mechanism of vapour and the transitions
between liquid and vapour, the cavitation phenomenon in fluid domain is governed by a phase
change model based on pressure change, i.e. phase transitions between liquid and vapour
resulting from pressure change.

The transition from liquid phase to vapour phase is triggered when the pressure is less than
the saturation vapour pressure, Ps,. All the variables in the governing equations adopt the
corresponding value of mixture phase (i.e. liquid phase + vapour phase). The physical
properties of the mixture phase are scaled by the liquid volume fraction, f. The liquid volume
fraction, f, is defined as the ratio of liquid volume to the total volume (liquid volume + vapour
volume). So, the physical properties of mixture phase « are defined as

a=f-a+1-1)a, 7)

The subscripts 1 and v represent the liquid phase and vapour phase, respectively. As the
pressure is higher than the saturation vapour pressure, Ps,, the liquid volume fraction fis equal
to 1. As it is well known, the ambient pressure (its absolute value is 1 atm) is usually used to
study the cavitation phenomenon in tribological analysis. The saturation vapour pressure, Ps,,
is equal to 1 atm in this chapter. When there is a liquid-vapour transition as the pressure
changes, mass conservation is satisfied and the mass transfer rate m is to be modelled as

. 2c
Ust,,

3

(1= 1) -max(0, p - F,,)

_ 2C,p .
m =———- f-min(0, p - R,
Uzt p f ( p S: )
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where C, C,, U, and f,, are empirical constants based on the mean flow. The superscripts, +
and -, represent the phase change from vapour to liquid (condensation) and the phase change
from liquid to vapour (vapourisation), respectively.

4. Influences of boundary slip on hydrodynamic journal bearings

4.1. Hydrodynamic journal bearing model

The hydrodynamic journal bearing is presented in Figure 3. The journal radius, r, is 25 mm;
the bearing width, B, is 25 mm; the radial clearance, c, is 50 pm; and the eccentricity is 0.55.
The density of lubricant (water), p, is 998.2 kg'-m™, and its viscosity, y, is 1.003 mPa-s. The
thickest and thinnest positions of the lubrication film are located at 90° and 270° in the
circumferential direction, respectively. The rotational speed of journal w is 10* rpm, about
1047.2 rad's™. The pressures at the two end surfaces of lubricant domain in axial direction are
equal to ambient pressure.

Thickness

@ Circumferential

Slip surface

r : 360
e Fi
fao

Figure 3. Hydrodynamic journal bearing with a slip surface.

The slip surface is designed on the internal surface of bearing bush, as shown in Figure 3. The
distance from the bearing end surface to the starting position of slip surface in axial direction
is marked as ws. The ratio of ws to the bearing width, B, is defined as the dimensionless slip-
surface starting position, WS, i.e. WS = ws/B. And the dimensionless slip-surface width, WL,
is defined as the ratio of the slip-surface width, wl, in axial direction to the bearing width, B,
i.e. WL = wl/B. The slip intensity model is applied to slip region, and the traditional no-slip
boundary condition is applied to other regions.
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4.2. Slip intensity’s influences

The influences of slip intensity on tribological performance of hydrodynamic journal bearing
are investigated first. Two bearing models with different slip surfaces are analysed: one slip
surface is located at 160-200° in circumferential direction, the other slip surface is located at
250-260°; their axial location is both defined by WL = 1.0 (which implies WS = 0).

Boundary slip not only could improve the load-carrying capacity of hydrodynamic journal
bearing but also could reduce it, which is related to the position of slip surface, as shown in
Figure 4, and we will analyse in detail later. The load-carrying capacity, w, is obtained from
the pressure integral over the journal surface, and the dimensionless load-carrying capacity is

defined asW=w~c2/(,u-r3-w-B).

0.90-
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0.881 —s— slip surface:250°-260°
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£ 0.80-
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Figure 4. Influences of slip intensity.

If boundary slip could enhance the load-carrying capacity, its beneficial influence increases
with the slip intensity, i.e. the value of slip-intensity factor, y. Otherwise, if boundary slip has
adverse effect on load-carrying capacity, its negative influence will also increase with the slip
intensity. In a word, the influence of slip intensity is monotonic. For focusing on the influences
of the position and size/area of slip surface, a same slip intensity, y = 1, is utilised in the
following analysis.

4.3. Influences of circumferential positions and sizes of slip surfaces

The influences of location and size of slip surface in the circumferential direction on pressure
and load-carrying capacity are investigated. In this section, the impacts of location and size of
slip surface in axial direction are not taken into account, so the slip region covers the whole
internal surface of bearing bush in axial direction. The dimensionless pressure is defined as

P=p-02/(u-r-w-B).
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4.3.1. Slip surfaces in cavitation zone

The pressure distribution in the medium cross section in axial direction is illustrated in Figure
5, for these two situations, namely the size of slip surface is zero and the slip surface is located
from 320° to 340°. For this situation, the size of slip surface is zero, i.e. there is no slip surface,
and the maximum pressure is located at 234.5°. This pressure peak results from the fluid
hydrodynamic action while the lubricant is flowing into a convergence region (bearing bush
and journal shaft are not concentric). The hydrodynamic pressure rising zone is located from
94.5° to 234.5°, where dp/00 > 0, 0 represents the circumferential angle. The pressure drop zone
is located from 234.5° to 283.6°, where dp/00 < 0. The cavitation zone is located at 0-94.5° and
283.6-360°.
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Figure 5. Pressure distribution for without slip surface and slip surface located at 320-340°.
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Figure 6. Load-carrying capacity for different slip surfaces.
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It can be seen from Figure 5, for this situation, the slip surface is located from 320° to 340°,
namely it’s just located at the cavitation zone, its pressure distribution is the same as that when
there isnoboundary slip. The difference in load carrying capacity between these two situations
is also very small and can be neglected, as shown in Figure 6. The reason lies on the pressure
in cavitation zone. When fluid pressure drops below the saturation vapour pressure, phase
change occurs and liquid is converted into vapour; then the pressure in these vapour regions
(cavitation regions) is equal to the saturation vapour pressure. Consequently, if slip surface is
located in the cavitation zone, it would have no influence on pressure.

4.3.2. Slip surfaces in pressure rising zone

Pressure distribution along circumferential direction for these three situations, namely there
is no slip surface and the slip surface is from 180° to 200° and from 200° to 220°, is presented
in Figure 7. These three situations all have a pressure peak, which is located at the same position
near 234.5°. This pressure peak is induced by the fluid hydrodynamic action when the lubricant
flows into a convergence region, because the bearing bush and rotary shaft are not concentric.

o 157 without slip surface
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Figure 7. Pressure distribution for slip surfaces located at pressure rising zone.

For these two situations, namely slip surface is located at 180-200° and 200-220°, there is one
other pressure peak, which is located at 200° and 220°, respectively. These two additional
pressure peaks are just located at the end line of the downstream zone of slip surface, which
is induced by slip surface. This is because when the fluid (lubricant) flows from a slip region
into a no-slip region, its speed will decrease, i.e. the kinetic energy of lubricant will decrease,
and the kinetic energy will transform into pressure energy; thus, the slip surface will produce
a fluid hydrodynamic action in its downstream zone.

It can be seen from Figure 7, both these two slip situations also have a valley point in the curves
of pressure distribution, which are located at 180° and 200°, i.e. the starting positions of slip
surfaces; that is, to say that there is a negative fluid hydrodynamic action in the upstream zone
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of slip region. These valley points of pressure are induced by slip surface too. This is because
when the fluid (lubricant) flows from a no-slip region to a slip region, the speed of fluid
increases, i.e. the kinetic energy of lubricant is increased, and the increased part of kinetic
energy is transformed from the pressure energy, so the pressure is decreased.

Taking the highest pressure of this case without slip surface, namely the pressure value at
234.5°, as areference pressure, when the slip surface is located at 180-200°, the value of pressure
peak at 200° is about 88.5% of reference pressure and the pressure value at 234.5° is 1.1 times
of reference pressure. When the slip surface is located at 200-220°, the value of pressure peak
at 220° is about 1.28 times of reference pressure and the pressure value at 234.5° is 1.21 times
of reference pressure. Consequently, slip surfaces could enhance fluid hydrodynamic action.
Slip surfaces at 180-200° and 200-220° are located at the hydrodynamic pressure rising zone,
namely the region from 94.5° to 234.5°. It also can be seen form Figure 6, the load-carrying
capacities of these two situations, i.e. slip surfaces located at 180-200° and 200-220°, are larger
than that without slip surface. These indicate that the fluid hydrodynamic actions produced
by boundary slip and convergence structure would promote each other when the slip surface
is located in pressure rising zone, and the pressure of lubrication film will increase, and then
it also results in an increase in load-carrying capacity.

The pressure distribution for these slip surfaces whose starting positions are fixed at 160° is
illustrated in Figure 8. Due to the negative fluid hydrodynamic action induced by slip surfaces
in their upstream zones, there is a valley value located at 160° for each pressure distribution
curve. It can be seen clearly from Figure 8, for these three situations that slip surface is located
at 160-200°, 160—220° and 160-240°, and the fluid films have ruptured lightly, meaning that a
little cavitation phenomenon occurs.

N
w
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Figure 8. Pressure distribution for slip surfaces starting at 160°.

The pressure distribution curve for slip surface located at 200-220° has two pressure peaks,
one located at 220° and the other located at 234.5°; while it has only one pressure peak located
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at 220°, for slip surface located at 160-220°. When slip surfaces’ end positions are located near
234.5°, the two pressure peaks induced by slip surface and convergence structure, respectively,
may merge into a single peak, for example, the slip surfaces located at 160-220° and 160-240°.
The size/area of slip surface located at 160-220° is bigger than that located at 200-220°; thus,
the fluid hydrodynamic action induced by slip surface located at 160-220° is correspondingly
stronger than that for the slip surface located at 200-220°; then, the pressure peak due to slip
surface located at 160-220° covers the pressure peak due to convergence structure, while the
pressure peak due to slip surface located at 200-220° cannot cover the pressure peak due to
convergence structure.

The load-carrying capacity for these slip surfaces whose starting positions are fixed at 160° is
illustrated in Figure 9, and it shows that the load-carrying capacity increases with the size/area
of slip surface. When the end position of slip surface moves from 180° to 240°, correspondingly
the circumferential length of slip surface increases from 20° to 80°, and the improving ratio of
load-carrying capacity, comparing with the load-carrying capacity without slip surface,
increases from 3.2 to 27.9%. It can be concluded that the load-carrying capacity increases with
the size/area of slip surface located at the hydrodynamic pressure rising zone.
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—e— starting pisition of slip surface is at 160°
{------- without slip surface

—y
[=]

Dimensionless
load-carrying capacity

=1 =1

[s ] [{a]

=
l

20 30 40 50 60 70 80
Circumferential length of slip surface/®

Figure 9. Load-carrying capacity for slip surfaces starting at 160 °.

4.3.3. Slip surfaces in pressure drop zone

The pressure distribution for slip surfaces located at pressure drop zone, namely 250-260°,
260-270° and 270-280°, is shown in Figure 10. Due to the negative fluid hydrodynamic action
induced by slip surfaces at their upstream zones, these three pressure distribution curves have
a valley value located at each starting position of slip surfaces, i.e. at 250°, 260° and 270°. There
still is a pressure peak located at each end position of slip surfaces, i.e. at 260°, 270° and 280°.
These pressure peaks are induced by slip surfaces. Because these positions of the negative fluid
hydrodynamic action induced by slip surfaces located near the high-pressure zone of the fluid
hydrodynamic action induced by convergence structure, the fluid hydrodynamic action
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induced by convergence structure will be inhibited and its intensity correspondingly becomes
much lower. Sometimes, the fluid film at the upstream zone of slip surface will be broken up,
for example, for these situations when slip surfaces are located at 260-270° and 270-280°; and
it is meant that the cavitation phenomenon is enhanced. This is the reason why the load-
carrying capacity for those slip surfaces located at pressure drop zone is smaller than that
without slip surface. It can be clearly seen from Figure 6, the load-carrying capacity, when slip
surface locates at 250-260°, 260-270° and 270-280°, is much smaller compared with that
without slip surface.
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Figure 10. Pressure distribution for slip surfaces located at pressure drop zone.

The pressure distribution for these slip surfaces whose starting positions are fixed at 240° is
illustrated in Figure 11; these four slip surfaces all are located at the pressure drop zone. Due
to the negative fluid hydrodynamic action induced by slip surfaces in their upstream zones,
there is a valley value located at 240° for each pressure distribution curve. It can be seen clearly,
for these three situations that slip surface located at 240-260°, 240-270° and 240-280°, the fluid
films at the upstream zones of slip surfaces have ruptured, meaning that cavitation phenom-
enon occurs. Because the additional cavitation zones are located at the high-pressure zone of
the fluid hydrodynamic action induced by convergence structure, there is an adverse influence
on load-carrying capacity. As shown in Figure 12, when the starting positions of slip surfaces
fix at 240° and their end positions move from 250° to 280°, their load-carrying capacities are
all smaller than that without slip surface; as the circumferential length of slip surface increases
from 10° to 40°, the decreasing ratio of load-carrying capacity, comparing with the load-
carrying capacity without slip surface, increases from 5.9 to 17.0%. It can be concluded that the
load-carrying capacity decreases with the size/area of slip surface located at hydrodynamic
pressure drop zone.
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Figure 11. Pressure distribution for slip surfaces starting at 240°.
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Figure 12. Load-carrying capacity for slip surfaces starting at 240°.

4.4. Influences of axial positions and sizes of slip surfaces

The influences of position and size of slip surface in the axial direction on load-carrying
capacity are investigated in the following section. To focus on the impact of the parameters of
slip surface in axial direction, the positions and sizes of slip surfaces in the circumferential
direction are kept unchanged.
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The three-dimensional distribution of local pressure for slip surfaces with different positions
and areas in axial direction is illustrated in Figure 13; all these slip surfaces are located at 100
120° in the circumferential direction. The pressure peaks and valleys in the downstream and
upstream zones of slip surfaces, respectively, are very obvious. It can be seen from Figure 13
(a), (¢) and (e), namely cases for slip surfaces with a same size (WL = 0.2), if the axial widths
of slip surfaces are equal, the widths of pressure peak zones, as well as pressure valley zones,
also kept equal, even though the axial positions of slip surfaces are different. As shown in
Figure 13 (b), (d) and (f), namely cases for slip surfaces with a same starting position (WS =
0.3), as the dimensionless slip-surface width increase from 0.3 to 0.5, the widths/sizes of
pressure peak and valley zones still increase correspondingly. It can be concluded that the sizes
of pressure peak and pressure valley zones induced by slip surfaces increase with the axial
sizes of slip surfaces, but have no relationship with the axial positions of slip surfaces.

LR L Was3a nomwe

’ - ) . - - " o 3 o . £
%L _| Was2 lu'-:l g:‘; ] ‘. ety I_u;:

Edinn
.F
st

Figure 13. Three-dimensional distribution of local pressure for different slip surfaces.

The load-carrying capacity for slip surfaces with different positions and sizes in the axial
direction is presented in Figure 14. These slip surfaces are located at 160-180° in the circum-
ferential direction. The load-carrying capacity increases with the axial size of slip surface. For
the case that the dimensionless starting position of slip surface, WS, is equal to 0.2, there is an
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increase of 3.8% in the load-carrying capacity when the dimensionless slip-surface width, WL,
increases from 0.1 to 0.6.
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Figure 14. Load carrying-capacity for different slip surfaces.

The distribution curve of load-carrying capacity for WS = 0.5 lies above the curve for WS=0.2,
and the curve for WS = 0.2 lies above the curve for WS = 0, as shown in Figure 14. When the
axial width of slip surface keeps unchanged (WS = 0.2), moving the starting position of slip
surface from outlet (WS = 0) to bearing centre (WS = 0.5), there is an increase of 1.7% in load-
carrying capacity. This indicates that the enhanced impacts of slip surfaces on load-carrying
capacity are much stronger if the slip surface is located near the bearing centre, under the same
axial width.

It can be seen from Figure 14 the load-carrying capacity for the situation that WS =0 and WL
=0.2 is smaller than that when WS =0 and WL =0. The load-carrying capacity for the situation
WS =0 and WL = 1.0 is also smaller than that when WS = 0 and WL = 0.8. When WS =0, the
starting position of slip surface is just located at the bearing axial outlet. When WS=0and WL
= 1.0, both the starting and the end positions of slip surface are just located at the bearing axial
outlet. This situation, WS = 0 and WL = 0, means the size of slip surface is 0, namely there is
no slip surface in bearing bush surface. Thus, it can be concluded that slip surface located at
bearing axial outlet has an adverse effect on load-carrying capacity.

5. Influences of boundary slip on hybrid journal bearings

5.1. Hybrid journal bearing model

The hybrid journal bearing with two rectangular recesses is presented in Figure 15. The journal
radius, r, is 25 mm; the bearing width, B, is 25 mm; the radial clearance, c, is 50 pm; and the
eccentricity is 0.55. The density of lubricant (water), p, is 998.2 kg:-m™, and its viscosity, y, is
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1.003 mPa-s. The axial width of rectangular recess is 15 mm, its circumferential length is 30°,
and its radial depth is 50 um. These two rectangular recesses are located at 165-195° and 345-
360°(0°)-15° along the circumference. The rotational speed of journal w is 10* rpm, about 1047.2
rad-s™. The supply pressureis 15 kPa. The pressures at the two end surfaces of lubricant domain
in axial direction are equal to ambient pressure. The thickest and thinnest positions of the
lubrication film are located at 130° and 310° in the circumferential direction, respectively, seeing
Figure 15 (c) which illustrates the thickness distribution and pressure distribution without slip
surface.
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Figure 15. Schematic diagram of hybrid journal bearing: (a) complete view, (b) medium cross section in axial direction,
(c) lubrication-film thickness and pressure distribution.

The slip surface is designed on the internal surface of bearing bush, as shown in Figure 15
(a). The distance from the bearing end surface to the starting position of slip surface in axial
direction is marked as ws. The ratio of ws to the bearing width, B, is defined as the dimensionless
slip-surface starting position, WS, i.e. WS = ws/B. And the dimensionless slip-surface width,
WL, is defined as the ratio of the slip-surface width, wl, in axial direction to the bearing width,
B, i.e. WL=wl/B. The slip intensity model is applied to slip region, and the traditional no-slip
boundary condition is applied to other regions.
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5.2. Slip intensity’s influences

The influences of slip intensity on tribological performance of hydrodynamic journal bearing
are investigated first. Two bearing models with different slip surfaces are analysed: one slip
surface is located at 210-240° in circumferential direction, the other slip surface is located at
270-300°; their axial location is both defined by WL = 1.0 (which implies WS = 0).

Boundary slip not only could improve the load-carrying capacity of hydrodynamic journal
bearing but also could reduce it, which is related to the position of slip surface, as shown in
Figure 16. This phenomenon is similar with that for hydrodynamic journal bearings with slip
surfaces and we will analyse in detail later.
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Figure 16. Influences of slip intensity.

If the boundary slip could enhance the load-carrying capacity, its beneficial influence increases
with the slip intensity, i.e. the value of slip-intensity factor, . Otherwise, if the boundary slip
has adverse effect on load-carrying capacity, its negative influence will increase with the slip
intensity. In a word, the influence of slip intensity is monotonic. For focusing on the influences
of the position and size/area of slip surface, a same slip intensity, y = 1, is utilised in the
following analysis.

5.3. Influences of circumferential positions and sizes of slip surfaces

The influences of location and size of slip surface in the circumferential direction on pressure
and load-carrying capacity are investigated. In this section, the impacts of location and size of
slip surface in axial direction are not taken into account, so the slip region covers the whole
internal surface of bearing bush in axial direction.

43



44 Advances in Tribology

5.3.1. Slip surfaces in cavitation zone

The pressure distribution in the medium cross section in axial direction is illustrated in Figure
17, for these two situations, namely the size of slip surface is zero and the slip surface is located
from 60° to 90°. For this situation, the size of slip surface is zero, i.e. there is no slip surface,
and the maximum pressure is about located at 270°. This pressure peak results from the fluid
hydrodynamic action while the lubricant is flowing into a convergence region (bearing bush
and journal shaft are not concentric). The hydrodynamic pressure rising zone is located from
195° to 270°, where dp/00 > 0, O represents the circumferential angle. The pressure drop zone
is located from 270° to 323°, where dp/d6 <0. The cavitation zone is located at 15-165° and 323—
345°.

o 107 yithout slip surface

=3 1 --- slip surface:60°-90°

2 0.8- ° A

: A

o 0.6 /

7] ] |
g \
c 0.4 \
2

: \
E 0.2" \Iil
8 0.0 M \

0 60 120 180 240 300 360
Circumferential angle/®

Figure 17. Pressure distribution for without slip surface and slip surface located at 60-90°.

It can be seen from Figure 17, for this situation, the slip surface is located from 60° to 90°,
namely it’s just located at the cavitation zone, its pressure distribution is the same as that when
there is no boundary slip. The reason lies on the pressure in cavitation zone. When fluid
pressure drops below the saturation vapour pressure, phase change occurs and liquid is
converted into vapour, then the pressure in these vapour regions (cavitation regions) is equal
to the saturation vapour pressure. Consequently, if slip surface is located in the cavitation zone,
it would have no influence on pressure. Their difference in load-carrying capacity is also very
small and can be neglected.

5.3.2. Slip surfaces in pressure rising zone

The pressure distribution in the medium cross section in axial direction is illustrated in Figure
18, for these four situations, namely the size of slip surface is zero and the slip surface located
at240-270°, 210-270° and 195-270°. These three slip surfaces, namely located at 240-270°, 210-
270° and 195-270°, are located in the pressure rising zone.
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Figure 18. Pressure distribution for slip surfaces located in pressure rising zone.

For the three situations, namely when the slip surfaces are located at 240-270°, 210-270° and
195-270°, i.e. the end positions of slip surfaces are fixed at 270°, their maximum pressures are
all higher than that without slip surface. These slip surfaces could enhance the fluid hydro-
dynamic action. The reason is that when the lubricant flows from a slip surface into a non-slip
surface, its speed will decrease, i.e. the kinetic energy of the lubricant will decrease and then
the kinetic energy will transform into pressure energy; as a result, the slip surface will produce
a fluid hydrodynamic action in its downstream zone. The position of maximum pressure is
just located at the end line of the downstream zone of the slip surface, as also clearly shown
in Figure 20. Thus, the load-carrying capacity increases with the size of slip surface in the
pressure rising zone, as shown in Figure 19.
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Figure 19. Load-carrying capacity for slip surfaces located in pressure rising zone.

Comparing with the situation without the slip surface, there is an increase of 11.4% in the load-
carrying capacity when the slip surface is located from 240-270°. When the starting position
of slip surface moves from 240° to 195°, the size of slip surface correspondingly increases from
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30° to 75°, and the rate of load-carrying capacity comparing with the case without slip surface
increases to 31.3%.

Figure 18 also shows that there is a negative fluid hydrodynamic action in the upstream zone
of slip surface, indicating that there is a decrease in pressure. Because when the lubricant flows
from a non-slip surface to a slip surface, the speed of fluid increases, i.e. the kinetic energy of
the lubricant is increased, and the increased part of kinetic energy is transformed from the
pressure energy, thereby decreasing the pressure. Thus, in the upstream zone of slip surface,
the fluid hydrodynamic action induced by convergence structure will break down. In partic-
ular, when the slip surface is located in the pressure drop zone, the high-pressure zone induced
by convergence structure, namely the main load-carrying zone, maybe broken up by the
negative fluid hydrodynamic action due to slip surface, and the load-carrying capacity also
may decrease, which will be discussed in the following section.

5.3.3. Slip surfaces in pressure drop zone

Pressure distribution and load-carrying capacity for slip surfaceslocated in pressure drop zone
are presented in Figures 20 and 21, respectively. Figure 21 indicates that the load-carrying
capacity decreases with increasing size of the slip regions in the pressure drop zone. These
four slip regions have the same starting location, located at 270°, and their end locations are
located at 300°, 305°, 310° and 315°. Compared with the situation without slip surface, there is
a decrease of 9.1% in load-carrying capacity when the slip surface is from 270° to 300°. When
extending the end position of slip surface to 315° the load-carrying capacity has a further
decrease and its decrease rate, comparing with the case without slip surface, increases to 57.2%.
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Figure 20. Pressure distribution for slip surfaces located in pressure drop zone.
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Figure 21. Load-carrying capacity for slip surfaces located in pressure drop zone.

5.4. Influences of axial positions and sizes of slip surfaces

The influences of position and size of slip surface in the axial direction on load-carrying
capacity are investigated in the following section. To focus on the impact of the parameters of
slip surface in axial direction, the positions and sizes of slip surfaces in the circumferential
direction are kept unchanged, and these slip surfaces are located from 210° to 240°. The load-
carrying capacity for slip surfaces with different positions and sizes in the axial direction is
presented in Figure 22. The load-carrying capacity increases with the axial size of slip surface.
For the case that the dimensionless starting position of slip surface, WS, is equal to 0.15, there
is an increase of 8.4% in the load-carrying capacity when the dimensionless slip-surface width,
WL, increases from 0.25 to 0.7.
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Figure 22. Load carrying-capacity for different slip surfaces.
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The distribution curve of load-carrying capacity for WS=0.4 lies above the curve for WS=0.15,
and the curve for WS = 0.15 lies above the curve for WS =0, as shown in Figure 22. When WS
=0.4 and WL = 0.2, there is an increase of 3.6% in load carrying-capacity compared with this
situation as WS = 0.0 and WL = 0.4; although the axial area of the former slip surface is smaller
than the latter, the former slip surface is located much more closely to the bearing centre. This
indicates that the enhanced impacts of slip surfaces on load carrying-capacity are much
stronger if the slip surface is located near the bearing centre, under the same axial width.

It can be seen from Figure 22, the load-carrying capacity for the situation that WS =0 and WL
=0.151is smaller than that when WS=0and WL =0. The load-carrying capacity for the situation
WS =0 and WL = 1.0 is also smaller than that when WS =0 and WL = 0.85. When WS =0, the
starting position of slip surface is just located at the bearing axial outlet. When WS=0and WL
=1.0, both the starting and the end positions of slip surface are just located at the bearing axial
outlet. This situation, WS = 0 and WL = 0, means the size of slip surface is 0, namely there is
no slip surface in bearing bush surface. Thus, it can be concluded that slip surface located at
bearing axial outlet has an adverse effect on load-carrying capacity.

6. Conclusions

Boundary slip has complex influences on the tribological performances of journal bearings,
including hydrodynamic and hybrid journal bearings. The impact laws of slip surfaces on
journal bearings can be concluded as follows:

1. Boundary slip could produce a fluid hydrodynamic action in the downstream zone of the
slip surface, and also could result in a negative fluid hydrodynamic action in the upstream
zone of slip surface.

2. These two fluid hydrodynamic actions induced by boundary slip and convergence
structure, respectively, may promote each other, when the slip surface is located in the
pressure rising zone. In this moment, boundary slip has a beneficial influence and will
improve load-carrying capacity, and the load-carrying capacity increases with the size/
area of slip surface.

3. The negative fluid hydrodynamic action induced by boundary slip would damage the
fluid hydrodynamic action produced by convergence structure, when the slip surface is
located in the pressure drop zone. In this case, the boundary slip has an adverse influence,
and the load-carrying capacity decreases with the size of slip surface.

4. Due to the pressure condition in cavitation zone, when the slip surface is located in
cavitation zone, the boundary slip has no influence on the pressure distribution and load-
carrying capacity of journal bearings.

5. Theslip surface near the bearing centre in the axial direction has a much stronger influence
on the enhancement of the load-carrying capacity.
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6. The slip surface located at bearing outlet has an adverse influence on load-carrying
capacity.

In summary, unreasonable design of slip surfaces not only cannot improve the tribological

performances of journal bearings, including hydrodynamic journal bearings and hybrid

journal bearings, but they also have adverse influences and would result in a decrease in load-

carrying capacity. These results in this chapter can be a design criterion for the design of slip

surfaces in journal bearings.
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Abstract

Thermally sprayed WC-Co-VC coatings are widely used based on their resistance to
abrasive wear. This chapter shows the fabrication procedure of bimodal WC-Co-VC
coatings applied by a high-velocity oxy-fuel (HVOF) thermal spray process. We analyzed
the effects of the mixture content of the nanostructure and microstructure phase on the
mechanical properties and wear resistance of the coating. Additionally, VC was added to
the bimodal mixture and it presented the best characteristics. The combination of VC
additions and a bimodal WC particle size distribution in the WC-Co coatings proved
successful in increasing their mechanical properties, which permitted the coatings
processed in this work to show better mechanical properties than those reported in the
literature for coatings having exclusively abimodal WC particles size distribution or those
only doped with VC additions. The effects of nanostructured phase contents on the
microstructure and wear resistance of the coating are included.

Keywords: wear, thermal spray, nanostructured, coatings

1. Introduction

In industrial processes, the materials are exposed to corrosive and erosive environments that
lead lifetime reduction for certain components and trigger, furthermore, high maintenance
costs. In the different wear mechanisms, there is an intersection of phenomena and by this
means a severe damage, for example, in a suction system can be found: cavitation and erosion;
or heat (thermal fatigue) and erosion of a steam turbine blades or abrasion and corrosion, in
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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a screw pulp pump by the presence of Cl ions. Once the wear mechanisms present on an
equipment or component have been determined, there is a need for search for the alloy or
coating, metallic, polymeric, ceramic or a mixture thereof that can prolong its service. The
most critical area of structural and nonstructural components is usually the surface where
the maximum loads are reached (e.g., mechanical and thermal stresses, corrosion, wear and
their combinations thereof).

A material that works at high temperature normally is not operating in protective atmospheres.
Usually the working environment is air and, in this case, the oxidizing agent is oxygen, but it
is also likely that the atmosphere is composed of aggressive gases that damage the material,
Carburization is the formation of metal carbides in a material as a result of exposure to a carbon
containing atmosphere. In service, it can result in loss of mechanical properties over time in
addition to wastage of the material. Sulfidation is a chemical reaction of a metal or an alloy,
with sulfur in some form in its working environment. This produces compounds of sulfur that
usually form on the solid surface or under the surface of the metal or alloy. Sulfidation most
often causes serious deterioration of the solid surface and the vital functional properties of the
affected substance. Nitridation is a process that results in the formation of nitrides in a material.
It results from exposure to reducing, high temperature environments with high nitrogen
activity. Since nitrides are inherently hard, brittle phases, nitridation can produce local or
widespread loss of material strength and possible metal wastage or chemical attack in presence
of salt deposits or ashes [1, 2]. In all environments that trigger corrosion in the above-mentioned
problems, the oxygen activity is high enough to promote oxidative processes. Furthermore,
the operating conditions of the materials forming part of the steam turbines or part of thermal
plant components suffer corrosion processes at elevated temperature where the atmosphere
contains a lot of water vapor, with this being more aggressive atmosphere than the air [3]. In
reducing environments, the degradation of the material is controlled by the activity of species
such as CO/CO, and H,/H,O, and they are usually more aggressive than oxidants, because the
driving force for forming a protective oxide is less favorable [4].

Figure 1. Steam turbine blades showing corrosion wear.

The protection of the metal components can be done with hard coatings to improve wear
resistance. They are applied with different techniques, with the thermal spraying techniques
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being the most developed in recent years, where its increasing applications is to reduce the
wear in industrial processes. In steam turbine, components like blades, body rotor, nozzle and
auxiliary devices for cooling and lubrication must be developed to work properly under the
required steam conditions for pressure and temperature. The most common vanes failures are
associated with erosion, stress corrosion, corrosion fatigue and fatigue [5]. Some of these
failures are shown in Figure 1.

The thermal spraying is one of the most versatile techniques ever used for coating materials
application to protect components from wear by abrasion, adhesion, erosion, corrosion and
fatigue [6]. This technique tends to extend the lifetime of the components, with the aim of
obtaining high yields for longer and reducing the number of failures. The advanced technology
of thermal spraying provides all types of techniques to the industries, being one of the most
effective resources ever developed to combat premature wear by getting ahead of the failure
or even when the equipment or item stops working in optimal conditions. Hence, it optimizes
equipment availability, the maintenance costs are reduced and the lifetime of the equipment
and machinery is maximized, increasing the reliability of critical systems. Through processes
of high-velocity thermal spraying (HVOF), it is possible to obtain coatings with low porosity
structures, low oxidation and high adhesion, thereby minimizing problems caused by the
degradation processes on the components of steam turbines used for the electric power
generation [7-10]. In this technique, oxygen and fuel gas at high pressures and flow rates are
combined to produce a combustion which produces very high-speed particles and tempera-
tures of about 2000°C, which can be considered low compared to other thermal spraying
processes, such as vacuum or air plasma [11]. These flame characteristics are suitable for the
application of corrosion- and wear-resistant coatings. Figure 2 shows a schematic of high-
velocity oxy-fuel (HVOF).
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Figure 2. Schematic of an HVOF torch.

The materials that are often selected for applications at elevated temperatures must have the
fundamental requirements to resist the corrosion and atmosphere deterioration where they
are set. Usually, they are the austenitic stainless steels, nickel-, cobalt- and titanium-based
alloys and besides the intermetallic materials [12, 13]. The selection of suitable material will
depend on the operating temperature, the atmosphere and lifetime required for the working
component in the equipment.
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It is well known that Ni-based coatings show good corrosion resistance at high temperature
and besides have good wear resistance after addition of W and Mo as alloying elements [15].
These alloys exhibit improved properties due to the formation of an amorphous phase that
came from a rapid solidification and a suitable alloy composition [16, 17]. Some researchers
have found that spraying the alloys Ni-Mo-Cr-B to make coatings using atmospheric plasma
exhibited improved wear and corrosion resistance due to the formation of an amorphous phase
coming from the rapid solidification and a suitable alloy composition [18]. An amorphous alloy
phase in the protective coating is achieved by adding some appropriate refractory materials
such as Mo and W and metalloids such as B and C in the base powder [19]. Those additions
result in better resistance to abrasion and wear, while providing resistance to corrosion in
aqueous and alkaline media [20, 21].

Protective coatings are widely used in the aircraft industry because they provide better surface
properties of the structures where they are deposited. Besides, the characteristic that they must
possess is the high structural performance due to the conditions of service that are subjected.
Innovation in this area has focused on nanotechnology and gives special relevance in the world
of materials. Regarding coatings, the extreme mechanical conditions that they must resist must
be taken into account. Many components of an aircraft are subject to wear conditions; to
address this problem, the pieces are coated with materials having good tribological properties.
The components that are subject to wear and corrosion are generally those found in the
undercarriage. The landing gear systems must withstand thousands of cycles of fatigue and
shear stresses during the service life of the aircraft, whereby the material that forms the
protective coating must have a high resistance to fatigue. Many components of the landinggear
are coated with hard chrome and the inner surface of the cylinder sliding as well. However,
environmental regulations require the replacement of those coatings where the use of hexa-
valent chromium [14] is required. Given this requirement, the coatings obtained by HVOF
thermal spraying today are a viable alternative, enhancing the benefits obtained with tradi-
tional hard chromium coatings, both wear resistance and corrosion resistance.

The thermal spraying of WC-Co, WC-CoCr or Cr;C,-NiCr by HVOF, that is, applying a
consistent coating made of metal matrix reinforced with high hardness ceramic inclusions [22]
plus the addition of nanocrystalline WC particles, provides to the coatings an improvement in
the hardness and tribological properties [23, 24]. The WC-Co coatings applied by HVOF are
useful for operating temperatures up to 900°C, while the maximum pressure is up to 1200 MPa,
its friction coefficient is only 0.01 (80 times lower than steel). The WC-Co coatings applied by
HVOF containing nanoparticle sizes have better mechanical and tribological properties by
providing an effective control of processing variables during thermal spraying application [25].
The wide applications as protective coatings permit to be an excellent choice on steam turbines
in the industrial power generation sector and at the same time useful in the aeronautical
industry.

This means that the corrosion behavior depends on the phases and microstructure of the
applied coating.

Regarding the opposite corrosive behavior of the two main components of the alloy, Co and
W, in respect to the influence of the medium [26], it is described that the cobalt shows stable
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passivity in alkaline solutions, while W is readily soluble; the situation observed in acid
electrolytes is completely reverse. Therefore, these hard metals typically fail by corrosion of
the less resistant phase, which is triggered by the testing environment [27]. On the other hand,
it has to be taken into consideration the galvanic interactions between the existing phases,
where typically the WC is nobler than Co [28].

It has been found, according to the literature reports, that VC effectively retards thickening of
tungsten carbide grains after prolonged heat treatment, [29] and furthermore, promotes the
formation of compounds (W, V) C, inhibiting, beside, the formation of brittle species [30]. The
corrosion resistance of WC-Co alloys can be improved with the addition, in small quantities,
of transition carbides. An example of this is the addition of Cr;C,, in amounts of only 0.5%,
improving significantly the corrosion resistance [31]. However, the influence of the additions
of VC was not so easy to assess as the case of Cr;C,.

Some studies have found that small additions of VC in WC-Co had a neutral effect on the
corrosion resistance [31]. On the other hand, the tungsten carbide alloys reinforced with cobalt
and chromium (cermets) and thermally sprayed by HVOF are currently good substitutes for
hard chrome, typically present in some components such as aircraft landing gears, hydraulic
rods, ball valves, printing rollers, etc. [14]. The use of nanocrystalline particles of WC is
expected to improve properties in terms of hardness and tribological coatings [23, 24, 32, 33];
however, due to their high surface area-to-volume ratio, these suffer grain size growth and
oxidation during their passage through the flame, which is detrimental to the coatings in good
final properties such as hardness and wear resistance [34]. However, it has been reported, in
different works [35, 25], a better mechanical and tribological properties using WC-Co coatings
enriched with nanoparticles and deposited under HVOF technique, provided that an effective
control of the processing variables was carried out during thermal spraying. The resistance
against wear and erosion depends on the thickness of the coatings [36] and also on its hardness
[37].

The processing and characterization of tungsten carbide coatings with a bimodal particle size
distribution, that is, nanostructured and microstructured particle sizes of WC-Co, have been
reported by several authors [35, 25]. The use of nano-sized particles in the compounds of cermet
has resulted in a greater hardness than that found in their counterparts containing micron size
particles. Furthermore, their combination, as bimodal particle size distribution, the under
HVOF thermally applied WC-Co coating results in improved wear resistance, compared to
those coatings produced solely from nano-sized powders. Excessive decarburization of
nanoparticles by the torch flame and the formation of W,C in the coating are considered to be
responsible for the decrease in wear resistance of the mentioned coatings. Exposure to high
temperature of WC nanoparticles in the torch flame during the HVOF process results in an
undesirable increment of such particles. As aresult, a decrease in hardness and wear resistance
is observed. On the other hand, one effect of the mixed matrix hardening, done together by
nanoparticles plus the strong arrangement of micrometer WC size grains, was proposed as
possible reasons for the improved wear resistance of the bimodal coatings.

Different studies have reported the influence of VC additions in the kinetics of grain coarsening
of WC-Co cermets [37, 38]. However, there is little information on the influence by additions
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of VC in the properties of WC-Co coatings applied with HVOF technique. Some authors [39,
40] have reported an increase in abrasion resistance of WC-Co-VC coatings compared to their
commercial counterparts WC-Co coatings.

This research explored the influence by additions of VC powders in bimodal WC-Co coatings
manufactured with HVOF thermal spraying, their mechanical properties and compared with
those said properties, found in commercial counterparts.

2. Coatings fabrication

The nanostructured WC-Co powder was processed by mechanical milling in a Simoloyer
CMO01 high-energy ball mill for 20 h at 600 rpm under an argon atmosphere. The powder was
then agglomerated employing a 2% methy] cellulose solution to form slurry which in turn was
baked in a muffle at 80°C for 24 h under an inert nitrogen atmosphere. A solid block of material
was then obtained and crushed into powder. The resulting powder was sieved through 450
and 635 meshes, +32 and +20 um, respectively. Three powders were employed as feedstock in
the present work. A commercial WC-12 Wt%Co powder, a bimodal mixture of commercial
and nanostructured WC-Co powder having the same chemical composition (75 wt% commer-
cial-25 wt% nanostructured), and a bimodal mixture doped with additions of 2 wt% vanadium
carbide. The bimodal and bimodal doped with VC mixture were mixed mechanically in a
double cone blender for 30 min at 20 rpm before being thermally deposited by HVOF.

All powder mixtures were sprayed on AISI 3014 stainless steel substrates employing a Sulzer
Metco DJH 2700 hybrid HVOF gun, with propane being the fuel gas. A KUKA KRC robot arm

Disc

U {rpm}

Figure 3. Schematically Pin-on-Disk test to ASTM G 99 [41].
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was employed in order to control the gun transversal speed, at 1.5 m/s for all the experiments.
Also, constant spray distance and powder feed rate (229 mm and 38 g/min), respectively, were
employed.

The microstructure of the coatings was evaluated in the transversal section using a Philips XL
30 ESEM. Coating thickness, interface contamination, oxide contents and porosity percentage
were determined from Backscattered electrons micrographs employing SigmaScan image
analysis software. The Pin-on-Disk test is a model test for friction and wear determination of
two solid surfaces being in sliding contact (pin or ball against coated disk). The test method
and procedure are described in ASTM G99-94A [41] and shown in Figure 3. The normal loads
applied to the ball are typically in the range of 1-10 N. As a result of rotational speed and
radius of the sliding path, the relative velocity between ball and surface varies between v=0.19
and 0.73 m/s. The relative humidity can be adjusted between 5 and 95% using different salt
solutions.

Sliding wear measurements were performed in a CSM Instruments Pin-on-Disk 18-280
Tribometer employing a 10 N load. Samples were tested at ambient temperature using 6-mm-
diameter 440C stainless steel balls as the counterpart. Testing time was 2000 min and the linear
speed was 5 cm/s. Vickers microhardness of all coatings was measured transversally in an
LECO M440H1 microhardness tester, using a 500-gf load and a 15-s dwell time.

3. Microstructured of the powders and coatings

The morphology of the initial powders used in coatings in this investigation is shown in Figure
4. The powders of WC-Co nanostructured show long and irregular conglomerates small
particles of WC and Co, while the commercial powder consists of spherical shape particles,
which is a typical characteristic of the sintered agglomerate powder mixtures. Furthermore,
bimodal mixtures showed a combination of fine powder agglomerates of nanostructured WC-
Co and spherical particles, near in shape to commercial powder. VC powder shows a smaller
particle size in relation to the commercial and nanostructured powders.

The microstructure of the three-alloy powder obtained by thermal spraying coatings is
shown in Figure 5. From the BSE micrographs, it can be observed that the microstructure of
the three coatings are typical of WC-Co coatings with WC islands, having different size
distribution are embedded in a cobalt matrix. As can be seen from Figure 6, the WC particles
size distribution was similar to the three studied coatings. The characteristic feature of the
observed coatings is the strong refinement of their microstructures. The coatings contained
different phases, which can be distinguish by the diversification of the microstructure contrast.
A good coatings adherence was observed. There are discontinuities between the substrate and
coatings. The roughness of the substrate contributes to the better adhesion of deposited
coatings and as it is necessary in the thermal coatings technologies. This result indicated that
the deposited coatings have nanometric microstructure. Nanometric coatings were deposited
by thermal spraying HVOF method, which confirms the possibility to apply nanostructured
coatings by this technique [42]. The statistical analysis showed a slight influence of VC
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additions on the final size of WC grains within the coatings, as a lower mean WC size was
measured in VC-doped coatings compared to that found in the bimodal WC-Co coating. On
the other hand, the calculated mean WC particle size for bimodal mixture was slightly higher
than that of the commercial coating.

Figure 4. Micrographs of the starting powders, (a) nanostructured WC-Co after agglomeration, (b) WC-Co commercial,
(c) bimodal mixture and (d) VC powder.

Figure 5. Backscattered electron micrographs in coatings WC-12Co, (a) commercial, (b) bimodal and (c) bimodal mix-
ture +2wt% VC.
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Figure 6. Particle size distribution of WC-Co coatings applied by HVOF.

The average porosity, oxide content, mean WC particle size, thickness and microhardness of
the coatings are included in Table 1. The VC-doped and commercial coatings showed the
highest levels of porosity, whereas the commercial alloy contained higher interface contami-
nation and oxide contents than those found in bimodal mixture. Average microhardness levels
of bimodal and VC-doped coatings were comparably higher than the microhardness measured
in commercial samples. The thicknesses of all WC-Co coatings fell within allowable limits
commonly accepted in the industry for the processing of OEM (Original Equipment Manu-
facturer) components and/or reconstruction of worn parts [43].

Commercial alloy =~ Bimodal WC-12Co Bimodal WC-12Co-(2% VC)

Thickness (pum) 154 +8 133+6 99 +4

WC mean particle size (um)* 1.1 1.5 1.2
Porosity (%) 44+0.1 39+0.1 46+0.2
Oxide content (%) 0.27 £0.02 0.16 £0.02 0.19 £0.02
Interface contamination (%) 323+1 21.1+1 251+4

All average values with standard error from 10 measurements.
* From statistical analysis shown in Figure 5.

Table 1. Summary of properties from microstructure evaluation of coatings.

The morphology of the WC grains in all HVOF coatings processed in this work is less angular
than that found in sintered WC-Co cermet, as already mentioned by different authors [39-44].
Although the coatings were processed from powders having different particle size distribu-
tions, the average particle size of WC in the final coating was similar. The effects of processing
conditions of thermal spraying on the final microstructure of the coatings were the initial
microstructure and size of the precursor particles of the WC-Co powders as key factors. This
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can be attributed to the deposition conditions, which were the same for all processed samples.
In all cases, a relationship 4.8 oxygen/propane was used in order to reach a temperature slightly
lower than the maximum attainable (T,,,,), namely 2828°C, for a certain gas mixture using the
relationship of 4.5 O,/C;H, [45]. Lower flame temperature that T,,,, is preferred when nano-
structured materials are processed, in order to preserve a fraction of the nanostructures in the
coating; however, very low flame temperatures should be avoided since they result in coatings
that contain high porosity. The oxygen/fuel used here resulted in samples with levels of
porosity within the range reported for WC-Co coatings applied by HVOF [35, 46]. Coatings
with addition of 2% of VC showed higher porosity compared to commercial coatings; this same
behavior has been reported by Luyckx and Machio [39] when processed WC-Co coatings with
VC additions. The commercial WC-Co coating contains the highest amount of oxides; this kind
of contamination appears to have an important effect on the hardness and wear performance
as shown by the commercial coating with lower hardness and higher wear rate than the whole
coatings studied here. An optimization of the oxygen/fuel ratio, distance and transverse
velocity spray gun has to be performed in order to find the conditions that may lead to reduced
content of oxides.

4. Microhardness

The microhardness of the three coatings obtained by thermal spraying is shown in Figure 7.
The coating hardness is a key factor to optimize screening conditions and parameters, as well
as comparisons between different deposited coatings. Bimodal WC-Co coatings and bimodal
+2% VC doped showed the highest hardness. These superior mechanical properties can be
attributed to the bimodal structure of the tungsten carbides WC which provides a balanced
amount of particles between micrometer sizes of WC and nano-sized particles of WC, where
the latter being more prone to decarburization in the torch flame due to its high surface—to-
volume ratio.

Microhardness (HV5q0)

Commercial Bimodal Bimodal + VC

Figure 7. Microhardness of different coatings produced by HVOF.
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5. Wear resistance

The variation of friction coefficient as a function of testing time from the Pin-on-Disc (POD)
tests is included in Figure 8. When the steady state of wear conditions was reached by sliding
in the POD testing set-up, the commercial coating showed greatest value (i = 0.54), while the
bimodal mixture added with 2% of VC coatings showed comparable levels of wear slightly
lower (u = 0.48) but still the lowest compared to the whole samples.
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Figure 8. Friction coefficient as a function of testing time from POD test.

As final conclusion, the friction coefficient of bimodal WC-Co + 2% VC coatings was less than
the commercial coatings. The addition of VC in bimodal coatings resulted in a slight increase
in the mechanical and wear resistance properties. The same behavior is described by Guile-
many et al. [25] for bimodal WC-Co coatings, who showed lower values of friction coefficient
(¢) in nanostructured systems and in commercial, both with the same chemical composition.
The wear resistance of WC-Co coatings can be explained by the limited amount of debris
removed during the sliding wear tests, the nanostructured WC-Co coatings contain a lower
volume fraction of cobalt than commercial coatings. Therefore, it has been shown in various
studies that a bimodal particle size distribution of WC improves response to wear on WC-Co
coatings use conditions without lubrication (Luyckx and Machio [39]). Therefore, this work
shows that a combination of micro- and nanostructures is beneficial to improve the wear
resistance of WC-Co coatings.

The major wear mechanism of the HVOF hard metal coating is connected with the gradual
primary loss of the metal matrix from the areas between coatings hard particles, followed by
the weakening of their particles and pulling them out of the coating surface. The design of the
CSM Tribometer does not allow the wear debris to naturally fall off; they are trapped in the
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wear track and serve as an abrasive medium. Then the mechanism of wear changes from sliding
to abrasive wear [47, 48].

The wear mechanism of the cermet coatings is described as the contact between the pin and
coatings-carbides, which are slightly protruding from the matrix due to grinding. Such
conditions lead only to a very slight wear [49].

The wear resistance strongly depends on the smoothness of the coating surface [50, 51], which
becomes better if the size of grains becomes smaller. From this point of view, the refinement
of microstructure coating by thermal spraying has strong influence on their wear properties.

The dependence of wear resistant to the microhardness level implicates for searching other
reasons of resistance against the wear of the deposited coatings. Some data suggest that the
wear mechanisms depend on the roughness of the coating face [50, 51].

These results indirectly indicate that the wear resistance is a complicated mechanism and
depends not only on the hardness but also on the state of the coating surface and its internal
microstructure. Specifically it was found that the refinement of microstructure to a nanometric
dimensions favorably influences the wear resistance.

6. Conclusion

As general conclusion, it can say to that the vanadium carbide additions to bimodal WC-Co
deposited by HVOF make coatings that slightly increase the mechanical properties of micro-
hardness with 15% and tribological properties decrease in friction coefficient to 0.48. Then, the
obtained hardness in bimodal WC-Co coatings is primarily influenced by the reinforcing WC
particles.

Other conclusions are as follows:

* There is slight influence of the VC additions on the final WC grain size present in coating.
Nevertheless, the mean WC grain size doped with VC was shorter than the grain size in
bimodal WC-Co coatings. On the other hand, the WC particle size in the bimodal mixture
was slightly larger than that in commercial alloy coatings.

* The commercial WC-Co coating contains the highest amount of oxides; this kind of con-
tamination appears to have an important effect on the reduction of hardness and wear
performance.

* In microhardness, the bimodal WC-Co coatings and bimodal + 2% VC doped showed the
highest hardness. These superior mechanical properties can be attributed to the bimodal
structure of the tungsten carbides WC which provides a balanced amount of particles
between micrometer sizes of WC and nano-sized particles of WC

* In steady state, the friction coefficient for commercial coatings is larger (u = 0.54) than the
bimodal mixtures +2% of VC coating (u = 0.48), being slightly lower the wear in the last one.
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Abstract

In petroleum and petrochemical industries, offshore and onshore systems have to
function in an aggressive environment that exposes the production equipment
components to thermal cycling and wear and corrosion. Although maintenance of
material degradation in oil and gas is costly, internal and external parts of the equipment
and pipelines must be well inspected and continually maintained. For this reason,
highly advanced corrosion and wear—monitoring systems must be installed in the
critical areas of the plant to protect pipes and equipment from seawater and crude oil.
Therefore, researchers are in search of advanced materials and methods that could be
applied in oil and gas pipelines and accessories for increasing their working time. The
common manufacturing processing method for improving the surface of piping and
accessories is overlay welding or cladding. This method has some limitations, such as
its limitation for choosing materials. In addition, the high temperature of welding causes
some defects on the final surface, such as thermal residual stress, cracking, and
distortion in the substrate. The method is also time consuming and costly. However, the
coating method provides a blend of unique properties with low cost. Thermal spray
methods are cold spraying techniques that have a considerably less thermal stress,
residual stress, and other defects. Among different thermal spray coating techniques,
high-velocity oxygen fuel (HVOF) and plasma are the most commonly used thermal
spraying coating processes to produce anti-wear and corrosion coatings with different
types of materials such as metal, alloys, and ceramic composite . Furthermore, HVOF
and plasma thermally sprayed coating processes induce microstructure heterogeneities,
which increase the corrosion and wear resistance. In this research, one type of alloy with
chemical composition NiCrCoAlY was chosen for increasing corrosion resistivity of
carbon steel piping. A corrosion behavior of coated samples in seawater was investi-
gated for 30 days. Potentiodynamic polarization and electrochemical impedance
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spectroscopy (EIS) results indicated that these types of alloys protected the surface of
carbon steel piping from harsh environments. However, the corrosion protection of
NiCoCrAlY deposited by HVOF technique is higher than a plasma coating technique.

Keywords: carbon steel piping surface, thermal spray coating techniques, alloy, corro-
sion

1. Literature review

Corrosion is generally defined as the destructive disintegration process through which a metal
is gradually destroyed by electrochemical reactions with the environment [1]. There is no hard
and fast rule to classify corrosion, but it can normally be divided into two main groups, uniform
and localized corrosion [2]. In uniform corrosion, damage occurs on the entire surface at a
uniform rate. In localized corrosion, damage occurs on localized spots due to heterogeneities
in the material microstructure (galvanic, intergranular, and dealloyed) and the environment
(crevices and hydrogen damage). Localized stress (stress corrosion cracking, corrosion fatigue,
and fretting) and the geometry of closed chemical fluid flow system parts (erosionand cavitation)
also cause localized corrosion damage [3, 4].

Corrosion damage depends on the extent of particular factors, e.g. aggressive ions or stress
amplitude.

Corrosion has huge economic and environmental impact on infrastructures worldwide such
as highways, bridges, oil and gas industries, chemical processing, and water and wastewater
systems. Corrosion cannot be fully eliminated but its effects can be minimized using different
protection and prevention methods [5]. The direct cost attributed to corrosion damage has been
estimated in the order of 3-4% of industrialized countries” gross national product (GNP) [6].

According to the National Association of Corrosion Engineers (NACE), the global corrosion
cost, through direct and indirect losses, was $US 552 billion in 2001, which increased to $US
1.3 trillion in 2009 [7]. Direct and indirect damage to the environment is massive if corrosion-
related problems are overlooked in sensitive oil/gas industries and nuclear power plants. For
instance, radiation and poisonous gas leakage due to severe pitting in nuclear plants can put
workers” health at risk [8].

Corrosion measurement and prevention cover a large field of technical activities such as
measuring corrosion rate; controlling physical parameters like temperature, pH, and pressure
stress; protecting against corrosion like cathodic and anodic protection [9]; chemical dosing;
and prevention by material selection or organic/inorganic coatings. Measuring corrosion rate
by weight loss is one of the corrosion testing methods commonly used since the past till now
[10]. A material is exposed to an environment in which it needs to be in service for a prolonged
time (90 days). The corrosion rate is measured from the net weight loss per unit time, i.e.
difference in weight before and after the exposure divided by exposure time. In this way,
corrosion damage can be assessed for the future by extrapolating the weight loss results. With
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advancements in electrochemical sensor technology, different sorts of resistance probes, linear
polarization resistance probes, and H, evolution probes are used for monitoring corrosion
systems [11, 12].

Metallic and nonmetallic coatings along with cladding or surface modifications are also
common corrosion prevention methods. Their effective use depends on carefully selecting and
regular service monitoring of corrosion. Corrosion prevention, monitoring, and testing can
save billions of dollars besides minimize hazards [5, 6].

In oil and gas, many components, such as valve, wellhead, Xmass tree, exchanger, and so on,
exposed to the harsh environments and cause the long life of equipment significantly de-
creased. For this reason, choosing a suitable alloy that has a specific properties depend on
environment is essential for increasing corrosion resistivity of equipment [13].

The selection of corrosion resistant alloys is an important step that is directly affected on the
long life system. Because, any mistakes for choosing the materials it make some issues for
system [5, 13]. Companies with high research facilities first simulate a certain part of the field
environment under study. Then, a group of alloys selected some different alloys based on the
available information. Then, test all the candidate alloys at the same time and finally choose
the best alloys for a certain condition. This method can easily take 1-3 years to accomplish at
significant cost [6, 14].

Another selection method is literature review on corrosion data that generally applied to the
expected fields. It is quickest and cheapest technique because it neglected some group of alloys
that is not suitable for specific condition. Then, the selected alloys are tested under specific
condition [13, 15]. However, the chance of error in this method is greater than the previous
method, e.g., introducing potential for Corrosion Resistance Alloys (CRA) failure or using a
more expensive alloy than required [16].

Other resources for material selection are using available standards, such as the 2003 ISO 15156
publications derived from the previous NACE 0175 publication for “sour service.” ANSI/
NACE MR0175/ISO 15156 gives general information for service in oil and gas productions and
in natural gas sweetening plants in hydrogen sulfide (H,S)-containing environments, and it
also recommended some materials in the appropriate design codes, standards, and regula-
tions. Generally, it can be applied to help avoid costly corrosion damage to the equipment
itself [13, 17].

Finally, before accepting the final Alloys for specific condition, it is necessary to simulate the
field of environment [14, 16].

Temperature, chloride ion concentration, CO, and H,S, environment pH, and the presence or
absence of sulfur (S) are some parameters that directly affect the corrosion properties of alloys
[18].

These parameters that cause the risk of stress corrosion cracking (SCC), rate of metal solution
from pits, and other things are considerably increased [18].
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Generally, three items directly affect the corrosion rate of sample, temperature, pressure, and
the chloride content in sodium chloride. In order to make the scale for these parameters is
universal, centigrade (°C), pounds per square inch, psi and gram/liter, respectively [19].

Furthermore, the absence of oxygen is critical to the application of these alloys under the
conditions shown. If the environment has an oxygen (typically greater than 10 parts per
billion), the other alloys should be consider [20, 21].

According to the information presented above, nickel alloys have a long life for oil and gas
process fluids. Also it has a high performance and relatively low cost, and at the end of the
structure’s lifecycle, nickel alloys are completely recyclable. For this reason, this alloy is offered
for both the environments [9, 22].

The Nickel Cobalt Chromium Aluminum Yttrium family of gas-atomized powders is designed
to produce thermal sprayed coatings with excellent high-temperature oxidation and high-
temperature corrosion resistance. The presence of cobalt improves coating ductility and high-
temperature corrosion resistance. The presence of chromium and yttrium improves oxidation
resistance by increasing the activity of aluminum and improving the spallation resistance of
the oxide scale. The function of chromium and aluminum is to provide a reservoir that
continually replenishes the oxide scale. Maintaining the chromium and aluminum ratio is
critical for avoiding coating embrittlement [23, 24].

Adding tantalum to the chemical composition exhibits superior oxidation resistance at high
temperatures. This chemical composition can serve as overlay coating on moving and rotating
instruments to improve their performance and service life, even under harsh environmental
conditions. Gas atomization ensures excellent chemical homogeneity and high purity, which
results in consistent coating results. Figure 1 represents a SEM photomicrograph of Nickel
Cobalt Chromium Aluminum Yttrium powder. The SEM photomicrograph shows gas-
atomized morphology that is typical of these materials [25].

Figure 1. SEM photomicrograph of Nickel Cobalt Chromium Aluminum Yttrium powder morphology.
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This chemical composition is a premium grade NiCoCrAlY gas-atomized powder that
produces thermal spray coatings with excellent surface resistance against oxidation and
corrosion at high temperatures [26].

High-temperature corrosion resistant bond coats act as thermal barrier and oxide-based
abradable coatings for hot section components. They also produce superior low oxide coatings
that machine well and closely resemble wrought alloys in terms of characteristics [27].

A noteworthy point of preference of thermal spray procedures is to a great degree wide
assortment of materials that can be utilized to make coatings. For all intents and purposes, any
material that melts without breaking down can be utilized. Another real point of interest is the
capacity in most warm splash procedures to apply a covering to a substrate without signifi-
cantly warming it. In this manner, materials with high melting points can be Joint to the
substrate without changing the characteristics or thermal distortions of the parts. A third
advantage is the ability, in most cases, to strip and recoat worn or damaged coatings without
changing the part’s properties or dimensions. Also, applying thin coatings on low-cost
substrates results in increased efficiency and cost savings [28-30].

There are five different types of thermal spray coatings: flame spraying, wire arc splashing,
detonation gun deposition, plasma spray, and high speed oxy-fuel.

Coating produced by HVOF and plasma processes is characterized by lamellar structure
embedded with solid particles, oxide, and inclusions (surface residue from shot blasting or
surface cleaning) [14]. Molten or semi-molten particles deform upon hitting the substrate.
Deformed particles in the coating are called splats and are approximately 1-20 um thick. The
high striking speed of particles produces compact coating, but some voids/pores still form at
the surface and interlamellar particle boundaries [31]. The impaction of solid particles at high
speed also adds strength due to the peening effect (relieving tensile stress or adding compres-
sion by low level mechanical stresses). The high temperature and presence of oxygen in the
environment also cause the formation of oxides. The adhesion between substrate and coating
is predominantly by mechanical interlocking [24].

The utilizations of thermal spray coatings are to a great degree changed, yet the vital use classes
include upgrading surface wear and/or erosion resistance. Different applications incorporate
their utilization for dimensional reclamation, as thermal obstructions, thermal conduits, and
electrical channels or resistance; for electromagnetic protection; and improving or retarding
radiation. Thermal spray coatings are utilized for all intents and purposes in each industry,
including aviation, farming, car, essential metals, mining, paper, oil and gas creation, chemicals
and plastics, and biomedicine [25].

2. Methodology

The substrate material used is carbon steel (S45) because it is one of the most popular materials
used in oil piping production in both upstream and downstream domains. The substrate
material was supplied by Kelvin Steel, Glasgow, with the chemical composition in percentage

71



72 Advances in Tribology

as follows: C, 0.42-0.50; Mn, 0.5-0.80; Si, 0.17-0.37; Cr (max%), 0.25; Cu (max%), 0.25; Ni (max
%), 0.25; S (max%), 0.035; P (max%), 0.035; and Fe balance.

For the layer deposited onto the carbon steel surface, gas-atomized and spheroidal NiCoCrAl-
TaY powders with nominal size ranges of 45+11 and 37+15 um, respectively, were used for
plasma and HVOF methods.

For increasing the adhesion of deposited layer to substrate, the surface preparation is a very
important step. Roughness of sample directly affects the adhesion of deposited layer, which
can be controlled by different parameters such as blasting pressure, angel, and so on. [32].

Grit blasting was carried out with a high efficiency sand blaster with Alumina grit (size 10-20
mesh), 8/10 mm nozzle, and operating at a blasting pressure of >0.5 MPa. The distance between
substrate and nozzle was 150 mm with a 30° angle. The grit blasting time was dependent on
obtaining the required surface roughness. Upon grit blasting completion, powders with
different chemical compositions were sprayed using HVOF and/or plasma gun systems.

The coating thickness selected for all samples in this research after trial and error was approx-
imately 400 pm. Generally, increasing some initial parameters, such as arc current, power feed
rate, and so on, helps increase the thermal spray coating thickness.

For the deposition of this powder by HVOF machine, a Model 9MP machine was employed.
Table 1 shows the parameters for HVOF coating. For plasma coating, the same specific setup
was used as for HVOF coating in this material powder group. The setup of powder coated by
plasma machine is tabulated in Table 2.

Model: 9MP DJ2700 hybrid

Nozzle Standard

Powder port

Type DJ2702
Injector #9
Angle 90°
Suction and spreader L/L
Gases Pressure (psi) Flow (FMR) SCFH
Oxygen 155 282.2 645
Natural gas (CH,) 110 140.2 320
Carrier gas (N,)! 105 350 799
Spray distance 254 mm (10”)
Spray rate 38 g/min (5 Ib./h)

'Using nitrogen as a shroud gas will reduce coating oxide content.

Table 1. Parameters of NiCrCoAlY powder for HVOF coating.
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Gun F4

Nozzle Standard

Powder port
Type #2 (1.8 mm/0.071")
Gauge #6
Angle 90°

Disc rpm! 23

Suction and spreader L/L

Gases Pressure (psi) NLPM SCFH
Primary (air) 75 65 1218
Secondary (H,) 50 14 32
Carrier (air) 100 2.3 52

Amps 600

Voltage 66

Spray distance 114-140 mm (4.5-5.5")

Spray rate 40-57 g/min (5.3-7.5 1b./h)

'As a starting point, adjust to indicate spray rate.

Table 2. Parameters of NiCrCoAlY powder for plasma coating.

The coating morphology was observed through a high resolution FEI Quanta 200F field
emission scanning electron microscope (FESEM). Using an EDX-System (Hitachi SU8000)
instrument attached to a FESEM instrument, energy dispersive X-ray (EDAX) analysis was
performed to investigate the elemental composition of the samples.

The surface of the substrate and coated samples before and after corrosion was also studied
by a relatively destructive method. The X-ray diffraction (XRD) equipment is an Empyrean X-
ray diffractometer with Cu Ka radiation (k =1.54178 A operating at 45 kV, 30 mA, 0.026° step
size, and scanning rate of 0.1 s 1 in a 2 h range from 10° to 90°).

For measuring the corrosion rate of coated sample, electrochemical techniques, such as DC
(polarization) and AC (impedance), were used and applied using a potentiostat/galvanostat
model AutoLab PGSTAT30 from Ecochemie (Netherlands) [33]. Polarization experiments were
performed using a three-electrode cell, where the samples were the working electrode (WE)
while a platinum wire and saturated calomel electrode (SCE) was the counter and reference
electrodes, respectively. The electrolyte was 3.5% NaCl. In this test, the linear scan voltammetry,
corrosion current (I,,,), and corrosion potential (E.,,) were calculated from the Tafel plots with
a scan rate of 0.001 Vs™.

COl'l‘)

A frequency range of 10°-102 Hz with amplitude potential of 5mV vs SCE was used to conduct
electrochemical impedance spectroscopy (EIS). To obtain the charge transfer resistance values
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across the electrode-electrolyte interface that could relate to parameters from the polarization
output, simulations with analog circuits were performed with the experimental data. Having
been installed in a computer interfaced with a potentiostat, general purpose electrochemical
software (GPES) and frequency response analyzer (FRA) were used to run the AC and DC
techniques, respectively.

3. Results, analysis and discussion

3.1. Microstructural analysis of surface

Figure 2 displays FESEM micrographs of plasma and HVOF-coated samples before corrosion
testing. The top view image indicates a relatively dense, uniform, and crack-free coating
deposited on the substrate. However, the HVOF-coated samples have a semi-uniform surface
compared to the plasma-coated samples.

(a) Plasma {b) HVOF

Figure 2. FESEM of NiCoCrAlY-coated samples at different magnifications: (a) plasma and (b) HVOF.

A small amount of semi-molten and nonmolten particles is visible in the fully melted region
(Ni) area. The presence of semi-molten and nonmolten particles provides the coating with high
bonding strength and good wear resistance [34, 35]. A few pores appear in black in the
micrographs of both types of coating. The porosity size and Average number of porosity with
the HVOF method are greater than with plasma.

The coatings deposited by plasma spray (Figure 2a) exhibit the most visible defects. Shrinkage
of the molten droplets, as they splat onto the substrate and rapidly solidify, is one of the main
causes of porosity and visible defects in plasma spray coatings. Coatings deposited by HVOF
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(Figure 2b) feature the most desirable structure with minimal porosity, absence of cracks, and
a clean interface with the substrate. The finer pores within HVOF coating demonstrate the
superior compaction and deposition of particles during spraying. Also, HVOF coating has a
rough surface due to the overlap of different splats and the roughness of each single splat [36,
37].

X-ray diffraction patterns and EDX for NiCoCrAlY plasma and HVOEF-coated samples are
shown in Figure 3. According to the coated samples in Figure 3a and b, Only three phases
were detected y (Co, Ni, Cr), f(Co, Ni, Y)Al, and AL,O;. The morphology of the coatings consists
of single-phase splats separated by Al,Osveins as a result of the oxidation occurring in the
deposition process.
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Figure 3. X-ray diffraction patterns for NiCoCrAlY-coated samples with: (a) plasma and (b) HVOF.

Previous studied showed the samples that coated with NiCoCrAlY by vacuum plasma
coating(VPS) have high performance. Because it can provide good adhesion to the metallic
substrate with high density, while this method is more expensive rather than other techniques
of thermal spray coatings. For this reason, high-velocity oxygen fuel (HVOF) has a good option
for disposition of NiCoCrAlY alloys instead of VPS. However, existing the free oxygen in the
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combustion gas causes increasing homogeneity in the melted powders and remove Oxidation
particles, because they need high temperature. The aluminum and yttrium elements in the
metallic powder have high affinity with oxygen and are thus easily oxidized during thermal
spraying; consequently, the coatings have high oxide content [38-42].

3.2. Electrochemical corrosion analysis

The open circuit potential (OCP) of coated samples for day 3 and day 30 is shown in Fig-
ure 4. The plasma-coated sample (blue) shows the potential moved from -0.421 on day 3
toward noble regions to —0.341 at the end of that period, and the OCP of the HVOF-coated
sample (red) was more negative compared to the plasma-coated sample, with a change from
-0.305 on day 3 to -0.413 on day 30.

(b 3™ day experiments

Figure 4. Polarization curves (log I vs E) of NiCoCrAlY with plasma and HVOF methods for (a) 3rd day and (b) 30th
day experiment.

The charge transfer resistance R, was consistent with the OCP values from polarization
measurements and I, illustrated in Table 3. It can be seen that the R, for plasma-coated
samples changed from 11.735 to 10.098 kQ from day 3 to day 30, and for the HVOF-coated
samples, it changed from 12.193 to 8.242 kQ. The higher R, (EIS data) is due to the greater
resistance to charge transfer across the electrode-electrolyte interface, which is consistent with
the positive OCP result values belonging to the plasma-coated sample. From the computer
simulations for the plasma-coated sample, the R, (QR) circuit diagram accurately matches the
experimental data. Only one semicircle is observed in the Nyquist plot (Figure 5a and c).
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Day Plasma-coated sample HVOF-coated sample

Teond A (<107 Rei/kOhm Teonl A (<107 Re/kOhm
3 11.735 5.267 12193
6 11.380 5.326 11.871
9 11.034 5.635 10.714
12 10.784 4.897 11.341
15 10514 5593 10.891
18 10.321 5.772 10.462
21 10.989 5.829 9.843
24 10.679 6.084 9.245
27 10.364 6.203 8.884
30 10.098 6.289 8.242

Table 3. OCP, 1., and R¢/kOhm of NiCoCrAlY samples with plasma and HVOF coating methods in 3.5% NaCl

solution for 30 days.
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Figure 5. EIS of NiCoCrAlY plasma-coated samples. (a) Nyquist plot day 3, (b) Bode plot day 3, (c) Nyquist plot day

30, and (d) Bode plot day 30.

The Bode phase diagrams of the plasma-coated samples (Figure 5b and d) show one-phase
maxima, consistent with the presence of one semicircle in the Nyquist plots from Figure 5a
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and ¢ with R; (Q;R,) circuit. The R; (QR) circuit diagram accurately matches the start day of
the plasma-coated samples. Only one semicircle and one maximum phase were observed in
the Nyquist and Bode plots (Figure 5a and b). Figure 6a and b shows that the R, (QR) circuit
diagram accurately matches the experimental data at the beginning of measurement. Whereas
for the HVOF-coated samples, at the end of the period, the equivalent circuit R, (Q; [Ry(Q.R,)]
accurately fits the experimental data for HVOF coating, because two semicircles and maxima
phases were observed in the Nyquist and Bode plots (Figure 6c and d). The resistance between
RE and WE is the solution resistance R, which is in series with two time constants (parallel
arrangement of R and Q) that are also in series.
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Figure 6. EIS of NiCoCrAlY HVOF-coated samples. (a) Nyquist plot day 3, (b) Bode plot day 3, (c) Nyquist plot day 30,
and (d) Bode plot day 30.

It can be seen that the Nyquist plot (Figure 5¢) is a “depressed semi-circle” with the center of
the circle below the x-axis [43—45]. Q, is parallel to R;. Ris the polarization resistance of the
area at the substrate/coating interface where corrosion occurs. Also, Q, is in parallel with a
charge transfer resistor R,, corresponding to the pores on the coated layer surface. The main
reason for the higher R, of the plasma-coated sample than the HVOF-coated sample at the end
of the period is the presence of a bigger oxide layer on top of the plasma-coated samples that
protects the deposited layers from electrolyte penetration to the interface.

In these simulations, the plasma coating had higher charge transfer resistances, R, than the
HVOF coating due to the higher resistance against corrosion. The charge transfer resistance,
R, values for plasma and HVOF-coated samples are presented in Table 3.
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According to Table 3, the corrosion current density of plasma-coated samples increased from
5.683 x 10~ to 6.030 x 107 from day 3 to day 18, and then suddenly dropped to 5.436 x 10°A
on day 21. After that, it rose again up to 6.231 x 10°A on day 30. The corrosion current density
for HVOF-coated samples moved from 5.267 x 10~ to 5.635 x10° on day 3 to day 9, but suddenly
dropped to 4.897 x 10°A on day 12. From the middle of the period until the end, the current
density increased from 5.593 x 107 to 6.289 x 10°A. The decreasing amount of corrosion current
density related to the oxide layer created on top of the deposited layer protected the samples
from the corrosive environment. Therefore, the amount of R, over this period increased.

3.3. Microstructural analysis of corrosion

FESEM micrographs of both coated sample types after 30 days of immersion in crude oil and
seawater are shown in Figures 7 and 8. According to Figures 7a and 8a, when samples were
exposed to the oil environment, the corrosion rate on the coated samples’ surface was lower
than in NaCl electrolyte (seawater) solution. According to Figure 7, the amount of pitting
corrosion on the plasma samples was less than the HVOF samples, because there were fewer
fine holes produced than on the HVOF samples.

(a) Crude ol ' "~ (b) Seawater

Figure 7. FESEM micrographs of NiCoCrAlY plasma-coated sample surfaces after 30 days: (a) in crude oil and (b) in
seawater.

In Figure 8, the HVOF-coated samples corroded significantly after 30 days and large holes
appeared on their surface. This coating displayed evident crevices and pitting corrosion in the
microstructure containing intersplat porosity, that was detected on the top surface of HVOEF-
coated samples by previous studies [46, 47]. Also, the size and amount of corroded area inside
NaCl solution (seawater) is obviously greater than in the crude oil.

Regarding Figures 7 and 8, there is a big difference between the corroded and uncorroded
samples with the HVOF coating method in both environments, whereas in plasma-coated
samples, the difference between corroded and uncorroded samples is considerably less than
the HVOF method. However, both methods protected the substrate from corrosion.
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(a) Crude oil (b) Scawater

Figure 8. FESEM micrographs of NiCoCrAlY HVOF-coated sample surfaces after 30 days: (a) in crude oil and (b) in
seawater.

Generally, there are several factors affecting corrosion resistance, including adhesion force
between coating layer and substrate, cooling rate, generation of oxides and compounds, and
porosity [48, 49]. The NiCoCrAlY alloy has an excellent corrosion resistance and oxides
generated affect chemical stability, bond strength, and durability. As it has high adhesion to
the base metal and creates a dense oxide layer, it yields high durability [50].

4. Conclusion

Morphological, microstructural, and compositional analyses were performed for both coat-
ing methods in order to characterize the samples before and after the corrosion tests. The
characterization for seawater (3.5% NaCl) and crude oil after 30 days showed that both
methods can protect the substrate from corrosion, but the corrosion rate with HVOF is high-
er than with the plasma coating method. This result suggests that the potential impact of the
plasma thermal spraying process against a corrosive environment is better than that of
HVOF spraying systems. Therefore, from this chemical composition group, the plasma sam-
ples were chosen for corrosion resistivity.
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Abstract

This chapter includes some of the definitions of corrosion as important problem in many
industries. The main forms of corrosion have been discussed in this chapter which
depended on the appearance of corroded surface with some details of their mechanisms
and how can prevent them. This chapter reviews tribocorrosion and explains the
simplest method for tribocorrosion test by certain set-up using electrochemical test with
three electrodes. Tribocorrosion test is needs to special arrangement of cell to be
predicted which also has been mentioned in this chapter.

Keywords: tribocorrosion, corrosion forms, electrochemical test, wear rate

1. Introduction

Many materials such as metals and alloys, plastics, rubber, ceramics, composites, wood, etc.
haveawiderangeofapplicationsasaconstructional material, and the selection of anappropriate
material fora given applicationis theimportant. Generally, there areno general rules that govern
the choice of a material for a specific purpose, and a logical decision involves a consideration of
therelevant properties, ease of fabrication, availability, relative costs, etc. of a variety of materials;
frequently, the ultimate decision is determined by economics rather than by properties.

There are many properties that may be limited by the selection of the proper material, which
includes mechanical, physical and chemical properties. Mechanical and physical properties
can be expressed in terms of constants, while the chemical property is dependent on the
presented environmental conditions during service.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X IR
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The term corrosion of non-metallic materials refers to their deterioration by chemical media,
but a similar concept is not necessarily applicable to metals. Many authorities [1] consider that
the term metallic corrosion includes all interactions of a metal or an alloy with its environment.
Other definition of corrosion refers to the undesirable deterioration of a metal or an alloy. This
definition is also applicable to non-metallic materials such as glass, concrete, etc. [2].

On the other hand, Fontana and Staehle defined the term [3] ‘Corrosion’ as the reaction of
metals, glasses, ionic solids, polymeric solids and composites with its environments (such as
liquid metals, gases, non-aqueous electrolytes and other non-aqueous solutions) [4]. Vermilyea
defined corrosion as remove atoms or molecules from the material [5]. Finally, Evans defined
the corrosion as a chemical thermodynamic and kinetic process, causing the introduction of
electrochemical cells which deteriorate the lattice structure of a material [6].

2. Forms of corrosion

Corrosion forms can be classified according to the appearance of the corroded surface. This
classification identifies the corrosion failure as a corrosion form by visual inspection, either by
the naked eye or possibly by a magnifying glass or microscope. Since each form of corrosion
has its characteristic causes, important steps to a complete diagnosis of failure can often be
taken after a simple visual inspection [7].

On this basis, the following corrosion forms can be defined as follows:
1. Uniform (general) corrosion.

2.  Galvanic (two-metal) corrosion.

3. Thermogalvanic corrosion.

4. Crevice corrosion (including deposit corrosion).
5. Pitting, pitting corrosion.

6. Intergranular corrosion (including exfoliation).
7.  Selective attack, selective leaching (de-alloying).
8. Erosion corrosion.

9. Cavitation corrosion.

10. Fretting corrosion.

11. Stress corrosion cracking.

12. Corrosion fatigue.

A simple illustration of the various forms of corrosion is shown in Figure 1.
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Group I: Identifiable by visual inspection

Uniform corrosion Pitting

Crevice corrosion Galvanic corrosion

Group II: Identifiable with special inspection tools

Lo

z,

Group III: Identifiable by microscopic examination

Layer Plug
Exfoliation De!!ymg Stress corrosion Corrosion fatigue

cracking

Figure 1. Main forms of corrosion grouped by their ease of recognition.

2.1. Uniform (general) corrosion

By definition, attacks of this type are quite evenly distributed over the surface, and conse-
quently they lead to a relatively uniform thickness reduction. The necessary conditions for
uniform corrosion have already been presented. Homogeneous materials without a significant
passivation tendency in the actual environment are liable to this form of corrosion. The most
common form of corrosion is uniform corrosion, but it is not a dangerous type of attack due
to the following;:

a. By simple tests, we can predict the reduction in thickness and then we can add the
corrosion allowance.

b. Reducing the corrosion rate to acceptable level may be achieved by changing the envi-
ronment or material or applying coatings and cathodic protection.

2.2. Galvanic corrosion

This form of corrosion occurs with contact between a more noble metal and a less noble one
in the presence of an electrolyte, where the latter is oxidized and the other is reduced.

Galvanic corrosion can be prevented or made harmless in several ways:

1.  Select the proper material.

2. Using weld consumable is more noble than the base metal.

3. Avoiding the combination of a large area of cathode with a small area of anode.

4. Using insulation materials to insulate the parts in galvanic couples.
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5. Applying metallic coating on one of the materials similar to the other material.
6. Applying paints.

7. Using cathodic protection.

8. Adding corrosion inhibitors.

9. Preventing the access of humidity to be present between the contacted materials.

10. Avoiding electrolytic deposition of a more noble material on a less noble one.

2.3. Thermogalvanic corrosion

Thermogalvanic corrosion takes place when a material is subject to a temperature gradient in
a corrosive environment. The hot surface is the anode and the cold one the cathode (see
Figure 2) because of the anodic properties that are dependent on the temperature, as well as
the variation in temperature affects the cathodic reaction in corrosion process.

Anode Cathode

Hot Colc

Figure 2. Thermogalvanic corrosion.

This form of corrosion requires little information about the service conditions to distinguish
between thermogalvanic and other forms [7]. Thermogalvanic corrosion can be prevented by
several ways:

1. Selecting the proper design.
2. Avoiding uneven heating/cooling.
3. Checking the continuous insulation for heat-insulated pipes.

4. Applying cathodic protection or coatings.

2.4. Crevice corrosion

This form of corrosion concentrates in crevices that are sufficiently wide for liquid to penetrate
into it and sufficiently narrow for the liquid to be stagnant. This attack can be seen beneath
flange gaskets, paint-coating edges, nail and screw heads, tube plates in heat exchangers, in
overlap joints and between tubes, etc. Most materials undergo crevice corrosion that is passive
beforehand, or can easily be passivated such as stainless steels, aluminium, unalloyed or low
alloy steels in corrosive media containing chlorides and can also occur in other salt solutions.
This form of corrosion occurs in stagnant or slowly flowing seawater and even at higher
velocities too [7].
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A special form of crevice corrosion that can develop on steel, aluminium and magnesium
beneath a protecting film of lacquer, enamel, phosphate or metal is the so-called filiform
corrosion, which leads to a characteristic stripe pattern. It has been observed most frequently
in cans exposed to the atmosphere. Crevice corrosion is affected by several factors, of a
metallurgical, environmental, electrochemical, surface physical, and last but not least a
geometrical nature. One of the most important factors is the crevice gap.

Crevice corrosion can be prevented or reduced by several ways:
1. Selecting a proper material.
2. Avoiding crevices and deposition as far as possible.
3. Applying cathodic protection.
4. Measures for preventing deposition are as follows:
a. Inspection and cleaning during and between service periods.
b. Separation of solid material from flowing media in process plants.

¢.  Gravel filling around buried piping and structures.

2.5. Pitting corrosion

Pitting corrosion occurs on more or less passivated metals and alloys in environments
containing halogen ions. The characterization of pitting shows narrow pits with a radius of the
same order of magnitude as, or less than, the depth, and with different shapes of pits as
illustrated in Figure 3. This form of corrosion is dangerous because penetration can occur
without a clear warning in addition to difficult prediction of the pit growth.

WUW » W
-» LY
BEE "Lv.f‘”’

Figure 3. Different shapes of corrosion pits.
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Determining pitting corrosion in laboratory is difficult because it needs longer time for the pit
to be grown, for example, many months before the pits are visible in addition to the critical
size of the pit, that is, the maximum pit depth, which increases with increasing surface area.

Most materials liable to pitting are aluminium in environments containing chloride, stainless
steels in strongly oxidizing chloride solutions, and copper and its alloys in fresh water at pH
<7.4 and temperatures >60°C, and when the ratio of sulphate to carbonate is relatively high.

The mechanism of pitting consists of the following stages:
1. Local breakdown of passivity (pit nucleation).

2.  Early pit growth.

3. Late or stable pit growth.

4. Repassivation (if possible).

There are many theories to interpret the mechanism of pitting: some authors suggested that
pitting is initiated by the adsorption of halide ions that penetrate the passive film at weak points
of the oxide film, for example, at irregularities in the oxide structure due to grain boundaries
or inclusions in the metal. This absorption leads to strong increase of the ion conductivity in
the oxide film [7].

Other authors suggested that the initial adsorption of aggressive anions at the oxide surface
catalytically enhances the transfer of metal cations from the oxide to the electrolyte and then
local thinning of the oxide film can occur. A third theory suggests that the attacks may be start
at defects in the passive layer and then introduce.

The next stage proceeds essentially by the anodic dissolution inside the pit (at the bottom) and
the cathodic reaction outside the pit. Metal chlorides form at the bottom and then hydrolyze
to produce an acidic solution, which also may allow an additional cathodic reaction repre-
sented by the reduction of hydrogen ions. Metal cations from the dissolution reaction migrate
and diffuse toward the mouth of the pit where they react with OH ions to form metal
hydroxide deposits that may cover the pit.

There are many factors affecting pitting as follows:

a. pH and chloride concentration: the pitting potential and pitting resistance normally
increase with increasing pH and decreasing chloride concentration. The negative effect of
increased Cl concentration on the pitting potential E,, is of great significance. For an 18-8
CrNi steel, E, can be expressed by

E,=0.168—-0.0881/oga (1)

where ac- is the activity of chloride ions.

While for aluminium
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Ep =-0.504 - 0.124logaa, (2)

Flow velocity: this factor has a complex effect on corrosion rate. At high velocity, washing
away the corrosive environment in the pit can occur, butitisleads to increase the transport
of oxygen to the active area, so the pit may be passivated before it gets the chance to grow.
Then, the cover of pits washes away to a higher extent, and pit initiation in the neigh-
bourhood of an active pit occurs more easily. The result of this process is smaller but more
numerous pits, which makes pitting corrosion less serious.

The gravity force: heavy pitting occurs on horizontal top surfaces, while hard pitting
occurs on underside surfaces. Vertical surfaces are intermediate as to the extent of pitting
due to the higher density of corrosive environment in the pits.

Cu? and Fe** ions have more noble potentials that cause initiation of pit and acceleration
of pit growth.

Metallurgical properties: some impurities, inclusions and secondary phase participate in
the localization of pits on materials because they act as efficient cathodes.

The insulating ability of the oxide: the oxide layer plays a good role in slowing the growth
of pits if it has efficient insulation.

Surface roughness: the smooth surfaces get few, large pits while rough surfaces get
numerous smaller pits.

Temperature: pitting potential decreases with increasing temperature.

Galvanic contact: the tendency of pitting increases with contact to more noble material.

There are many methods to prevent pitting corrosion:

1.

Selecting a proper material such as aluminium alloys with magnesium (e.g. AIMg 4.5 Mn),
stainless steels with sufficient content of Cr, Ni and Mo, some Ni alloys and titanium.

Applying cathodic protection using sacrificial anodes of Zn or Al alloys.

Changing the environment.

2.6. Intergranular corrosion

Intergranular corrosion occurs on or at grain boundaries and it is a dangerous form of corrosion
due to decreasing of the cohesive forces between the grains and it cannot withstand tensile
stresses, followed by reducing the toughness of the material, and fracture can occur without
warning. Finally, the grains may fall out to form pits or grooves on the surface.

This form of corrosion is presented in the presence of galvanic elements in or at the grain
boundaries, which may be the impurities that segregate at the grain boundaries, larger amount
of a dissolved alloying element at the grain boundaries or smaller amount of a dissolved
alloying element at the grain boundaries.
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In most cases, the zone of less noble material in/at the grain boundaries acts as an anode and
the other parts of the surface form the cathode. But in some cases, precipitates at the grain
boundaries may be more noble than the bulk material and then they act as efficient local
cathodes [7].

2.7. Selective corrosion (selective leaching)

This form of corrosion occurs in alloys that contain clearly less noble metal than the other. In
this attack, the less noble element is removed from the material leaving a porous material with
very low strength and ductility. The selectively corroded areas are sometimes covered with
corrosion products or other deposits and it is difficult to be discovered. Serious material failure
may therefore occur without warning. The most common example of selective corrosion is
dezincification of brass (Figure 4), which occurs by removing the zinc from the alloy and
retaining the copper. The Zn-depleted regions have a characteristically red copper colour in
contrast to the original yellow brass. Dezincification occurs in two forms:

a. Uniform dezincification which occurs in the presence of high Zn content and acidic
solutions.

b. Localized dezincification which occurs in the presence of lower Zn content and in neutral,
alkaline and slightly acidic solutions.

/ Red copper color \

\ Yellow brass color /

Figure 4. (a) Uniform dezincification and (b) Localized dezincification of brass.

The dezincification increases with increasing Zn content and temperature and is promoted by
a stagnant solution, porous surface layers and oxygen in the corrosive medium.

2.8. Erosion and abrasion corrosion

Erosion corrosion occurs in metallic material immersed in corrosive fluid with a relative
movement between the material and medium by wearing of the corrosion products, deposits
or salt precipitates, which lead to the metallic surface being metallically clean and more active.
Erosion corrosion accompanies with pure mechanical erosion, by tearing out the solid particles
in the fluid and causing plastic deformation and leaving grooves or pits with a pattern
determined by the flow direction and the local flow conditions. The corrosive fluid in erosion
may be two-phase or multiphase flow, that is, liquid-gas and liquid-solid particle flow. This
form of corrosion takes place in pumps, turbine parts, propellers, valves, heat exchanger tubes,
bends, nozzles and equipment exposed to liquid sputter or jets [8].
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The mechanism of erosion and abrasion corrosion can be divided into three types:

a. Impingement corrosion which occurs in two-phase or multiphase flow as shown in
Figure 5a.

b. Turbulence corrosion which occurs in the regions of strong turbulence such as the inlet
end of heat exchanger tubes as shown in Figure 5b.

¢.  Removal of corrosion products leads to increase in corrosion by wearing the particles
moving along the corroding surface, or by wearing between components in moving
contacts with each other.

{a) [1=3]
Figure 5. Type of erosion: (a) Impingement and (b) turbulence corrosion (nest).

In some cases, deposits may also be removed by high shear stresses. The shear stresses may
vary considerably as a consequence of flow fluctuations or repeated impacts. The pure erosion
rate can be expressed by the following formula:

W (mm/y)=K, *K_ xcxv"x f(B) 3)

where K, is a material factor depending on a complex manner on (among other properties)
hardness and ductility of the substrate, K., is an environmental factor that includes the effects
of size, shape (sharpness), density and hardness of the particles, ¢ is the concentration of
particles, n is the so-called velocity exponent, v is the particle velocity and B the impact angle.
This equation is very useful in connection with erosion testing in the laboratory [7].

2.9. Cavitation corrosion

This corrosion form is similar to erosion corrosion and its appearance is deep pits grown
perpendicularly to the surface. These pits localize close to each other or grow together over
smaller or larger areas to produce a rough and spongy surface.

Cavitation corrosion occurs at high-flow velocities and fluid dynamic conditions causing large
pressure variations, as often is the case for water turbines, pump rotors, propellers and the
external surface of wet cylinder linings in diesel engines. The mechanism starts by rapidly
collapsing vapour bubbles formed in low-pressure zones when they suddenly enter a high-
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pressure zone. This collapse causes a concentrated and intense impact against the metal, which
induces the high local stress and then local plastic deformation of the material can occur.
Repeating these steps leads to microscopic fatigue and crack formation, and subsequent
removal of particles from the material itself.

2.10. Fretting corrosion (fretting oxidation)

Fretting corrosion occurs in fitting components in the presence of slightly relative motion (slip)
between them. This motion may be ranged from less than a nanometre to several micrometres.
This form of corrosion takes place in joints, press fits, and other components which subjected
to load.

The fretting corrosion involves mechanical contribution including elements of adhesive wear
and microscopic fatigue crack development, and then delamination in metal lattice can occur.
The formed debris adheres to the fretting surfaces and tappers between these, and may partly
escape [7].

The mechanism of fretting corrosion proposes that the relative motion between the parts may
promote oxidation of the surface. This formed oxide film is partly worn off, and the fresh metal
surface is highly active and oxidizes again. The repeating of this circular process leads to
fretting damage. Another explanation is that, firstly, metal particles are released from the metal
surface by adhesive wear, and then the particles oxidize forming debris, which moves out from
the interfacial area between the components. Repeating of this process leads to deterioration
at a high rate.

Fretting corrosion may be reduced or prevented by the following:

1. Useoflubricants, gaskets or sealing materials, which hinder the access of oxygen and then
decrease adhesive wear.

2. Using proper and hard materials in components.

3. Appling coating on soft material.

2.11. Stress corrosion cracking

Stress corrosion cracking occurs by crack formation caused by static tensile stresses and
corrosion. This stresses may be formed by external or internal stresses. The initial crack is
discoloured and brittle, dull or darkened by oxide layers, and the crack may be discovered as
a pit being narrow, and filled or covered by corrosion products. The factors affecting stress
corrosion cracking are as follows:

1. Environmental and electrochemical factors.
2. Metallurgical factors.
3. Mechanical stress and strain.

Stress corrosion cracking can be prevented by affecting one or more of the above factors as
follows:
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Selecting the right material.
b. Achieve annealing to remove residual stresses in materials to below the threshold values.
c¢. Changing the environment to be less corrosive.
d. Appling cathodic protection by sacrificial anodes.

e. Adding corrosion inhibitors.

2.12. Corrosion fatigue

Corrosion fatigue is crack formation due to varying stresses combined with corrosion. The
crack development can be divided into four stages:

1. Initiation.

2. Crack growth stage I, with crack growth direction about 45° relative to the tensile stress
direction.

3. Crack growth stage II.

4. Fast fracture as shown in Figure 6.

Initiation

L4

Stage I Crack

Stage Il CracH growth

Final fracture

Figure 6. The stages of development of a fatigue fracture.

The mechanism of corrosion fatigue follows the following steps:

i Stress concentrations in certain site lead to form corrosion pit and groove.
ii. Mutual acceleration of corrosion and mechanical deterioration.
iii. Absorption and adsorption of species from the environment, including absorption of

hydrogen and resulting embrittlement.

3. Tribocorrosion

Tribocorrosion is a material degradation resulting from simultaneous action of wear and
corrosion. Under these conditions, the material selection is a challenge since the material has
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to effectively withstand wear, corrosion and their combined effect. The importance of tribology
and tribocorrosion is to know the equipment failure due to wear and corrosion. Potential
financial savings in the industry by reduction in maintenance, downtime, breakdowns and
replacement of equipment are considerable [8-10].

Application of good practices and known tribological principles can save industry and society
from this cost. Research within tribology contributes thereby to an increase in efficiency and
availability of production processes, longer lifetime of equipment and safer operation [9-11].

Wear and friction together with lubrication form the scientific discipline called ‘tribology’. A
major area of tribology is to design surfaces sliding and rolling against each other in such a
way that friction and wear are minimized. By reducing friction and wear, many benefits, both
economical and environmental, can be achieved in several technological fields of application.
When developing technical equipment, the choice of material for a certain detail is often a
compromise. Usually, it is not possible to optimize all material properties (mechanical,
tribological, electrical and chemical) at the same time. The best material choice with respect to
one property might not be possible to use due to poor performance with respect to another
property [9, 10].

Sometimes the application of any material needs to knowledge about the surface of the
component. For instance, low wear and low friction are mainly controlled by the surface
properties. An elegant way to achieve this can be to use a material with poor tribological
performance but otherwise optimal properties, for example, high toughness, low weight or
low price, as base material and coat it with a thin layer of a wear resistant material with low
friction coefficient.

Wear is very complex phenomenon and usually involved progressive loss of material. Wear
processes can be categorized into five main forms:

Abrasion Wear: The definition of abrasion wear is produced by a hard/sharp particle or
protuberance imposed on and moving on a softer surface.

Adhesion Wear: It is defined as localized bonding between contacting solids leading to
material transfer or loss from either contacting surface.

Corrosion Wear: Corrosive wear occurs when the sliding of surfaces is in corrosive environ-
ment. This wear action generally takes place in two stages. First, there is corrosive attack on
the surface. Then, the sliding action wears off the corroded surface film.

Surface fatigue: Contacts between asperities with very high local stress that are repeated a
large number of times during sliding or rolling, with or without lubrication. High plastic
deformation causes crack initiation, crack growth and fracture.

Erosion Wear: As illustrated in previous section, the erosion is referred to the continuous loss
of a solid surface due to mechanical interaction between the surface and a fluid, which may be
a multiphase fluid or impinging solid or liquid particles.

Accurate prediction of the rate of erosion requires detailed investigation of the solid particle
motion before and after impact. The difficulty arises mainly from the fact that most flows
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occurring in industrial processes are turbulent, which makes the particle path and impact
characteristics difficult to predict [12].

4, Measurement of corrosion under normal conditions

The exposure of material to corrosive medium leads to reduction in weight or thickness of
material. This reduction in weight or thickness refers to corrosion rate measurement. The
common expression of this loss is mils per year (mpy), inches per year (ipy) and milligrams
per square decimeter per day (mdd). Conversion of ipy to mdd or vice versa requires knowl-
edge of the metal density.

To determine the corrosion rate, a specimen with known surface area is exposed to the corrosive
environment for a period of time and then the loss in weight has been determined by the
weighting of corroded specimen. The corrosion rate (C.R.) of the metal can be calculated using
the formula:

CR. = A—W_(mdd,gmd. L) (4)
area . time

22.237AW
C.R.(mpy) =
(mpy) density . area . time ©®)

where AW is in grams, density in g.cm™, area in inch? and time in days, and then weight loss
to penetration loss can be converted by the following relation:

1.44
CR,,, A =—CR
) = Gomsigy 0 (6)
According to Faraday’s law:
nFWw
= 7
0="" W

where Q is the charge passed (Coulombs), n is the number of electrons involved in the
electrochemical reaction, F is Faraday constant, W is the weight of electroactive species (g) and
M is the molecular weight (g).
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CR|—|=—"=— 11
( s j dFA (1)
i(B.W.)x31.6x6x10°x10°
C.R. =
(xmpy) dFAx2.5x10° (12)
0.13 xi__(E.W.
CR (mpy) = 42 e B2 (13)

where mpy is milliinches per year, i, is the corrosion current density (nA.cm™), E.-W. is the
equivalent weight of the corroding species (g) and d is the density of the corroding species

(g.cm™).

Working

electrode

Reference electrode

Figure 7. Arrangement of electrodes in corrosion test.
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The most exact method to determine corrosion rate is achieved using Potentiostat. This device
controls the voltage difference between a working electrode and a reference electrode. Three
electrodes used in this method include an auxiliary electrode (such as Pt and Graphite) to inject
the current into the cell, and then the current flow will be recorded by Potentiostat, another
electrode is a reference electrode (such as Calomel and Ag/AgCl) to measure the potential of
a specimen, which represents the third electrode as working electrode. These three electrodes
are arranged as in Figure 7, which are connected to Potentiostat. This arrangement is obtained
using electrochemical cell as in Figure 8.

Figure 8. Standard electrochemical cells.

4.1. Measurement of corrosion potential (E_,,)

The potential of the specimen (working electrode) is measured with respect to a reference
electrode, which is kept in a separate container and connected electrically with the working
electrode placed in a container in contact with the electrolyte via a salt bridge (Luggin). The
potential of the working electrode is measured by a voltmeter, which is connected between the
working and the reference electrode through the negative terminal of the voltmeter connected
to the working electrode and the positive to the reference electrode. The corrosion potential is
also referred to as the open-circuit potential (OCP) as the metal surface corrodes freely and it
is called mixed corrosion potential. After applying voltages with +200 mV around OCP, we
can get polarization behaviour of working electrode in environment, which is immersed in it.
The obtained polarization is the behaviour of the material in active region only, and by drawing
the tangents to the anodic and cathodic curves, both the corrosion current density (i) and
corrosion potential (E,.,) can be determined (which is extrapolated to the point of intersection)
using the four-point method [13].

4.2. Measurement of corrosion current density (i)

When applying the voltages on working electrode through Potentiostat, the current of working
electrode can be recorded by auxiliary electrode through ammeter, which is connected between
the working and auxiliary (counter) electrode.
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The anodic polarization is tended in the noble direction starting from the OCP and the
overpotential is positive, since the polarized potential is more positive than the equilibrium
potential. The cathodic polarization has a small overpotential and is tended in the active
direction; however, at a sufficiently large overpotential, only one reaction, either anodic or
cathodic, takes place depending on which direction the potential is impressed [13].

When a metal is corroded in its environment, the anodic process (represented by oxidation
reaction) intersects the cathodic process (represented by reduction reaction) at the corrosion
potential (E.,,). The current corresponding to i, is the corrosion current density (i), which
can be determined from the intersection with X-axis.

corr.

4.3. Determination of corrosion rate by electrochemical measurements

4.3.1. Tafel extrapolation method

When the polarization curves for the anodic and cathodic reactions are obtained by applying
potentials about +200 mV around OCP, the corrosion potential and THE corresponding current
will be recorded. Plotting the logarithms of current (log I) versus potential and extrapolating
the currents in the two Tafel regions gives the corrosion potential and the corrosion current
density i, and this is the principle of Tafel technique as illustrated in Figure 9. By knowing
i the rate of corrosion can be calculated in desired units by using Faraday’s law [13].

Nobled

Catkadie Tafeltap

Log current density

Figure 9. A hypothetical Tafel plot.

4.3.2. Polarization resistance (linear polarization) method

In this technique, the potential-current density plot gives approximately linear in a region of
within #10 mV of the corrosion potential with slope represented by (AE)/(AI). When both
anodic and cathodic reactions proceed in the vicinity of corrosion potential (E.,.), they are
exponentially dependent upon the applied potential. Over a small potential range (20 mV),
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the exponents are linearized and an approximate linear potential-current relationship is
obtained [13].

Polarization resistance (R;) of a corroding metal is defined using Ohm’s law as the slope of a
potential (E) versus current density (log i) plot at the corrosion potential (E,). Here, R, =
(AE)/(Al) at AE = 0. By measuring this slope, the rate of corrosion can be measured. The
correlation between i, and slope (dI)/(dE) is given by (Figure 10):

B>

E b,b,

Al 230 (b,+b) (14)

where ba and bc are Tafel slopes.

V[ Cathedie farreat Lensty

Figure 10. Hypothetical linear polarization plot.

5. Tribocorrosion test principle

Tribocorrosion test can be achieved depending on the basic principles of electrochemical test
using Potentiostat. This technique requires three electrodes: counter, reference and working
electrode. The working electrode (experimental specimen) is mounted as O-ring with a known
surface area, which is exposed to the electrolyte (see Figures 11 and 12).

Tribocorrosion test is achieved by applying a known force on a pin, or a ball, in contact with
the surface of specimen to create the wear, and then OCP, linear polarization and cyclic
polarization can be recorded in situ. The wear rate of the material calculates from the volume
lost.
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Figure 12. Tribocorrosion module of the pin-on-disk tribometer.

5.1. Tribocorrosion test at open-circuit potential

Using three-electrode cell as illustrated in Figure 11, a platinum wire, a Ag/AgCl, NaCl (sat)
and mounted specimen with Tribometer are used. After applying the force on material surface,
OCP can be recorded beyond maintaining the specimen in the electrolyte for 1 h to obtain a
stable OCP, followed by the tribocorrosion test for 10 min (1000 cycles). After the wear process,
the sample was kept in the solution for another 10 min to allow surface repassivation. Dry wear
tests must be performed at the same condition for comparison.

5.2. Tribocorrosion test at controlled potentials

Cathodic and anodic polarization conditions are carried out after OCP test by changing the
applied potentials +200 mV around OCP to show the acceleration of corrosion process by wear.
The evolution of the current was monitored before, during and after the wear process. The
wear rate, K, was evaluated using the formula:

V4
“Fxs P (15)
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where V is the worn volume, F is the normal load, s is the sliding distance, A is the cross-section
area of the wear track and n is the number of revolution.

The set-up of simultaneous measurements of wear and electrochemical parameters (open-
circuit potential) is shown in Figure 13.

T-sensor | |

Potentiostat

wai |

Tribocorrosion cell

Figure 13. Schematic tribocorrosion test, WE: working electrode, RE: reference electrode and CE: auxiliary (counter)
electrode.

5.3. Tribocorrosion tests at anodic/cathodic potential

In order to further emphasize and demonstrate the contribution of corrosion in tribocorrosion,
the tribocorrosion tests are performed at anodic/cathodic potentials. The synergistic effect of
severe corrosion and wear leads to the formation of a substantially larger wear track. By
contrast, the tribocorrosion test that performs at a cathodic potential exhibits a lower wear rate
showing the importance of corrosion suppression for tribocorrosion protection.

The tribocorrosion studies take a wide range of researches due to wide applications in a variety
of industries, such as mining, food, oil, automotive, offshore marine, nuclear and biomedical.
Tribocorrosion is a surface degradation process resulting from simultaneous tribological and
electrochemical actions in a corrosive environment (Wood, Landolt, Stack and Mischler). Mathew
et al. highlighted the study tribocorrosion behaviour of Ti,Al,V coated with a bioabsorbable
polymer for biomedical applications to predict OCP of Ti,ALLV immersed in artificial saliva
solution at 37°C in contact with Al,O, in addition to evaluate the coefficient of friction [14].
Mathew et al. in another study highlighted tribocorrosion in the hip joint [15]. These studies
confirm the importance of tribocorrosion tests.

These studies cannot be predicted from the knowledge of wear and corrosion of the material
because tribocorrosion can accelerate the mass loss in synergistic effects of wear and corrosion.
The degradation of materials can cause tribocorrosion and affect the friction, wear and
lubrication behaviour of the materials [16]. According to ASTM G 119, wear and corrosion
form a synergistic couple:
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T=W,+C,+S (16)

where T is the rate of total material loss due to tribocorrosion, W, is the rate of mechanical
wear in the absence of corrosive agent, C, is the rate of corrosion in the absence of mechanical
agent and S is the change in the rate of material loss due to wear-corrosion synergy.

To obtain synergy (S), the following tests are performed: Test 1: electrochemical polarization
to find corrosion potential (E,) and corrosion current (i) to calculate C,. Test 2: wear test in
corrosive environment, no external potential or electrical current to obtain T. Test 3: repeat Test
2 to obtain electrochemical corrosion rate in the presence of wear (Cy) and Test 4: repeat Test
2 with a potential of 1 V cathodic to E.,,, to obtain W,,.

S=ACy +AW, (17)
ACy, = C, -C, (18)
AW, =T-(W +Cy) (19)
Total synergism factor = ———
ynerg T=79)
Cw
Corrosion augmentation factor = ——
o
W+ AWC
Wear augmentation factor = —

(0]

6. Conclusion

* Corrosion is an important problem in many industries, so it is necessary to know how one
can discover this problem before the failure can occur.

* There are some difficulties to discover many types of corrosion because the appearance of
metallic surface may be covered by corrosion products; therefore, it is necessary to know
some details about service conditions.

* Tribocorrosion is a dangerous form of corrosion because it leads to reduction in material
surface and then the failure can occur without clear warning.

* The prediction of tribocorrosion rate needs some requirements to be accurate and then using
some methods to reduce it or continuously monitor it.
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Chapter 6

Biotribology of Artificial Hip Joints

Binnur Sagbas

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64488

Abstract

Tribology is the science of interacting surfaces; when these surfaces are in a biological
system, it is called as biotribology. With the increasing rate of joint replacement
operations and need for artificial prosthesis, biotribology is becoming a very important
and rapidly growing branch of tribology. Based on this fact, in this chapter, basic
tribological concepts are presented in terms of friction, lubrication, and wear; then with
these fundamental backgrounds the biotribological behavior of natural and artificial hip
joints are discussed in detail. Moreover, material pairs that are used in artificial joint
replacements and the application of surface modification for the enhancement of the
tribological properties of these materials are handled. Furthermore, the determination
of tribological behavior of joint materials such as wear, coefficient of friction, friction
torque, and frictional heating by using conventional techniques and hip joint simulator
are discussed. Finally, the measurement and analysis of wear in both retrieved
prosthesis and experimental studies are discussed referring the latest research articles.

Keywords: hip joints, friction, wear, biotribology

1. Introduction

The term tribology, which is derived from Greek words tribos meaning rubbing and friction
and logos meaning science, was first used in the Jost Report in 1966 [1]. It is the science of
interacting surfaces and includes the subjects such as friction, lubrication, and wear. Tribology
is multidisciplinary science that encompasses mechanical engineering, materials science,
surface engineering (surface coating, surface modification, and surface topography analysis),
lubricants, and additives chemistry [1]. Nanotribology is the area in which friction and wear
are studied at the micro- and nanoscale levels. The term biotribolgy is used when the
interacting surfaces are a part of a human body or an animal such as total hip and knee joints.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) X N
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It was first used by Dowson in 1970 and was explained as tribology in biological systems
such as skin, hair, eyes, synovial joints, spine, and oral tribology [2].

Artificial prosthesis is replaced with natural parts of the hip joints when these natural parts
lose their functionalities because of osteoarthritic and traumatic situations. Different material
pairs such as metal-metal, ceramic-ceramic, ceramic-polymer, and metal-polymer have been
used for artificial femoral head and acetabular insert. Service life of these joint parts is restricted
because of the tribological deficiency in the joint materials. Lubrication regimes, wear debris,
friction coefficient, and frictional heating are the primary factors that affect the implant
durability. Wear debris leads to adverse tissue reactions that cause aseptic loosening of the
components and finally leads to implant loss [2]. Frictional heating may cause property
changes in sliding materials, tissue damage, and changes in lubricant properties such as
protein precipitation especially in the biotribological zone.

The measurement, characterization, and analysis of the biotribological properties of artificial
hip joints are vitally important for developing long durable joint replacements. Radiographic,
gravimetric, volumetric, and optical techniques are the current methods for measuring and
evaluating wear in the total joint replacement components. For surface characterization, optical
and laser profilometry, white light interferometry, and digital microscopy are the prominent
methods that can be applied both macroscopically and microscopically for characterizing
damage modes such as burnishing, abrasion, scratching, pitting, plastic deformation, fracture,
fatigue damage, and embedded debris.

Although the researches have been conducted for determining the wear behavior of the total
joint replacements in order to improve design, material and manufacturing quality, and the
service life of these joints, the phenomena of how to design wear-resistant artificial joint parts
and select ideal material pairs for these kinds of replacements are still unknown. Therefore,
the examination of friction and wear characteristics of prosthesis material pairs, both for in
vivo clinical applications and in vitro laboratory simulations, is still one of the most important
topics for researchers [3-7]. This chapter describes how to handle biotribological behavior of
natural and artificial hip joints in terms of friction, lubrication, wear, frictional heating, and
wear evaluation referring the basic tribological rules and the latest research articles.

2. Basic concepts of tribology

Handbooks define tribology as the science and technology of interacting surfaces in relative
motion with all practices. Basically, tribology deals with the study of friction, lubrication, and
wear phenomenon that can be explained with a series of engineering subjects such as me-
chanics, solid mechanics, fluid mechanics, physics, applied mathematics, rheology, machine
design lubricant chemistry, material science, thermodynamics, and heat transfer [8-12].

Tribology is vitally important for any national and global economy. It causes large amount of
energy loss, material waste, time loss, labor loss, etc. [13]. For instance, early wear of an
acetabular insert of artificial hip joint means revision surgery that takes time of surgeons and
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causes waste of materials. Furthermore, new surgery means pain for patients who need rest
after the surgery. Therefore, it reduces life quality and causes labor loss. Tribological problems,
both in industrial and biological areas, cause enormous cost to global economy and waste of
natural resources, as well as affect the social system. Therefore, understanding tribology in
terms of friction, lubrication, and wear is crucial for the development of wear-resistant
materials and designs.

In this section, the basic concepts of tribology such as friction, lubrication, and wear are
summarized for better understanding of biotribology in hip joints.

2.1. Friction

Friction is generally explained as the resistance to relative motion between articulating
surfaces [13, 14]. It is the main cause of wear and energy loss [13]. An energy input is provided
for the motion of sliding surfaces and maintaining the motion. This energy is dissipated into
the system, mainly as frictional heat that causes property changes in sliding materials [14],
tissue damage, and changes in lubricant properties such as protein precipitation especially in
the biotribological zone.

A deep understanding of friction and wear processes first requires the investigation of the
influence of numerous effects accompanying the friction process, i.e., mechanical, electrical,
hydroacoustic, physicochemical, and other effects, and their influence on physicochemical
properties, structure of working surfaces, etc. [15]. Friction is generally classified as static
friction, sliding friction, and rolling friction (see Figure 1).

No motion

Figure 1. Scheme of friction force and motion.

In static friction, there isno motion [14, 16]. To slide a contacting body over another, a tangential
force must be overcome which is named as friction force (F). It acts on the sliding surface plane
and is usually proportional to the normal force (N) [14]:

F=u-N (1)

The proportionality constant termed as the coefficient of friction (u) is used for quantifying
sliding or kinetic friction, and it is defined as the ratio between the friction force F and the
normal load N:
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The coefficient of friction generally ranges from 0.03 for well-lubricated bearing to 1 for dry
sliding [14, 16]. These values change according to operating parameters, such as sliding speed,
applied load or contact pressure, temperature, presence of lubricant, and the properties of
materials in contact such as surface roughness of sliding pairs [17].

For comfortable walking, the coefficient of friction must be 0.2-0.3; on ice walking, the y-value
between shoe and ice pair nearly becomes 0.05. In a synovial joint, with the very efficient
natural lubrication, the coefficient of friction is 0.02 [14].

Surfaces are not perfect at the microscopic level. Peaks, valleys, asperities, and depressions can
be seen at high magnification even on the best polished surface (see Figure 2) [16]. When these
two surfaces are brought together, they touch from the tips of the surface asperities. At that
point, adhesion or cold welding, which generally refers to resistance to separating bodies from
each other, may occur, and plastic deformation may take place on a very local scale. To start
the sliding motion, these formations must be broken by the friction force. The main contribu-
tion to friction action is extended by adhesion and deformation, but additional contributions
may occur, such as wear debris, presence of oxides, or adsorbed films [8, 14].

Figure 2. Microscopic detail of a real surface contact.

2.2. Lubrication

The main purpose of using lubricant is reducing the effect of normal and shear stresses on the
solid surface contact [17]. Lubrication is one of the most effective ways of minimizing friction
and delaying wear. Unfortunately, it is not the exact solution of the wear because wear occurs
even with lubrication. Especially abrasive wear and delamination problem may occur under
lubricated conditions [14].

Different types of lubrication regimes may arise between the sliding surfaces. In all lubricating
modes, the surfaces are separated by a solid, a semisolid, a pressurized liquid, or the gaseous
form of a lubricating film. Dry-film (solid-film) lubrication is a system in which a coating of solid-
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state lubricant separates the sliding surfaces and the lubricant itself wears away. Boundary
lubrication is the regime in which the interacting surfaces react with the lubricant components.
Each surface is covered by a chemically bonded fluid or a semisolid film that may or may not
separate opposing surfaces. In thin-film lubrication, the lubricant usually is not bonded to the
surfaces and it does not separate sliding surfaces. Moreover, lubricant viscosity affects friction
and wear. In fluid-film lubrication, the sliding surfaces are separated by a fluid film and the
physical properties of the lubricant such as viscosity and pressure viscosity designate the
performance of the lubricated surfaces. This lubrication regime can be divided into two
subcategories such as hydrodynamic lubrication and elastohydrodynamic lubrication.
Hydrodynamic lubrication is a regime in which the formation of the fluid film depends on the
shape and relative motion of the sliding surfaces with sufficient pressure for separating the
surfaces [8, 14]. For the mathematical explanation of hydrodynamic lubrication, an equation
derived by Reynolds known as the “Reynolds equation" is used [13]. In elastohydrodynamic
lubrication, friction and film thickness between the sliding surfaces are defined by the elastic
properties of the contacting bodies. Although fluid-film lubrication is a desired regime, the
boundary lubrication cannot be avoided. Boundary lubrication occurs during starting up and
stopping stages of the motion [12]. In mixed lubrication, boundary and the fluid film lubricated
regions are considered simultaneously [18].

To minimize the friction and wear of the sliding surfaces, understanding and determining
lubrication mechanism are very important tools for the optimization of the bearing materials
and geometries, both in engineering system and artificial joints. For the theoretical prediction
of the lubrication regime, some classical engineering methods can be applied to artificial joints
[11]. At that point, it is necessary to provide some basic information about geometrical and
surface features of hip joint. Joints in a human body may be classified anatomically and
physiologically such as plane, ball-in-socket, ellipsoid, hinge, condylar, pivot, and saddle [19].
Hip joint is considered as ball-in-socket geometry where contacting surfaces fit together. In
theoretical calculations sometimes ball-on-plane equivalent configuration may be used for
simplifying the geometry. In ball-in-socket types of geometries, contacting bodies have same
diameters but with a clearance between the elements for suitable fit of the bodies and tribo-
logical reasons. Ry,q, Reypr @and ¢ = Ry, = Ryeoq T€present the femoral head radii, acetabular cup
radii, and radial clearance, respectively. Another important parameter of sliding bodies is the
average surface roughness R, of the frictional surfaces. It is relevant for the determination of
the lubrication regime [3], Schematic drawing of relation between the surface roughness and
the film thickness can be seen in Figure (Figure 3).

Boundary Lubrication Mixed Film Lubrication Full Film Lubrication

Figure 3. Schematic drawing of relation between the surface roughness and the film thickness.
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The parameter A, which is the ratio between the minimum film thickness h,,;, and the composite
roughness of the sliding surfaces R, is generally used for determining the distance between
the sliding surface asperities [16]:

l — ""min hmin
=, = 172 3
R[’ |:(1eahcad)2 + (Racup)21| ( )

With the evaluation of A, the lubrication regime can be identified in the following ranges [3]:
0.1 <A <1: boundary lubrication,

1< A <3: mixed lubrication, and

A > 3: full film lubrication.

The precision measurement of surface roughness for both femoral head and acetabular cup is
important for the accurate determination of A.

For the determination of film thickness, the following equation formulated for engineering can

be used [11]:
0.65 -0.21
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where R'is the equivalent radius that depends on the femoral head radius R, . ; and the radial

h
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In the ball-on-plane equivalent configuration, the entraining velocity (1) can be calculated from
the angular velocity of the femoral head (w):

u= head (6)

The equivalent elastic modulus (E’) can be determined by following equation:
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where Ey 4 Vy g and E are the Young’s modulus and Poisson ratio of the femoral

cup’ chp
head and acetabular cup material, respectively [3].

For the prediction of lubrication between the femoral head and acetabular cup bearing surfaces
and its effect on friction, generated during articulation, the Stribeck diagram can be used (see
Figure 4). In this diagram, the relation between the lubrication and friction is commonly
illustrated [9, 11, 14, 20]

z=Tr ®

where z is the Sommerfeld number, 7 is the lubricant viscosity, u is the sliding speed, r is the
radius, and W is the load.

Traditionally, the Stribeck curve is divided into three regions. Boundary lubrication is seen
when the thickness of the lubricating film is less than or equal to the average surface roughness
of the articulating surfaces. When the thickness of the lubrication film increases, a transition
stage, called mixed lubrication, is generated. The articulating surfaces are separated from each
other while in contact with some asperities, and the combination of the fluid film and boundary
lubrication can be seen in this regime. Full fluid film lubrication occurs with the continuous
decrease in the friction coefficient, and the articulating surfaces are completely separated [9,
16].

Mixed +  Hydrodynamic
Lubrication * *  Lubrication

Friction Factor

Boundary Lubrication
Elastohydrodynamic

Lubrication

Sommerfeld Number z
(viscosity x sliding speed x radius/load)

Figure 4. The Stribeck curve.

2.3. Wear

Wear is defined as the progressive loss of material from the surface of abody [18]. Itis a complex
phenomenon that involves multifarious events in a wildly unpredictable manner [10].
Numerous types of wear have already been defined in different studies related to tribology.
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Although it is difficult to classify wear types without considering mating materials, for a
general classification wear can be divided into five different groups, such as abrasive, adhesive,
surface fatigue, erosive, and corrosive [11].

Abrasive wear is generally categorized according to contact types of the surfaces such as two-
body and three-body wear. When the asperities of the harder surface abrade the softer one, it
is called as two-body abrasion. If there are hard particles trapped between surfaces and abrade
one or both of the surfaces, it is known as three-body abrasion [14]. Adhesive wear occurs due
to high local friction that leads to tearing and fracture. This type of wear is generally defined
as transfer of material from one surface to another during relative motion. The particles, broken
away from one surface, may attach to another surface and act as an abrasive. This kind of wear
may be seen between ceramic, polymers, and metallic material pairs or their combinations [9,
14, 17]. Corrosive wear is the wear that contains both mechanical wear and chemical reaction in
which metal ions are released [9]. Besides the chemical and electrochemical reactions, envi-
ronmental conditions govern the oxidative wear [11]. Fatigue wear is the displacement of the
particles from the microscopic contact area of material surface by cyclic loading. It may lead
to the generation of debris from the surface or cracks’ propagation into the bulk material [11,
17]. Erosive wear is the loss of surface layer of the material caused by hard particles attacking
to the surface. The attacking particles may be in solid, liquid, or slurry form. This type of wear
may involve plastic deformation and brittle fracture. Erosive wear is similar to abrasive wear
and generally be confused with it, but there is a definite distinction between erosive and
abrasive wear. In erosive wear, the force is transferred to the surface by the particles due to
their slowing down, while in abrasive wear, the force is externally applied. This kind of wear
is not common in hip joints [8, 14].

3. Biotribology in hip joints

Biotribology is one of the newest and popular term dealing with friction, wear, and lubrication
of interacting surfaces in a human or an animal body, while tribology is the study about these
phenomena in engineering systems. Synovial joints, spine, skin, eyes, hair, and oral tribology
are some examples of biotribological systems [21]. Because biotribology contains all tribolog-
ical activities in these complex and natural biological systems, it is interdisciplinary like
tribology. Moreover, besides the disciplines related to tribology, biotribology is also associated
with biomechanics, biology, biochemistry, physiology, clinical medicine, and pathology. From
the engineering point of view, for the development of long-lasting artificial interacting surface
parts, it has to be well understood how these natural systems and artificial joints behave under
biotribological conditions.

3.1. Natural synovial joints

There are over 300 joints in a human body. These joints have been categorized into two main
groups such as synarthroses and diarthroses. Diarthroses joints are generally named as
synovial joints because they have a cavity between the interfaces of the bones containing
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synovial fluid. Moreover, joints may be classified according to their anatomical and physio-
logical properties such as plane type, ball-in-socket, ellipsoid, hinge, condylar, pivot, and
saddle-type joints. Hip joint is a ball-in-socket type configuration that has three degrees of
freedom such as flexion-extension plane, abduction-adduction, and lateral-medial rotation
[19]. Articular cartilage, bone, synovial fluid, ligaments, tendons, tissues, and soft tissue
capsule are the main components of a natural synovial joint [8].

Natural hip joint is surrounded by a synovial membrane that builds synovial capsule. Synovial
fluid separates the articulating bone surfaces by filling the joint cavity, and it performs under
both fluid film and boundary lubrication regime. The articulating surfaces are coated by
articular cartilage, which has very low coefficient of friction such as 0.02 [22]. Synovial
membrane provides fresh synovial fluid into the cavity. The volume of this fluid is about 2 ml.
Hyaluronic acid, lubricin, and globulin are the main biological components that provide
unique lubricant properties to synovial fluid and make it the best lubricant for synovial joint
[23, 24]. A healthy synovial fluid is a dialysate of blood plasma, which is comprised mainly of
water (85%), hyaluronic acid, and protein [25]. All of these components make different
contributions to the function of synovial fluid. For instance, hyaluronic acid serves to increase
the viscosity of synovial fluid [26], whereas lubricin decreases the shear strength at the asperity
contact interfaces [24, 27] and lipid layer on synovial membrane plays an effective role in the
boundary lubrication mechanism of articular cartilage [28]. The synovial fluid composition
changes from a healthy person to an osteoarthritis patient [29]. Therefore, the functionality
and lubrication property of the synovial fluid may vary.

Figure 5. Radiographic image of diseased femoral head and its photography.

Ball-in-socket configuration, synovial fluid, and synovial capsule build a joint system that can
transmit seven to eight times body weight during walking, climbing up stairs, jumping, or
some other vigorous activities [3]. These systems provide approx. 70 years or more lifetime to
the synovial joint with an overall wear factor (k) 10° mm?/Nm [8, 22]. However, the lifetime of
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this special system sometimes may end earlier than the expected time because of various
clinical factors such as osteoarthritis, rheumatoid arthritis, necrosis, and trauma [22]. At that
point, artificial joint elements are replaced with the fractured natural joint parts. For under-
standing the failure mechanism of the natural joint, biotribological studies have been con-
ducted widely over the past 50 years. These researches are generally focused on the
measurement of friction in synovial joints, the mechanisms of joint lubrication, measurement
and analysis of cartilage wear and damage, and the lubrication properties of synovial fluid
and its ingredients [8]. Studies in this area have made great contribution to understand normal
joint function; however, the entire tribological system cannot be clarified yet because of the
complexity of the natural synovial joint. A radiographic image of diseased femoral head before
total joint replacement surgery and its photography after surgery can be seen in Figure 5.

3.2. Artificial hip joints

Artificial joint replacements have been one of the best solutions for patients affected by the
clinical factors specified above. Although applications of total hip joint arthroplasty are very
successful, the revision rate of these artificial joints is still unexpectedly high. For instance, in
England 11 and 12% of all total hip replacements failed in 2011 and 2012, respectively [24]. The
expected service life of these replacements is about 15-20 years. This duration is not enough
for patients younger than 60 years old. Sometimes the joints may fail prematurely before the
expected service life. This causes a lot of problems for both patients and surgeons because
premature failure brings pain with revision surgery, need of extra money, and spending extra
time. Biotribological behavior of the artificial joints is the primary failure factor that limits the
service life of the prosthesis.

Backing
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Figure 6. Components of artificial total hip joint.

Different material combinations such as ceramic-on-ceramic (CoC), metal-on-metal (MoM),
ceramic-on-metal (CoM), metal-on-polymer (MoP), and ceramic-on-polymer (CoP) are used
in total hip replacements. The most common combination is metal femoral head ultrahigh-
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molecular-weight polyethylene (UHMWPE) cup [30, 31]. UHMWPE has been the most
preferred acetabular cup material for the past four decades with excellent biocompatibility,
chemical stability, impact load damping properties, and low friction coefficient [32, 33].
However, the wear debris of UHMWPE induces adverse tissue reactions and third-body wear
damages that cause aseptic loosening and implant failure. Therefore, in order to extend the
implant life, especially for young and more active patients, improvement in the UHMWPE
properties such as low friction coefficient, third-body wear resistance, generation of small
amounts of wear debris, and low cellular reactions to such wear debris became a need [31, 34,
35]. Components of the total hip joint can be seen in Figure 6.

Radiation-induced cross-linking has been a very effective way for the modification of
UHMWPE microstructure, so the first-generation cross-linked UHMWPE has been developed
[35-37]. This cross-linked UHMWPE has shown higher wear resistance than the conventional
UHMWPE, but mechanical properties, oxidation, and delamination resistance have been
decreased because of the postheat treatment operation [33, 34, 38]. With the aim of reducing
the restriction of cross-linked UHMWPE, the second-generation UHMWPE has been devel-
oped by the addition of a-tocopherol or vitamin E as a natural antioxidant [36]. Tribological
studies reported that the addition of vitamin E enhanced the oxidation and delamination
resistance of the conventional and cross-linked UHMWPE while maintaining the mechanical
properties by stabilizing the residual-free radical without postirradiation melting [31, 39-41].

As an alternative to the hard-on polymer implant pair, hard-on-hard artificial joint materials
such as MoM, CoC, or CoM have been used for increasing wear resistance and so the service
life of the artificial joints. These types of bearing pairs have shown better wear resistance and
given less wear debris than the conventional MoP pairs. CoC bearings are recognized as the
most wear-resistant pairs because of their very hard, smooth surface, and effective lubrication,
but squeaking is a restrictive problem that causes distress to the patients as reported in clinical
studies [42-44]. A photographic image of the surgical application of ceramic femoral head can
be seen in Figure 7.

Figure 7. Surgical application of ceramic femoral head.

MoM joints have been reported as low volumetric wear rate bearing besides high stability with
large heads [45]. Metal ion release, metallic wear debris, and tribochemical reactions are the
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main problems for these artificial joints [46, 47]. Moreover, during the gait cycle MoM total hip
joints are exposed to higher impacts, which may cause severe pain in patients than hard-on-
polymer joints. For combined advantages of CoC and MoM pairs, CoM artificial hip joints
improved recently. Simulator studies showed a reduced wear of CoM joints than MoM pairs.
In addition, limited chromium release has been reported for CoM total hip joints in short-term
clinical results [48].

For understanding the tribological behavior such as friction, lubrication, and wear of the
artificial joints, advanced in vitro simulator tests have been performed for simulating an
artificial joint with real articulating components under dynamic loading, multidirectional
sliding, and lubrication conditions. Extremely useful outcomes are obtained from these studies
and the results have been used for the improvement of design and properties of artificial joint
materials. However, tribological behavior of the artificial joints does not only depend on
implant material and design but also on patient-related factors such as lifestyle, body weight,
age, gender, and synovial fluid that are poorly understood and cannot be simulated adequately
in vitro test studies [24]. Biotribological behaviors of different artificial joint materials have
been discussed in the following section referring the literature studies.

3.3. Friction, lubrication, wear

As mentioned above, friction forces are caused by the adhesion and cohesion forces. The proper
definition and understanding of friction in synovial joints serve to predict and determine
quantity of wear in artificial hip joints [49]. The coefficient of friction (COF) in artificial hip
joint surfaces varies according to joint material pairs, geometry of joint parts, lubrication
condition, and loading [16]. In order to make tribological assessments such as the determina-
tion of wear behavior, friction factor or COF of artificial materials, conventional tribological
methods such as pin-on-disc, ball-on disk, and pin-on-plate can be used (see Figure 8).
Furthermore, for the simulation of real joint conditions such as working with real joint parts
and applying multidirectional loads, more complicated joint simulators have been used. The
pressure distribution between the contact areas of the hip prosthesis cannot be known
precisely. Because of this, it is difficult to determine COF accurately. At that point, a dimen-
sionless parameter called friction factor (f) is used instead of COF. In experimental studies, the
frictional torque (T) is measured first and then the friction factor is calculated by using the
following equation:

f= ©)

I
RL

where R is the radius of the femoral head and L is the normal load [11, 20, 50, 51].

For simulator studies, the test conditions are standardized in ISO 14242-1. In these studies, the
tests have been performed with the anatomical position of the components, e.g., in flexion-
extension, adduction-abduction, and internal-external rotation planes with 1 Hz frequency
under the dynamic loading condition and 25% bovine calf serum lubrication. In some friction
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simulator studies, this configuration was simplified, for example, the prosthesis was inverted
with respect to anatomical position and the tests were performed just in the flexion-extension
plane + 25° [11, 50, 52, 53]. These kinds of friction simulator friction factors are used in the
lubrication of bovine serum, for CoC bearing it is reported as between 0.04 and 0.07, for MoP
bearing 0.06-0.08, for CoP 0.05-0.08, and for MoM as 0.12-0.27 [11, 16, 50].

l} — Load
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Figure 8. Schematic drawings of the conventional wear testing devices (pin-on-disk, reciprocating pin-on-disk, and
ball-on-disk) and friction simulator.

Measuring, modeling, and predicting of friction on the total hip prosthesis have played an
important role in developing artificial hip joints material and geometry. Moreover, the
determination of friction can be used for the estimation of the lubrication regime between
articulating surface of artificial hip joints as mentioned in the previous section.

Lubrication is one of the most complex and important factors that affect the implant friction
and wear [31, 38]. However, the lubrication mechanism of natural joint cannot be fully
understood, it is definitely known that there is a perfect lubrication system in a healthy natural
joint. Different lubrication mechanisms, such as boundary lubrication, hydrodynamic lubri-
cation [54] elastohydrodynamic lubrication, fluid film lubrication, and mixed lubrication, have
been reported for lubrication in natural joints [16, 55]. However, in artificial joints the alterna-
tives are limited because of joint material properties, surface qualities, and implant geometries.
As aresult of this, boundary lubrication and mixed lubrication regimes are leading lubrication
mechanisms in artificial hip joints [19].

In MoP artificial joints, boundary lubrication regime is a dominant mechanism with A values
inthe range 0.1-1. The surface asperity contact cannot be avoided because of the soft and rough
surface of UHMWPE and thereby boundary lubrication occurs. In MoM bearing, the mixed
lubrication regime can be seen generally with A in the range of 0.6-2.9. CoC bearing surfaces
are so hard and they have superior manufacturing tolerances and minimum surface roughness
as compared with metal or polyethylene. The fluid film lubrication regime is predicted for
these pairs with A values between 5.7 and 28.3 [16, 55-57].
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For improving surface quality and enhancing the lubrication properties of artificial joints,
surface modification techniques have been an effective solution for artificial joint materials.
Ion implantation, electron beam or gamma radiation, plasma surface treatment, and surface
texturing are the most common surface modification techniques that are applied to improve
the wear resistance of articulating surfaces without changing bulk material [58].

Surface texturing has been a well-known way for many years especially in machine bearings
but it has started to be excessively popular in the last decade for artificial joints [5, 31]. In some
previous studies, surface patterning was studied on artificial joint materials to reduce friction
and wear. Young et al. [59] measured 43% lower friction coefficient of surface patterned
samples than unpatterned disk samples by using pin-on-disk testing apparatus. Ito et al. [60]
formed concave dimples on the metal femoral head surface, and they reported that the dimples
served in reducing polyethylene abrasive wear by providing better lubrication and capturing
wear particles. In reference [61], it is reported that lower friction coefficient and wear factor
were obtained with surface-dimpled disk samples (see in Figure 9). Besides reducing wear rate
and friction coefficient, surface dimples also serve in decreasing frictional heating of acetabular
insert and femoral head [31, 62-65]. By acting as a reservoir of lubricant and capturing wear
debris and bone cement particles, surface dimples provide better lubrication and thereby better
tribological behavior [66].

Figure 9. Microscopic images of surface dimples. (a) Dimples on UHMWPE disk sample before wear test, (b) dimples
on the inner surface of UHMWPE acetabular insert after wear test with PMMA third-body particles, and (c) laser scan-
ner microscope image of a dimple for characterization of its dimensions [31, 61].

There are many factors that affect the lifetime of a total hip prosthesis. Short-term failures are
generally of biological origin, whereas long-term failures are related to material properties
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with a biological response [19]. Wear has been considered as the primary factor that limits
service life of hip implants. The wear debris generated during articulation of joint materials
such as UHMWPE, metallic, or ceramic counter face could cause adverse tissue reactions,
aseptic loosening, osteolysis, and finally implant loss [22, 31, 67, 68]. Microscopic image of
worn surfaces of retrieved prosthesis can be seen in Figure 10.

Figure 10. Worn surfaces of retrieved hip prosthesis. (a and b) UHMWPE acetabular insert and (c) CoCrMo femoral
head.

Sliding surfaces in hip joint are conformal surfaces that fit together [16]. This makes geometry,
size, and manufacturing tolerance of the joint components vitally important because initial
wear occurs if there is any mismatch during bedding-in of prosthesis. This is a problem
especially for MoM bearings because MoP pairs compensate this problem by polyethylene
creep [56]. Wear of CoC pairs is negligible along normal walking because the wear volume is
too low [69]. A well-functioning polyethylene acetabular insert exposes clinical wear such as
50-100 pm of penetration per year that means nearly 80 mm? volume loss per year [11, 16, 70].
In experimental hip joint simulator studies, MoP bearing wear rate was 40 mm?®million cycle,
whereas CoP bearing wear rate was 25 mm?®/million cycle. For MoM bearing, the wear rate was
reported to be 1.0 mm?/million cycle and for CoC artificial pairs the wear rate was recorded to
be 0.1 mm?/million cycle [11].
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Three main wear mechanisms have been reported for UHMWPE such as fatigue, adhesion,
and abrasion wear. Fatigue wear occurs when the surface of the material is weakened by cyclic
loading. Adhesive wear is generated by the transfer of material from one surface to another when
these two surfaces are articulating against each other under load. The transferred particles
could break off and fuse together and then may act as third-body particles causing abrasive
wear. Adhesion and fatigue wear generally work together. Abrasive wear occurs when hard
asperities on the sliding surfaces or third-body particles are trapped between these surfaces.
These asperities cause loss of the material from softer surface of the articulating pairs [10].
These wear mechanisms primarily occurs at the microscopic scale, whereas fatigue wear may
occur at the macroscopic scale in the form of delamination [56]. The oxidation of polyethylene
causes degradation and nearly 80% decrease in fatigue strength [71]. It is clear that the wear
resistance of polymers is directly related to its mechanical properties and physical morphol-

ogy [68].

Literature works about retrieved prosthesis show that third-body abrasive wear is a very
important parameter affecting the service life of artificial joints [72]. By scratching the metal
femoral head, third-body particles promote the wear rate of UHMWPE acetabular cup. PMMA
bone cement particles are believed to be the main cause of third-body particles [73]. In addition,
bone particles, metal beads or fibers from porous coatings and hydroxyapatite coatings, and
corrosion products from the metal tapers and metal fragments from other fixation devices may
be the source of third-body particles [74-77]. Microscopic images of PMMA particles can be
seen in Figure 11.

Figure 11. (a) Microscopic image and (b) surface texture of the PMMA particles used as bone cement for fixation of the
artificial joints [78].

Bragdon et al. [72] reported three possible interacting mechanisms of third-body abrasive
particles with acetabular cup and femoral head sliding surfaces after being trapped at the
interface. In the first mechanism, particles may embed in polyethylene surface that causes to
reduce the contact area between the head and the cup. In the second mechanism, third-body
particles may adhere to the femoral head under pressure and finally some particles may roll
freely between the surfaces. In a pin-on-disk configuration, the embedded particles may cause
pitting, and the free particles that roll between surfaces may cause scratches on the UHMWPE
disk surface as can be seen in Figure 12.
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Figure 12. Worn surface of UHMWPE (a) with PMMA third-body particles, (b) without-third-body particles in 25%
bovine calf serum lubrication [78].

3.4. Frictional heating of articulating surfaces

Most portion of frictional work between articulating surfaces is converted into heat during the
wear process. This heat causes temperature rise in artificial joint parts, and the temperature
rise may influence the properties of lubricant, the rate of wear, fatigue, creep, and oxidative
degradation of bearing materials [14, 79-81]. Moreover, temperature rise may contribute cup
loosening by causing bone necrosis and surrounding tissue damages [52]. In literature studies,
frictional temperature rise has been measured with different ways by various researchers.
These are experimental methods such as in vitro and in vivo measurements, theoretical
calculations, and computer simulations [52, 79-84]. An example of experimental setup for the
measurement of frictional heating between UHMWPE acetabular insert and CoCrMo femoral
head can be seen in Figure 13.
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Figure 13. Friction simulator for measurement frictional heating between artificial hip joint components [31].

In an in vitro study, Lu and McKellop [52] reported that frictional heating may promote the
protein precipitation from the lubricant and as a result property change of the lubricant.
Exhaustion of proteins may cause incomplete boundary lubrication mechanism and so these
changes may accelerate adhesive wear rate. In another study, Bergmann et al. [82] measured
the temperature rise of hip prosthesis in patients’ bodies after 1 hour walking, and they
reported that the maximum temperature value was 43.1°C in vivo. In a computer simulation
study [83], synovial fluid’s temperature was found as 46°C by 2D and 3D finite element
analysis. By using a thermomechanical finite element model of the ball-cup interaction, the
peak temperature of the contact surface was predicted as 51°C [85]. In an experimental study
[86], frictional temperature between zirconia femoral head/UHMWPE measured as 39°C at the
contact point of femoral head whereas it was measured as 36°C between zirconia femoral head/
vitamin E blended UHMWPE.

Frictional temperature rise is related with lubrication condition and material properties such
as thermal conductivity and elastic modulus. For example, while two materials with higher
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elastic modulus used as frictional pair, the contact area would be smaller and a larger area
would be exposed to the lubricant during the cycle. Therefore, with better lubrication and
cooling, frictional temperature would be lower [31, 52]. In reference [31], the surface dimples’
effects on frictional temperature rise of artificial joints was studied. It is reported that frictional
temperature rise (AT) of surface-dimpled UHMWPE/CoCrMo sample was 8.39°C, whereas
undimpled samples temperature rise was recorded as 11.22°C. Surface dimples acted as a
reservoir for lubricant and provided continuous lubrication for cooling the surfaces, so by
increasing surface lubrication quality, lower temperature values were recorded [31, 59, 87, 88]
The biological defects occur at about 40, and 6°C temperature rise between articulating surfaces
may cause fibrous tissue formation and possibly prosthetic loosening. Therefore, it is clear that
service life of artificial joints can be negatively affected by frictional heating [80, 83].

3.5. Measurement of wear in artificial joints

The measurement, evaluation, and analysis of wear are vitally important for understanding
the wear mechanism of artificial joints and improvement of new materials with new designs.
Wear measurement of artificial joint materials may be applied in vivo and in vitro conditions
with different measurement techniques. In vivo evaluation of the implant provides in situ
monitoring of the patient more closely and for considering revision surgery by determining
wear amount. Moreover, the wear rate of the implants and histological changes can be
determined with periodical measurements. In vitro measurement studies include the exami-
nation of retrieved prosthesis, which provides data about wear mechanisms and wear rate of
the materials, and the evaluation of lubricant, wear debris and debris distribution. The
objectives of all these evaluations are to determine the wear rate and lifetime of implant and
to understand wear mechanisms, tissue reactions, and other related events that occur in
artificial joint system. Therefore, it would be possible to develop new materials and designs
[19, 89].

Radiographic, gravimetric, volumetric, and optical techniques are current methods for
measuring and evaluating the wear in the total joint replacement components [90]. X-ray
techniques, magnetic resonance imaging (MRI), microcomputed tomography, and biochemical
markers are methods for the measurement of in vivo cartilage wear. It is possible to see bone
deterioration on joint by an X-ray technique where the MRI scans provide a very detailed view
of the damaged tissue [25].

Two- or three-dimensional techniques, radiostereometric analysis, and manual or computer-
assisted plain radiography techniques are the best known radiographic methods used for
measuring polyethylene wear. Radiographic techniques allow estimation about femoral head
migration into the cup [89-92].

The most common used techniques to evaluate wear are the measurement of weight change
called as gravimetric method and the measurement of dimensional changes known as
volumetric wear [8]. Gravimetric method is the standardized method with ASTM F2025-06,
F1714-96, and ISO 14242-2 used for the measurement of wear in the total joint prosthesis. In
this method, the weight difference between the initial weight and the weight after wear test
were determined. According to ISO 14242-2:2000, a balance with the accuracy of 0.1 mg must
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be used for weight measurements. Because of the fluid absorbing property of polymer
component, the weight difference may be undetectable or the final weight may sometimes be
higher than its initial value. For reducing the error due to fluid absorption, polyethylene
specimens are soaked into the lubricant until they reach saturation that takes days or some-
times weeks. For reference purposes, a loaded but not articulating control specimen is used
for determining fluid sorption of a specimen [90, 93].

Gravimetric wear can be calculated as follows:

where W, is the net mass loss after n cycles of loading, W,, is the average uncorrected mass
loss, and S,, is the average increase in mass of the control specimen over the same period.

By using the least-squares linear fit relationship between W, and the number of loading cycles
n, the average wear rate a; can be calculated as follows:

W, = a,n + b, (11)

where W, is the net loss in mass after # cycles and b is a constant.

Although this method is effective to determine experimental wear amount in simulated
conditions, it is not applicable to evaluate the clinical wear of retrieved prosthesis for which
there is no prewear data available. Gravimetric method does not provide information about
wear mechanisms, surface property changes, and plastic deformation of the component.
Moreover, material transfer from the metal component or bone cement that is attached into
the UHMWPE can cause a significant error while determining the weight loss both for in vivo
and in vitro applications. These are the main limitations of this method [90, 94].

Volumetric methods such as the coordinate measuring machines (CMMs) and micro computed
tomography (micro-CT) have recently been alternative methods to gravimetric method [42].
The use of CMM is standardized by ISO 14242-2:2000. This standard requires a CMM “with
maximum axial-position error of measurement D”:

D= 4+4Lx10° (12)

where D is in pm and L is the numerical value of the dimension in meters.

In addition, “Mesh spacing” must not be greater than 1 mm and “relocation of the test
specimen” must not affect the measured volume more than 0.05%. For determining the wear
amount of the prosthesis first of all initial, unworn geometry of the sample is measured and
after wear test the measurement is repeated. Therefore, by comparing the initial and final
geometries of the sample, the amount of volumetric wear is calculated [32]. These evaluation
steps are applicable for simulator studies but in clinical application there is no initial geomet-
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rical data about retrieved prosthesis. At that point, measurements are taken from unworn
regions of the retrieved prosthesis and by using collected data unworn geometry of the sample
is predicted. A coordinate measuring machine, with 2 um minimum accuracy, should be used
for three-dimensional wear analysis [90, 95, 96]. An example of the CMM measurement of
UHMWPE acetabular insert can be seen in Figure 14.

Figure 14. (a) CMM measurement of a UHMWPE acetabular insert, (b) defining measurement paths, and (c) inner sur-
face of the prosthesis saturated with measurement points.

It is possible to analyze wear behavior of both hard-on-hard and hard-on-polymer retrieval
prosthesis by using CMM. For evaluating the actual wear amount of polyethylene prosthesis,
itis important to determine creep deformation. The CMM method provides advantages about
defining wear volume, wear scars distribution, and creep deformation, butitis time consuming
and shows uncertainty about the evolution of wear measurement [90, 97, 98]. Different surface
characterization techniques such as mechanical, optical and laser profilometry, white light
interferometry, and digital microscopy (see Figure 15) can be used for analyzing the wear
behavior of the implant surfaces. These techniques may be applied both macroscopically and
microscopically for characterizing damage modes such as burnishing, abrasion, scratching,
pitting, plastic deformation, fracture, fatigue damage, and embedded debris [93, 97].
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Figure 15. Determination of local wear damage on polyethylene sample by digital microscopy.

Surface profilometry is one of the most preferable techniques especially for the determination
of wear in primitive wear tests such as pin-on-disk, pin-on-plate, and ball-on-disk (see Figure
16).

Figure 16. (a) Measurement of wear by mechanical surface profilometer, (b) wear track, and (c) wear track profile [78].

By using the cross-sectional area of wear track and its length the wear volume is calculated.
Then, the wear factor (k) of the sample can be determined by using the following equation:

k=V /NS (13)
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where k is the wear factor (mm?®/(N m)), Vis the wear volume (mm?), N is the applied load (N),
and S is the friction distance (m) [61, 99, 100].

For the determination of the wear amount of very low wearing metal-on-metal pairs, lubricant
samples obtained during a wear test can be analyzed by inductively coupled plasma mass
spectrometry (ICP-MS) to measure the metal ion concentration [93].
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Abstract

A current trend in the transport sector seeks to increase the vehicle efficiency and to cut
fuel consumption which leads to new technologies and advancements in modern and
future combustion engines. Some of these technical progresses lead to highly stressed
engine parts and new challenges arise, particularly for journal bearings. The increasing
thermal and mechanical load caused by downsized and turbocharged engines, friction
reduction by employing low-viscosity lubricants and other emission reduction
measures—for utilizing stop-start systems—put additional stress on the crankshaft
journal bearings. This contribution focuses on highly stressed journal bearings which
operate in the boundary, mixed and hydrodynamic lubrication regime. Therefore,
measurements on a journal bearing test-rig are performed which allow an extensive
verification of the numerical investigation. For the numerical analysis of friction and
wear, amixed elasto-hydrodynamic simulation approach is developed, which considers
the elastic deformation of the contacting components, the complex rheological
behaviour of the lubricant and metal-metal contact if the lubricant is unable to separate
the contacting surfaces. Both the rheological data and the surface roughness parameters
are obtained from measurements. The current challenges are studied in four applica-
tion-oriented examples and the influencing parameters on a reliable friction and wear
prediction are explored.

Keywords: simulation, hydrodynamic bearing, plain bearing, mixed friction, elasto-
hydrodynamic lubrication, non-Newtonian lubricant, conformal contact, stop-start
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1. Introduction and outline

A plain journal bearing is a seemingly simple machine element where a hardened shaft
typically rotates in a softer bearing shell. The two contacting surfaces are generally separated
by a lubricant. In most technical applications, such as turbines or combustion engines, journal
bearings are designed for a long life time. Hence, journal bearings mainly operate in pure
hydrodynamic lubrication regime. However, especially in the automotive industry, a trend
has evolved to cut fuel consumption and emissions derived from emission restrictions by
legislation and customer satisfaction. A cost-effective potential to improve the efficiency is
attributed to the reduction of friction in lubricated contacts. The friction coefficient finds its
minimum in the transition between pure hydrodynamic lubrication and mixed lubrication
regime, where already some metal-metal contact between the shaft and bearing shell occurs.
Therefore, it is beneficial to operate journal bearings in this transition, but unfortunately wear
occurs as metal-metal contact establishes and durability problems may follow. To design more
efficient journal bearings, a detailed simulation approach is required which is suited to
describe the complex behaviour of mixed elasto-hydrodynamic lubrication and is validated
for a wide range of operating conditions.

In addition, beyond the consequences of friction reduction many new modes of engine
operation stress the bearings. Therefore, this chapter begins with a general overview of the
current challenges for journal bearings, especially in combustion engine application.

Subsequently, the requirements for the simulation model are elaborated from these challenges
at the beginning of the next section. In the same section, the basic equations for the mixed
elasto-hydrodynamic journal bearing simulation are presented. Additionally, the simplified
layout of the journal bearing test-rig and the simulation model is described which is used for
the study on journal bearing friction and wear.

The subsequent result section consists of different application examples and provides an
overview of the current research by the authors. The first example analyses friction of dynam-
ically loaded journal bearings under extreme loading conditions which lead to fluid film
pressures above 2000 bar and to high shear rates. The complex properties of the lubricant are
central to these results. The second example concentrates on the running-in wear of journal
bearings until a steady state of operation is achieved. The third example focuses on severe
metal-metal contact and on friction in mixed lubrication regime. Therefore, a static load is
applied to the journal bearing and Stribeck curves are calculated. Finally, a transient start-stop
simulation is performed in the final example.

This chapter concludes with a comprehensive summary of the studied results and presents a
brief outlook on future research topics.

2. Current challenges for journal bearings in combustion engines

In today’s automotive engines, journal bearings operate under severe conditions. Here, these
conditions will be discussed in more detail as they are the prime subject for the presented study
and also for future research. A more comprehensive review can be found in [1].
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2.1. Turbocharged engines with high power density

Modern downsized combustion engines with turbocharger(s) achieve a high power output
from small volume displacements and allow an efficiency improvement with lower emissions.
At the same time, the high power density increases the thermal and mechanical load on the
engine components. Additionally, the light-weight design of the engine further improves the
vehicle performance. Hence, the engine and its component dimensions become smaller too.
This implies even higher stresses on the components and the lubricated contacts. For instance,
the big-end bearing of the connection rod has to resist specific loads above 100 MPa and a
further increase is expected for future engines [2]. As a consequence, the minimum lubrication
gap in the journal bearing decreases below 1 pym and metal-metal contact may occur at these
operating conditions. Furthermore, the elastic deformations of the bearing shell and its
surrounding parts have a major influence on bearing behaviour.

2.2. Stop-start system

One of the most widely used mechanisms to improve fuel economy, especially for urban
driving, is the application of stop-start systems [3, 4]. By turning off the engine instead of
operating it at idle (e.g. when waiting at crossings) significant fuel savings can be obtained [4,
5]. More recently, this procedure was extended to switching off the engine also during driving
at very low loads which is commonly called engine coasting.

Stop-start systems have quickly become widely available, but despite their apparent simplicity
the repeated stopping and starting of the engine present a big challenge for bearing manufac-
turers. When the engine is started the bearing has to overcome the boundary and mixed
lubrication regime before a hydrodynamic film has formed, which completely separates the
two contacting surfaces [6]. Thus, with the increasing number of stop-start cycles bearing wear
will escalate.

2.3. Cylinder de-activation

Another fuel economy improvement is achieved through a cylinder de-activation technology
(CDT) as a result of reduced air pumping losses. Further benefits are achieved due to an
increased exhaust temperature under partial loading which yields an improved after-treat-
ment efficiency for diesel engines. This will further help the three-way catalyst technology [7].
However, CDT affects the dynamic behaviour of the shaft and topics such as shaft bending
and journal misalignment that are relevant for bearing design and bearing layout. The ability
of the bearing shell to adapt its surface geometry and further to fit the deformed or misaligned
shaft can become essential. Also, the friction power losses need to be investigated to show the
overall efficiency benefits. A better understanding for the necessary redesign of the power train
with CDT is the target in recent bearing simulation [8-10].

2.4. Ultralow-viscosity lubricants

The usage of low-viscosity lubricants in the automotive sector is certainly not new. However,
the increasingly strict legislation forces the automotive industry to further increase engine
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efficiency. Here, the usage of a lower viscosity lubricant is considered to be a very economic
measure to reach this goal [11]. However, the current trend goes to lubricants with a drastically
reduced viscosity and new standards had to be defined accordingly [12]. With the new SAE
standards 16, 12, 8 and even lower classes being targeted, pure hydrodynamic lubrication
conditions will increasingly decline and be replaced by mixed lubrication near the minimum
friction coefficient [13].

2.5. Complex rheological properties of modern lubricants

It is well known that modern multi-grade lubricants show a non-Newtonian behaviour. At
high shear rates, which typically occur in automotive journal bearings, the viscosity signifi-
cantly drops below the viscosity at low shear rate. To assess this shear thinning behaviour, a
viscosity at high temperature and high shear rate (HTHS-viscosity) is standardized. It is shown
that the HTHS-viscosity directly affects the mechanical efficiency of the engine in fleet tests [14,
15], which demonstrates the necessity to realistically consider the non-Newtonian behaviour
of the lubricant in the simulation. There exists a further lubricant property counteracting the
non-Newtonian behaviour in journal bearings, which increases the lubricant viscosity locally
under load. This lubricant property is called the piezo-viscous effect and it is present in both
mono and multi-grade lubricants [16].

Currently, the required lubricant data are not stated in the lubricant datasheets as such
measurements are not part of common standards. Therefore, such rheological data are only
sparse. The interdependency of the piezo-viscous effect and the non-Newtonian behaviour
makes it difficult not only to measure them, but also to include these properties accurately in
simulation. Currently, commonly used approaches use, for example, the Barus equation and
the Cross equation to consider these effects in a simulation independently from each other and
independent of the lubricant temperature (e.g., [17]). While these are useful approximations
of the reality and considerably increase the quality of the results, the true lubricant behaviour
is still considerably more complex [18-20].

2.6. New classes of surface textures and coatings

To increase the durability and to reduce the friction loss in journal bearings, new techniques
have grown in popularity in the process of manufacturing journal bearings. While still two-
and three-layer journal bearings dominate the automotive industry, new development trends
bring refined surface structuring techniques, such as polymer coatings and diamond-like
carbon (DLC) coatings.

Surface texturing, which is the intentional modification of the journal bearing surface with
regular patterns (dimples, microgrooves), has the potential to increase the load-carrying
capacity [21]. Such surface texturing methods themselves are not new and are, for example,
widely used in other parts of the internal combustion engine, namely, in honing of the cylinder
liners. For journal bearings it is experimentally shown that surface textures can affect their
tribological properties [22, 23] as well as the damping properties and the compatibility of the
journal bearing with contaminants [24, 25]. The theoretical understanding of the underlying



Friction and Wear in Automotive Journal Bearings Operating in Today's Severe Conditions
http://dx.doi.org/Chapter DOI: 10.5772/64247

effects of surface textures is currently limited [26]. So far itis commonly accepted that cavitation
plays a crucial part for this effect [27-29] as well as that surface textures have an influence on
local micro-hydrodynamics [26].

Polymer coatings are increasingly available on the market and can offer better durability in
start-stop conditions [30, 31]. As these coatings are non-metallic materials, their behaviour in
terms of wear and plastic deformation is distinctly different to metallic materials. These
coatings require new approaches to describe their behaviour realistically in the simulation [32,
33]. DLC coatings are already widely used in engines today, like for piston pins or cam tappets,
which are highly loaded contacts and dominantly operate in mixed lubrication. Crankshaft
journal bearings dominantly operate in hydrodynamic lubrication regime and an ability to
adapt the bearing surface is often required which makes DLC coatings apparently inappro-
priate. Nonetheless, it was recently shown that DLC have a potential for friction reduction for
the journal bearings of the crank train [34].

3. Journal bearing simulation

Before the basic equations for the elasto-hydrodynamic journal bearing simulation are
summarized, the requirements for the simulation approach to fulfil the previously highlighted
challenges are explained. Then, the detailed lubricant properties under high pressure and high
shear rate are presented. Finally, the layout of the journal bearing test-rig and the simulation
model is described which is used for the study on journal bearing friction and wear.

3.1. Requirements for journal bearing simulation

The requirements for a reliable analysis of journal bearing friction and wear can be derived
from the challenges described in Section 2.

* High load in a turbocharged and downsized engine deforms the engine parts elastically.
Therefore, the elastic deformation needs to be considered in the simulation. For instance, an
elastic deformation of the shaft can lead to a misalignment between journal and bearing and
this affects the behaviour of the journal bearing. Furthermore, the high pressure in the
lubricated contacts deforms the contacting surface which obviously affects the film thick-
ness. Especially, the local elastic deformation of the significantly softer bearing shell —
compared to the hardened shaft—needs to be considered.

* Due to the increasing specific pressure in journal bearings the rheological properties of the
lubricant at high pressure play an important part. The viscosity of lubricants increases
strongly at high hydrodynamic pressures and this piezo-viscous effect must be taken into
account. In addition, modern automotive lubricants behave like highly non-Newtonian as
a consequence of their complex composition. The effective viscosity varies within the
lubrication gap due to locally different hydrodynamic pressures and shear rates. Both effects
can have a major influence on the local viscosity in the journal bearing.
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* Mixed lubrication and further the prediction of metal-metal contact become more crucial as
the minimum film thickness decreases. To reliably predict friction and wear, an accurate
description of metal-to-metal contact is required. Consequently, a contact model must be
incorporated into the simulation model.

* A realistic description of the surface structure, which means both material and topography,
of the journal bearings becomes increasingly important. Not only because journal bearings
operate in mixed lubrication more frequently, but also because their surface properties
become increasingly refined. Therefore, parameters for the simulation model must be
derived from real measured surfaces.

* Any misalignment between journal and bearing can lead to severe metal-metal contact
especially at the bearing edge. During the running in of the bearing, the bearing shells are
able to adapt their geometry for a better fit between journal and bearing. This geometrical
adaption can be larger than the minimum lubrication gap. Therefore, the adapted surface
geometry needs to be considered in the simulation as metal-metal contact is largely
overestimated otherwise [35, 36].

* The highly nonlinear behaviour of dynamically loaded journal bearings requires a transient
calculation in time domain [33]. Especially to understand journal bearing behaviour during
the starting and stopping of the shaft, a transient calculation is demanded.

* Thermal effects also change the lubricant viscosity and need to be considered in bearing
simulation. In this study, the temperature influence is considered by deriving equivalent
temperatures for the isothermal simulation. Of relevance but beyond the scope of this study
is the consideration of the local temperature by thermal equations. This will be the focus of
future research.

* Finally, the simulation approach needs to be validated by measurement results because
approximated functions are used to describe the lubricant or statistically derived contact
models are implemented.

3.2. Fundamentals of mixed elasto-hydrodynamic lubrication theory

The fundamental differential equation which describes the lubricant film in a journal bearing
is the Reynolds equation. The Reynolds equation together with a suitable cavitation boundary
condition and a coupling with the surrounding deformable bodies form the basis of the elasto-
hydrodynamic lubrication (EHD) approach. The basic Reynolds equation considers smooth
surfaces, but when the distance between the facing surfaces decreases their surface roughness
will affect the oil flow. To take this micro-hydrodynamic effect into account, Patir and Cheng
[37, 38] introduced flow factors to the Reynolds equation:

3 3
_0 ¢t0h_8_p _0 ¢v9h_5_p +ﬁ[9huj+ﬁ[9¢j‘l+_%mj+ﬁ(9h):o, (1)
ox\'" 12nox) oy\'" 12nady) ox 2 ox\_ 2 ot



Friction and Wear in Automotive Journal Bearings Operating in Today's Severe Conditions
http://dx.doi.org/Chapter DOI: 10.5772/64247

where x and y denote the circumferential and the axial direction. p is the hydrodynamic
pressure and 7 is the oil film thickness which depends on x and y. Further, #; and u, denote
the sliding speeds of the facing surfaces. The influence of surface roughness is considered by
the pressure flow factors ¢,, ¢, and the shear flow factor ¢,. The oil viscosity n which is a
function of x and y is considered to depend on the temperature, pressure and shear rate in this
work. Finally, 0 represents the fill ratio which is introduced to consider mass conserving
cavitation in the model. The cavitation model is based on the Jakobsson-Floberg-Olsson (JFO)
approach [39, 40].

If the fluid film cannot completely separate the two contacting surfaces anymore, single
asperities interact and metal-metal contact occurs. The contact model according to Greenwood
and Tripp [41] is used to estimate the metal-metal contact pressure by the following equation:

P, =KE'F,,(H,), (2)

where the composite elastic modulus E* is a combined material parameter of the contacting
surfaces, the elastic factor K depends on surface roughness, asperity radius and asperity
density. F, is a form factor [35] which is a function of the dimensionless clearance parameter
HS.

The parameters for the contact model used in this study are derived from scans of the bearing
surface and the shaft surface. The detailed surface parameters are described in [42, 43].

Friction losses in highly loaded journal bearings consist of hydrodynamic losses only or of
both hydrodynamic losses and losses due to metal-metal contact. In this study, the friction
losses are represented as friction torque which can be calculated by integrating the hydrody-
namic shear stress 7, and the asperity shear stress 7, over the bearing surface:

MFriL‘timz =r IIA (Th + Tu )dx dy' (3)
The hydrodynamic shear stress can be calculated by

u, —
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where + and - refer to the shell surface and the journal surface, respectively. ¢, ¢ and ¢y, are
shear stress factors according to Patir and Cheng [37, 38]. According to the hydrodynamic shear
stress the friction torque is proportional to the lubricant viscosity and it is essential to consider
detailed lubricant properties to reliably assess friction:

Ta = /uBound 'pa 4 (5)
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The asperity shear stress is calculated by multiplying the asperity contact pressure with a
boundary friction coefficient pip,,qq. In this study, the boundary friction coefficient is assumed
to be constant. This simple approximation is able to yield reliable results for a wide range of
operation as shown in the result section.

3.3. Lubricant properties at high pressure and high shear rate

The lubricant used in this study is a fully formulated low-viscous 0W20 hydrocarbon engine
oil. It is a standard multi-grade lubricant which is available for the automotive market. The
main properties of the lubricant are summarized in Table 1.

Density at 40°C 832.5 kg/m?
Dynamic viscosity at 40°C 37.5mPas
Dynamic viscosity at 100°C 6.8 mPa s
HTHS-viscosity at 150°C and shear rate 10° 1/s 2.7mPas

Table 1. Basic properties of the tested 0W20 lubricant.

The main lubricant properties show that the viscosity is strongly dependent on temperature.
Various mathematical functions exist to consider the temperature dependency in simulation.
In this study, the effect of temperature on viscosity is specified by the Vogel equation [44] which
is very accurate for hydrocarbon lubricants,

n(T)=A /o), (6)

where T'is the oil temperature and A, B and C are constants for a given lubricant. In dynamically
loaded journal bearings, high pressures above 2000 bar can occur and the increase of viscosity
can be very significant. Consequently, the viscosity increase with high pressure needs to be
considered. Here, the simple Barus equation [45] is utilized which only requires the identifi-
cation of a pressure viscosity coefficient a:

n(T,p)=n(T)-e"". )

Due to the dynamic load and high operational speed, shear rates above 2 x 107 1/s can occur
in journal bearings. At these conditions, a significant drop in viscosity can be identified. To
describe the shear thinning effect, the Cross equation [46] is used:

-y = R Sl
n(,p,y)=n(T,p) (”H(Ky)m]' 8)
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where K, r and m are coefficients for a given lubricant. All coefficients for Vogel, Barus and
Cross equation are derived from measured rheological data of the investigated lubricant. The
detailed derivation can be found in [47]. The values of the introduced coefficients are listed in
Table 2.

A 0.0516 mPa s
B 1127.6°C

C 130.7°C

a 0.00095 1/bar
r 0.53

m 0.79

K 79x10%s

Table 2. Parameters for the rheological model of the lubricant.

The viscosity characteristics obtained from the derived parameters are also shown in Figures 1
and 2.

Dynamic Viscosity vs. Temperature
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Figure 1. Viscosity-temperature dependency for the 0OW20 lubricant at different pressures [48]; please note the logarith-
mic scale.
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Figure 2. Viscosity-shear rate dependency for the 0OW20 lubricant at different temperatures [48]; please note the loga-
rithmic scale.
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3.4. Journal bearing tests and the corresponding simulation model

Experimental results are used extensively in this study to validate the presented simulation
approach. The experimental part is not the central topic of this work. Therefore, only a brief
description of the journal bearing test-rig is provided. More details about the test-rig and the
measurement equipment can be found in [43, 47, 49].

All tests are conducted on the journal bearing test-rig at KS Gleitlager' as shown in Figure 3.
The test-rig enables a detailed analysis of journal bearing behaviour under static and dynamic
loads for constant or transient shaft speed. The test-rig consists of a straight shaft (test shaft)
which rests on two support brackets. Each support bracket contains a plain journal bearing
and is fixed on a base. The test connecting rod with the test bearing is placed in between the
two support brackets. An external load is applied onto the test connecting rod which is
generated by an electromechanical high-frequency pulsator. The test shaft is driven by an
elastically clutched electric motor.

Test connecting rod
with test bearing

Electric machine Temperature
drives the shaft Clutch sensors at
bearing back
il supply
Test shaft
Torgue
transducer
Clutch Temperature
Fla sensors at
nee bearing back

Support brackets
with support bearings

Figure 3. Configuration and components of the journal bearing test-rig [43].

The dimensions and oil supply design of the support bearings correspond to automotive main
bearings with a 180° oil supply groove. The support bearings have a diameter of 54 mm and
a width of 25 mm. The test journal bearing corresponds to a big-end bearing having an oil
supply hole in the load-free (lower) shell. It has a diameter of 47.8 mm and a width of 17.2 mm.

The total friction torque caused by all three journal bearings is measured by a torque transducer
which is located between the motor and the clutch.

1 KS Gleitlager GmbH, Am Bahnhof 14, 68789 St. Leon-Rot, Germany.
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For the simulation, the test-rig is modelled within the flexible multi-body solver AVL Ex-
cite Power Unit." The multi-body simulation model consists of flexible bodies and joints
which connects the bodies. The two support brackets with the support bearings and the
test connecting rod including the test bearing are represented as mathematically con-
densed finite element (FE) structures [50]. Therefore, a pre-processing step needs to be
performed with an FE solver to create the condensed bodies. The test shaft is also repre-
sented as elastic body but instead of using a condensed structure a simplified beam and
disc body is generated.

The lubricated contacts between the test shaft and support bearings as well as between the test
shaft and test bearing are modelled as elasto-hydrodynamic joints. The fluid film is calculated
according to the averaged Reynolds equation discussed in the previous section (Eq. (1)). The
numerical approach requires a discretization of the bearing surface. Therefore, 25 hydrody-
namic (HD) nodes are defined in axial direction which are equally distributed in each bearing
(support bearings and test bearing). The test bearing has 200 nodes in circumferential direction
and the support bearings have 176 nodes. Every second HD node is directly coupled to the
condensed FE model.

Because of the high nonlinearity of the model it is solved in the time domain using numerical
time integration [33].

3.5. The consideration of temperature in the isothermal simulation method

The numerical approach assumes an isothermal bearing which means that the bearing
temperature and the temperature of the lubricant are assumed to be constant in the lubrication
gap. Certainly, the temperature changes under different operating conditions, for example,
with varying shaft speed and bearing load. To consider the load- and speed-dependent
temperature, an equivalent temperature is defined which is derived from measured temper-
atures at the back of the bearing shell (see sketch of the test-rig in Figure 3). Hence, an
isothermal bearing simulation is performed while the temperature influence due to different
operating conditions is still considered.

The background for this approach was introduced by previous research results from Allmaier
et al. [51]. The authors investigated the thermal processes of journal bearings under high
dynamic loads and compared the results with experimental data. It was shown that it is
possible to predict the measured temperatures at the bearing shell with a complex thermo-
elasto-hydrodynamic (TEHD) simulation approach. From these results, a simple equivalent
bearing temperature relation was derived for the isothermal EHD simulation that is capable
to predict the friction losses very accurately for a large range of different lubricants, journal
speeds and loads as was shown in direct comparison to experimental data (see, in particular,
[35] and [52], which is available online at www.intech.com’). This approach was initially
suggested for main bearings with a distinct oil supply groove and was furthermore adapted
to bearings with an oil supply hole in [47].

2 AVL List GmbH, Advanced Simulation Technology, Hans-List-Platz 1, 8020 Graz Austria, www.avl.com.
3 http://dx.doi.org/10.5772/51568.
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4. Simulation results

In the result section, the behaviour of journal bearings under different operating conditions is
discussed. Primarily, the bearings are excited with a dynamic load and they operate in the
elasto-hydrodynamic lubrication regime. The elastic deformation and also the viscosity under
high pressure and shear rate must be considered for a reliable prediction of friction and wear.
Furthermore, severe metal-metal contact is generated by a staticload and low shaft speed. This
condition allows for the verification of the simulation approach in mixed lubrication regime.
The presented results give an overview of current research by the authors. The majority of the
results are taken from recent publications and, therefore, we refer to the original publications
for further reading [42, 43, 47, 48, 53].

4.1. Impact of high pressure and shear thinning on journal bearing friction

The first application example discusses friction in dynamically loaded journal bearings. The
bearings operate in the elasto-hydrodynamic regime with only a minor metal-metal contact.
Due to the heavy load, maximum hydrodynamic pressures above 200 MPa arise in the
bearings. At shaft speeds of up to 7000 rpm, high shear rates occur, which induce a noticeable
drop of viscosity as will be shown.

To reliably predict friction in this condition a detailed description of the lubricant behaviour
under high pressure and high shear rate becomes absolutely necessary. The influence of
neglecting the piezo-viscous effect and the non-Newtonian behaviour on the accuracy of
friction prediction in journal bearings is demonstrated.

4.1.1. Journal bearing conditions

Two dynamic load cases are investigated in this first study, one with a maximum external load
of 40 kN and a second one with 80 kN. The dynamic characteristic of the load during a full
load cycle is shown in Figure 4.

Time [ms]

Figure 4. Dynamic load applied to the test bearing [47].
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The maximum specific loads in the test bearing which is the maximum load related to the
projected bearing area, correspond to 50 MPa (40 kN load) and 100 MPa (80 kN load). The
operational shaft speed starts at 1000 rpm and runs up to 7000 rpm with 1000 rpm increments.
Each step is operated for 20 minutes. The run-up is followed by a run-down back to 1000 rpm.
These conditions cover a wide range of operating conditions which are also typical for
combustion engines.

4.1.2. Verification of the simulation results and the importance of the lubricant model

The figures in this section show a comparison of the simulation results and the measurement
results. The simulation results are obtained with three different lubricant models. The results
are arranged in such a way that the importance of lubricant properties in the elasto-hydrody-
namic journal bearing simulation is highlighted. Therefore, we start with the simplest lubri-
cant model n(T) which is only dependent on temperature. Afterwards the piezo-viscous effect
is added to the lubricant model 1(T,p) and, finally, the complete lubricant model also considers
the shear thinning effect n(T,p,y;).

Figure 5 shows the measured and calculated mean friction torque over shaft speed for the two
different loads. The dashed lines represent the measured data. The error bars show the
uncertainty which contains the error of the torque transducer and the standard error of the
mean. As expected, the friction torque rises with increasing shaft speed and also with higher
load. The influence of temperature can be clearly seen by comparing the 100 MPa results during
the run-up and the run-down. At the run-down the bearing temperature is consistently 3°C
higher compared to the run-up. Due to the lower viscosity at higher temperature, this small
temperature difference reduces the friction torque by about 0.2 Nm.
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Figure 5. Comparison of the average friction torque measured on the test-rig with the simulated mean friction torque
using the basic oil model 1(T) at 50 and 100 MPa specific loads [47].
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The calculated average friction torque using the simple temperature-dependent viscosity
model n(T) is shown by solid curve in Figure 5. While the calculated friction torques at 50 MPa
agree closely to the measured curve, the calculated friction torques at 100 MPa underestimate
the measured torques over the entire speed range. However, the difference due to higher
temperature at the run-down has been correctly identified. This indicates that the temperature
consideration for the isothermal bearing calculation performs as intended.

The simulation results allow for a greater insight into the film formation and the occurring
hydrodynamic pressure. At a specific load of 100 MPa a peak oil film pressure of around 200
MPa in the test bearing is identified independently from the shaft speed. As can be seen in
Figure 1, the pressure-induced viscosity increase is significant for such high pressures.
Consequently, the lubricant viscosity increases nearly sevenfold compared to the viscosity at
ambient pressure. Therefore, calculations using the pressure-dependent oil model n(T,p) are
performed and the results are shown as solid curves in Figure 6.
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Figure 6. Comparison of the average friction torque measured on the test-rig with the simulated mean friction torque
using the pressure-dependent oil model n(T,p) at 50 and 100 MPa specific loads [47].

The friction torque increases for all operating conditions when considering the pressure-
dependent oil model. The impact of the piezo-viscous effect depends on the applied load and
is as expected, more relevant for the 100 MPa load than for the 50 MPa load. Atlow shaftspeeds,
the calculated friction torque agrees closely with the measured torque results for both the load
cases. However, for shaft speeds above 3000 rpm the calculated torque overestimates increas-
ingly the measured torque.

The relative sliding speed between shaft and bearing increases with higher shaft speed and,
hence, higher shear rates occur. The shear rate increases nearly linearly with the shaft speed
and reaches a maximum of 2.2 x 107 1\s at 7000 rpm [47]. At high shear rate like this, the
viscosity drop due to the shear thinning effect is significant. For the studied lubricant a
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reduction of 25% is obtained (compare Figure 2). Finally, the results calculated with the
complete oil model n(T,p,y;) are shown in Figure 7.
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Figure 7. Comparison of the average friction torque measured on the test-rig with the simulated mean friction torque
using the complete oil model n(T,p,y;) at 50 and 100 MPa specific loads [47].

As the shear rates increase with the shaft speed, the influence of the shear thinning effect is
very small at low shaft speeds and becomes increasingly important for higher shaft speeds. At
1000 rpm the maximum shear rate is smaller by a factor of 10 compared to 7000 rpm. As a
consequence, the influence of shear thinning on the friction torque is almost negligible for low
shaft speed. The effect of shear thinning reduces the calculated friction torque particularly at
high shaft speed. Above 5000 rpm, a torque difference of about 0.15 Nm is determined between
the two lubricant models 1(T,p) and n;(T,p,y;) independently of the load case.

To summarize the first example, the calculated friction torques considering temperature-,
pressure- and shear-rate-dependent viscosity match the measured friction torques within the
measurement uncertainty for both the run-down and the run-up. A deviation may be identified
at low shaft speeds during the run-up. It is important to note that new journal bearings are
used for each test run. And therefore the journal bearing experiences a run-in process in the
beginning of its operation. An adaption of the bearing surface in particular at the bearing edges
takes place which causes higher friction losses during this time. The simulation considers
already run-in bearings by including this adapted surface geometry. Consequently, differences
between the measured and simulated results arise. This run-in process happens during the
first and second step (1000 and 2000 rpm), when the measured friction torque is accordingly
higher compared to the calculated friction torque. The wear process due to the run-in is
discussed in more detail in the following example.
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4.2. Edge loading and running-in wear in dynamically loaded journal bearings

After the friction tests under dynamic loading (see Section 4.1), the bearing shells were
analysed and a worn region was identified at the bearing edges. In Section 4.1, these worn
regions are considered in the simulation right from the start instead of a perfect cylindrical
bearing surface. In this section, the worn surface geometry is calculated in a stepwise process
by iteratively removing material from the initial perfect cylindrical bearing shell.

4.2.1. Running-in caused by edge loading and iterative wear calculation

When two contacting elements operate together for the first time, adaptions of their surfaces
occur. These adjustments concern the geometrical conformity on both the macro- and micro-
scale as well as changes of the mechanical and material properties [54]. Such an adjustment
process takes place in the early stage of operation and is commonly called running-in. In
hydrodynamic journal bearings a geometrical unconformity is caused by any misalignment
between shaft and bearing shell. This unconformity originates from production tolerances,
assembly deformation or thermal deviation. In this study, the applied heavy load bends the
shaft elastically which leads to a misalignment and further, to metal-metal contact at the
bearing edges. The principal manner is sketched in Figure 8 on the left. In hydrodynamic
journal bearings the softer shell generally adapts its surface to fit the harder journal during the
running-in. When the running-in process has finished, metal-metal contact in the lubrication
gap vanishes completely.

- - @ Initial surface profile

Edge
loading

Adaption
of shell

EHD simulation
/surface 4

Wear analysis &
surface profile generation

@ Final surface profile

Figure 8. Edge loading caused by elastic bending of the shaft; the flowchart of the iterative surface profile generation
on the right [42].

Figure 8 (right) shows the iterative scheme of the wear calculation. By starting from the initial
perfectly cylindrical bearing shape of a new bearing, the wear equation from Archard [55] is
used to calculate the wear depth for all HD nodes of the discretized journal bearing surface.
Archard’s wear equation can be written as
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where h,, denotes the wear depth, W the normal load, L the sliding distance, C the wear
coefficient and H describes the hardness of the contact surface. The product of normal load
and sliding distance can be substituted by a step time tg, multiplied with a wear load W,. The
wear load is the averaged product of asperity contact pressure and relative sliding speed over
a load cycle and is different for each (discretized) spot of the bearing surface.

In this wear process a maximum wear depth per iterative step is defined which is generated
at the HD node with a maximum wear load. The wear depth of all other HD nodes can then
be calculated and a new surface profile is generated. Additionally, the time required to achieve
the worn geometry and the overall wear volume can be calculated for every step. With this
adapted bearing surface another full elasto-hydrodynamic simulation step is started and the
wear calculation is performed again. This process is repeated until the mixed lubrication, or
more precisely the maximum asperity contact pressure, becomes insignificantly small. Wear
on the journal surface is neglected because of the significantly higher hardness compared to
the bearing shell surface.

Central to the wear analysis is the contact model which evaluates the metal-metal contact
pressure according to the film thickness in the bearing. To reliably describe the contact
pressure, the roughness parameters of the contact model need to be obtained from the real
surfaces. Hence, the shaft and bearing shell surfaces are scanned and analysed. For a detailed
derivation of the roughness parameters see [42].

4.2.2. Results of the iterative wear simulation

The running-in procedure is calculated for a shaft speed of 4000 rpm and a maximum specific
load of 100 MPa (see previous example). Starting point of the wear process is the definition of
the initial (cylindrical) journal bearing shape followed by an EHD simulation of a full load
cycle. Metal-metal contact is observed when the applied load reaches its maximum. The test
bearing in particular shows metal-metal contact at both bearing edges. The symmetrical
appearance of the metal-metal contact is caused by the symmetric bearing layout and the
according deflection curve of the shaft. Figure 9 shows the distribution of the calculated metal-
metal contact pressure on the left.

Subsequently, the wear load during a full load cycle is calculated and the worn surface
geometry is generated. The generated profile is then used as bearing geometry in the subse-
quent simulation step. As a result, a reduction of the maximum metal-metal contact pressure
is obtained. When the procedure is repeated 40 times, as show, it can be observed that the
maximum metal-metal contact pressure gradually decreases. The evolution of the maximum
contact pressure during the iterative process is shown in Figure 9 (right). The stepwise pressure
reduction is significant in the beginning of the wear process but becomes smaller from step to
step. The step time to achieve the defined maximum wear depth per iterative step is also shown
in Figure 10. The step time monotonically increases from 2.5 to 1050 s.
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Figure 9. Calculated asperity contact pressure for the first step at the point of maximum load on the left; development
of maximum asperity contact pressure and step time over the number of iterative steps [42].
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Figure 10. Surface profile on the left and a section view of the surface profile during the iterative running-in process at
the position of maximum wear depth on the right [42].

Figure 10 shows the development of the surface profile for the test bearing. Wear concentrates
on the edges of the upper bearing shell and shows a symmetrical appearance. With a higher
number of iterative steps the worn area expands in axial and circumferential direction. And
also the wear depth at the edges increases gradually and reaches a maximum of 3.6 um after
40 steps.

Finally, the maximum metal-metal contact pressure and the wear volume are plotted over the
time in Figure 11. Within the first 200 s of operation the maximum contact pressure drops
sharply below 5 MPa. From there on the maximum asperity contact pressure steadily decreases
to a minimum in the end. The wear volume strongly increases in the beginning and flattens
out over time. A steady state of wear has not been identified during the investigated time
period.
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Figure 11. Maximum asperity contact pressure and the accumulated wear volume over time [42].

The quick reduction of asperity contact pressure in the beginning of the bearing operation
verifies the statement from the previous example in Section 4.1: at low shaft speeds during the
run-in a deviation between the measured and calculated friction torque was identified. This is
caused by additional friction losses due to metal-metal contact of the run-in process. Metal-
metal contact did not occur in the simulation because an already worn surface geometry was
assumed.

In this section, the simulation of the wear process yielded a calculated final surface geometry
that is a good match to the worn surface of the test bearing obtained after the dynamic tests.
The comparison of wear depth as well as the extent of the worn area shows that the presented
method is able to predict the worn surface geometry in highly stressed journal bearings
(detailed comparison see [42]).

This section has also shown that the running-in process concentrates on rather small areas of
the journal bearings and, therefore, metal-metal contact occurs only locally. The small amount
of metal-metal contact only marginally affects the friction losses in the bearing. Hence, the
investigated dynamical load is not well suited to analyse friction in the mixed lubrication
regime. Consequently, the next section studies the mixed lubrication regime up to severe metal-
metal contact.

4.3. Simulation of journal bearing friction in severe mixed lubrication

In the mixed lubrication regime, metal-metal contact occurs and becomes dominant which
leads to a drastic rise in friction. Texture and roughness of the bearing surface has a major
influence on friction in the mixed lubrication regime. In the simulation, the bearing surface is
represented by the contact model which is responsible to reliably predict metal-metal contact
pressure as well as contact area.

This section experimentally verifies the relatively simple simulation approach using Green-
wood and Tripp contact model in combination with a constant friction coefficient. The input
data for the contact model are derived from surface scans of the bearing. Furthermore, the
influence of surface roughness on friction is discussed.
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4.3.1. Journal bearing conditions and experimental details

To ensure the occurrence of metal-metal contact on the bearing test-rig and in contrast to the
previous sections, a static load is applied to the test bearing. The tests start at high shaft speed
and the shaft speed is slowly reduced to enable the journal bearing to enter the mixed
lubrication regime. The results are represented by Stribeck curves that allow an identification
of the different lubrication regimes, as shown in Figure 12. The Stribeck curve shows the
friction torque over the shaft speed. The transition between the hydrodynamic lubrication
regime and the mixed lubrication regime can be identified by a strong increase of the friction
torque.

Two load cases are investigated in this section, the first with 8 kN static load and the second
with a 4 kN load, which correspond to 10 MPa and 5 MPa specific load in the test bearing,
respectively. In the beginning of each test, new bearing shells are placed into the test connecting
rod and the supportbrackets. One test run consists of a constant speed-up to 6000 rpm followed
by a constant speed-down until the shaft stops to rotate. One test run lasts for 12 min. Only
the speed-down is recorded and evaluated.

Boundary Mixed Hydrodynamic
friction

~

N friction friction

Friction torque

~

Shaft speed

Figure 12. Sketch of a Stribeck curve with different lubrication regimes [43].

Surface New Worn
R, (um) 0.27 0.22
R, (um) 0.34 0.26
0 (um) 0.28 0.23
O (um) 0.39 0.19

Table 3. Surface roughness and simulation input parameters for the contact model.
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The bearing surface is scanned by a white light interferometer and the input parameters for
the contact model are derived. For evaluating the influence of surface roughness, the bearing
shell is measured before the test run and a worn bearing shell is scanned too. The main
properties are summarized in Table 3. The arithmetic average R, of the bearing shell surface
decreases from 0.27 pm for the new bearing to 0.22 pm for the worn bearing. A similar decrease
can be seen for the root mean square R, which is 0.34 um for the new and 0.26 pum for the worn
bearing. The asperity summit roughness ¢ and the mean summit height 0 are relevant for the
contact model. Additional details about the contact model can be found in [43]. In contrast to
the previous example, a cylindrical geometry of the journal bearings is considered in the
simulation. The difference between the new and the worn surface only concerns the surface
roughness parameters.

Beside the parameters for the contact model, a suitable boundary friction coefficient that
considers the presence of friction modifying additives [56] is required to predict friction. Here,
the boundary friction coefficient is chosen to be constant o4 = 0.02. The limits of this
simplification are discussed in the results.

4.3.2. Verification of the simulation results and the influence of surface roughness

Figure 13 shows a comparison of the simulation results and the measurement results. On the
left the results for the 8 kN load and on the right for 4 kN are presented. The dashed line shows
the measurement results and the grey area indicates the uncertainty band of torque and speed
measurement.
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Figure 13. Comparison between the calculated and measured friction torque over shaft speed at a load of 8 and 4 kN
[43].

At maximum shaft speed the bearing operates in pure hydrodynamic lubrication regime and
a friction torque of about 1.1 Nm arise for the 8 kN load. By reducing the shaft speed the friction
torque decreases to a minimum at around 400 rpm. Below 400 rpm the bearing operates in
mixed lubrication regime and the friction torque increases abruptly. Similar behaviour can be
seen at a load of 4 kN. In the hydrodynamic regime the friction torque is 0.15 Nm lower
compared to the 8 kN load and also the transition between hydrodynamic and mixed lubri-
cation regime is shifted to a lower shaft speed.
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The two other curves represent the calculated friction torque with the new bearing surface
roughness (solid curve) and the worn bearing surface roughness (dashed curve). In the
hydrodynamic lubrication regime both surfaces predict identical friction torques. A difference
can be seen at low speed, when the new bearing surface predicts an earlier increase of friction
torque compared to the worn surface. However, at 8 kN load the results calculated with both
surfaces lie within the measurement uncertainty but regarding the transition speed the
calculation with the worn surface appears to be more suitable. At 4 kN the results with the
new surface match the transition speed.

It can be expected that a modification of the surface roughness occurs at the beginning of the
operation. As mentioned earlier, a speed-up is performed before the measurements take place.
During the speed-up metal-metal contact already occurs and the surface may smoothen
already. For a higher load more metal-metal contact develops and a quicker surface modifica-
tion can be expected. The quicker adaption at 8 kN load eventually explains the good match
of measurement and simulation with the worn surface roughness.

The comparison of measurement and simulation shows a good agreement in hydrodynamic
lubrication regime and mixed lubrication regime. Hence, the presented roughness data
observed from surface scans in combination with the simple contact model are suitable for the
friction prediction in journal bearings operation under severe conditions. Also, the chosen
constant friction coefficient (ig,,,q is suitable for both loads to predict friction with a great
accuracy. Only at a very low shaft speed when the bearing operates in boundary friction
regime, the friction torque is underestimated. Here, a higher boundary friction coefficient
would be more applicable.

4.4, Friction analysis of journal bearings during starting and stopping

A transient start-stop simulation is performed in the final example. The journal rests in the
bearing in the beginning of the simulation. When the journal starts to rotate the breakaway
torque has to be overcome. Afterwards, the bearing operates in mixed lubrication regime until
the lift-off speed is reached.

4.4.1. Experimental details and journal bearing resting conditions

A static load of 2.5 kN is applied to the test connecting rod. The resting test shaft is constantly
accelerated to a maximum speed of about 260 rpm. The duration of the speed-up is 3 s.
Subsequently, the shaft is constantly decelerated over 3 s until the shaft stops. This start-stop
cycle was repeated 6000 times. In between each cycle was a recovery phase of 3 s.

The simulation model from previous examples is modified in a way that the shaft follows a
predefined rotation to analyse the start-stop behaviour. The parameters for the contact model
and the boundary friction coefficient remain unchanged. However, before the shaft starts to
rotate a static condition needs to be established. Therefore, an initialization phase is included
where the static load is gradually applied to the bearing and the shaft moves slowly towards
the bearing shell until it reaches its resting position. Figure 14 (left) shows the bearing force
and the minimum film height in the lubrication gap.
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During the first 0.1 s, the static load is constantly increased until 2.5 kN is reached. At the
beginning of the initialisation phase, the shaft is located at the centre of the bearing. As the
load increases the shaft subsides within the bearing and the minimum radial distance between
shaft and bearing (minimum film height) decrease. After 0.3 s, the minimum distance is
reached. Atresting position, the journal is mainly supported by metal-metal contact which can
be seen in Figure 14 (right). While the test bearing shows an equally distributed contact
pressure all along the bearing axis, the support bearing show an asymmetric distribution. This
asymmetric distribution is caused by the elastic deformation of the shaft due to the static load
(deflection curve). The actual starting of the shaft happens after 0.5 s. The shaft is then
accelerated and decelerated again until the shaft completely stops to rotate.
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Figure 14. Load of the test bearing and minimum film height during the initial phase of the start-stop cycle on the left;
metal-metal contact pressure distribution after 0.5 s in the test bearing and the two support bearings [53].

4.4.2. Verification of the simulation results and the influence of surface roughness

The measurement and simulation results are summarized in Figure 15. The dashed black curve
shows the rotational speed of the shaft; it reaches a top speed of 260 rpm. The solid black curve
represents the measured torque. The results were taken from the 3000th cycle and, therefore,
a running-in of the bearing has already occurred. Shortly before the shaft begins to rotate the
torque abruptly increases to a maximum. This peak, or breakaway torque, indicates the
transition between static and sliding friction. Once in motion the bearing enters the mixed
lubrication regime and the friction torque decreases quickly. After 1.5 s, the friction torque
becomes a minimum as the bearings enter the hydrodynamic lubrication regime. At stopping
the measured torque does not show any increase until 6.2 s when the recording of the data
ended. The measured signal shows strong fluctuations which are caused by the dynamic
behaviour of the test-rig. It can be expected that the impulse at the breakaway cause this strong
fluctuations. Bouyer and Fillon [57] observed a similar behaviour and referred to the slip-stick
phenomenon.

The solid grey curve shows the calculated torque considering a new bearing surface. When
the shaft starts to rotate, it raises identically with the measured friction torque. Also the
magnitude of the breakaway torque is equal to the measured one. After the breakaway both
curves drop parallel as they reach mixed lubrication. The hydrodynamic regime is reached
after 2 s. In the end of the start-stop cycle the simulation predicts an increase of friction torque
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before the shaft completely stops. The fluctuations are not present in the simulation because
the rotational speed of the shaft is specified.

Similar to the previous result section, the influence of surface roughness is analysed by
simulation. The friction torque calculated with a worn surface roughness is shown as dashed
grey line in Figure 15. The breakaway torque remains unchanged compared to the results with
the new bearing surface because at rest the shaft is completely supported by metal-metal
contact and, hence, the breakaway torque is only defined by boundary friction coefficient,
Upouna- IN the mixed lubrication regime, the friction torque reduces quickly and pure hydro-
dynamic lubrication is reached after 1.5 s. At top speed both surface roughnesses yield a similar
torque in the simulation. A major difference can be seen in the behaviour during the slowdown
and the stopping of the shaft. The calculation with the worn bearing surface roughness shows
a clear reduction of maximum friction torque which also fits better with the measured friction
torque.
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Figure 15. Measured and calculated friction torque during a start-stop cycle; results from simulation are obtained for
new and worn bearing surface roughness [53].

Overall, the calculated friction torque follows the starting and stopping behaviour of the shaft
in the bearing very closely. Especially the breakaway torque and the transitions between the
boundary and mixed lubrication regime as well as between the mixed and hydrodynamic
lubrication regime are identified. The model considering the new bearing surface roughness
overestimates the friction torque during stopping of the shaft.

5. Conclusion and outlook

This chapter analyses the behaviour of automotive journal bearings under severe loading
conditions. The severe loading conditions force the bearing to operate in the boundary, mixed
and elasto-hydrodynamic lubrication regime. Therefore, an extensive simulation approach is
employed which considers elastic deformation of the components, the rheological properties
of the lubricant under high pressure and at high shear rate, and a contact model to calculate
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metal-metal contact. Both the lubricant properties and the surface roughness parameters for
the contact model are experimentally identified. The simulation approach is comprehensively
validated on the basis of measurements on a journal bearing test-rig.

The first example shows the importance of considering the piezo-viscous and the non-
Newtonian effect of the lubricant to reliably predict friction in highly loaded journal bearings.
If both the effects are neglected, a discrepancy of up to 15% can occur in comparison to the
measured results for the studied operating conditions. The second example discusses the
running-in behaviour of misaligned journal bearings which is caused by the elastic bending
of the shaft. Therefore, an iterative simulation approach is presented which removes material
from the bearing shell step by step. Friction in mixed lubrication is analysed in the third
example where the Stribeck curves are calculated and compared to the measured results. The
influence of surface roughness on mixed friction is investigated. Finally, a transient start-stop
cycle is calculated in the fourth example. Before the shaft starts to rotate, a breakaway torque
has to be surmounted. The bearing shortly operates in mixed lubrication before the contacting
surfaces are completely separated. Especially at the stopping of the shaft an influence of surface
roughness can be identified.

Future challenges for journal bearing simulation include the precise wear prediction and the
determination of wear coefficients for different bearing materials. In this context, the consid-
eration of polymeric sliding layers in the simulation presents a new challenge for the future.
While mixed lubrication can be described numerically very accurately as shown in this chapter,
its escalation up to bearing failure is still beyond the scope of the presented work although
relative estimations are enabled in a comparative sense based on the results. However, the
numerical prediction of bearing failure requires a deeper understanding of the thermal
processes in the journal bearing, which will be the subject of future work.
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Abstract

Phosphate esters, thiophosphate esters and metal thiophosphates have been used as
lubricant additives for over 50 years. Recently, phosphorus-containing ionic liquids have
emerged as a new class of lubricant additives. While the use of phosphorus compounds
has been extensive, a detailed knowledge of how they work has been a much more recent
development. In this chapter, the use of phosphate esters, thiophosphate esters, metal
thiophosphates and phosphorus-containing ionic liquids as antiwear or extreme
pressure additives is discussed. The primary emphasis will be on how they form a
protective film, which is both durable and reduces friction. The first part of the chapter
discusses the use of alkyl phosphates, triaryl phosphates and metal-containing
thiophosphate esters with primarily iron- and steel-based bearing materials. The second
part of the chapter examines phosphorus-containing ionic liquids and the challenges
posed by new bearing materials with different surface chemistries.

Keywords: phosphate ester, thiophosphates, ZDDP, zinc dialkyldithiophosphate, anti-
wear additive, turbine engines, refrigeration

1. Introduction

Lubricant additives are a critical part of all lubricant systems because they impart properties
to the formulated lubricant that the basestock does not possess. Additives allow longer
lubricant lifetimes by eliminating certain modes of basestock decomposition. For example,
when a lubricant is used, it is exposed to temperatures much higher than the bulk oil
temperature for short periods of time. This occurs in the presence of oxygen, which can cause
oxidation of the lubricant. Additives can reduce the decomposition of the basestock by
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scavenging free radicals formed in the initial stages of the reaction. Aircraft lubricants typically
contain the following groups of additives:

* Boundary lubrication additives (antiwear, lubricity and extreme pressure)
¢ Antioxidants

* Anticorrosion additives

* Antifoaming additives

* Metal deactivators

* Viscosity index improvers

Choices of additives are frequently limited based on the thermal stability of the additive, needs
for long lifetimes and tendencies of the additives to form deposits [1].

Organophosphorus compounds are found in a range of formal oxidation states from -3 to +5.
Of these oxidation states, compounds in the -3, +3 and +5 oxidation states have particularly
important industrial applications [2]. The structures of some of these compounds are shown

in Figure 1.
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Figure 1. Phosphorus compounds in various oxidation states.

The thermal and oxidative stability of phosphorus compounds, particularly phosphorus in the
+5 oxidation state, has led to a number of important industrial applications [3]. The structure
of phosphates, for example (Figure 1), shows a fully oxidized phosphorus at the center of the
molecule. The possibility of exchanging the oxygen atom for either a sulfur or a nitrogen atom
greatly increases the variety of compounds as does the ability to include various organic groups
attached to the oxygen, nitrogen or sulfur atoms. While organophosphites and organophos-
phonium ions have important applications, by far the phosphates have found the greatest use.

Initial industrial applications of organic phosphates include fire retardants, especially for the
film industry [4] and environmentally degradable pesticides due to their toxicity to insects,
but not animals and their relatively high reactivity in the environment [5]. Phosphate esters
have been used as surfactants and as brightening agents in detergents [6]. Phosphate esters
with a variety of structures and reactivities are commercially available and have found
important industrial application. Commonly available compounds include aromatic phos-
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phate esters, alkyl phosphate esters, thiophosphates and a number of metal-containing
phosphate esters, including zinc dialkyldithiophosphates (ZDDP) [7].

The development of lubricant additives began in response to the need for higher performance
lubricants. Many of the initial hydrocarbon lubricating oils contained sulfur and phosphorus-
containing species that in hindsight were naturally occurring antioxidants and antiwear
agents. These naturally occurring additives however varied substantially as the crude oil
sources changed. When it was initially suggested that synthetic additives should be added,
they were regarded as an expensive component of unknown use. As time progressed, phos-
phorus-containing additives became a required part of formulated lubricants in order to meet
more stringent specifications [8]. The purpose of this chapter is to review the use of the various
types of phosphate esters as lubricant additives and to illustrate what is known about how
they function as lubricant additives.

2. Zinc dialkyldithiophosphates and other metal dithiophosphates

Lubricant additives containing zinc, phosphorus and sulfur originate with a series of patents
filed in the 1940s by Lubrizol [9], American Cyanamid [10] and Union Oil [11] claiming a
composition that functioned as an antioxidant and a corrosion inhibitor. These additives, now
known as ZDDPs, were originally prepared by the reaction of phosphorus pentasulfide (P,S;)
with one or more alcohols to give the appropriate dialkyldithiophosphoric acid. The acid was
then neutralized by the addition of zinc oxide to give the product as shown in Figure 2 [12].
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Figure 2. Method for the preparation of ZDDP.

ZDDPs have been prepared with a wide variety of alcohols in order to tune physical properties,
including oil solubility and viscosity and chemical reactivity of the resultant additive. In
addition, the chemical properties can be adjusted by altering the ratio of zinc oxide to the
dialkyldithiophosphoric acid resulting in acidic, neutral and basic ZDDPs [13].
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ZDDP was initially applied in industrial oils as an antioxidant. ZDDP appears to react rapidly
with peroxy radicals in the oils [14]. In 1955, it was shown that ZDDP could also act as an
antiwear additive [15], which led to its primary use in the automotive industry [16]. The use
of ZDDP in aerospace and refrigeration industries did not develop because of their need for
an ashless additive which made ZDDP unsuitable [17].

2.1. The structure of ZDDP in solution

The interaction of ZDDP with metal surfaces is closely related to its structure in solution. In
solution, ZDDP can act as an antioxidant [18], increasing its utility, but the primary use is as
an antiwear additive. In solution, acidic and neutral ZDDP exists as an equilibrium between
a monomeric and a dimeric form, with the dimer being dominant in toluene or chloroform
solution [19]. Quantum mechanical models have suggested a mechanism for the interconver-
sion with two different transition states. The first transition state contains a four-membered
ring with two bridging sulfur atoms and the second contains a six-membered ring which leads
to the final product that contains an eight-membered ring [20]. Basic ZDDP, in contrast to acidic
and neutral ZDDDP, incorporates excess zinc oxide into a structure that contains three ZDDP
molecules and a zinc oxide [21]. Polymeric forms are observed in the solid state [22], and larger
molecules are observed in solution by dynamic light scattering [23]. The structures of these
forms are included in Figure 3.
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Figure 3. Structures of some of the observed forms of ZDDP.

While there are several structures observed in low-temperature solution, it appears that at high
temperatures, basic ZDDP converts to the same structure as neutral ZDDP and gives identical
wear test performance [24]. It is also thought that oxidation of the thiophosphate to phosphate
is a part of the degradation mechanism [25].
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2.2. The reactions of ZDDP at metal surfaces

All antiwear additives operate by forming a protective film on the bearing surface. That film
acts to protect the surface during periods of elastohydrodynamic and boundary lubrication
when asperity-asperity contact is a major cause of wear. The same film also protects the surface
during start-up when there is no lubricant flowing through the system [26]. The composition
of the surface film, how it forms and how it can be modified, has been the object of a great deal
of research.

An initial model for the species found on metal surfaces begins with the study of the solid state
structures of ZDDP. Several structures have been observed, including polymeric [27] and
binuclear [28] structures depending on the alkyl groups present in the ZDDP. Solid state
nuclear magnetic resonance (NMR) studies have indicated that structures not seen crystallo-
graphically exist and that these structures differ from the solution structure [29]. X-ray
absorption near-edge spectroscopy (XANES) and 31-P NMR indicated the formation of a
surface film and even when there was no phosphorus remaining in solution, the film continued
to form. This is an indication that the decomposition of a species in solution precedes the
formation of the film [30].

Metal coupons, when they are immersed in a solution of ZDDP dissolved in a lubricant or
nonpolar solvent rapidly form a thermal film on the surface of the coupon. Analysis of the
films by several techniques indicates that they are not simple zinc or iron compounds such as
zinc phosphate, zinc phosphide and iron phosphate [31]. The thermally generated films have
similar compositions to the coatings formed inside tribological junctions. Wear reduction is
found to be the greatest when a thermal film is formed first, followed by friction between the
surfaces (i.e., rubbing motions of a pin on disk) in a ZDDP containing oil to generate the
tribofilm [32]. The outermost layer of the thermally generated film is zinc polyphosphate,
which is converted to zinc pyrophosphate or zinc orthophosphate deeper in the film [33]. The
tribofilms differ from the thermal films because a significant amount of the zinc is replaced
by iron [34].

A number of different techniques have been used to study the tribofilms formed by ZDDP.
Studies have demonstrated that phosphate must be present in the oil for a wear-resistant
surface and once the phosphate is depleted, sulfur causes corrosion inside the wear scar [35].
ZDDP has also been shown to stop the reduction of surface metal oxides the lubricant, forming
an easily sheared layer that prevents direct contact between the two surfaces [36]. A commonly
proposed mechanism for the reduction of wear involves the formation of pads that cover most
of the surface of the bearing. The formation of a linkage isomer [37] that ultimately binds to
the metal surface [38] is the initial step, followed by a series of reactions that eliminates the
majority of the alkyl substituents and most of the sulfur. These reactions leave a deposit of zinc
polyphosphate at the surface. Iron diffusion into this layer gives a mixed zinc polyphosphate/
iron polyphosphate layer with increased iron closer to the surface [39]. The pads appear to be
bound to the surface through a thin layer of mixed zinc and iron sulfide [40]. The film thickness
eventually stabilizes at a thickness of 40-150 nm [41]. The film is shown schematically in
Figure 4. The film itself has the interesting property of responding to increased pressure
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through an increase in the modulus of elasticity, which is referred to as smart material
behavior [42].

Glassy Fe/Zn
polyphosphate
Fe5, ZIn5
ZDODP, other organic
compounds
_Zn
Polyphosphate

I t 1-10 microns "

50-150 nm

Bearing
Surface

Figure 4. Layered structure of surface film formed from ZDDP.

3. Dithiophosphate esters and related materials

Current environmental standards have significantly reduced the allowed particulate emissions
for diesel engine. Metal containing additives frequently clog filters and phosphorus additives
can poison catalysts. Lubricants and lubricant additives have been identified as a possible
contributor to metals, phosphorus and sulfur in the exhaust stream. In order to reduce
particulate emissions, but still take advantage of the advantages of ZDDP like additives, a
number of compounds based on thiophosphate and phosphorothionate compounds have been
developed as ashless lubricant additives [43]. The structures of some of the ashless thiophos-
phate-based additives are shown in Figure 5.
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Figure 5. Structures of some ashless dithiophosphate additives.

A number of lubricant additives have been developed for automotive applications based on
0,0'-dialkyldithiophosphoric acids. These compounds are simply ZDDP without the zinc. A
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major concern with these additives is the acidity of the S-H group. In order to reduce the total
acid number of the additive, the compound can be neutralized with a quaternary ammonium
hydroxide forming the ammonium salt [44]. The degree of substitution on the ammonium ion
gives good solubility in the oil and leads to potential for property optimization. These amine
phosphate additives, actually a type of ionic liquid discussed later, offer some of the highest
load carrying capabilities, however suffer from reduced hydrolytic stability and higher
resulting acidity during use compared to other additives [45].

Another common class of additives is the amidothiophosphates. They are prepared by the
addition of amines to an appropriate thiophosphoryl chloride [46]. Other additives are
prepared by the addition of sulfur across the double bond of acrylic acid or an acrylate ester
[47]. An alternate approach is to use hydrogen peroxide to oxidize and then dimerize the
alkyldithiophosphate [48].

Thermal films form from dialkyldithiophosphates at about 150°C. The films consist of a
mixture of iron (II) polyphosphate and iron (II) sulfate [49]. Under tribological conditions, the
ashless compounds form thicker films and give better overall performance than ZDDP under
the same conditions. The ashless additives also gave shorter chain polyphosphates than ZDDP,
but an average film thickness of 400 nm [50].

Triaryl phosphorothionates are another class of molecules that have received significant
attention as antiwear additives. These molecules are structurally similar to the phosphate
esters, except a doubly bound sulfur atom replaces the oxygen atom. Triphenyl phosphoro-
thionate, the parent compound in the series, has received the most study. In solution, triphenyl
phosphorothionate is oxidized thermally to form triphenyl phosphate which reacts rapidly
with the bearing surface. There appear to be no solid products formed from this reaction [51].
In the presence of iron or steel, a metal catalyzed reaction converts triphenylphosphorothionate
to triphenyl phosphate, and the decomposition of triphenylphosphate results in the production
of amultilayered solid film on iron or iron oxide [52]. The wear debris analyzed by transmission
electron microscopy was found to include a mixture of Fe;O, particles and amorphous material.
A mechanism for the reduction of wear included solid particles trapped within the tribofilm.
Antiwear additives that produced a film with the smallest number of iron oxide particles
resulted in the greatest reduction of wear [53].

4. Phosphate esters

The initial application of phosphate esters as lubricant additives was more than 60 years ago.
While initially developed as antioxidants for aircraft engines, phosphate esters have found
increasing use in both automobile engines [54] and refrigeration compressors [55]. Trialkyl
phosphates were initially preferred because of their high reactivity [56], but the reactivity also
limited their use to moderate temperatures and mild lubrication conditions [57]. Triaryl
phosphates and particularly tricresyl phosphate have been known to reduce friction and wear
under boundary lubrication conditions since the 1940s [58]. With many applications, especially
aviation, moving to synthetic basestocks, the need for effective antiwear additives increased.
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In the case of neopentyl polyol basestocks, the formation of a surface film was more important
because its presence also reduced the reactivity of the basestock [59]. Although concerns about
the volatility and toxicity of the triaryl phosphates have come to light, triaryl phosphates
continue to be used. These concerns however have brought about the development of more
highly substituted phosphate esters such as butylated triphenyl phosphate as a replacement
for tricresyl phosphate. The larger alkyl groups decrease the volatility of the phosphate ester
and also make the formation of the ortho isomer more difficult.

4.1. Mechanism for the modification of metal surfaces by phosphate esters

The knowledge of the interaction of phosphate esters with iron-based surfaces begins with the
work on vapor phase lubrication by Klaus [60]. A wide range of techniques have been used to
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Figure 6. Reaction of phosphate esters with oxidized (a) and reduced (b) metal surfaces.
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the reactions and the structure of the films formed on the surface, including Fourier transform
infrared spectroscopy (FI-IR) [61], nuclear magnetic resonance(NMR) [62], and surface
methods including x-ray photoelectron spectroscopy (XPS) [63], Auger electron spectroscopy
(AES) [64] and x-ray absorption near edge spectroscopy(XANES) [65]. These techniques have
demonstrated that tricresyl phosphate forms a multilayer film on steel surfaces which acts as
a lubricious polymer. Later work by Forster [66] demonstrated that the diffusion of iron
through the phosphate film was the rate-determining step in film formation and caused a
lubricious coating to be maintained under wear. Iron is estimated to diffuse at a rate of 1-
3x10'% cm?/sec through the phosphate glass [67].

Phosphate esters are known to react more rapidly with iron oxides than with metallic iron on
steel surfaces. In the presence of an oxidized metal surface, a surface oxide or hydroxide
initially adds to the phosphate, breaking a P-O bond and resulting in a surface bound dialkyl
phosphate and releasing the substituted phenol. Continued reaction releases the remaining
substituted phenols leaving an iron polyphosphate. If there is limited oxide or hydroxide at
the surface, the C-O bond of the phosphate can be cleaved releasing the aryl group which then
adds to an aryl group bound to another phosphate resulting in the same bound diaryl
phosphate and a higher molecular weight soluble phosphate ester [68] as is shown in Figure 6.
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Figure 7. Auger depth profile of a film formed by the deposition of BTPP onto an iron foil at 425°C under nitrogen
(sputter rate 1.5 nm/min).

An Auger depth profile showing the composition of the film formed is shown in Figure 7.
Immediately adjacent to the iron surface, a carbon layer that has been characterized as either
amorphous carbon or low-order graphite is observed under both thermal and tribological
conditions. A layer of iron polyphosphate then extends to very near the surface of the coating.
At the surface of the bearing, a layer containing bound alkyl groups is found as is seen in
Figure 8. The bound alkyl groups help the surface retain some liquid lubricant upon standing
resulting in additional reduction in wear on engine startup before adequate lubricant flow is
achieved.
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Figure 8. The layered structure of the film formed based on x-ray photoelectron spectroscopy and Auger depth profil-
ing.

4.2. Safety of phosphate esters

One of the major perceived advantages of the phosphate esters in addition to their effectiveness
is their relative safety. They are nonflammable [69], break down in the environment to phenols
and phosphate and they exhibit only low-order toxicity with LDss in the range of 10-20 g/kg
[70]. There are still concerns about delayed neuropathy that has been associated with certain
isomers of the triaryl phosphates, as well as products that might be derived from the decom-
position of the triaryl phosphates at high temperatures. There is evidence that a paralytic
condition known as organophosphate-induced delayed neuropathy (OIDN) can develop [71].

A recent concern is that triaryl phosphates can enter the cabin as a part of the bleed air,
especially given the air force shift from liquid oxygen carried on the plane to oxygen generated
onboard the aircraft [72]. Tricresyl phosphate has been reported in cabin air on aircraft at levels
below toxicity thresholds [73]. Methods have been developed to detect and confirm human
exposure to tri (o-cresyl) phosphate [74]. In a limited study of healthy pilots, none had evidence
of tri (o-cresyl) phosphate exposure [75]. The contradictory reports indicate there are signifi-
cant gaps in our knowledge of aerotoxic syndrome. These observations have accelerated the
search for safer phosphate ester additives.

The general mechanism for the toxicity of organophosphates is through the inhibition of
acetylcholinesterase [76]. This is the same mechanism that is associated with chemical warfare
agents and organophosphorus insecticides. Considering the high LD, associated with
phosphate ester lubricant additives, it is unlikely that they operate by this mechanism.
Organophosphate induced delayed neuropathy (OIDN) is an alternate type of toxicity that
results in cramping, loss of coordination and may result in paralysis within 1-2 weeks after
exposure. Victims recover only very slowly and the recovery is seldom complete [77].

Of the compounds used as lubricant additives, tricresyl phosphate containing the ortho (0-TCP)
isomer is of particular concern for the development of OIDN. Exposures to o-TCP have
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occurred in the cases of adulterated Jamaica ginger [78] and cooking oil adulterated with
turbine engine oil [79]. Aerotoxic syndrome and OIDN have recently focused on o-TCP present
as one of the isomers present in the additive even though less than 2% of the TCP is permitted
to be the ortho isomer [80].
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Figure 9. Conversion of 0-TCP to CBDP, and irreversible inhibitor of human butyrylcholinesterase and human acetyl-
cholinesterase.

The mechanism of OIDN by o-TCP is thought to begin with the benzylic oxidation of the ortho
methyl group to give a benzyl alcohol by cytochrome P-450. The alcohol then cyclizes in a
reaction catalyzed by serum albumin with the release of cresol as is shown in Figure 9. The
cyclization product 2-(o-cresyl)-4H-1,3,2-dibenzodioxaphosphoranone (CBDP) is an irrever-
sible inhibitor of human butyrylcholinesterase and human acetylcholinesterase [81].

In addition to the concern for the toxicity of the ortho isomers of TCP, there is concern about
the products formulated lubricant components react with each other under extreme condi-
tions. In particular, trimethylolpropane esters (a component of many neopentyl polyol ester-
based basestocks) react with 0-TCP to form neurotoxic compounds in fires [82, 83]. Currently
available TCP contains only meta and para isomers, however there is evidence that isomeriza-
tion to form ortho isomers is possible under engine conditions. Another approach is to remove
the possibility of reaction at benzylic protons by the use of t-butyl groups as substituents on
the aromatic rings.

5. Phosphorus-containing ionic liquids

In many lubricant applications, there is a need for increased durability, increased service
intervals, reductions in friction and reductions in emissions. Phosphorus-containing ionic
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liquids have demonstrated potential in solving some of these problems [84]. Ionic liquids have
very low vapor pressures and tend to be soluble in a wide range of nonpolar liquids. They can
be prepared with differing properties, depending on the nature of the anion and the cation,
modification of which can involve a number of central atoms. Since the topic of this work is
phosphorus containing species, only species containing phosphorus in either the anion or the
cation will be considered.

In order to have an ionic compound that isliquid at room temperature, large irregularly shaped
ions are required. Frequently, these compounds incorporate long organic substituent groups
which also impart solubility in organic liquids. Many of these ionic liquids are miscible with
hydrocarbon-based lubricants. Compounds can contain phosphorus in the cation, anion or
both ions. Phosphorus-containing anions have been shown to be the most effective [85]. These
compounds also have a tendency to interact strongly with metal surfaces to form a thin
protective phosphorus-containing film under boundary lubrication conditions [86]. It has also
been shown that phosphorus-based ionic liquids provide a decrease in friction and wear in
used diesel engine lubricants where the additives had been depleted but an increase in wear
was observed when the additives had not been depleted. This would indicate interference
between phosphorus-containing ionic liquids and existing antiwear additives [87].

Ionic liquids can contain phosphorus either as part of the cation (a phosphonium ion) or the
anion (a phosphate ion). Studies of alkyl imidazolium phosphate ionic liquids formed a
phosphate containing layer on steel contacts that was thought to also incorporate the imida-
zolium ion which reduced friction [88]. Some initial investigations implied that only phosphate
containing ionic liquids would form a lubricious film, and studies of phosphonium-based ionic
liquids with nonphosphate anions have been shown to also form a phosphorus-containing
film and ionic liquids with a nonphosphate anion performed better under high loads [89]. It
appears that all phosphorus-containing ionic liquids operate by similar mechanisms where a
tribo-boundary film is formed as a top layer and beneath that layer is a plastic deformation
zone [90].

6. Advanced bearing materials

The desire for more energy efficient and more powerful turbine engines for military and
aerospace applications has led a push for lighter bearing materials that can withstand higher
temperatures and are more durable. Greater durability and temperature stability can be
achieved by the development of either harder metal alloys or ceramic bearing materials. These
more exotic materials however may not function properly with the current lubricant and
additive packages.

6.1. Carburized metal alloys

One approach to achieve higher speeds and higher temperatures particularly for military
aerospace applications has led to the development of a new series of metal alloys. These alloys
have a bulk composition that is somewhat similar to existing bearing materials, however they
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are either carburized or nitrided during the heat treating step. This added step forms a hard
coating on the surface of the bearing that extends into the top 50-100 uM of the material.
Carburization during heat treatment consists of heating the material in the presence of a
reactive carbon species such as methane of carbon monoxide. The process converts the surface
of the material from the normal oxides and hydroxides to a surface that contains mainly
carbides. Similarly, the nitriding process converts the surface to nitrides by heating the material
in an atmosphere of a reactive nitrogen species such as nitrous oxide.

The primary concern associated with carburized steels is due to the change in surface chemistry
from oxides and hydroxides to carbides. Phosphorus-containing additives typically react with
the oxide surface to displace one or more of the organic groups, forming a layer that contains
an iron phosphate polymer that is durable and lubricous. In the absence of the oxides, it is
unknown whether the phosphates will bind. An additional concern is the known reactivity of
certain metal carbides with phosphate esters and lubricant esters [91]. Initial work has shown
that phosphate esters react with the nonheat treated Pyrowear 675 rods under similar condi-
tions as many other steel coupons [92]. The reactivity of the carburized steels with ester-based
lubricants and phosphate esters are ongoing.

6.2. Ceramic bearings

Ceramic bearings have been investigated for a number of high-temperature applications in
turbine engines. In general, unlubricated use has resulted in poor performance, but with an
appropriate lubricant good performance was achieved [93]. Phosphate esters were found not
to react with either silicon nitride or silicon carbide under conditions similar to those seen in
steel bearings. At higher temperatures, a film is formed but it is ineffective in extending the
life of the bearing [94]. In order to form an effective coating, a pretreatment which introduces
iron onto the surface is required [95].

7. Conclusion

Phosphate esters and related compounds with sulfur and metals added have found wide
application because of their ability to form thermal and tribological films on a wide range of
materials. The mechanisms of film formation differ for different members of this series, but
they all result in the formation of a tribofilm that is both lubricious and durable. The ability to
make changes in the organic groups and the atoms forming the connections to the phosphorus
atom allow compounds with a range of physical properties and reactivities to be prepared. A
greater understanding of additive reactivity, as it pertains to the formation of durable films on
metal surfaces, will allow the development of more effective phosphorus-containing additives.
Although environmental and toxicity concerns are present, additives based on the chemistry
of phosphorus-containing additives are likely to find application well into the future and the
development of new materials has the promise to reduce those concerns.

187



188 Advancesin Tribology

Author details

David W. Johnson

Address all correspondence to: djohnsonl@udayton.edu

Department of Chemistry, University of Dayton, Dayton, OH, USA

References

(1]

(2]

(3]

(4]

[5]

6]

[7]

8]

(%]

(10]

(11]
(12]

Snyder CE, Gschwender L], Sharma SK. Long-term additive trends in aerospace
applications. In: Rudnick LR, Ed., Lubricant additives: chemistry and applications, 2nd
edn., CRC Press, 2009. p. 637-646.

Corbridge DEC. Phosphorus: chemistry, biochemistry and technology, 6th edn., CRC
Press, 2013. ISBN: 978-1439840887.

Marino MP, Placek DC. Phosphate esters. In: Rudnick LR, Ed., Synthetic lubricants and
high performance functional fluids. CRC Press, 2002, p. 103-140.

Moy P. Aryl phosphate ester fire-retardant additive for low-smoke vinyl applications.
Journal of Vinyl and Additive Technology 2004;10:187-192. DOI: 10.1002/vnl.20028.

Barr DB, Bravo R, Weerasekera G, Caltabiano LM, Whitehead Jr. RD, Olsson AO,
Caudill SP, Schober SE, Pirkle JL, Sampson R], Needham LL. Concentrations of dialkyl
phosphate metabolites of organophosphorus pesticides in the U.S. population.
Environmental Health Perspectives. 2004;112:186-200.

Oldenhoveda de Guertechin L. Surfactants: classification. In: Broze G., Ed., Handbook
of detergents, Surfactant Science Series, Volume 82, Marcel Dekker, Inc., 1999. p. 18-20.

McDonald RA. Zinc dialkyldithiophosphates. In: Rudnick LR., Ed., Lubricant addi-
tives: chemistry and applications, Chemical industries, Volume 124, 2nd edn., CRC
Press, p. 51-62.

Spikes H. The history and mechanism of ZDDP. Tribology Letters 2004;17:469-489. DOI:
10.1023/B:TRIL.0000044495.26882.b5.

Asseff PA. Lubricants suitable for internal-combustion engines. U.S. Patent 2261047.
Assigned Lubrizol, Inc.

Cook EW, Thomas WD ]Jr. Lubricating-oil addition agents. U.S. Patent 2344392.
Assigned America Cyanamide.

Fruehler HC. Antioxidant for lubricating oils. U.S. Patent 2364283. Assigned Union Oil.

Fruehler HC. Antioxidant for lubricating oils. U.S. Patent 2364284. Assigned Union Oil.



[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

(22]

(23]

[24]

The Tribology and Chemistry of Phosphorus-Containing Lubricant Additives
http://dx.doi.org/10.5772/62208

Varlot K, Kasrai M, Martin JM, Vacher B, Bancroft GM, Yamaguchi ES, Ryason PR.
Antiwear film formation from neutral and basic ZDDP, influence of the reaction
temperature and concentration. Tribology Letters. 2000;8:9-16. DOI: 10.1023/A:
1019162529554

Burn AJ. The mechanism of the antioxidant action of zinc dialkyl dithiophosphates.
Tetrahedron. 1966,22:2153-2161. DOI: 10.1016/S0040-4020(01)82135-9.

Bidwell ]JB, Williams RK. The new look in lubricating oils. SAE Transactions
1955;63:349-361. DOI: 10.4271/550258.

Stanley CS, Larson, R. The performance of zinc dithiophosphates as lubricating oil
additives. SAE Journal 1958;107C:107-120. DOI: 10.4271/580110.

Cavestri RC. Potentially useful polyolester lubricant additives: an overview of antiox-
idants, antiwear and antiseize compounds. 1996:171-172. International Refrigeration
and Air Conditioning Conference. Paper 319. http://docs.lib.purdue.edu/iracc/319.

Barnes AM, Bartle KD, Thibon VRA. A review of zinc dialkyldithiophosphates
(ZDDPS): characterization and role in the lubricating oil. Tribology International
2001;34:389-395. DOI: 10.1016/S0301-679X(01)00028-7.

Harrison PG, Kikabhai T. Proton and phosphorus-31 nuclear magnetic resonance study
of zinc(II) O,0'-dialkyl dithiophosphates in solution. Journal of the Chemical Society
Dalton Transactions. 1987:807-814. DOI: 10.1039/DT9870000807.

Harrison JJ, Chan CY, Onopchenko A, Pradhan AR, Petersen M. Neutral zinc(II) O,0-
dialkyldithiophosphates — variable temperature 31P NMR and quantum chemical
study of the ZDDP monomer-dimer equilibrium. Magnetic Resonance in Chemistry
2008;46:115-124. DOI: 10.1002/mrc.2130.

Armstrong DR, Ferrari ES, Roberts K], Adams, D. An investigation into the molecular
stability of zinc di-alkyl-di-thiophosphates(ZDDPs) in relation to their use as anti-wear
and anti-corrosion additives in lubricating oils. Wear 1997,208:138-146. DOI: 10.1016/
50043-1648(96)07332-2.

Haiducl, Sowerby DB, Shao-Fang L. Stereochemical aspects of phosphor-1,1-dithiolato
metal complexes (dithiophosphates, dithiophosphinates): coordination patterns,
molecular structures and supramolecular associations—I. Polyhedron 1995;14:3389-
3472. DOI: 10.1016/0277-5387(95)00108-5.

Yamaguchi ES, Primer RL, Aragon SR, Labrador EQ. Dynamic light scattering studies
of neutral diisobutyl zinc dithiophosphate. Tribology Transactions 1997;40:330-338.
DOI: 10.1080/10402009708983662.

Yamaguchi ES, Ryason PR, Labrador EQ, Hansen TP. Comparison of the relative
performance of neutral and basic ZnDTP salts. Tribology Transactions 1996;39:220-224.
DOI: 10.1080/10402009608983524.

189



190 Advancesin Tribology

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Peng P, Hong SZ, Lu WZ. The degradation of zinc dialkyldithiophosphate additives in
fully formulated engine oil as studied by P-31 NMR spectroscopy. Lubrication Engi-
neering 1994;50:230-235. DOI: 10.1016/j.phpro.2015.05.055.

Vizintin J. Oil surface: additive reaction mechanism. In: Totten GE, Liang H, Eds.,
Surface modification and mechanisms. Marcel Decker, Inc., New York, N.Y., 2004, 243—
298.

Lawton SL, Kokotailo GT. The crystal and molecular structures of zinc and cadmium
O,0-diisopropylphosphorodithiolates. Inorganic Chemistry 1969;8:2410-2421. DOI:
10.1021/ic50081a033.

Ivanov AV, Antzutkin ON, Larsson AC, Kritijkos M, Forsling W. Polycrystalline and
surface O,0O'-dialkyldithiophosphate zinc(Il) complexes: preparation, 31P CP/MAS
NMR and single crystal x-ray diffraction studies. Inorganica Chimica Acta 2001;315:26-
35. DOLI: 10.1016/50020-1693(01)00293-6.

Larsson AC, Ivanov AV, Forsling W, Antzutkin ON, Abraham AE, deDios AC. Corre-
lations between 31P chemical shift anisotropy and molecular structure in polycrystal-
line O,0'-dialkyldithiophosphate zinc(II) and nickel(II) complexes: 31PCP/MAS NMR
and ab initio quantum mechanical calculation studies. Journal of the American
Chemical Society. 2005;127:2218-2230. DOI: 10.1021/ja0306112.

Suominen-Fuller ML, Kasrai M, Bancroft GM, Fyfe K, Tan KH. Solution decomposition
of zinc dialkyl dithiophosphate and its effect on antiwear and thermal film formation
by x-ray absorption spectroscopy. Tribology International 1998;31:627-644. DOI:
10.1016/S0301-679X(98)00084-X.

Bird RJ, Galvin GD. The application of photoelectron spectroscopy to the study of E.P.
films on lubricated surfaces. Wear. 1976;37:143-167. DOI: 10.1016/0043-1648(76)90188-
5.

Bancroft GM, Kasrai M, Fuller M, Yin Z, Fyfe K, Tan KH. Mechanisms of tribochemical
film formation: stability of tribo- and thermally-generated ZDDP films. Tribology
Letters 1997;3:47-51. DOI: 10.1023/A:1019179610589.

Bec S, Tonck A, Georges JM, Coy RC, Bell JC, Roper GW. Relationship between
mechanical properties and structure of zinc dithiophosphate antiwear films.
Proceedings of the Royal Society (London) A. 1999;455:4181-4203. DOI: 10.1098/
rspa.1999.049.

Piras FM, Rossi A, Spencer ND. Combined in situ (ATR FT-IR) and ex situ (XPS) study
of the ZnDTP-iron surface interaction. Tribology Letters 2003;15:181-191. DOI: 10.1023/
A:1024800900716.

Masuko M, Ohkido T, Suzuki A, Ueno T. Fundamental changes in friction and wear
characteristics due to ZnDTP deterioration in simulating engine oil degradation during
use. In: Transient processes in tribology. Proceedings of the 30th Leeds-Lyon Sympo-



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

(44]

[45]

[46]

The Tribology and Chemistry of Phosphorus-Containing Lubricant Additives
http://dx.doi.org/10.5772/62208

sium on Tribology, Lyon, France, 2-8 September 2003, Elsevier, Philadelphia, PA, USA,
2004, p. 359-356.

Rhodes KL, Stair PC. The surface chemistry of zinc dialkyldithiophosphate, an antiwear
additive on oxidized iron and steel foils. Journal of Vacuum Science and Technology A
1988;6:971-974. DOI: 10.1116/1.575042.

Fuller M, Yin Z, Kasrai M, Bancroft GM, Yamaguchi ES, Ryason PR, Willermet PA, Tan
KH. Chemical characterization of tribochemical and thermal films generated from
neutral and basic ZDDPs using X-ray absorption spectroscopy. Tribology International
1997;30:305-315. DOI: 10.1016/S0301-679X(96)00059-X.

Willermet PA, Dailey DP, Carter III RO, Schmitz PJ, Zhu W. Mechanism of formation
of antiwear films from zinc dialkyldithiophosphates. Tribology International
1995;28:177-187. DOI: 10.1016/0301-679X(95)98965-G.

Martin JM. Antiwear mechanisms of zinc dithiophosphate: a chemical hardness
approach. Tribology Letters 1999;6:1-8. DOI: 10.1023/A:1019191019134.

Yin Z, Kasrai M, Fuller M, Bancroft GM, Fyfe K, Tan KH. Application of soft X-ray
absorption spectroscopy in chemical characterization of antiwear films generated by
ZDDP. Part I: The effects of physical parameters. Wear 1997;202:172-191. DOI: 10.1016/
50043-1648(96)07272-9.

Fuller ML, Fernandez LR, Massoumi GR, Lennard WN, Kasrai M, Bancroft
GM. The use of X-ray absorption spectroscopy for monitoring the thickness of
antiwear films from ZDDP. Tribology Letters 2000;8:187-192. DOIL: 10.1023/A:
1019195404055.

Shakhvorostov D, Muserm MH, Song Y, Norton PR. Smart materials behavior in
phosphates: role of hydroxyl groups and relevance to antiwear films. Journal of
Chemical Physics 2009;131:044704. DOI: 10.1063/1.3182854.

Spikes H. Low and zero sulfated ash, phosphorus and sulfur anti-wear additives for
engine oils. Lubrication Science 2008;20:103-136. DOI: 10.1002/1s.57.

Borshchevskii SB, Shabanova EV, Markov AA, Rebrov YI. Antifriction and antiwear
properties of dialkyldithioaminephosphates. Chemistry and Technology of Fuels and
Oils. 1984;20:503-506; Translated from Khimiya i Tekhnologiya Topliv i Masel, No. 10,
pp., October, 1984, 23-25. DOI: 10.1007/BF00725414.

Fu X, Liu W, Xue Q. The application research on series of ashless P-containing EP and
AW additives. Industrial Lubrication and Tribology 2005;57:80-83. DOI:
10.1108/00368790510583393.

Zaskal'ko PP, Parfenova VA, Markov AA, Lesninova VA, Belov PS. Amidothiophos-
phates — effective antiwear and extreme pressure additives for lubricating oils. Chem-
istry and Technology of Fuels and Oils. 1976;12:58-60. Translated from Khimiya I
Tekhnologiyi Topliv I Masel. 1976, 45-48.

191



192 Advancesin Tribology

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

Boreshchevskii SB, Levitina IS, Shabanova EV, Kotova GG. Additives based on
dithiophosphoric acids and unsaturated compounds for lubricating oils. Chemistry
and Technology of Fuels and Oils. 1992;27:326-328. Translated from Khimiya i Tekh-
nologiya Topliv i Masel. 1992, 24-26.

Chen X, Kim B, Eisenbaumer, RL, Aswath PB. Synthesis and antiwear behavior of
ashless alkylthioperoxydiphosphates. Tribology: Materials, Surfaces and Interfaces
2012;6:121-133. DOI: 10.1179/1751584X12Y.0000000009.

Najman MN, Kasrai M, Bancroft GM. Chemistry of antiwear films for ashless thio-
phosphate oil additives. Tribology Letters 2004;17:217-229. DOI: 10.1023/B:TRIL.
0000032448.77085.14.

Kim BH, Mourhatch R, Aswath PB. Properties of tribofilms formed with ashless
dithiophosphate and zinc dialkyldithiophosphate under extreme pressure conditions.
Wear 2010;268:579-591. DOI: 10.1016/j.wear.2009.10.004.

Mangolini F, Rossi A, Spencer ND. Reactivity of triphenylphosphorothionate in
lubricant oil solution. Tribology Letters 2009;35:31-43. DOI: 10.1007/s11249-009-
9429-3.

Mangolini F, Rossi A, Spencer ND. Influence of metallic and oxidized iron/steel on the
reactivity of triphenyl phosphorothionate in oil solution. Tribology International
2011;44:670-683. DOI: 10.1016/j.triboint.2010.02.009.

Kim BH, Jiang JC, Aswath PB. Mechanism of wear at extreme load and boundary
conditions with ashless anti-wear additives: analysis of wear surfaces and wear debris.
Wear 2011;270:181-194. DOI: 10.1016/j.wear.2010.10.058.

Haycock R, Caines AJ, Haycock RF, Hillier JE. Automotive lubricants reference book,
2nd edn, John Wiley and Sons, p. 333-335. ISBN: 9781860584718.

Schnur NE. Blended polyol ester lubricants for refrigerant heat transfer fluids. US
Patent Number US6551523 B1. Assignee: Cognis Corporation.

Yamamoto Y, Hirano F. Scuffing resistance of phosphate esters. Wear 1978;50:343-348.
DOI: 10.1016/0043-1648(78)90078-9.

Yamamoto Y, Hirano F. Effect of different phosphate esters on frictional characteristics.
Tribology International 1980;13:165-169. DOI: 10.1016/0301-679X(80)90034-1.

Beek O, Givens JW, Williams EC. On the mechanism of boundary lubrication. II. Wear
prevention by addition agents. Proceedings of the Royal Society A 1940;177:103-118.
DOI: 10.1098/rspa.1940.0113.

Cottington RL, Ravner H. Interactions in neopentyl polyol ester-tricresyl phosphate —
Iron system at 500 F.  ASLE Transactions 1969;12:280-286. DOI:
10.1080/05698196908972273.



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

The Tribology and Chemistry of Phosphorus-Containing Lubricant Additives
http://dx.doi.org/10.5772/62208

Graham EE, Klaus EE. Lubrication from the vapor phase at high temperatures. ASLE
Transactions 1986,29:229-234. DOI: 10.1080/05698198608981682.

Sasaki K, Inauoshi N, Tashiro K. Friction-induced dynamic chemical changes of
tricresyl phosphate as lubricant additive observed under boundary lubrication with 2D
fast imaging FTIR-ATR spectrometer. Wear 2010;268:911-916. DOI: 10.1016/j.wear.
2009.12.017.

Bansal V, Sastry MIS, Sarpal AS, Jain SK, Srivastava SP, Bhatnagar AK. Characterization
of nitrogen and phosphorous components in a multifunctional lubricant additive by
NMR and IR techniques. Lubrication Engineering 1997;53:17-26.

Jiusheng J, Wengqi R, Tianhui R, Xingguo F, Weimi L. Tribological properties of phos-
phate esters as additives in rape seed oil. Journal of Synthetic Lubrication 2003;20:151-
158. DOI: 10.1002/js1.3000200206.

Saba CS, Forster NH. Reactions of aromatic phosphate esters with metals and their
oxides. Tribology Letters 2002;12:135-146. DOI: 10.1023/A:1014081523491.

Nicholls M, Najman MN, Zhang Z, Kasrai M, Norton PR, Gilbert PUPA. The contri-
bution of XANES spectroscopy to tribology. Canadian Journal of Chemistry
2007;85:816-830. DOI: 10.1139/v07-093.

Forster NH. Rolling contact testing of vapor phase lubricants — part III: surface analysis.
Tribology Transactions 1999;42:1-9. DOI: 10.1080/10402009908982183.

Sheaffer SK. High temperature reaction of aryl phosphate esters on an iron film.
Tribology Transactions 2003;46:332-338. DOI: 10.1080/10402000308982634.

Johnson DW, Morrow SJ, Forster N, Saba CS. Vapor-phase lubrication: reaction of
phosphate ester vapors with iron and steel. Chemistry of Materials 2002;14:3767-3775.
DOI: 10.1021/cm0109210.

Gschwender L], Kramer DC, Lok BK, Sharma SK, Snyder Jr. CE, Sztenderowicz ML.
Liquid lubricants and lubrication. In: Bhushan B., Ed., Modern tribology handbook,
CRC Press, 2001, p. 361-382.

Johannsen FR, Wright PL, Gordon DE, Levinskas GJ, Radue RW, Graham PR. Evalua-
tion of delayed neurotoxicity and dose-response relationships of phosphate esters in
the adult hen. Toxicology and Applied Pharmacology 1977;41:291-304. DOI:
10.1016/0041-008X(77)90030-8.

Schopfer LM, Furlong CE, Lockridge O. Development of diagnostics in the search for
an explanation of aerotoxic syndrome. Analytical Biochemistry 2010;404:64-74. DOI:
10.1016/j.ab.2010.04.032.

Michaelis S. Contaminated aircraft cabin air. Journal of Biological Physics and Chem-
istry 2011;11:132-145. DOI: 10.4024/41111/11-4-abs1.jbpc.11.04.

193



194  Advancesin Tribology

[73]

[74]

(73]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

Deboer ]. Antello A, van der Ween I, Brandsma S, Lammertse N. Tricresyl phosphate
and the aerotoxic syndrome of flight crew members. Chemosphere 2015;119:558-561.
DOI: 10.1016/j.chemosphere.2015.05.015.

Johnson D, Carter MC, Crow BS, Isenberg SL, Graham LA, Erol HA, Watson CM,
Pantazides BG, van dern Schans MJ, Langenberg JP, Noort D, Blake T, Thomas JD,
Johnson RC. Quantitation of ortho-cresyl phosphate adducts to butyrylcholinesterase
in human serum by immunomagnetic-UHPLC-MS/MS. Journal of Mass Spectrometry.
2015;50:683-692. DOI: 10.1002/jms.3576.

Tacal O, Schopfer LM. Healthy F-16 pilots show no evidence of exposure to tri-ortho-
cresyl phosphate through on-board oxygen generating system. Chemico-Biological
Interactions. 2014;215:69-74. DOI: 10.1016/j.cbi.2014.03.004.

Brown MA, Brix KA. Review of health consequences from high, intermediate and low-
level exposure to organophosphorus nerve agents. Journal of Applied Toxicology
1998;18:393-408. DOIL: [N8]10.1002/(SICI)1099-1263(199811/12)18:6<393:: AID-
JAT528>3.0.CO;2-0.

Senanayake N. Tri-cresyl phosphate neuropathy in Sri Lanka: a clinical and neurophy-
siological study with a three year follow up. Journal of Neurology, Neurosurgery and
Psychiatry 1981;44:775-780.

Kidd JG, Langworthy OR. Jake paralysis: paralysis following the ingestion of Jamaica
ginger extract adulterated with tri-ortho-cresyl phosphate. Bulletin of the Johns
Hopkins Hospital 1933;52:39-65.

Smith HV, Spaulding JMK. Outbreak of paralysis in Morocco due to ortho-cresyl
phosphate poisoning. Lancet 1959:2:1019-1021.

MIL-PREF-7808L, performance specification; lubricating oil, aircraft turbine engine,
synthetic base (02 May 1997) [Superseeding MIL-L-7808K]. 1997. Available from: http://
everyspec.com/MIL-PRF/MIL-PRF-000100-09999/MIL-PRF-7808L_5699/ [accessed
2016-01-31].

Carletti E, Schopfer LM, Colletier JP, Froment MT, Nachon F, Weik M, Lockridge O,
Masson P. Reaction of cresyl salingenin phosphate, the organophosphorus agent
implicated in aerotoxic syndrome with human cholinesterases: mechanistic studies
employing kinetics, mass spectrometry and x-ray structure analysis. Chemical Re-
search in Toxicology 2011;24:797-808. DOI: 10.1021/tx100447Kk.

Rubey WA, Streibich RC, Bush ], Centers PW, Wright RL. Neurotoxin formations from
pilot-scale incineration of synthetic ester turbine lubricants with triaryl phosphate
additive. Archives of Toxicology 1996;70:508-509. DOI: 10.1007/s002040050306.

Centers PW. Potential neurotoxin formation in thermally degraded synthetic ester
turbine lubricants. Archives of Toxicology 1992;66:679-680. DOI: 10.1007/BF01981509.



(84]

[85]

[86]

(87]

(88]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

The Tribology and Chemistry of Phosphorus-Containing Lubricant Additives
http://dx.doi.org/10.5772/62208

Somers AE, Howlett PC, MacFarlane DR, Forsyth M. A review of ionicliquid lubricants.
Lubricants 2013;1:3-21. DOI: 10.3390/lubricants1010003.

Zhou Y, Dyck ], Graham TW, Lou H, Leonard DN, Qu ]. Ionic liquids composed of
phosphonium cations and organophosphate, carboxylate, and sulfonate anions as
lubricant antiwear additives. Langmuir. 2014;30:13301-13311. DOI: 10.102/1a5032366.

Barnhill WC, Qu ], Luo H, Meyer Il HM, Ma C, Chi M, Papke BL. Phosphonium-
organophosphate ionic liquids as lubricant additives: effects of cation structure on

physiochemical and tribological characteristics. Applied Materials and Interfaces
2014;6:22585-22593. DOI: 10.1021/am506702u.

Anand M, Hadfield M, Viesca]L, Thomas B, Hernandez-Battez A, Austen S. Ionicliquid
as tribological performance improving additive for in-service and used fully formu-
lated diesel engine lubricants. Wear. 2015;334-335:67-74. DOI: 10.1016/j.wear.
2015.01.055.

Zhang L, Feng D, Xu B. Tribological characteristics of alkylimidazolium diethyl
phosphate ionic liquids as lubricants for steel-steel contact. Tribology Letters.
2009;34:95-101. DOI: 10.1007/s11249-009-9412z.

Somers AE, Howlett PC, Sun ], MacFarlane DR, Forsyth M. Transition in wear per-
formance for ionic liquid lubricant under increasing load. Tribology International
2010;40:27-284. DOI: 10.1007/511249-010-9695-0.

Qu], Bansal DG, Yu B, Howe]Y, Luo H, Dai S, Li H, Blau PJ, Bunting BG, Mordukhovich
G, Smolenski DJ. Antiwear performance and mechanism of an oil-miscible ionic liquid
as alubricant additive. Applied Materials and Interfaces 2012;4:997-1002. DOI: 10.1021/
am201646k.

Johnson DW, Hils JE, Forster, N. Interaction of polyol esters and phosphate esters with
metal carbides. Tribology Letters 2011;42:223-232. DOI: 10.1007/s11249-011-9766-x.

Johnson DW, Bachus M, Hils JE. Interaction between lubricants containing phosphate
ester additives and stainless steels. Lubricants 2013;1:48-60. DOI: 10.3390/lubric-
nats1020048.

Zaretsky, EV. Ceramic bearings for use in gas turbine engines. Journal of Materials
Engineering and Performance 1989;11:237-253. DOI: 10.1007/s11665-013-0726-5.

Bertrand PA. Reactions of tricresyl phosphate with bearing materials. Tribology Letters
1997;3:367-377.

Graham EE, Morales W, Patel N. Method of providing ceramic article with wear
resistant coating. US Patent 5738913, 1998. Assignee: Cleveland State University.

195






Chapter 9

Modelling Cavitation in (Elasto)Hydrodynamic

Lubrication

Andreas Almqvist and Peter Wall

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63533

Abstract

In this chapter we will present a derivation of a mathematical model describing how
cavitation influences the pressure distribution in a thin lubricant film between two
moving surfaces. The main idea in the derivation is to first describe the influence of
cavitation on the mass flow and thereafter using a conservation law for the mass. This
leads to a nonlinear system with two complementary variables: one is the pressure
distribution and the other is related to the density, i.e. a nonlinear complementarity
problem (NLCP). The proposed approach is used to derive a mass conserving cavitation
model considering that density, viscosity and film thickness of the lubricant depend on
the pressure. To demonstrate the applicability and evaluate the proposed model and
the suggested numerical implementation, a few model problems are analysed and
presented.

Keywords: Cavitation, Reynolds equation, Thin film flow, Complementarity problem,
Hydrodynamic lubrication

1. Introduction

A central problem in hydrodynamic lubrication is to model the pressure in a lubricant (fluid)
between two surfaces which are in relative motion. In this chapter we consider the full film
regime, i.e. when the surfaces are fully separated by the lubricant. The pressure and the
velocity field can be modelled using the Navier-Stokes equations and the continuity equation.
However, in real applications the distance between the surfaces, , is extremely small in
relation to the size of the surfaces. This fact can be used in order to derive a simplified two-
dimensional equation for the hydrodynamic pressure, p. Indeed, if the velocity of the upper

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X IR
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surface is v, and the velocity of the lower surface is v, then under the assumptions outlined
in e.g. [1], the following Reynolds equation is obtained

0

=V Bwp- (o)) 0

2u = 2

where p and p are the viscosity and density of the lubricant. A generalization of this thin film
approximation which considers the effects of non-Newtonian fluids can e.g. be found in the
Encyclopaedia of Tribology, see the entry [2] by Larsson.

A fluid cannot sustain large tensile stress and it is known that when the pressure becomes too
low the continuous film will rupture and air bubbles will be formed. This phenomenon is
known as cavitation and has a huge impact on the hydrodynamic performance. In areas where
cavitation takes place the pressure is usually treated as constant and is assumed to have the
same value as the saturated vapour pressure, i.e., the pressure at which cavitation starts. This
is commonly referred to as the cavitation pressure, here denoted by p..

The common practice in the field is to build mathematical models that consider hydrodynamic
cavitation based on the Reynolds equation (1). These models rests on the assumption that the
pressure can be regarded as constant in areas where cavitation takes place and this constant
level of pressure is typically also assumed to be the saturated vapour pressure, i.e., the pressure
at which cavitation starts. The most important pioneering works are the papers presenting the
Jakobsson-Floberg-Olsson (JFO) cavitation boundary conditions [3-5], Elrod’s work [6]
comprising these boundary conditions in one universal equation for the unknown pressure
(or saturation) and its corresponding finite difference scheme and then Vijayaraghavan’s
generalization [7] of Elrod’s results. These results have been frequently used to study the effects
of cavitation in real applications and they have also been subject for many further generaliza-
tions.

In Elrod’s approach the lubricant is treated as incompressible while Vijayaraghavan and Keith
assumed that the relation between the density and the pressure is of the form

p=p.exp((p-p.)/ B). )

where p, is the density at cavitation pressure p,, and f is the bulk modulus of the lubricant.
One example of a generalization of the results in [6] and [7] is the paper [8] by Sahlin et al.,
who developed a cavitation algorithm for arbitrary pressure-density relationships. The case
considering incompressible lubricants was further developed by Bayada et al. [9, 10]. Their
results put the finite difference scheme in [6] into a framework which makes further mathe-
matical analysis possible. Moreover, these works consider both cavitation and the effects of
surface roughness, where the surface roughness is analyzed by homogenization. In [10, 11]
these ideas were extended to also include elastohydrodynamic effects, i.e. elastic deformation
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of the surfaces caused by the hydrodynamic pressure. In particular this means that the film
thickness, /1, depends on the pressure.

A significant progress in mathematical modeling of cavitation in hydrodynamic lubrication
was recently presented by Giacopini et al. [12]. They reformulated the model presented in [9,
10] for incompressible fluids. The model in [9, 10] includes two unknowns, namely the pressure
and the saturation (or density) while the unknowns in the reformulation are the pressure and
anew unknown variable related to the saturation. The major advantage with the reformulation
is that the two unknowns are complementary, i.e. their product is zero, in the whole domain.
This implies that the discretized system of equations becomes a linear complementarity
problem (LCP) which can be readily solved by standard numerical methods as e.g. the Lemke’s
pivoting algorithm [13, 14]. The idea of using complementarity was further developed by
Bertocci et al. [15]. They present a very comprehensive cavitation model, which discretized
assumes the form of a nonlinear complementarity problem (NLCP).

In the work by Almqvist et al. [14], a new approach for modeling cavitation was presented.
The model was derived by first considering how the mass flow is influenced by cavitation and
thereafter using the law of conservation of mass. This immediately leads to a linear comple-
mentarity problem formulation. This is in contrast to the approach in [12, 15] where the
pressure—density relationship is inserted directly into the Reynolds equation, thereafter it is
necessary to argue for that certain terms can be cancelled before they arrive at a complemen-
tarity formulation. Moreover, in addition to [12] the approach in Almqvist et al. [14] also covers
compressible fluids. In the particular case when the pressure—density relationship is as in (2),
a change of variables was introduced which transforms the problem such that the discrete
formulation is an LCP.

This chapter extends the mathematical modelling presented in [14] to also include more
general pressure-density relationships and allow the viscosity and film thickness to depend
on the pressure. In particular this means that the model can be used to efficiently study
elastohydrodynamic lubrication where cavitation is present. To demonstrate the applicability
and evaluate the proposed model and the associated numerical solution method, four model
problems are analysed.

2. Mathematical model

In this section, a model considering cavitation in thin film flow between two surfaces in relative
motion is developed. The flow is regarded as compressible, the viscosity can be shear rate and
pressure dependent (non-Newtonian and piezo-viscous) and elastic deformation of the
contacting surfaces can be considered.

Let us start by defining the (three dimensional) fluid domain () between the two lubricated
surfaces h, (lower) and h, (upper):
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Q={(x.z)0<x <l.h<z<h,}. 3)

The fluid domain Q is schematically illustrated in Figure 1 (left).

The hydrodynamic pressures that develop may be large enough to deform the surfaces. This
implies that the film thickness 1 =1, — h, depends on the pressure, i.e., h = h(x,t,p(x,t)). The most
frequently used approach for describing the pressure dependence of the film thickness, is
based on standard contact mechanics results for line and point loading of elastic half-spaces.
These are detailed in Chapters 2 and 3 in the book by Johnson [16] and in [2]. In addition, when
the surfaces move relative to each other Q) varies in time.

Figure 1. Schematic illustration of the original (left) and the transformed (right) domain.

The classical thin film approximation, presented in e.g. [1, p. 147], can be obtained by employ-
ing the scaling

X=x/l, X,=x,/L,, Z=z/hy, T=t/t,, u=ulu,, p=p/p,,

u=ulu,, v=v/v, w=w/w, P=p/’%;2011.
o

More precisely, using the fact that 1y <<I; and neglecting terms of the order hy/l; and (h,/;)* leads
to that p = p(x,t) and the following relationship between the pressure and the velocity field in
the lubricant

0 0
a—(y(x,z,t)a—:(x,z,t)j=Vp(x,t), (5)

Z

where u = (wv) and V = (9/9x,,0/0x,). Remark: an alternative, one-dimensional, thin film

approximation was introduced in [17]. Expressed in the terminology used here, the difference
between the models is a consequence of Barus’ pressure-viscosity relationship; u = ,uoexp(ap)

and the scaling of the vertical velocity component;
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In the following, the viscosity is assumed to be on the form u(x,z,t) = Ho9 (z,p(x,t)), where the

reference parameter 1, is typically taken as the viscosity at ambient pressure and g is a function
which can be used to describe the variation of the viscosity across the film (z-dependence) and
with the pressure. It should be noted that both 1, p and h may depend on the fluid pressure.

As pointed out above, () varies with time. In order to simplify the analysis, a transformation
of the height coordinate z is introduced that leads to a fixed, time independent, domain (".
Indeed, let

Z'= 1 6
; ©)

then the corresponding solution domain becomes
Q' ={(x,2)|0<x, <1,0<2' <1}, )

irrespectively of the shape of the surfaces i, and h,. The domain Q) and its corresponding
dimensionless form ()" are depicted in Figure 1. In this case, the correspondence to Eq. (5)
becomes

1 0 o,
hz(x,t)g(ﬂ(x,z,t)a_:(x,zJ)J=Vp(x,t)_ ®

Integrating Eq. (8) twice with respect to z' and by assuming no slip at the surfaces, i.e.,
u(x,1,t) = vu(x,t) at the upper surface and u(x,0,t) = vl(x,t) at the lower surface, yields the

following closed form expression for the velocity field

o (X1,

u(x,z',t) = (fl (x,z',t) —%’1{[))](0 (x,z',t)jhz(x)Vp(x) 9)

fo(x,z',t)
LG () o),

where
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and v, = (u, (v, (x0) and v; = (u(xt),v,(x0)).

The flow is regarded as compressible according to the “arbitrary” pressure—density relation

p(p)=p.f(p). (11)

The function f(p) is strictly increasing for p > p. and it satisfies f(p) =1 when p <p..

With the aim set to derive an Reynolds type of equation for the pressure in the lubricant, the
analysis continues by first formulating an expression for the mass flow and thereafter requiring
continuity of the mass flow. By using Eq. (9) for the velocity field and Eq. (11) the mass flow,
q becomes

a(x.0)= [ p(p(x.t))u(x.z.)h(x.r)dz (12)
_Ph PPy,
2 12,b

where v = v, v = (u, +up, +v),

(14)
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With this expression for q, the requirement for conservation of mass reads

=-V.q. (15)

In order to incorporate the effect of cavitation, we assume that the following holds. In the full
film zones, the pressure is larger than the cavitation pressure and the density is expressed by
Eq. (11). In the cavitation zones, the pressure equals the cavitation pressure and the density is
interpreted as degree of saturation 6. The saturation ¢ is an unknown in the cavitation zones
and satisfies that 0 < 6 <1 while 6 = 1 in the full film zones. Hence the pressure-density
relationship in both the full film and the cavitated zones becomes

_ _|f(p). p>p.
p(p) R{& b (16)

Note that both p and ¢ are unknowns.

For computational purposes it is beneficial to introduce a change of variables p and 7 that
satisfy the complementarity condition pn = 0 in the whole domain. This can be accomplished
by defining p and 7 as

p=p-p., p=0 (17)
and
0, 7>0
=1-5= . 1
7 %—5, 5=0 (18)

(19)

Now, because of complementarity, this piecewise definition of p can be rewritten as a single
expression valid throughout the whole domain, i.e.,

p=p((1-n)+/(B+p.)-1)=p(f(P+p.)-7) (20)
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which then leads to the following expression for the mass flow

_prp)mn)h e S(Bre) )k o
2 12u,b

fh fh3 7]}’1
= f—aqv————Vp——"—av S >0. 2
pc{ 2 a 12 Ol p 2 a p— ( 1)

Preservation of mass flow is ensured by inserting Eq. (21) and Eq. (20) into the continuity
equation Eq. (15), which leads to the following mass preserving cavitation model:

a(fh_nh) -_V. ﬁav_ﬂvz_y—ﬂav

p20, 0<p<l, pn=0.
The system in Eq. (22) can be solved numerically by the LCP-based solution procedure

described in Section 3. When the solution (p,n) has been obtained, the fluid pressure p and the
saturation 6 can be found from (17) and (18).

3. Numerical solution procedure
In this section, we present a numerical solution procedure for the cavitation model Eq. (22)
such that the standard theory for linear complementary problems (LCP) can be applied.

Let us start by introducing the notation

3

_Jh _ _h
a_lz,uob and f=(5.p,) 5 v

while keeping in mind that f, /1, 2 and b depend on p. In this notation the system Eq. (22)
reads

Il
<
=
=
|
Q
S
|
<
=
5

(23)
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A spatial finite difference discretization of the problem Eq. (23) can be obtained by dividing
the domain into a uniform rectangular grid with N, x N, elements of size A x; X Ax,. The

following notation is adopted xl1 =iA Xy sz =jA Xy, where i = 0,...,N1, j= 0,...,N2 and
u; ;= u(xf,x{,t).

Since the finite difference approximations of the partial derivatives w.r.t. x; and x, are ob-
tained in a similar manner, the details (given below) are only provided for the partial deriva-
tives w.r.t. x;. The problem at hand, is elliptic in the full film domain, where 1 = 0. In the
caviatted regions, where p = 0, we observe that the equation is hyperbolic in 1. A central
difference scheme is therefore used to approximate the derivatives of the first term in the
right hand side of Eq. (23) while an upwind difference scheme is employed for the second
term.

In order to present the finite differences we introduce the notation

Gy T4
Aisyn; = 5
and the approximation
Ou Uiy — U and Ou ~ Ui j = Uiy
6)61 i+1/2,j Axl 8x] i-1/2,j Axl

In this notation, the first term in the right hand side of Eq. (23) becomes:

2l p_al
0Ox, (fﬂl aaxl]

, @ >
(fﬁl )m,j _(fﬂl )H,j _ o axl i+1/2,j o axl
2Ax, Ax,

‘[1/2,/

~

(fﬂn ),-H,,- - (fﬂl )H,j
2Ax,

~
~
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(/B ~(/B)

i1,

2Ax,
(24)
1 _ _ _
_F(ai—llljpi—l,j - (ai—l/Z,j + ai+1/2,j)pi,j + ai+1/2,jp[+1,j)-
1
The upwind discretization of the second term reads
0 77; jﬂlij 70 /ﬂlH J

= R —. 25
o 1) A (25)

By using Eq. (24), Eq. (25) and the corresponding finite difference approximations of the partial
derivatives w.r.t. x,, the spatially discretized (which is still continuous in time) form of the
system Eq. (23) can be written as

i,j-1

il (fﬂz)i,jﬂ _(fIBZ)
2Ax, 2Ax,

[G(ﬂz)j _[6(77h)J _(B), - (IB)

ot ot

1 _ _ _
- e (ai—1/2,jpi—1,j - (ai—l/Z,j + ai+1/2,j)pi,j + ai+1/2,jpi+l,j)
1

(26)

- Axl (ai,j—l/zpi,j—l - (ai,jfl/2 + az’,j+l/2)pi,j + ai,/+l/2pi,j+])
2

ihj-1
B

(77'81 )i+],‘j - (Uﬂ1 )i—],j _ (77'82 )i,j+l - (77'32)
2Ax, 2Ax,

together with the conditions

p,; 20, 0<py <1, p n =0

L)
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Since h and f depend on p, a numerical solution procedure can be posed as follows:
1. Guess a pressure distribution.

2. Compute the coefficients f, I a and f, in order to linearize Eq. (26) and pose it on the form
p=q+Mn, p>0, 0<p<l, p-n=0,

where the vector g and the matrix M are constants and where the unknowns p and 7 are vectors
with (N1 - 1) . (N2 - 1) elements.

3. Solve the now obtained linear complementarity problem corresponding to Eq. (26), with
the Lemke algorithm [18].

To fully discretize the problem at hand several approaches can be applied. For instance, first
order forward (explicit) or backward (implicit) Euler, the second order implicit Crank-Nicolson
method.

4. Numerical examples

In this section, the numerical solution procedure, for the cavitation model in Eq. (22), devel-
oped in Section 3, is examined by considering four different one-dimensional slider bearing
examples. In all four examples, only the lower surface is moving, i.e. v = (u,0), the lubricant

is assumed to be Newtonian, the length of the bearing is L and the load the bearing supports
is w,. In the first example, results obtained with the present approach are compared to results
for the one-dimensional parabolic slider in [8]. Two different pressure—-density relationships
are examined. The second example extends the first one in the sense that besides cavitation
the bearing surfaces are also assumed to be linear elastic. In particular, this means that the film
thickness in addition depends on the pressure. The film thickness, in this case, consists of three
parts; a parameter related to the minimum film thickness /,, the bearing geometry g, and the
elastic deformation of the bearing surfaces. The Boussinesq-Cerruti half space solution is used
to model the elastic deformation [2]. Indeed, / is given by

h(x,p(x)):ho +g(x)—%j:1n|x—s|p(s)ds, (27)
where

2 1-v, 1-v,
Tt (28)
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where v, and v, are the Poisson’s ratios for the lower and upper surfaces and E, and E, are the
corresponding Young’s modulus.

The third example considers a double parabolic slider, which in addition to the single parabolic
slider, exhibits reformation and highlight that mass is conserved.

The fourth and last example considers a quadruple parabolic slider bearing. The reason for
choosing this configuration is to test the hypothesis that an elastically deformable bearing, in
general, does not generate more film than the corresponding rigid one.

In all examples, the initial (undeformed) bearing geometry consists of 1, 2 or 4 parabolic parts.
These bearing geometries, g,, can then be described via the L-periodic auxiliary function G

g,(x)=G(x/n), n=1,2 or 4, (29)
where
2V( LY
Gx)=h|=||x-=|, 0<x<L. 30
w-(Z][-L]. o o

In Table 1, parameters common to all four examples are listed. These are the bearing param-
eters L and h,, the speed of the lower surface u, the applied load w,, the cavitation pressure p,,
the dynamic viscosity u and the boundary conditions for the normalized density at x =0 and
x =L, denoted by p,/p. and p,/p,, respectively.

Example 1

In this example, a model problem with rigid surfaces and two different Newtonian lubricants
is considered in order to compare with previous results presented in [8]. Indeed, a single
parabolic slider bearing of length L with rigid surfaces and film thickness of the form

h(x) =h,+g (x), (31)

is considered here. Two different Newtonian lubricants are studied, one which obeys the
constant bulk modulus pressure—density relationship;

p=pexp(p-p.) B (32)

while the other one obeys the Dowson-Higginson pressure—density relationship;



C +C2(p_pc)

‘ Cl +(p_pc)
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(33)

The parameters for the two different lubricants are given in Table 2. As in [8], the case with
constant bulk modulus, 8, was solved for a fixed film thickness, h;, where h, = h; =25.4 yum. The

pressure solution, p, obtained in this way corresponds to a load carrying capacity w, =117 kN/
m. In the case with the Dowson-Higginson compressibility, force-balance was included and
the load carrying capacity obtained for the constant bulk modulus case was used as the applied
load. This resulted in the film thickness /iy, with the minimum #, = 25.8 ym and the pressure
Pow- In Figure 2 the film thickness and pressure distributions corresponding to the two different

cases are depicted. It can be seen that the pressure distribution p; is in good agreement with

the results in [8].

L Iy u w, pe " pop. pu/p.
76.2 mm 25.4 um 4.57 m/s 117 kN/m 100 kPa 0.039 Pas 1.0001 1
Table 1. Parameters common to all four examples.

B G (&

0.069 GPa 222 GPa 1.66

Table 2. Parameters specific to Example 1.

x/L

Figure 2. Film thickness (left) and pressure distributions (right) for two lubricants obeying constant bulk modulus
and Dowson-Higgison pressure-density relationships, respectively. The solutions correspond to the single parabolic

slider defined in Example 1.
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Example 2

This example extends the previous one, by including elastic deformation of the bearing
surfaces. To illustrate the effect of surface deformation, the combined elastic modulus, E’, was
chosen to be 10% of the one for two steel surfaces with Poisson’s ratio v and Young’s modulus
E, listed in Table 3. The lubricant was assumed to obey the constant bulk modulus, pressure
—density relationship, with § = 3.34 as listed in Table 3. Both of the bearings carry the same
load as in Example 1, i.e., wy =117 kN/m.

B v E

3.34 GPa 0.3 210 GPa

Table 3. Parameters specific to Examples 2, 3 and 4.

In Figure 3, the film thickness /1, and pressure distribution p, for the elastic bearing are depicted
together with the solutions ki, and p, for the rigid bearing. In particular, it can be seen that the
elastic deformation leads to a thicker film, a smaller zone of cavitation and a lower maximum
pressure. The minimum film thickness for the rigid bearing is 25.8 ym and for the bearing with
elastic surfaces it is 30.4 ym.

4r = . .
- >,
3 P
& :
220 // \
~ | v\
/ v\
10+ ____,ﬁr, 1 y \ 1
—h, o
0 0 .  emoend :
0 0z 04 06 08 1 0 02 04 06 08 1

x/L

Figure 3. Film thickness (left) and pressure distributions (right) for the rigid and the elastic single parabolic slider bear-
ings in Example 2.

Example 3

The only difference between the problem studied in this example and the one studied in
Example 2, is that the bearing geometry now corresponds to a double parabolic slider, g,,
defined through Eq. (29). This example was chosen to illustrate that the proposed LCP-based
numerical method renders a solution, which corresponds to a mass conserving flow.

The film thickness h, and pressure distribution p, for the elastic bearing are depicted together
with the solutions /, and p, for the rigid bearing in Figure 4. In a mass conserving flow in a
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rigid double parabolicslider (described with g,), the maximum compression occurs twice, once
underneath each of the two parabolas. Since the compression is equal in these two points, the
pressure, which is the maximum pressure, is also equal in these two points. It is clear from
Figure 4 that the pressure solution for the rigid bearing fulfils these conditions.

40 § bl
\ /

N\

30 w | /' ) I:;’J,
20 \‘/ \,,/

10

h [;Jm]

0 0.2 04 0.8 0.8
x/L

x/L

Figure 4. Film thickness (left) and pressure distributions (right) for the rigid and the elastic double parabolic slider

bearings in Example 3.
Also, as in Example 1, the bearing with elastic surfaces generates a thicker lubricant film, a

smaller zone of cavitation and a lower maximum pressure.

Example 4

The only difference between this example and Examples 2 and 3, is that the bearing geometry
now corresponds to a quadruple parabolic slider, g,. In both Examples 2 and 3, the elastic
bearing generated thicker films, smaller zone of cavitation and lower maximum pressures than
the corresponding rigid ones. This example was constructed to show that this is not true in
general. Indeed, as shown in Figure 5, the film thickness , for the elastic bearing is thinner,
some of the zones of cavitation become longer and the pressure underneath the first and the

last parabola is higher than for the rigid bearing.

[ 1 ] 5 A
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Figure 5. Film thickness (left) and pressure distributions (right) for the rigid and the elastic quadruple parabolic slider

bearings in Example 4.
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5. Concluding remarks

A new mathematical model for thin film lubrication has been derived. The model is quite
general, e.g., it accounts for lubricant compressibility, cavitation, pressure dependent viscosity,
non-Newtonian rheology and elastic deformation of the surfaces. The main novelty of the
model is that cavitation of a compressible fluid is considered via a formulation of the mass
flow, which ultimately results in a complementarity problem. Hence, standard methods
developed for linear complementarity problems can be used in the numerical solution
procedure. The model’s applicability has been demonstrated in several numerical examples.
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Abstract

In situ surface-modification technique is adopted in present research to fabricate a
series of Ni nanoparticles as well as Cu@Ni nanoparticles with different size and
morphology. The correlation among the composition, structure, size, and morphology
and tribological properties of as-synthesized additives were explored, and the friction-
reducing, antiwear, and worn surface self-healing mechanisms of the additives were
discussed. It was found that Ni nanoparticles with a smaller size show higher surface
activity and can readily deposit on the sliding surface and form a stable and
continuous protective layer thereon. Compared with sphere-like and triangular rod-
like Ni nanoparticles, triangular plate-like Ni nanoparticles are more liable to form
protective layer. Compared to Ni-based nanolubricants, as-synthesized Cu@Ni
nanolubricants exhibit better friction-reducing, antiwear, and extreme pressure
properties. It is because the highly active Ni nanocores and O- and N-containing
organic modifying agents can readily form boundary lubricating film on sliding steel
surfaces, while Cu nanocores can easily deposit on sliding steel surface to form a
protective layer (self-healing film) thereon. Ni nanoparticles as nanoadditives in solid-
liquid lubricating system significantly reduce the friction in all lubrication regimes:
As a nanolubricant, Ni nanoparticles exhibit popular and effective friction-reducing,
antiwear, and extreme pressure properties.

Keywords: nickel nanoparticles, Cu@Ni nanolubricant, DLC-Ni solid liquid compo-
site lubrication system, preparation, tribological behavior
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1. Introduction

Recently, nanoparticles used as lubricant additives have received increased attention because
of their excellent antiwear and friction-reducing properties [1, 2]. Several tribological mecha-
nisms of nanolubricants have been proposed such as deposited film, surface alloying, cold
welding, and rolling effect [3-7]. It has been well recognized that tribological properties of
nanoparticles can be affected by their chemical composition, particle size, and morphology, in
which, however, the exact tribological mechanisms of nanolubricants still remain unknown. On
the other hand, their application in the field of tribology is still hindered by their poor disper-
sibility because of their high surface energy and activity leading to agglomeration in lubricant
base oils. Therefore, it is vital to improve the dispersion capacity of nanoparticles in base oil
through in situ surface modification with a variety of organic molecules [1, 2]. Compared with
the in situ surface-modification technology established in the early 1990s [3, 7-14], current
surface-modification technique fornanolubricantsisinconvenientand less cost-effective, which
involves several steps including synthesis of nanoparticles and follow-up dispersion of
nanoparticles in lubricant base oils. In order to overcome the low productivity of nanoparticles
and the difficultly in storing and dispersing the nanoparticles, it becomes significant to develop
one-step method for preparing in situ surface-capped nanolubricants so as to promote their
industrialization.

Unfortunately, current synthetic approaches for Ni nanoparticles with controllable size and
shape are usually complicated and need to use a large number of solvents, such as polyol
synthesis [15], electrochemical reduction [16], microwave heating, reduction of organometallic
precursors [17-19], and thermal decomposition of organic complexes [20-22]. More badly, even
after surface modification with organic molecules, currently available Ni-based nanolubricants
are still liable to aggregate and can hardly be monodispersed in lubricant base oil [23, 24]. On
the other hand, it was more ideal to study the relationship between particle size, morphology
of metal nanolubricants, and its tribological mechanism through one kind of metal nanopar-
ticle.

In this chapter, a facile in situ one-step thermal decomposition route is used to prepare size
and morphology-controllable monodispersed Ni nanoparticles with a narrow size distribu-
tion, which can be dispersed in PAO6 base oil and used as nickel-based nanolubricants directly.
The tribological properties of Ni nanolubricants in base oil demonstrated strong dependence
on the size, morphology, and composition. Meanwhile, the Ni nanoparticle significantly
reduces the friction of diamond-like carbon (DLC)/di-iso-octyl sebacate (DIOS) liquid-solid
composite lubricating system in all lubrication regimes: boundary, mixed, and elasto-hydro-
dynamic lubrication. This in situ one-step thermal decomposition route probabilizes popular,
effective antiwear and friction-reducing properties by applying Ni-based nanolubricants.

2. The effect of size of Ni nanolubricant on its tribological properties

The chemical reaction for in situ preparation of Ni nanoparticles is expressed in Figure 1.
OAM(oleylamine) is a lot in comparison to nickel, but actually, OAM is not only coordination
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ligand of nickel acetate by amidocyanogen in early solution, but also reducing agent and
surface-capping agent for Ni nanoparticles. Upon completion of the reaction, decomposition
byproducts of Ni(HCOO),-2H,0 are evaporated under a current of inert gas at high temper-
ature and only surface-capped Ni nanoparticles by oleylamine and oleic acid remain in PAO6
base oil, and excess oleylamine and oleic acid in PAO6 do not matter because these are also
lubricant additives, so nickel-based nanolubricants are obtained directly by this in situ one-
step route. This should be critical to the tribological application of nickel-based nanolubricants.
As shown in Figure 2, there are three characteristic peaks at 44.5°, 51.8°, and 76.4° appearing
in the XRD patterns of Ni nanoparticles with different sizes. The three peaks can be assigned
to the diffractions of (111), (200), and (220) crystal planes of pure face-centered cubic (FCC) Ni
(JCDPS No.7440-02-0). The diffraction peaks are significantly broadened, which indicates that
the crystalline size of Ni nanoparticles is very small.

210°C
Ni{HCOO ) 2H O+ OAM + 0, =
(PADY

( E = OAM and /or OA )

Figure 1. Chemical reaction for preparing Ni nanoparticles.
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e
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Figure 2. XRD patterns of Ni nanoparticles with different size.

The TEM images of Ni nanoparticles with different size as well as the size distribution are
shown in Figure 3. It can be seen that Ni nanoparticles have sphere-like morphology, and
through varying dosage of PAO6 from 80 to 40 and 20 mL their average diameter is tunable
from about 7.5 to 13.5 and 28.5 nm. As-synthesized Ni nanoparticles show no sign of obvious
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aggregation. It can be deduced that the nucleation and growth process of Ni nanocrystalline
can be adjusted by OAM and OA through controlling chemical reaction driving force and
affording monodispersed Ni nanoparticles with different sizes. The simultaneous presence
and relative amounts of binary modifiers OAM and OA are paramount. OAM is the reductant
and at the same time controls the nucleation rate. OA as an efficient surface-modification agent
are favorable for probing capping mechanism and affording size-tunable monodispersed Ni
nanoparticles. As is the experimental result, the higher ligands concentrations led to the
formation of the particles with larger sizes, because the higher the concentration of the ligands,
the lower the monomer reactivity would be; therefore, there would be fewer nucleuses formed
and resulted in larger nanoparticles [25, 26].

Ll
U ]

Figure 3. TEM images and size distribution of surface-capped Ni nanoparticles with different size.

Figure 4 shows the optical picture of the nickel nanoparticles in PAO6 after a month. The
results indicate that the nickel nanoparticles are still equably distributed in PAO6 after amonth
and there is no obvious agglomeration behavior, which fits in quite with the TEM analysis.

FTIR(Fourier transform infrared spectrometer) analysis was conducted to study the interaction
between organic surface modifier and Ni nanocore. As shown in Figure 5, the characteristic
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absorption bands of pure OA at 1711 and 939 cm™ correspond to the stretching vibrations of
C=O0 and the bending vibration of —OH of carboxyl group. As to pure OAM, the characteristic
absorption bands of amine group at 3367 and 3295 cm™ can be assigned to the symmetric and
asymmetric stretching vibrations of primary amine N—H, the peak at 1583 cm™ can be assigned
to the scissoring mode of —NH,, and the one at 967 cm™ can be assigned to the bending
vibration mode of —NH, [27]. The characteristic peaks of oleic group at 2922 and 2852 cm™
appeared in both pure OAM and OA, the bending vibration mode of C—H at 1464 cm™, and
the methylene rocking vibration of a minimum of four methyl groups ((CH,),) in the 720 cm™!
region [28]. As to surface-modified Ni nanoparticles, the presence of OAM and OA as capping
agents on the surface are confirmed by the characteristic peaks of oleic group at 2922, 2852,
1464, and 720 cm™. However, surface-capped Ni nanoparticles do not show the signal of
primary amino group at 3367, 3295, 1583, and 967 cm™ and the signal of free carboxyl group
at 1711 and 939 cm™, at the same time some new absorption peaks of asymmetric and sym-
metric stretching vibrations of —COO— at 1543 and 1460 cm™ and stretching vibration of C—N
at 1071 cm™ appeared, which indicates that two oxygen atoms in OA are symmetrically
coordinated to the surface of Ni nanocore, and the OA chain is attached in a bidendate mode
[29]. Therefore, it can be deduced that the organic surface modifiers OAM and OA chemically
bond on the surface of Ni nanoparticles that prevents nanoparticles from oxidation and
aggregation, which improved their compatibility with lubricating base stocks.

Figure 4. Picture of the nickel nanoparticles in PAOG6 after a month.

TGA/DTA curves of surfaced-modified Ninanoparticles are shown in Figure 6. As-synthesized
Ninanoparticles lose about 10% weight in the temperature range of 28~500°C. Within 28~250°C
the slow weight loss corresponds to the volatilization of a small amount of OAM and OA
physically adsorbed on the surface of Ni particles. Around 256°C the rapid weight loss is due
to the decomposition of chemically adsorbed OAM and OA. Over 566°C the weight loss can
be due to the elimination of decomposed residuals [30]. At the same time, in the DTA curve
the exothermic peak around 271°C is due to the thermal decomposition of organic modification
layer. It can be deduced that OAM and OA chemically bonded with Ni nanocores favor to
improve the thermal stability of Ni nanoparticles.
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Figure 5. FTIR spectra of OA, OAM, and as-separated Ni nanoparticles.
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Figure 6. TG-DTA curves of as-separated Ni nanoparticles.

The variation of coefficient of friction (COF) (a) and wear scar diameter (WSD) (b) with the
concentration of Ni nanoparticles in PAO6 are shown in Figure 7 (four-ball friction and wear
tester, load 300 N, rotary speed 1450 rpm, duration 30 min; for a comparison the data for PAO6
containing modifier are also given). It can be seen that the friction coefficient increases slightly
with different Ni nanoparticles size and the surface-modifying agents, but the antiwear ability
of base stock PAO6 is significantly improved. Moreover, their size and concentration is closely
related with the antiwear ability of Ni nanoparticles in PAO6. At the additive concentration of
0.05% (mass fraction), sample Nil with smaller average diameter is more effective than samples
Ni2 and Ni3 in reducing WSD of the steel-steel contact. It is consistent with the well-known
Hall-Petch effect and Archard’s law, which is mostly used in adhesion and abrasive wear
conditions [31]. Besides, direct contact between the sliding steel surfaces can be avoided by the
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deposition and/or adsorption films of surface-modified Ni nanoparticle on rubbed steel
surfaces thereby retarding adhesion wear and increasing the antiwear ability of PAO6 base oil.
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Figure 7. Variation of COF (a) and WSD (b) with the concentration of Ni nanoparticles.

The COF and WSD as functions of load under the lubrication of PAO6, PAO6 + modifier, and
PAO + 0.05% Ni nanoparticles are shown in Figure 8. It can be seen that with rising load the
COF decreases initially and increases later, and WSD increases monotonously therewith.
Besides, under lower load, the applied force concentrates on a small number of large particles,
which results in a higher friction coefficient owing to severe abrasion. Under higher load, large
nanoparticles will undergo deformation, which leads to an even distribution of applied force
on contact area thereby reducing COF. Besides, Ni nanoparticles with smaller size can improve
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the antiwear ability of PAO6 base oil, possibly because they are more easily chemically
adsorbed on steel sliding surfaces to form boundary lubricating films.

Figure 9 shows the P, and P}, values of various lubricant systems. PAO6 doped by Ni nano-
particles with different size has a higher P; value than PAO6 and PAO6 + surface modifiers,
and the P value of the lubricants is irrelevant to the size of the Ni nanoparticles. It can be
deduced that Ni nanoparticles are able to improve the load-carrying capacity of PAO6.
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Figure 8. Friction coefficient (a) and wear scar diameter (b) versus applied load under the lubrication of PAO6, PAO6 +
surface-modifiers, and nanolubricants containing 0.05% Ni nanoparticles with different size (four-ball friction and
wear tester, 1450 rpm, 30 minutes).
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Figure 9. Py(a) and P),(b) values of various lubricant systems (four-ball friction and wear tester, 1450 rpm, 300 N).

SEM images of worn surfaces on steel balls lubricated by various lubricant systems are
shown in Figure 10. It can be seen that the WSD of steel balls lubricated by PAO6 + Ni
nanoparticles is smaller than that lubricated by pure PAO. Particularly, the smallest WSD is
obtained under the lubrication of PAO6 + Nil. Compared with PAO6 + Ni2 or PAO6 + Ni3, the
worn surface on the steel ball lubricated by PAO6 + Nil is smooth and shows only shallow
scratch grooves, which well conforms to the better antiwear ability of nanolubricants with
smaller Ni nanoparticles (Nil).
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Figure 10. SEM micrographs of wear scars lubricated with PAO6 as well as PAO6 + surface-modifiers and nanolubri-
cants containing 0.05% Ni nanoparticles (300 N, 30 minutes).

In order to reveal the friction-reducing and antiwear mechanism of Ni nanoparticles, chemical
states of several typical elements on the worn surfaces of steel balls was analyzed by XPS. The
XPS spectra of C 1s, O 1s, N 1s, Fe 2p, and Ni 2p on the worn surface of steel ball lubricated
with PAO +0.1% Nil nanoparticles are shown in Figure 11. Atomic concentrations of elements
on worn surface are listed in Table 2. The C—N, COO—, C=C, —CH,—, and —CH3 signals are
attributed to chemically adsorbed and/or reacted surface modifier on sliding surfaces. The Fe
2p3/2 peaks at 710.90 and 713.16 eV are attributed to Fe,O, [32]. It can be reasonably concluded
that under selected experimental conditions ferrous oxides are formed on the worn surfaces
of the steel balls. Moreover, Ni 2p3/2 peak at 852.58 eV and Ni 2p1/2 peak at 871.20 eV are
attributed to Ni nanocores, which are released from surface-modified nanoparticles and
transferred onto sliding surfaces during the rubbing process. Moreover, Ni2p3/2 peak at 857.49
eV and Ni 2p1/2 peak at 876.20 eV (corresponding satellite peak is located at 862.40 eV and O
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1s peak is located at 531.47 eV) indicated that a part of Ni nanocores can react with oxygen to
form Ni,O;. In addition, as shown in Table 2, a higher atomic concentration of Ni, O, and N
appeared on the worn surface lubricated by PAO6 + Nil than those lubricated by PAO6 + Ni2
and by PAO6 + Ni3, at the same time, the one lubricated by PAO6 + Ni3 has a higher atomic
concentration of Fe. It can be deduced that nanolubricants with smaller size are able to form
boundary lubricating film with good coverage on sliding surfaces thereby showing better
antiwear ability.
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Figure 11. Curve-fitted XPS spectra of typical elements on rubbed surface of steel ball lubricated with nanolubricants
containing 0.1% Nil (four-ball tribometer, 1450 rpm, 400 N, 30 minutes).
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Based on the XPS results, it can be concluded that during sliding of the steel-on-steel contact
nickel-based nanolubricants undergo tribochemical reaction and release organic surface
modifier and highly chemically active Ni nanocores, which can be easily adsorbed on sliding
surfaces and generate a boundary lubricating film thereby improving the antiwear ability [30].
Besides, smaller Ni nanoparticles are easier to fill up micropits and grooves on worn surfaces,
and form a compact protective layer. As a result, the adsorbed and deposited Ni layer greatly
contributes to improve the tribological properties of PAO6 base oil.

3. The effect of morphology Ni nanolubricant on its tribological properties

The properties of nanoparticle usually lie on the atom on surface, because the atomic bonds
on the surface are unsaturated, and the chemical environment and electron cloud density
of the surface atom is quite different from the atoms inside. The proportion and the type of
atomic bonds of atom on the surface are decided not only by the size but also by the
morphology of nanoparticles [33-36]. For example, Ag nanoparticle has a high catalytic
activity, good electrical properties, and photocatalytic bactericidal activity, while flaky
triangular Ag nanoparticles have great potential in biosensing and biomedical field. Ni
nanoparticle with 15 nm diameter is superparamagnetic, while Ni nanoparticle with 85 nm
diameter has high coercivity. The tribological mechanism of nanoparticle with different
morphology should be better studied through one kind of nanoparticle. Surface modification
can effectively improve the dispersion stability of nanoparticles in lubricating oil base [2-3],
and surface modification can affect preferentially growing crystal plate. Nanoparticles with
different shapes could be prepared through controlling conditions of surface modification.
Ni nanoparticles with three different shapes were prepared through thermal decomposition
of Ni (HCOO), in decane modified with 12 alkyl sulfonate (DBS) and oleylamine (OAM).

Preparation conditions are listed in Table 1. Three morphologies of Ni nanoparticles were
prepared by varying the concentration, molar ratio of reactants, and reaction time. XRD spectra
of Ni nanoparticles with different shapes are shown in Figure 12. Three characteristic
diffraction peaks: 44.5°, 51.8°, and 76.4° correspond to the crystal plate (111), (200), and (220)
in face-centered cubic (FCC) structure of Ni (JCDPS No.7440-02). Diffraction peaks widening
are significant for all samples. With the increase in modifiers content, widening phenomenon
was much more obvious, which indicates that the Ni nanoparticle morphology, size, and
crystallinity are affected in-depth by modifiers’ contents.

Sample code PAO volume (mL) TEM diameter (nm) Scherrer diameter (nm)
Nil 80 7.5 6.0

Ni2 40 13.5 83

Ni3 20 28.5 10.0

Table 1. Size of as-prepared Ni nanoparticles determined by TEM observation and Scherrer equation.
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Figure 12. XRD patterns of Ni nanoparticles with different morphology.

The TEM images of Ni nanoparticles with different shapes are shown in Figure 13 (low
magnification on the left, high magnification on the right). Combined with the information of
Table 1, it can be concluded that the shape of Ni nanoparticles is decided by the mol ratio of
formic acid nickel to DBS. When the mol ratio is 5:1, the shape of Ni nanoparticles is spherical;
when the mol ratio is 3:1, the shape is triangular plate; and when the ratio is 1:2, the shape of
the Ni nanoparticles is triangular rod. Because of the inducement of surface modifier different
crystal plate of Ni nanoparticles grows differently, which leads to different shapes. In addition,
Ni nanoparticle shows narrow size distribution. No obvious aggregation appears because of
the surface organic modification.

To further examine the interaction between the organic surface modifier and Ni nanocore,
we conducted FTIR analysis of surface-modified Ni nanoparticles as well as pure OAM
and OA. As shown in Figure 14, the characteristic absorption bands of pure OAM at 3367
and 3295 cm™ correspond to the symmetric and asymmetric stretching vibration of N-H,
and the absorption bands at 1583 and 967 cm™ belong to the shear and flexural vibration
mode of —NH, [27]. For a solid DBS, absorption peaks at 1183 and 1053 cm™ correspond
to asymmetric and symmetric stretching vibration of S=O. In addition, for pure OAM and
DBS, characteristic peak of nonpolar chain appears, which is stretching vibration peak of
CH; and CH, at 2922 and 2852 cm™, C—H bending vibration peak at 1464 cm™, and not
less than four consecutive methylene rocking vibration peak at 720 cm™ [28]. For surface
modified Ni nanoparticles, the existence of nonpolar chain in surface modifiers OAM and
DBS can be confirmed by characteristic peaks at 2922, 2852, 1464, and 720 cm™. For surface
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modified Ni nanoparticles, the primary amino characteristic peaks at 3367, 3295, 1583, and
967 cm™ do not appear; however, the stretching vibrations peak of c=c at 1629 cm™ and
asymmetric and symmetric stretching vibrational peaks of S=O at 1183 and 1053 cm™
appears. Therefore, it can be concluded that surface modifiers (OAM and DBS) and Ni
nanoparticles are chemically combined, and this stable chemical bond effectively blocks
reunification and oxide particles of Ni; meanwhile, nonpolar chain improves its
compatibility with base oil.

Figure 13. TEM (left) and enlarged (right) images of Ni nanoparticles with different morphology.
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Figure 14. FTIR spectra of DBS, OAM, and as-separated Ni nanoparticles.

The variation of friction coefficient and wear scar diameter with the concentration of Ni is
shown in Figure 15 (four ball machine, 300 N, 1450 rpm, 30 minutes). It can be seen that the
friction reduction and antiwear properties of Ni nanoparticles is closely related with its shape

and concentration. Compared with the base oil PAO, within a suitable concentration range,

Nil and Ni3 nanoparticles present a certain friction reduction property, while Ni2 nanoparti-

cles significantly improve the wear resistance of PAO. In the experiment concentration range,

Ni2 (triangular plate) is more effective than Nil (spherical shape) and Ni3 (triangular rode) in
reducing WSD of steel partner. Therefore, it can be deduced that Ni nanoparticles with
triangular plate shape easily forms a continuous film on the sliding surface, which prevents

direct contact between friction interface so as to prevent the adhesion, thus showing a better

abrasion resistance.
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Figure 15. Variation of friction coefficient (a) and wear scar diameter (b) with the concentration of Ni nanoparticles

(four-ball friction and wear tester, 1450 rpm, 300 N, 30 minutes).
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Figure 16 showed variation of coefficient under (a) and the wear scar diameter (b) with the
load (four-ball, 1450 rpm, 30 minutes). For pure PAO6 and PAO6 added with 0.2% Ni nano-
particles, the coefficient of friction decreases with the increasing of load. Under higher load,
addition of Ni nanoparticles can reduce friction, while for the whole test load, three shapes of
Ni nanoparticles can effectively improve antiwear properties of PAO6 base oil. Especially for
triangular plate-like Ni2, the WSD can be reduced by 35%. It may be due to its easy adsorption
on steel sliding surface and formation of lubricating film, which leads to better antiwear

capacity.
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Figure 16. Friction coefficient (a) and wear scar diameter (b) versus applied load under the lubrication of PAO6 and
0.2% Ni nanoparticles with different morphology (four-ball friction and wear tester, 1450 rpm, 30 minutes).

Figure 17 shows the Py and P, of PAO6 and Ni nanoparticles of three morphologies. As shown
in the figure, P, values show no difference, but addition of Ni nanoparticles can improve
extreme pressure properties of PAO6, especially for triangular plate Ni, its EP is the best. This
suggests that surface modified Ni nanoparticles can effectively improve the bearing capacity
of PAO6.
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Figure 17. Pyand Ppvalues of various lubricant systems (four-ball friction and wear tester, 1450 rpm, 10 seconds).
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SEM micrographs of wear scars lubricated with PAO6 as well as PAO6 containing 0.2% Ni
nanoparticles are shown in Figure 18. Deep plow ditch and marks of tearing between friction
pairs appears on the worn surface lubricated with PAO6. Lubricating effect of different Ni
nanoparticles is obviously different. Compared with Nil and Ni3, WSD of steel ball lubricated
with Ni2 is the least, and the worn surface is the smoothest. For the nanoparticle Nil and N3,
there is some designated marks and stick. Once again, it is proved that triangular plate Ni
nanoparticles have better abrasion resistance.

Figure 18. SEM micrographs of wear scars lubricated with PAO6 as well as PAO6 containing 0.2% Ni nanoparticles
(four-ball friction and wear tester, 1450 rpm, 300 N, 30 minutes).

The worn surfaces of the steel balls lubricated with different lubricant are analyzed by mean
of XPS so as to acquire more information about the tribochemical reactions involved during
the friction process. Figure 19 shows the curve-fitted XPS spectra of Cls, N1s, Ols, S2p, Fe2p,
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and Ni2p on the worn surface of steel ball lubricated with nanolubricants containing 0.2% Ni
(four-ball, 1450 rpm, 400 N, 30 minutes). It can be noticed that S, O, N, and C are detected on
the worn surface. This indicates that surface modifier DBS and OAM are adsorbed on the worn
surface or takes part in the tribochemical reaction during the sliding process.
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Figure 19. Curve-fitted XPS spectra of typical elements on rubbed surface of steel ball lubricated with nanolubricants
containing 0.2% Ni (four-ball friction and wear tester, 1450 rpm, 400 N, 30 minutes).

It can be seen that the Fe2p shows XPS peaks at the binding energies 710.60, 712.30, 724.2, and
726.00 eV. The peak at a binding energy of 710.60 and 724.20 eV corresponds to the Fe,O;[32].
The peak at 712.30 and 726.00 eV corresponds to the FeSO,. This indicates that ferrous oxides
have been formed on the worn surface, and the surface modifier DBS reacted with steel ball
during the sliding process.

Ni 2p shows XPS peaks at the binding energies 852.99 and 856.27 eV. The peak at a binding
energy of 852.99 eV corresponds to the Ni 2p3/2, and the peak at 856.27 eV corresponds to
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Ni,O;. This indicates that Ni nanoparticles transferred to the worn surface of steel ball, and
part of it was oxidized.

When the element O is mentioned, the binding energy of Ols is about 530.08, 531.75, and 532.75
eV. The binding energy at 530.08 eV corresponds to the Fe,O, while the peak at 531.75 eV
corresponds to the Ni,Os;. The binding energy at 532.75 eV corresponds to the sulfate radical.

Based on the analysis of XPS, it can be inferred reasonably that, during the process of sliding
between steel and steel, under low load, the organic surface modifiers outside the Ni nano-
particles could easily be adsorbed to the surfaces of friction pairs generating the layer of organic
lubricating film. Under high load, the friction generated by mechanical, chemical, and
electrochemical action of friction, and nano-Ni exchange of energy and material exchange
between, to form a metal on the friction surface protective film, metal oxide protective film for
metal sulfate, separated from the friction surface, play as antiwear and friction. For, the
lubricating effect of Ni nanoparticles with different shapes, the Ni nanoparticle with shape of
triangular sheet shows the best lubricating effect, which could be attributed to its larger contact
area with sliding surface and, more easily absorbing on the worn surface and forming
boundary lubricating film.

4. Tribological properties of Ni nanolubricant in DIOS/DLC solid-liquid
composite lubricating system

Diamond-like carbon (DLC) coatings are becoming attractive protective films for many
automotive parts as they offer high hardness, ultralow friction, and good wear resistance under
dry or lubricated contacts [37-42]. However, the key problem with their lubrication is a low
reactivity toward existing additives and oils [43, 44]. Although it was confirmed that DLC
coatings react with these metal-tailored additives, their interactions are much weaker and the
formation of tribochemical films was much lower and difficult to control. On the other hand,
today’s most effective additives will need to be reduced or phased out in the near future for
environmental reasons and replaced with greener lubrication technologies.

Kalin" research group reported the lubrication behaviors of MoS, nanotubes as a green,
physically based additive for DLC-based solid-liquid synergetic system [45]. The addition of
MoS, nanotubes (with diameters of 100 nm and length of 20 pm) to PAO oil significantly
improved the friction behavior in the boundary- and mixed-lubrication regimes. However, for
the elasto-hydrodynamic lubrication (EHL) regime, the effectiveness disappeared completely.
The study results of EHL suggested that the classical EHL modes are accurate down to films,
as thin as 10-20 nm [46]. Hamed Ghaednia and Hasan Babaei reported the friction reduction
of nanoparticle (with diameter of 7 nm) in EHL regime, and proposed that the obstructed flow
induced by nanoparticles of friction reduction mechanism reduced the friction between layers
of lubrication molecules. So, nanoparticle additives with size bigger than the oil film thickness
would prevent the occurrence of EHL. The research about nanoparticles additives for DLC-
based, solid-liquid synergetic system is considered rare. Moreover, the study about the
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lubrication of solid-liquid synergetic system constructed from DLC coatings and real nanofluid
(nanoparticle with diameter of less than 10 nm) has not been reported.

We show in this study that the Ni nanoparticle (7 nm in diameter) significantly reduces the
friction in the DLC/steel contacts lubricated by fully formulated oil di-iso-octyl sebacate (DIOS)
in all lubrication regimes: boundary, mixed, and elasto-hydrodynamic lubrication. Analysis of
the composite and topography of worn surface was operated systematically in order to reveal
the friction reduction mechanism.
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Figure 20. Schematic diagram of UMT tribometer.

The tribological properties of DLC and DLC/DIOS solid-liquid composite system were
measured on a ball-on-disk tribometer shown in Figure 20. GCr 15 steel ball was used as friction
pair with a diameter of 4 mm. Its elastic modular and Poisson ratio was 205 GPa and 0.28,
respectively. In order to study the lubricating mechanism of Ni nanoadditive in DLC/DIOS
solid-liquid system, three lubricating conditions were used including dry friction with DLC,
solid-liquid composite lubricating by DLC/DIOS, and DLC/DIOS added with Ninanoparticles.
All of the friction tests were performed through a reciprocating sliding test mode at ambient
temperature with a load range from 0.5 to 4 N. The relative humidity was 20-40%. Each test
was repeated three times with a stroke of 5 mm. In order to obtain the Stribeck curves, a wide
range of average contact velocities from 60 to 480 rpm were applied to achieve different
lubrication regimes, i.e., boundary, mixed, and elastro-hydrodynamic. Because of the charac-
teristics of reciprocating motion, within the stroke some variation in regimes may occur as a
consequence of varied velocity. However, this has negligible effect in boundary and mixed
lubrication. In elastro-hydrodynamic lubrication (EHL) regime, it is clear that EHL cannot be
achieved at end-stroke. Accordingly, in this work for the region claimed as the EHL regime,
these conditions are fully valid only within the central part of the stroke. Moreover, in the
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central part of the stroke where velocity is higher than the average, the conditions are even
more beneficial toward EHL than “average” calculations for the lambda parameter.

The coefficient of friction under the three lubricating conditions is shown in Figure 21 (4 N
load and sliding speed 240 rpm). It can be seen that with the increasing of friction time, the
coefficient of friction lubricated by DLC and DLC/DIOS fluctuated slightly, while that of DLC/
DIOS added with Ni nanolubricant is very stable. The coefficient of friction decreased greatly
under DLC/DIOS and DLC/DIOS added with Ni nanolubricant lubricated conditions, and
DLC/DIOS with Ni nanolubricant composite lubrication system shows better antifriction
effect.
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Figure 21. Coefficient of friction versus time under three lubricating conditions.

The effect of sliding speed on coefficient of friction under the three lubricating conditions is
shown in Figure 22. As can be seen, coefficient of friction lubricated by DLC/DIOS and that
added with Ninanolubricant decreases rapidly with the sliding speed, while that of dry friction
with DLC film is almost unchanged. With the increasing of sliding speed, lubricating regime
changes from boundary lubrication to mixed lubrication. DLC/DIOS solid-liquid composite
lubricating system and that added with Ni nanolubricant greatly reduces the coefficient of
friction of the DLC film, and at low speed the antifriction effect of DLC/DIOS with Ni nano-
lubricant is more outstanding.

Based on the graphite transfer film theory of DLC, the metastable carbon DLC films overcome
energy barrier during the friction process and transform into graphite structure [47-49]. In
graphite structure, the weak interlayer binding force between layers leads to lower shear
strength that reduces the coefficient of friction, which results in good antifriction effect of DLC
films. The Ninanolubricant added in DLC/DIOS lubricating system could absorb on the sliding
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surface and form a lower shear strength film, and then reduce the friction between friction
surfaces.
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Figure 22. Coefficient of friction versus sliding speed under three lubricating conditions.

The effect of load on coefficient of friction under the three lubricating conditions is shown in
Figure 23. With the increase of load, the coefficient of friction under dry friction and Ni
nanolubricant lubricating conditions were slowly declining, and for those lubricated with
DLC/DIOS, the COF fluctuated. The effect of load on the friction coefficient is less, but the
existence of base oil lubrication and Ni nanolubricant greatly reduces the friction coefficient
of DLC films, and the Ni nanolubricant makes the coefficient of friction more stable.
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Figure 23. COF versus load under three lubricating conditions.
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The wear rate of DLC films under the three lubricating conditions is shown in Figure 24 (4 N
load, sliding speed of 240 rpm time was 4 h). Under the experimental conditions, the wear rate
of DLC decreases by 72% and 86%, respectively, because of lubricating of DIOS and Ni
nanolubricant. Thus, antiwear effect of Ni nanolubricant composite lubricating is better.
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Figure 24. Wear rate of DLC films under three lubricating conditions.

The SEM images of wear scar on DLC films under the three lubrication conditions is shown in
Figure 25 (4 N load, sliding speed of 240 rpm, 4 h). As can be seen, under dry friction, the wear
mark of DLC film is widest with grooved surface strip, and obviously has certain adhesive
wear; while under the lubricating of DLC/DIOS, the wear mark is significantly smaller and
shallow. For the DLC/DIOS with Ni nanolubricant, the wear mark is the most narrow (<100
m) and the surface is very smooth. Therefore, Ni nanolubricant greatly increases the antiwear
effect of composite lubricating system, which is consistent with the above analysis of wear rate.

-

Figure 25. SEM images of wear scar on DLC films under three lubrication conditions.
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For comparison, the SEM images of wear scar on steel balls under the three lubrication
conditions are also shown in Figure 26. The wear scars under different conditions are quite
different. Under dry friction the wear scar is the largest, with obvious edge debris in which
the black substance may be graphitized transfer film. For DLC/DIOS and that added with Ni
nanolubricant, wear scars are obviously smaller with less debris on their edges, the worn edge
grinding on grinding ball mill is less. There are some shallow scratch grooves on the steel ball
under DLC/DIOS lubrication condition; for that with Ni nanolubricant, the wear scar surface
is smooth without any grooves and debris. Therefore, it can be concluded that DLC/DIOS with
Ni nanolubricant composite lubricating system shows good synergistic effect of antiwear and
antifriction, which is consistent with the above analysis.
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Figure 26. SEM images of wear scar on steel balls under three lubrication conditions.

The Stribeck curve describes the variation of friction coefficient with the contact conditions
and shows lubricating regimes conversion between elasto-hydrodynamic lubrication, mixed
lubrication, and boundary lubrication, which is a simple and effective method for judging
lubricating regimes and predicting coefficient of friction [50-55]. Through comparing
coefficient of friction under different lubrication regime, for example, the difficulty into EHL
lubrication regime and the bottom width of it, the lubricating performance of lubricant can be
valued comprehensively. Therefore, Stribeck curve was measured under lubrication of DLC/
DIOS and that with Ni lubricant, which is shown in Figure 27 (Sommerfield parameters was
calculated according to [54]). In all lubrication regimes, the coefficient of friction of Ni nano-
lubricant is far better than that of base oil. Compared with lubrication condition of DLC/DIOS,
the mixed lubrication regime is more stable and wider under lubrication condition of Ni
nanolubricant, which can be attributed to the high chemical activity of Ni nanolubricant
forming a solid adsorption film easily on the friction surface, so as to reduce friction resistance
and exhibiting excellent tribological properties in the boundary and mixed lubrication regimes.
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Figure 27. Stribeck curves of solid-liquid composite lubricating systems.

5. Tribological properties of Cu@Ni nanolubricants

In recent years, Cu nanoparticles as metal nanoadditives shows good antiwear and dynamic
self-repairing performance [2-5, 7-10, 33-36]. For example, in this group, two alkyl two
phosphorothioate (DDP) surface-modified Cu nanoparticles with average diameter of 5 nm
was produced through in situ surface modification and liquid phase chemical reduction
technology. As lubricating additives this Cu nanoparticles exhibit excellent energy saving,
lubrication, antiwear, and self-repairing performance [34], which have been achieved in
industrial production, and achieved considerable economic benefits. However, the modifier
contains S, P elements, which easily leads to catalyst poisoning and environmental hazard, so
is restricted for use in application process only.

If modifier does not contain S, P elements, Cu nanoparticles are easily oxidized [56-59]. How
to produce stable Cu nanoparticles without S, P elements? Preliminary work shows that Ni
nanoparticles are relatively stable and shows good antiwear performance. Then synthesis of
Cu@Ni nanoparticles is going to be an effective method. Ni as shell can increase the stability
of the center particles of Cu, which will further improve the tribological properties of nano-
particles [60, 61].

In situ preparation synthesis process of Cu@Ninanoparticle is shown in Figure 28. Based on the
difference of decomposition temperature of Cu (HCOO), and Ni (HCOOQ),, the two compounds
decomposes successively in basic oil of PAO6, Cu (HCOO) 2 decomposes first and forms Cu
nucleus. Ni (HCOO), decomposes subsequently. Because of the lower nucleation energy for
heterogeneous nucleation, Ni forms nucleus on the surface of Cu nanoparticles and then forms
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Ni coating on it. Therefore, a simple one-step synthesis method is set up for preparing Cu@Ni
nanolubricant in basic oil, which is crucial for the application of nanolubricant.

210°C

Cu(HCOO).-4H,0+Ni(HCOO)--2H,0+0AM+0A —_—
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Figure 28. Synthetic procedure for preparing Cu@Ni nanoparticles.
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Figure 29. XRD patterns of Cu@Ni nanoparticles with different Cu content.

XRD maps of Cu@Ni nanoparticles with different Cu content are shown in Figure 29. For
comparison, XRD map of pure Ni nanoparticles under the same conditions is also shown. It
can be seen that three peaks at 44.5, 51.8, and 76.4 degrees corresponds to the (111), (200), and
(220) crystal face of face-centered cubic (FCC) Ni (JCDPS No. 7440-02), respectively. There are
no obvious characteristic peaks of Cu (JCDPS No. 7440-02). It may be that the grain size of Cu
nucleus in Cu@Ni nanoparticles is too small (as shown in Table 2), and the XRD peak of Cu
nucleus is remarkably broadened. In order to prove the existence of Cu nucleus, XPS analysis
is used, which is shown in Figure 30. Cu@Ni nanoparticles Cu, Ni XPS, the binding energy at
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peaks of 932.85 and 952.67 eV corresponds to Cu 2p1/2 and Cu 2p3/2, signs of oxidized Cu do
not appear. So the stability of nano-Cu can be improved.

Sample code Ni:Cu Solution A (mL) Scherrer diameter (nm)
S1 4:1 (12:3) 1.5 8.4
s2 6:1 (12:2) 1.0 73
S3 12:1 0.5 6.2

Table 2. Size of as-prepared Cu@Ni nanoparticles determined by Scherrer equation.

36500 .
Cu NiO
36000 Cu2p 11000 ) Ni2p,,
932,88 Nizp,, 863.76
35500 - Cu2p,, . 10000 - 871.27
. 952.67 P
g 35000 4 é w000, wﬁ
£ 34500 :fu'
g
E 34000 4 =
( 7000 +
33500 -
33000 60001
32500 T T T T T T 5000 T T T T T
970 960 950 940 930 920 850 830 870 860 850 8aC
Binding Energy (eV) Binding Energy (eV)

Figure 30. XPS spectra of Cu 2p, Ni 2p in Cu@Ni nanoparticles.

TEM images of Cu@Ni nanoparticles containing different amounts of Cu are shown in
Figure 31 (the panorama is on the left, the partial enlarged detail is on the right). It can be
seen that Cu@Ni nanoparticles are uniform, spherical particles without obvious
agglomeration, the average diameter is 12~15 nm. The coating outside of samples S1 and S2
is obvious, in which slightly shallow shell is Ni coating, the black core is Cu; for S3, Cu
content may be too little to see. At the same time, binary modifier and controlling relative
content of OAM and OA is crucial for synthesis, in which OAM is used as reducing agent
controlling nanocrystal nucleation rate, high effect modifier of OA block the growth of
nanocrystals, and the synergistic reaction of OAM and OA results in the monodispersed
Cu@Ni nanoparticles.

The optical image of Cu@Ni nanoparticles stored for a month is shown in Figure 32. It can be
seen that, after a month, the Cu@Ni nanoparticles still disperses in PAO6 uniformly, no obvious
sedimentation behavior is observed, which is crucial for the application of nanoparticles.
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Figure 31. TEM images of surface-capped Cu@Ni nanoparticles with different content of Cu.

Figure 32. Photograph of the Cu@Ni nanoparticles stored in PAOG6 after one month.
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In order to further study the interaction between organic modifier and inorganic particles of
Cue@Nj, FTIR is performed to analyze the modified Cu@Ni nanoparticles, pure OAM and OA.
As shown in Figure 33, the characteristic peaks at 1711 and 939 cm™ corresponds to the
stretching vibration of C=0O and bending vibration of —OH, respectively, in pure OA. As for
OAM, the amine absorption peaks at 3367 and 3295 cm™ corresponds to the symmetric and
asymmetric stretching vibration of primary amine N-H, peaks at 1583 and 967 cm™ corre-
sponds to the shear mode and bending vibration modes of —NH2 [27]. For pure OAM and OA,
characteristic peaks of nonpolar chain at 2922 and 2852 cm™ are observed, bending vibration
of C—H at 1464 cm™ and rocking vibration of not less than four consecutive methylene at 720
cm™ is also observed. For surface-modified Cu@Ni nanoparticles, the existence of nonpolar
chain in surface modifiers can be certified through the presence of characteristic peak at 2922,
2852, 1464, and 720 cm™. At the same time, characteristic peaks of primary amine at 3367, 3295,
1583, and 967 cm™ and the free carboxyl group at 1711 and 939 cm™ is not observed, while the
asymmetry and symmetry stretching vibration of —COO— peak at 1543 and 1460 cm™ and
stretching vibration of C—N at 1071 cm™ appears [28]. It can be concluded reasonably that the
interaction between organic surface modifiers and Cu@Ni nanoparticles is a kind of chemical
combination, which is essentially different from surface wetting of general dispersant. Because
of the more stable chemical coating, oxidation and agglomeration of Cu@Ni particles is
effectively prevented, and the nonpolar chain can improve its compatibility with base oil.
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Figure 33. FTIR spectra of OA, OAM, and as-separated Cu@Ni nanoparticles.
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The coefficient of friction (COF) (a) and wear scar diameter (WSD) (b) with different Cu@Ni
nanoparticles (here represented by S2) concentration is shown in Figure 34 (four ball machine,
300N, 1450 rpm, 30 minutes; at the same time data of PAO6 and PAO6 only containing modifier
are also given). As can be seen, compared with base oil PAO6, the coefficient of friction of
surface modifier increased, but the wear scar diameter is greatly reduced. COF and WSD of
Cu@Ni nanoparticles decrease significantly compared with surface modification agent,
especially antiwear ability of it in the experimental concentration range. Compared with PAO6,
the wear scar diameter of Cu@Ninanoparticles decrease by 42.6% with mass fraction of 0.025%,
by 47.5% with mass frication of 0.80%. In the last chapter, under the lubrication of Ni nanolu-
bricant, the wear scar diameter reduced by 30%. As a result, compared with Ni nanoparticles,
the antiwear ability of Cu@Ni composite nanoparticles increases by 17.5%. Therefore, it can be
concluded reasonably that because of the synergistic effect of Ni and Cu lubricating and self-
repairing film deposited on friction pair avoids direct contact between the interface friction,
delays the adhesive wear and timely repairs worn parts, and greatly improves the antiwear

ability of base oil PAO6.
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Figure 34. Variation of friction coefficient (a) and wear scar diameter (b) with the concentration of Cu@Ni nanoparti-
cles.

The COF (a) and WSD (b) of PAO6, PAO6 containing only modifiers, and PAO6 containing
0.8% Cu@Ni nanoparticle versus load are shown in Figure 35 (four ball machine, 1450 rpm, 30
minutes; at the same time, that of PAO6 lubricant containing Ni nanoparticles surface modified
under the same condition is also given for comparison). It can be seen that with the increasing
of load, COF of Cu@Ni nanoparticles decreases rapidly, and WSD increases slowly. COF of
other lubrication conditions sharply decreases at first and then increases WSD. In addition,
overall the COF and WSD of Cu@Ni nanoparticles decreases greatly compared to the rest of
the lubrication conditions, especially under the load of 400 N, which reveals once again that
the Cu@Ni composite nanoparticles has better antifriction, antiwear, and bearing performance
than Ni nanoparticles, which may be due to the formation of boundary lubricating film on the
sliding surface of the steel ball because of the synergistic action of Ni and Cu.
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Figure 35. Friction coefficient (a) and wear scar diameter (b) versus applied load under the lubrication of PAO6, PAO6
+ surface-modiffiers, and nanolubricants containing 0.8% Cu@Ni nanoparticles with different content of Cu.

Py(a) and Pp, (b) value of PAO6, PAO6 containing only modifiers, and PAO6 containing Cu@Ni
nanoparticle are given in Figure 36 (that of PAO6 containing Ni nanoparticles is also given for
comparison). As shown in Figure 36, P of Cu@Ni nanoparticles is obviously higher than that
of PAO6 and PAO6 containing only modifiers, however, is similar with that of Ni nanoparticle.
For the P}, of all lubricants, Cu@Ni nanoparticles shows the highest values compared with the
rest of the lubricants (see Figure 36 b). Once again, it is proved that Cu@Ni nanoparticles can
effectively ameliorate the extreme pressure ability of PAO6.
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Figure 36. P; (a) and P, (b) values of various lubricant systems.

The SEM images of worn surface on steel ball under the three lubrication conditions are
shown in Figure 37 (partial enlarged details are given). It can be seen that the WSD of steel ball
lubricated by Cu@Ni of nanoparticles is obviously less than that of pure PAO6 and PAO6
containing modifier, and the worn surface is smooth with minor scratches. For PAO6, obvious
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scratches and adhesion wear is observed, which once again proves that the Cu@Ni nanopar-
ticles shows better antiwear performance.

Figure 37. SEM micrographs of wear scars lubricated with PAO6 as well as PAO6 + surface-modifiers and nanolubri-
cants containing 0.8% Cu@Ni nanoparticles.

In order to reveal the antifriction and antiwear mechanism of Cu@Ni nanoparticles, XPS is
used to analyze the chemical state of several typical elements on worn surface of steel ball.
Figure 38 shows the curve-fitted XPS spectraof C1s, O1s, N1s, Fe2p, Ni2p, and Cu2p
on wear scar surface under the lubrication conditions of PAO6 with 0.8% Cu@Ni nanoparticles
(S2) (four ball mode, 1450 rpm and 400 N, 30 minutes). It can be noticed that O, N elements
are detected which come from surface modifiers containing C—N, COO—, C=C, and C—H
absorbed or reacted with worn surface of steel ball. The Fe 2p3/2 peak at 710.81 eV (corre-
sponding satellite peak is located at 713.00 eV) is attributed to Fe,O; (corresponding O 1s peak
is located at 529.99 eV) [31]. We can therefore reasonably conclude that ferrous oxides are
formed on the worn surfaces of steel balls under selected experimental conditions. Moreover,
Ni 2p3/2 peak at 855.94 eV and Ni 2p1/2 peak at 873.64 eV indicate that Ni nanocores can be
released from surface-modified Ninanoparticles and transfers onto sliding steel surface during
the rubbing process. Furthermore, a part of Ni nanocores can react with oxygen to form
Ni,O; (corresponding O 1s peak is located at 531.66 eV). Moreover, Cu 2p3/2 peak at 932.90 eV
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and Cu 2p1/2 peak at 953.05 eV indicate that metal Cu released from Cu@Ni nanoparticles
transfers to the worn surface of steel ball, from which it can be concluded that the synergistic
effect of Cu nanoparticles with self-repairing performance and Ni nanoparticles with high
activity results in forming boundary lubricating film covering sliding surface during friction
process, thus showing better tribological properties.
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Figure 38. Curve-fitted XPS spectra of typical elements on rubbed surface of steel ball lubricated with nanolubricants
containing 0.8% CuNi(S2).

According to the XPS analysis it can be inferred that during the direct contact sliding process,
tribochemical reaction occurs between Cu@Ni nanoparticles and steel ball, in which organic
modifiers and Ni, Cu nanocores with high activity are released and transferred to worn surface
easily to form continuous and uniform boundary lubricating film. Especially under the
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synergistic effect of Ni and Cu nanoparticles, an antifriction and self-repairing film deposited
on friction pair can reduce direct contact between sliding surface, delay adhesion wear, and
timely repair wear parts, thus greatly improving the antifriction, antiwear, and extreme
pressure performance of PAO.

6. Conclusion

In this chapter, nano-Ni and the Cu@Ni nanoparticles with different size and shape are
prepared through in situ thermal decomposition. Their properties as additives in base oil and
DLC solid-liquid composite lubrication system are systematically studied. It was found that
Ni and Cu@Ni nanoparticles showed outstanding antifriction and antiwear properties in base
oiland DLC solid-liquid composite lubrication system. And the size and shape of nanoparticles
affects their tribological properties greatly. The results are as follows:

1. Ni nanoparticles with three type of particle size can significantly improve the wear
resistance as lubricating oil additives, and its wear resistance is closely related to particle
size. The smaller the particle size is, the better the wear resistance is. When Wt 0.05% Ni
particle was added in base oil, the WSD of steel ball can be reduced by 30%.

2. Nano-Ni particles with three different morphologies including triangular rod, triangular
plate, and spherical shape were added in lubricating oil. Triangle sheet-like Ni nanopar-
ticles’ performance is better than the other ones due to its larger contacting area with steel
ball. The WSD of steel ball can be reduced by 35%.

3. The Ni nanoparticles (7 nm diameter) significantly reduce the friction in the DLC/steel
contacts lubricated by fully formulated oil di-iso-octyl sebacate (DIOS) in all the lubrica-
tion regimes: boundary, mixed, and elasto-hydrodynamic lubrication.

4. Compared with pure Ni nanolubricant, Cu@Ni nanolubricant shows better antimill,
friction reduction, and bearing capacity. The antiwear capacity is enhanced by 17.5%. The
mechanism can be deduced that the collaborative work of Ni nuclear deposition film and
Cu transfer film can effectively reduce direct contact between friction interface and timely
repair wear parts.
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Abstract

Chemical mechanical planarization (CMP) has been widely used in integrated circuit
(IC) processing to achieve both local and global surface planarity through combined
chemical and mechanical actions. The lubrication plays a significant role in CMP and
can be determined by the Stribeck curve since it provides direct evidence of the extent
of contact among wafer, pad asperities, and slurry particles. The advancements in the
construction of the Stribeck curve are highlighted in this chapter. Traditionally, the
procedure for constructing the Stribeck curve is as follows: (1) polish wafers at various
pressures and sliding velocities to obtain the coefficient of friction (COF) values; (2)
plot the experimental data as COF vs. Sommerfeld number; (3) construct the Stribeck
curve via curve fitting. Recently, an alternative method was presented to construct the
Stribeck curve via only performing one wafer polishing experiment. Pressure and
sliding velocity are varied separately or together for a desired length of time, so that
multiple measurements can be taken within one run. In this study, a back-propaga-
tion (BP) neural network is proposed to construct the Stribeck curve. Results show that
the BP neural network could construct a more accurate Stribeck curve and thus could
better provide insight into the lubrication mechanism of CMP processes.

Keywords: chemical mechanical planarization, lubrication, Stribeck curve, neural net-
work

1. Introduction

Integrated circuit (IC) technology plays a critical role in today’s advanced industries. Since
transistors were invented in the 1940s [1], IC technology has been growing nonstop. The circuit
density and complexity keep on increasing driven by Moore’s Law [2]. To date, the transistor
count in a central processing unit (CPU) can reach up to several billions [3]; the commercial
technology node scales down to 14 nm and the maximum wiring layer is 13 [4]. High volume
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manufacturing of ICs relies heavily on the advancements in each unit process such as chemi-
cal mechanical planarization (CMP), lithography, etching, deposition, and cleaning. Among
these processes, CMP has been an enabling technology in the realization of IC manufacturing.
Presently, CMP is the only planarization technique that can offer excellent local and global
planarity. For the most advanced ultra-large-scale integration (ULSI), CMP is the only choice
for global surface planarization [5]. In this chapter, the lubrication of CMP is reviewed.
Particularly, the advancements in the construction of Stribeck curve are highlighted.

2. What is CMP?

CMP typically refers to chemical mechanical planarization. As its name indicates, CMP
simultaneously employs both chemical and mechanical actions to selectively remove the
exposed material from elevated features for improved planarization [6-14]. Driven with
the planarization challenge in IC manufacturing for smaller minimum feature size and
more wiring levels, CMP was invented by International Business Machines (IBM) in the
mid-1980s [15].

Figure 1 schematically shows a generalized CMP process on a rotary polisher. The wafer to be
polished is secured by a retaining ring, which is attached to the carrier head. The rotating wafer
is pressed against the rotating polishing pad under a certain pressure from the carrier head [5,
7]. Slurry, containing chemicals and nanoparticles, is injected onto the pad surface and
transported to the pad-wafer interface through platen-wafer rotation, pad surface structures
as well as the retaining ring. Slurry chemicals react with the wafer surface to form a softer
porous layer, which is then removed by mechanical forces generated among wafer surface,
pad asperities, and slurry nanoparticles. In addition, a pad conditioner is typically used to
refresh pad asperities and keep material removal rate stable [5, 7, 13, 14].

Camiar Head — Slurry Tube
— i- — —— Polishing Pad
-y
Retnining Ring and L S y a— Pad Conditionen
Wafer e o 1"!- v
\ - {
N _ga—  Plalen
“ P

Figure 1. Schematic of a generalized CMP process on a rotary polisher [7].
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3. Stribeck curve

Tribology is generally understood as the science and technology of interacting surfaces in
relative motion [16]. As schematically shown in Figure 2, three-body (i.e., wafer, pad, and
slurry particles) contact occurs in CMP. Tribology, including friction, lubrication, and wear,
plays a crucial role in CMP [16]. In this chapter, we will focus on the lubrication in CMP.

Waler Surface — ‘Substrate
Pad Asperity

Slurry Abrasive

Figure 2. Schematic of three-body contact in CMP [17].
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Figure 3. Generic Stribeck curve based on Sommerfeld number [18].
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The lubrication mechanism in CMP processes can be determined by the Stribeck curve [18].
Figure 3 shows a generic Stribeck curve based on Sommerfeld number [18]. In this figure, Y
axis is coefficient of friction (COF), and X axis represents the Sommerfeld number. COF is
defined as the ratio of the shear force to the down force. During CMP, shear force is generated
among the wafer, pad asperities, and slurry nanoparticles. The shear force and down force can
be measured using appropriate instruments such as CETR CP4 and Araca APD-800 [5, 19]. For
example, using Araca APD-800, Figure 4 shows the transient shear force and down force as a
function of polishing time, and Figure 5 shows the transient COF. Since COF is defined as the
ratio of the shear force to the down force, the transient COF can be expressed as:

- P S, P —— e
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Figure 4. The transient shear force and down force as a function of polishing time [5].
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Figure 5. Transient COF based on Figure 4 [5].
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where y is the viscosity of slurry, V is the pad-wafer sliding velocity, p is the wafer pressure,
and 0, is the effective slurry film thickness at the wafer and pad interface.

Slurry viscosity p can be measured experimentally, and the pad-wafer sliding velocity V can
be calculated based on the tool geometry and the relative angular velocity of the wafer and
platen [18]. The wafer pressure p is the applied down force divided by the contact area between
the wafer and pad. Finally, the effective slurry film thickness 6,; can be assumed as the

arithmetic average roughness of the pad based on slurry film thickness measurement results
by dual emission laser induced fluorescence (DELIF) [20-22]. In some cases, the pseudo
Sommerfeld number (V/p) is used to replace Sommerfeld number for simplicity [23].

As mentioned previously, the lubrication mechanism in CMP processes can be determined by
the Stribeck curve since it provides direct evidence of the extent of contact among wafer, pad
asperities, and slurry particles [18]. As evident from Figure 3, there are three contact modes:
boundary lubrication, partial lubrication, and hydro-dynamic lubrication.

Boundary lubrication occurs at smaller values of the Sommerfeld number. In this regime,
the slurry film is quite thin, and thus, the wafer, pad, and slurry particles are intimate
contact with one another [18]. COF is high and independent of the Sommerfeld number.
From a process control point of view, the boundary lubrication is preferable because of its
high and stable COF [7].

The partial lubrication occurs at intermediate values of the Sommerfeld number. In this regime,
the slurry film thickness is similar to that of the roughness of the pad [18]. The slurry film layer
partially separates the wafer and pad, and COF sharply drops as increase in the Sommerfeld
number. A small change in process parameter such as polish pressure and velocity may cause
a significant change in COF.

Hydro-dynamic lubrication occurs at larger values of the Sommerfeld number. In this regime,
the slurry film thickness is larger than that of the roughness of the pad [18]. As such, very little
contact exists between the wafer and pad. COF is small and increases slightly as increase in
the Sommerfeld number [5].

Since the Stribeck curve can determine the lubrication mechanism in CMP processes, it has
many practical applications. For example, it can help screen certain consumable sets (pad,
slurry, wafer, retaining ring, etc.) by determining whether and how they contact one another
during CMP. It can also help determine the optimal polish parameters (wafer and retaining
ring pressure, pad/wafer velocity, slurry flow rate, etc.) [24].

4. Advancements in Stribeck curve construction

Traditionally, the procedure of constructing the Stribeck curve for a given consumables set is
as follows [25]: (1) polishing wafers at various pressures and sliding velocities. One or more
wafers typically need to be polished to obtain the COF at each given polish pressure and sliding
velocity; (2) plotting experimental data as COF vs. Sommerfeld number or pseudo Sommerfeld
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number (V/p); and (3) performing curve fitting or simply connecting data points to obtain the
Stribeck curve.

Figure 6 shows Stribeck curves where oxide wafers were polished on different types of pads
using Fujimi PL-4217 slurry with 25% abrasives. As evident from Figure 6, the relationship
between COF and Sommerfeld number is complicated. First, for a given consumables set, this
relationship needs to be described using different mathematical functions depending on the
lubrication regions. Second, as shown in Figure 6, this relationship varies with consumables
set (pad in this case). A process could fall in different lubrication regions for different con-
sumable sets at the same Sommerfeld number. For example, when Sommerfeld number ranges
from 0.0002 to 0.0008, IC 1400 k-groove pad and IC 1000 perforated pad are in the boundary
and partial lubrication region, respectively. As such, it is difficult to describe the relationship
between COF and Sommerfeld number using a general explicit function. This renders
challenges to curve fitting for the Stribeck curve construction, which needs to predetermine
the form of function. On the other hand, if we just simply connect data points to obtain the
Stribeck curve, it could be not accurate if the data points are not enough.
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Figure 6. Stribeck curves at 25% abrasives with Fujimi PL-4217 slurry [18].

Zhuang and Jiao et al. proposed an alternative method to construct the Stribeck curve by only
performing one wafer polishing experiment [23, 24]. Pressure and sliding velocity are varied
separately or together for a desired length of time, so that multiple measurements (COF, V, p)
can be taken within one run. This is attributed to their polisher (i.e., Araca APD-800), which is
capable of measuring shear force, down force, and rendering a value for COF in real time.

Figure 7(a) shows the ‘traditional” Stribeck curve. Three hundred-millimeter blanket copper
wafers were polished on a Cabot Microelectronics Corporation (CMC) D100 pad with CMC
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EP-C600Y-75 slurry at different polish pressures (1.0-2.5 psi) and sliding velocities (0.6-1.5 m/
s). One wafer was polished for each particular V and p combination, and totally, nine wafers
were polished. In comparison, Figure 7(b) shows the Stribeck curve obtained by the new
method where only one wafer was polished in the range of V/p investigated. As observed in
Figure 7, the CMP process is in the boundary lubrication. Also, it should be noted that the new
method can collect enough data by only polishing one wafer and thus does not need to perform
curve fitting to obtain the Stribeck curve.

10.00 —
Total of 9 wafers polished
1.00
[ ]
IOI- s, BECT M
o
0.10 4
0.0 .
1.0E-05 1.0E-04 1.0E-03
Vip (m/s-Pa”)
(a)
Hl=
I.H-:' = ‘ r,
L o
l.ll;
ot e e e .
e 3
ib)

Figure 7. Stribeck curves obtained by the (a) traditional and (b) new method on D100 pad [24].

Figure 8(a) and (b) shows another example of Stribeck curves, which were obtained by the
traditional and new method, respectively. Polishing conditions and consumables in Figure 8
were same as Figure 7 except that Dow IC 1000 k-groove pad was employed in Figure 8. As
observed in Figure 8, the CMP process is in the partial lubrication. As we can see, the change
in the type of the pad, the lubrication mechanisms of the CMP processes may change.
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Figure 8. Stribeck curves obtained by the (a) traditional and (b) new method on IC 1000 pad [24].

5. Artificial neural network for Stribeck curve

The above new method proposed by Zhuang and Jiao et al. can provide an accurate Stribeck
curve. As mentioned previously, this is attributed to their polisher which is capable of
measuring shear force, down force, and rendering a value for COF in real time. Due to the
limitation of the experimental apparatus, the traditional method (i.e., polishing one wafer at
each given pressure and velocity) is still commonly used. To construct an accurate Stribeck
curve based on the limited data points (COF vs. V/p), which are obtained by the traditional
method, a new neural network-based method is presented here.

Artificial neural networks have been widely used for nonlinear function approximation,
pattern identification, system modeling, and control [25-33]. For example, Wu et al. employed
the neural network to predict molten temperature of blended coal ash and estimate the degree
of slagging of the coal-fired boiler in power plant [29, 30]. Furthermore, Wu et al. optimized
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power coal blending based on neural network and genetic algorithm [28, 32]. These successful
work provided a method for the construction of Stribeck curve in this study.

There are various types of neural networks such as back-propagation (BP), linear, and RBF
neural networks. Among these networks, BP neural network is the most widely used one. In
this chapter, a BP neural network is employed to construct the Stribeck curve.

Figure 9 schematically shows the architecture of a 3-layer BP neural network. The first layer
(i.e., inputlayer) and the last layer (i.e., output layer) consist of the independent and dependent
variables, respectively. The dependent variables in the output layer are determined by the
independent variables in the input layer [26]. In Stribeck curve, COF is shown as a function of
Sommerfeld number or pseudo Sommerfeld number (V/p). Therefore, the input layer of the
neural network is V/p and the output layer is COF.

Input Hidden Layer

0 I_f:l . \ Output

Figure 9. Architecture of a three-layer BP neural network.

For BP neural network, transfer functions (‘tansig,” “purelin,” ‘logsig,” etc.) are used to transfer
data from one layer to the next layer. The BP algorithm for neural network training was
described in detail in Ref. [34]. The main procedure is [28-34]: at first, the weights (w; ) and
biases of the network are initialized. A certain amount of samples is then used for training.
The values of the input and output of the training samples are already known. Outputs of the
training samples are calculated based on the inputs, weights, and biases. Then, the network
outputs and the real outputs of the training samples are compared to calculate the error. If the
error meets the target, the training is completed. If not, the weights and biases of the network
need to be adjusted and the outputs and errors are recalculated. Repeat the above procedure
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until the error goal is met. After training, it is expected that the neural network can predict the
value of the output when a new value of the input is given.

A case study is presented here. Three-layer BP neural network is employed to construct the
Stribeck curve. Both input layer and output layer have only one neuron, and the number of
neuron in the hidden layer is selected as 4. The nine data points in Figure 7(a) are used as the
training samples. For the input, V/p =[0.000035 0.000051 0.000058 0.000084 0.000086 0.000087
0.00012 0.00014 0.00021]; for the output, COF = [0.64 0.6 0.57 0.54 0.51 0.47 0.5 0.44 0.4]. The
error goal is set as 10—, the transform function from the input layer to hidden layer is “tansig,’
and the one from the hidden layer to output layer is ‘purelin.’

After training, the neural network is used to predict COF for a particular combination of
pressure and velocity. In this case, the COF values are predicted with a V/p interval of 10-°
from 0.000035 to 0.00021. The prediction COF values obtained by the neural network are
plotted as a function of V/p, as shown in Figure 10 (see the blue curve). As we can see, the
prediction COF values agree well with the actual COF values (see the circles) of the training
samples. If we compare the Stribeck curve obtained by the neural network in Figure 10 with
the Stribeck curve obtained by the experimental approach in Figure 7(b), they are consistent .
Therefore, after training, the neural network can successfully capture the nonlinear relation-
ship between the input and output. COF for a particular combination of pressure and velocity
can be accurately predicted by the neural network. We believe that the successful construction
of the Stribeck curve by the BP neural network could better provide insight into the lubrication
mechanism of CMP processes.
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Figure 10. Stribeck curves obtained by the neural network.
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