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Abstract: Friction exists wherever relative motion occurs and is the main source of energy consumption.

Lubrication plays a significant role in improving fuel efficiency, reducing emissions, and prolonging the service

life of machines. Surface interactions between two moving solid surfaces or the flow of a fluid (and/or environment)

on a solid surface are the primary causes of friction. Apart from the mechanical design of moving parts, surface

physicochemistry is of crucial importance to lubrication. This review deals with the frontier research on

controlling friction and lubrication, highlights the importance of physicochemistry aspects, and enumerates the

state-of-the-art chemistry solutions to tribological issues. It aims at inspiring talented young scientists from

different fields to make significant contributions to the area.

Keywords: physicochemistry; friction interfaces; surface adsorption; tribochemistry

1 Introduction

Tribology is the science of the interface of surfaces
in relative motion, and primarily deals with friction,
lubrication, and wear. Friction consumes a large amount
of energy, which along with wear-related energy and
material losses, costs about 5%—7% of the gross national
product in most industrialized nations [1]. Thus, a
reduction in friction will benefit the economic well-being
of all nations. Although in many cases, such as in brake
systems and roads, high friction is required, this review
will basically focus on friction reduction (lubrication) of
sliding surfaces and antiwear of materials. Lubrication
aims to reduce the friction on a surface with a bearing
capacity and tangential shear strength, and it has
become one of the core techniques for the purpose of
reducing carbon emissions and saving energy [2].
Liquid lubrication can be described by the well-
known Stribeck curve, as depicted in Fig. 1. The friction
coefficient varies with Z-N/P, where Z is viscosity of
the liquid, N is sliding velocity, and P is applied load.
In hydrodynamic and elastohydrodynamic lubrication
(EHD or EHL) lubrication, the sliding surfaces are

* Corresponding author: Feng ZHOU, E-mail: zhouf@Ilicp.cas.cn

completely separated by a continuous film of lubricating
fluid. In that scenario, the friction coefficient is directly
related to the fluid viscosity. Mixed lubrication occurs
when the velocity decreases and the asperities of the
rough surfaces start to touch each other. In this case,
part of the load is carried by the direct contact between
asperities, thus leading to increased friction. Mixed
lubrication is a transition regime between boundary
lubrication and EHL, and contains characteristics of
both of them. Boundary lubrication is a condition in
which the lubricant film becomes too thin to support
a substantial part of the load, and the asperities come
into a sufficiently close contact to cause ““stick-slip”’
break-off of some of them. The main task of a
tribological study is to reduce the friction coefficient
at all lubrication regimes. As it will be seen, the
interface interaction between lubrication medium
and frictional materials plays an important role in
friction reduction. Optimization of the lubrication
condition highly depends on the physical and chemical
properties of the solid-liquid interface. In the region
of boundary lubrication, the friction coefficient becomes
significantly large, and thus, it requires an effective
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Fig. 1 Stribeck curve during liquid lubrication.

lubrication technology for reducing friction, such as
friction modifier, extreme pressure and antiwear agent,
and viscosity optimization. The following sections will
discuss in detail the research frontier of the boundary
and mixed lubrication practice, and their relevant
solutions regarding physics, chemistry, and materials.

2 Friction reduction through surface
adsorption or surface grafts

In hydrodynamic lubrication, the sliding pairs are
separated by a liquid film that is self-generated by
the moving surfaces by drawing the lubricant into
the wedge, and is formed by the bounding surfaces
at a high enough velocity to generate the required
pressure to completely separate the surfaces and
support the applied load. When the load is further
increased or the speed of relative motion is reduced,
the fluid thin film cannot be effectively formed to
bear a high load, and lubrication will evolve into
elastohydrodynamic or boundary lubrication (Fig. 1).
This is a condition in which the lubricant film becomes
too thin to provide total separation, and where the
asperities come into close contact and deform or
break-off [3]. It is well known that non-wetting will
not benefit friction reduction under enhanced loading,
because liquids would be very easily squeezed out
of the contact area when load is applied (Fig. 2(a)).
Lubricating oils have to wet the surface to form effective
lubricating films (Fig. 2(b)). Meanwhile, liquids must
have sufficient viscosity to form a hydrodynamic
pressure film between the sliding pairs. Therefore,
oils (mineral oils, polyolefins, polyether, perfluoro-

polyether, polyol esters, etc.) are widely used in practice,
because of their relative high viscosity, while water
has very low viscosity and can hardly bear high load.

2.1 Base oils from low polarity to high polarity

The above listed oils are widely used in industry.
However, their lubricating performance and load-
carrying capacities are not satisfactory at severe
conditions, such as high loads or low sliding velocities.
Besides the improvement of dynamic viscosities of
base oils by molecular design, the lubricating and
antiwear properties are normally ameliorated by
enhancing the surface affinity of lubricants (Fig. 3(a)).
Increasing the polarity of mineral oils and polyolefins
to polyether and polyol esters lubricants has led to
increased load carrying capacity, because the latter
oils have stronger interaction with the frictional sur-
faces. The drawback of a high polarity structure is the
easy attack by external triggers (environment, friction
practice). Polyethers are prone to degrade and polyol
esters are liable to hydrolysis.

Fig. 2 Stability of liquid upon increasing load. Liquids are
prone to be squeezed out of the contact area of sliding, leading
to dry friction. Good wetting ability is required to form a stable
lubricating film.

Fig. 3 (a) Diagram of lubricating oil interaction with frictional
surface: from non/less polarity to high polarity oils. (b) Representative
cation and anions that constitute ionic liquids.

| https://mc03.manuscriptcentral.com/friction
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A recent successful example in novel high polarity
lubricating oils is the design of ionic liquids (ILs)
lubricants [4-9]. ILs are ion pairs of cations and anions
(Fig. 3(b) shows the structure of imidazolium based
ILs), which remain with good mobility even at low
temperatures, and maintain stability at high tempera-
tures (some of them have over 350 °C decomposition
temperature). The high polarity of ILs molecules
provides them with high affinity to the friction surface,
the main factor leading to good lubricity and load
carrying capacity (over 5 GPa vs. ~3 GPa of conventional
oils). Forsyth et al. have studied the boundary film
generation of various phosphonium ILs on a series
of native films on metal and ceramic surfaces using
multinuclear solid-state nuclear magnetic resonance
(NMR) [10]. The results indicate that SiO, and Mg(OH),
interact strongly with ILs anions and cations, firstly
through the adsorption of anions and subsequently by
the close proximity of cations in the form of double
layers (as observed through 'H-*Si cross-polarization
experiments). In contrast, ALO;, MgO, ZnO, and ZrO,
appear less active owing to less hydroxyl groups on
these surfaces. Kajdas developed the anion adsorption
model, in which low energy electrons are emitted from
contact convex points on the metal surface during
friction, leaving a positive charge formed at the surface
of the tiny convex volumes, which strengthens the
adsorption mode [11]. Clearly, the anions in ILs can
be easily adsorbed onto these positively charged sites
of a worn metallic surface, and the counter cations
are assembled successively by the electroneutrality
principle. The dipolar ion structure makes ILs to
form an ordered bilayer crystal structure in solid state,
in which alkyl chains interdigitated and an extended
bilayer with alkyl chains are packed end-to-end.
Therefore, it might be true that ILs form ordered
adsorption layers on sliding surfaces, most possibly
in multilayered fashion, whose structure resembles
that of graphite and molybdenum disulfide [7, 12]. This
provides good lubricity for ILs under relatively low
shear strength. There are thousands of different types
of ILs owing to the variable combination of cations and
anions. To screen those in which the industry could
be interested and that can be used in practice will be
a continuous task of future research.

Because 1-hexyl-3-methylimidazolium tris(pen-
tafluoroethyl)trifluorophosphate ([HMIm]FAP) ionic

liquid is composed solely of cations and anions, the
interface lubricity can be externally controlled in situ
by application of a potential bias to a highly oriented
pyrolytic graphite (HOPG) surface. Atkin et al.
revealed that superlubricity can be “switched”” on and
off in situ when an ionic liquid is used to lubricate the
silica—graphite interface by atomic force microscopy
measurements [13]. When the potential is changed, the
composition of the interfacial layer responds, which
alters the frequency and magnitude of stick slip events,
and hence the energy dissipated and friction. At+1.5V,
the anion-rich interfacial layer is “super-lubricating’”
and friction falls to immeasurable values.

2.2 Friction modifier (FM) function owing to
interfacial assembly

Another very frequently used way to enhance the
lubricity and antiwear of lubricants is the application
of FMs (additives) [14]. FMs have polar heads that
can interact with the frictional surface. Meanwhile,
Van der Waals forces between the molecular tails cause
the molecules to align themselves in such a way that
they form the absorbed monolayer. If the timescale
allows it, all molecules line up, straight, perpendicular
to the metal surface, leading to a multilayer formation
of the FM molecules (Fig. 4(a)). The FM layers are
difficult to compress but very easy to shear at the
hydrocarbon tail interfaces, which supports the load-
carrying capacity and friction-reducing properties of
the FMs, respectively. FMs are usually employed in
rather low concentration, but they can significantly
enhance the tribological properties of base oils,
especially the less polar oils.

Fatty acids have long been used as FMs to reduce
friction in mineral oils owing to their high affinity to
metal surfaces [15]. Therefore, it is easy to understand
that their friction-reduction ability depends on the

Fig. 4 (a) Interaction of friction reduction additive with frictional
surface. (b) Designing novel additives.

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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type of substrate, because of the differential reactivity
of carboxylate with substrates. Besides, their effects
will be weakened in polar synthetic fluids such as
polyethers and synthetic esters because of the com-
petitive interaction strength. One design criterion is
to introduce an additional carboxyl group into the fatty
acid to enable divalent interaction, so as to enhance
the tribological property (Fig. 4(b)) [16]. Another design
approach is to find alternative acting functional groups
to replace the carboxylic head (Fig. 4(b)). Fatty acids
made a great contribution to lubrication in the early
years, since the 1920s, but since the 1950s were
gradually overtaken by sulphur/phosphorous containing
compounds, which provided greater adsorption strength
with a larger variety of metallic materials. Since then,
countless studies have been reported in the area. It
was many years later, after their application in tribology,
that the term “self-assembly” was created (usually,
self-assembled monolayers (SAMs)) to elucidate the
underlying science [17]. It was revealed that thiols
and sulphides could form high quality monolayers on
noble metal surfaces, much stronger and faster than
fatty acids do on very limited oxides, such as Fe,O;
and Al,O;, which is the main reason why sulphur-
containing additives became popular after fatty acids.
A fast and high-quality assembly of the additive on a
frictional surface is favorable to heal the surface layer
damage under severe sliding conditions.

SAMs have been one of the most important research
areas in the past thirty years in surface/material
science. The vast amount of research on SAMs should
help tribologists to understand the underlying science
more clearly, and eventually contribute to a more
effective design of new lubricants. Because different
head groups have different reactivity with substrate
materials, there will be no universal FMs for all
materials. Is there any hope to find a modifier that
can adhere to all materials? The recently studied
mussel-inspired adhesion, based on catecholic chemistry,
provides one possibility [18]. However, the self-
assembly rate of dopamine at the interface might not
match with the frequency of friction. The effective
FM might be that in which instantaneous assembly
occurs once the absorption layers are sheared off and
the assemblies are strong enough to withstand load.
Besides additive design, some novel characterization

approaches for SAMs should be more extensively
used to understand the lubrication mechanisms at
molecular level. Work on these aspects will require
additional efforts.

Here we would like to mention a novel way of
applying FMs by using thermo-reversible (TR) gel
lubricants, which consist of a base fluid and gel agent
bearing polar groups and alkyl groups [19-24]. TR
gel lube includes a high percentage of gelling agent,
which is basically an FM that is released when the gel
changes to liquid state above the melting point. Thus,
they can be easily and strongly absorbed on a metal
surface with their own polar group to form a stable
film. This absorbed film plays a role as an oiliness
agent, and it significantly decreases friction and wear.
Substantial work is still required to clarify in detail
the mechanism of the TR gel lube and its tribological
properties. We also report on a gel lubricant made
of ionic liquids (Fig.5) [25, 26]. The benzotriazole-
functionalized imidazolium salt can form a fibrous
ordered structure in conventional ionic liquids, and it
has been used as lubricant by in-situ liquefying. The
obtained ionic gels have good anticorrosion ability,
conductivity, and thixotropic character, which make
them potential anticorrosive solid electrolytes and
high performance semisolid lubricants. Especially for
some electrical contacts, this ILs gel can be used at
low temperatures, and it liquefies upon mechanical
shearing with low friction and good antiwear pro-
perties. This application prompted us to develop a
gel lubrication system by designing low molecular
weight gelators (LMWGs) to gelate various lubricant
oil [21-24]. We have designed and prepared a class of
LMWGs, which can form random three-dimensional
networks and cavities, in which liquid lubricants
(such as water, mineral oil, and synthetic lubricating
oil) are trapped through H-bonding, m—mt stacking,
hydrophobic interaction, van der Waals force, London
dispersion forces, and electrostatic interaction. The

Fig. 5 Agel lubricant that reversibly changes its physical states.

| https://mc03.manuscriptcentral.com/friction
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as-prepared gels have good thermoreversible and
thixotropic characteristics. This makes that gel lubricants
have important implications in lubrication, in which
solid-like lubricants are liquefied under high shear
strength (high load and lateral shear) and high tem-
perature, and take part in lubrication like oils. The
experimental results show that these gel lubricants not
only can effectively avoid the lubrication-oil creeping
and evaporating loss, which benefits maintenance, but
also have better lubricating and antiwear performances
than the blank base lubricating liquid and grease. For
some special contacts, the gelated base oil can be used
to solve problems of base oil creeping and evaporating
loss, and thus to enhance maintenance and operation.

2.3 Improved aqueous lubrication by amphiphilic
surfactant adsorption

Different from the wide application of oil lubrication
in industry, aqueous lubrication is used in relatively
limited areas, such as metal working processes,
bearings in marine industries, and biological systems.
Water has limited boundary lubricating capability
(load carrying capacity) owing to its low viscosity
and viscous pressure coefficient. One main task of
aqueous lubrication is to improve the viscosity of
aqueous liquids. For example, it has been recently
reported that a large-molecular-weight polyanion,
sodium poly(7-oxanorbornene-2-carboxylate), can be
a high performance synthetic water lubricant for
biolubrication because it can significantly improve
the rheological property of water [27].

Aside from the viscosity concerns, friction in aqueous
media can be similarly reduced through the adsorption
of amphiphilic surfactants onto substrates. Briscoe
et al. found that the frictional stress between sliding
surfaces coated with amphiphilic surfactant layers
(N,N-dimethyl-N,N-diundecyl ammonium bromide)
immersed in water could be reduced by 1-2 orders
of magnitude or more, relative to its value in dry air,
although the adhesion hysteresis is comparable in
both cases [28]. The surfactant head groups at the
substrate surface become hydrated under water and
as a result, the slip plane between the sliding surfaces
shifts from the alkyl tails/alkyl tails interface in air or
oil environment, to the head group/substrate interface
in water. The high fluidity of the hydration sheath

around the head groups results in greatly reduced
friction. Sliding is much easier as a result of the
hydration-lubrication mechanism of the hydrated
head groups.

Lipids are another type of amphiphilic molecules
in biological environments and exist mostly in form
of liposomes. Goldberg et al. coated mica with small
(approx. diameter 70 nm) unilamellar (single bilayer
wall) vesicles of hydrogenated soy phosphatidyl
choline (HSPC, structure shown in Figs. 6(a)-6(c)), and
investigated the friction acting between two such
liposome-coated surfaces by surface force balance (SFB)
[29]. The lipsomes may form close-packed boundary
layers on surfaces under water, which could lead to
a striking reduction in the sliding friction, with the
friction coefficients down to 2x10™ at pressures up
to more than 100 atm (Fig. 6(d)). This is attributed to
hydration-lubrication by the highly-hydrated pho-
sphocholine groups, which exposed at the surface of
the liposomes rub against each other, together with the
very robust nature of the adsorbed layers of vesicles.
This is due to the closed structure, uniformity, and
close packing of the liposomes on the surface, and
particularly their rigidity by virtue of being in the
gel phase, which enhances their load-carrying capacity.
The extreme boundary lubricating properties of
liposomes arising from the hydration lubrication
mechanism thus offers great promise for medical and
biomedical applications where friction is an issue,
including osteoarthritis, contact lenses, or knee- or
hip-joint implants [30].

2.4 Improved aqueous lubrication by brush-like
macromolecules

Polymers cannot only increase viscosity, but have
potential to form boundary adsorption, and thus are
an important choice for water lubricants. They are
largely inspired by lubrication in nature. The friction
coefficient of articular cartilage can be as low as 0.001,
and it takes advantage of water lubrication through
brush-like glycoproteins grafted on the surface or
in bulk, which retain water molecules to generate
repulsive hydration forces at the interface of the sliding
surfaces (Figs. 7(a) and 7(b)) [31-33]. The presence of
hydrated glycoprotein at the friction surface simply
increases the interface viscosity of water and makes it

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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Fig. 6 (a) Liposome, (b) cryo-SEM image of the HSPC-SUV adsorbed on freshly cleaved mica, (c) scheme of HSPC-SUV self-assemble
in close-packed layers on mica surfaces, and (d) friction forces Fs versus applied loads F, between two HSPC-SUV-coated mica
surfaces (as in Fig. 6(c)). The inset shows the F; versus F,, variation on a first approach (empty symbols), and on second or subsequent
approaches (correspondingly filed symbols). Curves a—e show the variation Fs = uF,, with friction coefficient x values as indicated in

the inset [29, 30].

Fig. 7 (a) The close-up view of the articular cartilage surface. (Inset) The detailed structure at the outer cartilage surface is thought to
include charged macro-molecules, mainly hyaluronic acid (blue), to which are attached aggrecans (red) and lubricins (green) that extend
from the surface to form a brush-like layer [33]. (b) lllustration of the bottle-brushes structure of aggrecans [32].

a good lubricant. In a good solvent, the high polymer
grafting density forces the polymer chain to stretch
away from the surface to avoid overlap of the molecular
chain [18]. When the counter sliding pair approaches
and presses the polymer chains, the crowded polymer
chains will produce a very large osmotic pressure that
generates a direction opposite to the applied load
through osmolality exclusion. Macromolecular brushes
form a hydration layer that is easy to flow, leading to
ultra-low friction.

However, whether a hydrophilic polymer can
result in ultralow friction depends on its capability
to form an effective boundary layer. For a rational

polymer design, the polymer structures listed in Fig. 8
are highly desirable. They are either diblock polymers,
or end functionalized polymers, or combing polymers
with anchoring groups, wherein one compartment

Fig. 8 Structures of hydrophilic polymers with surface anchoring
groups.

| https://mc03.manuscriptcentral.com/friction
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forms strong interaction with the frictional surface
and the other hydrophilic part forms a hydration
layer. Klein et al. reported on the water lubrication
behavior of the poly(methylmethacrylate)-block-poly
(sodium sulphonated glycidyl methacrylate) copolymer
(PMMA-b-PSGMA) on the hydrophobic surface of
mica. PMMA segments have strong hydrophobic
interaction with the mica surface, which is able to
anchor in-situ the anionic PSGMA onto the frictional
surface, with polymer chains stretching outwards to
form a “brush” type structure [31]. Figure 9 shows that
the polymer surfactants lead to very low effective
friction coefficients, whereas the neutral brushes and
the adsorbed charged chains (coloured symbols and
bands) show a rapid increase in friction coefficients
at higher volume fractions. Friction mediated by
PSGMA brushes (black symbols and grey band)
remains extremely low, up to the point where the
volume fraction is close to unity. This is attributed to
the exceptional resistance to mutual interpenetration
displayed by the compressed, counterion-swollen
brushes, together with the fluidity of the hydration
layers surrounding the charged, rubbing polymer
segments. Spencer et al. studied the tribological pro-
perties of the positively charged lysine as main chain,
hydrophilic polyethylene glycol as side chain, and
“bottle brush” type polymer (PLL-g-PEG) as a water-
lubricated additive [34, 35]. The polypeptide backbone
with a positive charge can be anchored to the negative

Fig. 9 \Variation of the effective friction coefficient p with volume
fraction f of confined polymer for different polymer lubricants [31].

charge of the metal and the oxide surface by electrostatic
interaction. The PEG chain extending outwards forms
a “brush”-type structure, and it is combined with a
large number of water molecules, which play a very
good boundary lubrication effect through an increase
in the chain length of the side chain PEG segment, to
obtain a lower friction coefficient. They also studied
the self-healing effect of the water-soluble polymer
additives in the process of friction. When the boundary
lubrication layer is damaged because of wear, the bulk
polymer in the solution is able to repair the wear
surface quickly through electrostatic interactions,
which maintains the friction coefficient low.

2.5 Improved aqueous lubrication by surface grafted
polymer brushes

Surface-initiated polymerization from a surface bound
initiator monolayer offers the easiest way to prepare
surface-grafted polymer brushes in high density, and
it can be used for aqueous lubrication. Spencer et al.
have used a photoinduced “grafting from” approach
to grow polymethacrylic acid (PMAA) brushes on
5i/SiO, surfaces, and investigated the lubrication pro-
perties of the PMAA brushes of different molecular
weights and soft, hydrophilic ox-PDMS pins in
macroscopic tribological experiments under low-
contact-pressure, aqueous conditions [36]. The results
showed that the PMAA brushes could not be
distinguished from the u vs. sliding speed plots, and
long-term stability of the short 15 nm PMAA brushes
showed to be inferior to that of long brushes (240 nm
dry thickness). PMAA brushes display significantly
lower friction than PEG monolayers under aqueous
lubrication conditions. This is mainly due to the
higher grafting densities of the PMAA compared to
PEG layers, enhanced swelling of the polyelectrolyte
brushes in neutral aqueous media, and additional
electrostatic repulsion against the oxidized PDMS
slider. Klein et al. used a surface force apparatus to
study the behavior of water-lubricated mica surfaces
with grafted polymer PMPC brushes, and found that
the surfaces can have u values as low as 0.0004 at
pressures as high as 7.5 MPa (Fig. 10) [37]. The primary
mechanism underlying the low friction was attributed
to the side-chain phosphorylcholine group, capable
of binding a large number of water molecules and

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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Fig. 10 \Variation of friction Fs with load F, and with sliding
velocity, and vs. PMPC brush—coated surfaces [37].

allowing easy flow of the hydration layer. The flexibility
of the hydration layer can withstand high loads and
maintain a very low friction coefficient.

Friction and wear are often an issue in human-made
systems. These results may have relevance for boundary
lubrication in human-made systems, and they reveal
potential in aqueous or physiological media, especially
for biomedical devices.

The interactions between the responsive polymer
brushes are strongly dependent on the conformation
of the brush, which can be finely controlled. The change
in conformation of polyelectrolyte brushes can be
translated into friction control [38]. Rutland and
Nordgren investigated the stimuli-induced lubrication
behavior between poly(2-(dimethylamino)ethyl meth-
acrylate) (PDMAEMA) grafts on gold under different
pH and temperature environments with colloidal probe
atomic force microscopy, and found out friction
response to pH and temperature [39]. The effects of
these two parameters on the brush collapse are subtly
different, because pH affects primarily the charging
of the amine moieties, whereas temperature controls
the strength of the hydrophobic interactions between

the polymer chains and the solvent. At low pH, the
brush with low friction was attributed to the formation
of a repulsive, highly charged, hydrated cushion.
At high pH, the friction was significantly increased.
The system turned attractive above the lower critical
solution temperature, with a small friction reduction
interpreted as being due to nanoscopic flattening at
the interfacial boundary.

Despite several works being conducted on tuning
friction of polyelectrolyte, the types of counterions
and the magnitude of friction change are still very
limited. We systematically present feasible surfaces
for dramatically tuning macroscale friction from superior
lubrication (u ~107) to ultrahigh friction (u > 1) via
exchanging counterions into polyelectrolyte brushes
when the surface is sliding against a silicone elastomer
ball [38]. The tunable friction is based on counterion-
driven interactions in polyelectrolyte brushes that can
be simply achieved by exchanging the counterions.
The effects of opposite counterions of different types
on the friction properties of polyanionic, polycationic,
and polyzwitterionic brushes were systematically
investigated. Figure 11(b) showed that the friction
coefficient of cationic brushes with quaternary
ammonium groups was progressively tuned from
~107 to ~ 10° according to the counterions series CI°
< ClIO, < PF4 < TESI'. The friction of anionic brushes
can be tuned by oppositely charged surfactants
(tetraalkylammonium) with different length of hydro-
phobic tails, multivalent metal ions, and protons. The
friction increase of cationic brushes is due to the
dehydration and the collapse of polyelectrolyte chains
induced by ion-pairing interactions. For anionic brushes,
the friction increased with the length of hydrophobic
tails of surfactants, which resulted from hydrophobicity-
induced electrostatic interaction among the surfactants
and polymer chains (Fig. 11(c)). The anionic brushes
with the carboxylate and the sulfonate side groups
revealed different friction responses, which is due to
the carboxylate groups getting a stronger specific
interaction with the quaternary ammonium, and thus,
with the multivalent metal ions. The mechanism of
tuning friction was finally concluded; that is, highly
hydrated and swelling polymer brushes show superior
lubrication, partially collapsed polymer chains have
moderate lubrication, while the completely dehydrated

| https://mc03.manuscriptcentral.com/friction
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Fig. 11 (a) Illustration of correlation between lubrication and conformation of polymer brushes, changes in friction coefficients and
wettability (inserted images) corresponding to (b) and (c). (b) PMETAC brush on Si substrates when the counterions are CI-, ClO, ,
PFs ", and TFSI". (c) Polyanionic brushes on Si substrates; the counterions are cationic surfactants (TBAB, DTAB, and CTAB) for

PSPMA brushes [38].

and collapsed conformation loses lubricating capability
(Fig. 11(a)). The tunable lubrication platform would
be helpful to further understand the lubricating
mechanism of polymer brushes and would promote
applications of these smart surfaces in micro fluidic
devices, biosensors, and so on.

Recently, our group found that the weak interaction
between polymers and surfactants played an important
role in the lubrication behavior and wettability of
polymer brushes, which depended on the surfactant
concentration [40]. Taking cationic (PMETAC) and
anionic (PSPMA) brushes as examples, with the
addition of surfactant above the critical micelle
concentration (CMC), the weak interaction achieved a
gradual transition from ultralow friction to ultrahigh
friction, because the surfactant exchange led to a
strong dehydration of the brush. When the addition of
surfactant was above the CMC, a reduction in friction
for the anionic brushes was observed, owing to the
lubricating effect of micelles, while the cationic brushes
maintain a high friction, without this micelle lubri-
cating effect. These results reveal the relation between
surfactant adsorption and lubrication behavior.

2.6 Improved wear resistant by surface grafted
polymer brushes

Migration of the artificial femoral head to the inside
of the pelvis caused by the degeneration of the
acetabular cartilage has emerged as a serious issue in
resurfacing or bipolar hemi-arthroplasty [41]. Surface
modification of the cobalt-chromium-molybdenum
alloy (Co—Cr-Mo) is one of the promising means of
improving lubrication for preventing the migration of
the artificial femoral head. Ishihara et al. systematically
investigated the surface properties of the various
surface modification layers formed on the Co-Cr-Mo
surface by the MPC polymer by dip coating or photo-
induced radical grafting. The results showed that
the cartilage/poly(MPC) (PMPC)-grafted Co-Cr-Mo
interface mimicked a natural joint, with an extremely
low friction coefficient of <0.01, as low as that of a
natural cartilage interface. Moreover, in the PMPC-
grafted layer no hydrolysis of the siloxane bond was
observed throughout soaking in phosphate-buffered
saline for 12 weeks, and it showed a long-term
stability in water. These results illustrated that
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cartilage/poly(MPC) (PMPC)-grafted Co-Cr—Mo interface
prevented degeneration of the articular cartilage.
Current artificial joints with polyethylene (PE) surfaces
have considerably less efficient lubrication and thus
much greater wear, leading to osteolysis and aseptic
loosening. Then, they reported the development
of nanometer-scale hydrophilic layers with varying
charge (nonionic, cationic, anionic, or zwitterionic)
on cross-linked PE (CLPE) surfaces, which could fully
mimic the hydrophilicity and lubricity of the natural
joint surface [42]. The POEGMA- and PMPC-grafted
CLPE cups exhibited high wear resistance in the hip
simulator tests along with low coefficients of dynamic
friction in the ball-on-plate friction tests. The primary
mechanism underlying the low friction and high
wear resistance must be attributed to the high level of
hydration of the grafted layer, where water molecules
act as very efficient lubricants. The secondary me-
chanism is repulsion of protein molecules and positively
charged inorganic ions by the grafted polyelectrolyte
layer.

Many excellent theoretical and computer simulation
studies have been performed to elucidate the mechanism
responsible for low friction between polymer brushes.
However, to extend these insights to sliding layers is
a challenge. Goujon et al. have calculated the kinetic
friction coefficient of neutral and charged polymer
brushes with the same grafting density at different
compression ratios, in an effort to model SFB
experiments in these systems using dissipative particle
dynamics (DPD). They found that the kinetic friction
coefficient between the charged brushes is higher
than that of neutral brushes at low compressions and
smaller at high compressions, although the differences
remain small. They also showed that it is possible to
simulate ultra-low friction coefficients, comparable with
experiments, using the smallest shear rate accessible
in a mesoscale simulation. The polyelectrolyte brushes
can support a higher load due to the presence of free
counterions within the brush. The viscosity in the
polymer free gap is smaller in charged brushes
than in neutral brushes, indicating that the solvent
particles in this region assist the sliding of the two
interacting charged brushes. The unexpected behavior
of the shear deformation-induced structural hetero-
geneities in charged polymer brushes calls for further

experiments to elucidate this local reorganization of
the ions in adsorbed charged polymers.

The surface graft polymer brushes have a low
coefficient of friction in a water environment, but are
usually worn out within 50-100 cycles of macroscopic
reciprocating friction by the sliding probe under a
high normal load of around 100 MPa, resulting in a
high friction coefficient owing to the exposure of
the bare substrate. Thus, the wear resistance for the
application of a polymer brush is not sufficient for its
practical use under load bearing conditions. However,
it is not difficult to solve this issue, because the
polymer brushes composition and structure can be
flexibly designed by researchers. Takahara et al.
reported that partially cross-linked ion-containing
polymer brushes were effective for the improvement of
wear resistance without loss of good lubrication. They
prepared copolymer brushes of 2-dimethylaminoethyl
methacrylate (DMAEMA), 2-(methacryloyloxy)ethyl
phosphorylcholine (MPC), 2-(methacryloyloxy)ethyl
chloride) (METAC), and
3-sulfopropyl methacrylate potassium salt (SPMK)

trimethylammonium

with excellent waterwettability [43]. Among them,
the poly(SPMK) revealed an extremely low friction
coefficient of around 0.01, even after 450 friction
cycles. Furthermore, the poly(SPMK-co-METAC) brush
with electrostatically cross-linked structure showed
an extremely low friction coefficient in water, even
after 1,400 friction cycles under a pressure of 139 MPa.
The cross-linking structure improved the shear strength
of the polymer brush thin films, thus preventing wear
of the brush, and maintaining hydrophilicity to assist
water lubrication.

From the above, lowering friction can be basically
achieved by interface adsorption of small molecules
in oil lubrication, so that viscous shearing can be
transformed to shearing between an ordered molecular
assembly or by adsorption of hydrated molecules to
generate hydration lubrication in water environment.
A comparison of research on aqueous and oil
lubrication would be of benefit to both. One question
is whether it is possible to achieve ultralow friction in
an oil lubricating system, and how. How can stable
ultralow friction be achieved under most engineering
conditions, e.g., high loads, engineering surfaces rather
than atomic flat surfaces, and conformal surfaces?
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3 Friction reduction and antiwear based
on tribochemistry

In mixed and boundary lubrication, surface asperities
come to contact, deform, and break down, as seen in
Fig. 12(a). Complex tribophysicochemical processes
occur, which include local temperature increase, wear
of local asperity to generate a fresh nascent surface,
and triboemission (electrons, ions, photons, etc.).
Boundary adsorption films can prevent direct contact
of asperities (Fig. 12(b)). Flash temperature is generated
at contacted asperities, and it is usually short lived.
If the heat cannot be dissipated in time, it would
lead to increased temperature that exposes lubricant
molecules to thermal stress and speeds up a tribo-
chemical reaction. As shown in Fig.12(c), when
asperities are worn off, a nascent surface is generated
with dangling bonds, and it is far more reactive than
the native surface to activated reactions [44]. Another
tribophysical process is the triboemission, the emission
of electrons, ions, photons, UV radiation, IR radiation,
and acoustic emission, as a response to friction and
wear processes [45]. The spontaneous emission of
low-energy electrons (exoelectrons) from solid surfaces
comes from plastic deformation, abrasion, fatigue
cracking, or phase transformation. The positive charges
or electron vacancies left on the frictional surface,
though having only a minute life time, are sufficient
to initiate chemical reactions with molecules of the
environment. Triboplasma (Fig. 13) may be generated

by discharges in the surrounding gas owing to
triboelectrification [46-48]. In the vicinity of the
sliding contact reactions, it can cause tribochemical
reactions [47, 49].

3.1 Tribochemical reactions

Tribochemistry generally refers to the chemical
reactions that occur between the lubricant and the
rubbing surfaces under boundary lubrication conditions
[51]. It may have harmful effects by accelerating the
decomposition of lubricants or have beneficial effects
by forming friction and wear reduction organic films.
The protective films are usually formed at much
lower temperatures than those at which lubricants
normally show chemical activity, indicating a catalytic
reaction by friction. Tribochemistry is a complex
process, which is very difficult to fully understand,
and could not always be explained with the traditional
static reaction mechanisms of thermal and catalytic
reactions, but also must be governed by those chemical
reactions under the dynamic triboprocess. For example,
zinc dialkyl dithiophosphates (ZDDPs), as very
effective comprehensive additive in versatile base oils,
have been used for dozens of years. However, the
underlying mechanisms have not been fully disclosed
so far, and thus, it is still a key topic. Beyond surface
adsorption, tribochemical reaction is the main
functioning way of friction reduction and antiwear
additives.

Fig.12 The contact complications in mixed and boundary lubrication

Fig. 13 Model of triboplasma generation through discharging of gas owing to triboelectrification [46, 47, 50].
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3.2 DDPs based additives

ZDDP reacts with asperities to reduce the contact
and when the load is high enough to collapse the oil
film, it reacts with the entire metal surface to prevent
welding and to reduce wear [51]. Most of the attention
in recent years has been focused on the ability of
ZDDP to form tribofilms on rubbing iron and steel
surfaces under mild wear conditions and, in particular,
on the chemical composition and properties of these
films. They consist primarily of closely packed pads
of glassy, zinc or tho- and pyrophosphate, typically
5um across and 100 nm thick [52]. The outermost
layers of these pads contain a longer chain zinc
polyphosphate. The lower layers next to the surface
contain some iron cations in place of zinc. Between
the pads there are fissures containing a bulk solution.
Under more severe conditions, they also act as an
extreme pressure additive to form metal sulphides
and the phosphate glass to prevent cold welding.
Mosey carried out a computer simulation of zinc
dialkyl dithiophosphates under extreme conditions
and concluded that pressure-induced cross-linking is
a key mechanism in the formation and functionality
of antiwear films [53]. Recently, Gosvami et al.
monitored in-situ the growth and properties of
the tribofilms in well-defined single-asperity sliding
nanocontacts [54]. They found that the growth of
ZDDP antiwear tribofilm increases exponentially
with the applied pressure and temperature. This
result is consistent with the stress-assisted reaction
rate theory. The research provides a new way to study
tribochemical phenomena and functionality at the
molecular scale.

Following the application of ZDDPs, many analogue
compounds have been developed. Among these
compounds, molybdenum dithiophosphates (MoDTP)
and molybdenum dithiocarbamate (MoDTC) have been
extensively studied. Grossiord et al. have investigated
the mechanisms of MoDTC for reducing friction under
boundary lubrication using analytical tribometry [56].
The C-based tribofilm contains a few percent of highly
dispersed MoS, in the form of individual sheets of
length less than 10 nm. A mechanism of the breakdown
of the MoDTC molecule from a chemical point of
view was proposed, as shown in Fig. 14 [55, 56]. The
initial step towards MoS, formation is via electron

Fig. 14 Molybdenum dialkyl dithiocarbamate (MoDTC) decom-
position chemical model [55, 56].

transfer at the Mo-S chemical bonding MoDTC
(Fig. 14(a)), leading to the formation of three free
radicals (Fig. 14(b)): two at the core of MoDTC and
the other one at the chain end. The third step is core
radical decomposition (Fig. 14(c)) into MoS, and MoQO,,
which can be further oxidised, and the recombination
of chain end radicals forming thiuram disulphides.
The layer-lattice structure of the molybdenum
disulphide makes it possible to achieve low friction.
The thiuram disulphides form the interlayer, having
weak van der Waals force, and is easy to shear
resulting in a low coefficient of friction. Besides, the
organic molybdenum additives (DDP based and DTC
based) contain several polar atoms such as S, P, and
N. These strong activity components can react with
the substrate materials, such as steel, to form boundary
friction reduction and antiwear films consisting of
MoS,, FePO,, FeS, and FeO, which can prevent the
substrate from cold welding. The effectiveness of
MoDTC in reducing friction is strongly affected by
synergistic or antagonistic effects with other additives
[52, 53], especially ZDDP. When ZDDP is used with
MoDTC, it helps to produce MoS, and benefits the
lubrication performance.

With the growth in awareness of the environmental
crisis, the pollution problem from lubricating oils is
receiving increased attention. The possible solutions
are to use environmentally friendly lubricants and
additives. Therefore, there has been an increasing
demand for developing environmentally friendly
lubricants and additives with low-sulfur and low-

| https://mc03.manuscriptcentral.com/friction



Friction 5(4): 361-382 (2017)

373

phosphorus have been of great interest in tribochemical
research in the past decade. Novel zinc-free com-
pounds, alkyl borate-dithiophosphates, with a low
content of sulphur and phosphorus, are designed
as additives for lubricants [57]. Their interfacial
performance in steel-to-steel contacts in a mineral
oil was studied in terms of friction and antiwear
characteristics. This class combines two high-iron-
affinity surface active groups, borate and dialkyl
dithiophosphate, into a single molecule. The results
show that alkyl borate-dithiophosphates, with subs-
tantially reduced amounts of sulphur and phosphorus
compared with Zn-Bu DTP, have considerably better
antiwear and friction performance. This is mainly
because tribofilms, formed on the steel surfaces when
the novel additives are admixed in the mineral oil,
enhance steel-to-steel contact performance. Metal-,
sulphur-, and phosphorous-free additives will be a
long-term task.

3.3 Ionic liquids additives

For the above mentioned target, ILs represent a good
choice to be considered. As mentioned before, ionic
liquids, as the base oils, exhibit excellent tribological
behavior from fluid lubrication to boundary lubrication
[4, 58, 59]. Except for the polarity-induced surface
absorption, under harsh sliding conditions, the active
elements [N, F, P(B)] in ionic liquids offer sufficiently
rich tribochemistry to form extreme pressure films of
lower shearing strength by reacting with the fresh
surface, which leads to lower friction coefficient and
good wear resistance. It was found that ionic liquids
as the additives in base oils also perform very well
[60-75]. The tribochemical reactions of ILs have been
extensively studied. Qu et al. [9] have characterized
the boundary lubricating film formation of an
ionic liquid (IL) trihexyltetradecylphosphoniumbis(2-
ethylhexyl) phosphate as potential antiwear lubricant
additive in polyalphaolefin oil. Figure 15(a) shows a
cross-section of the near surface region underneath
the wear scar lubricated by PAO+IL(5%). It clearly
shows a two-layer structure including a top tribo-
boundary film (120-180 nm) and a subsurface plastic
deformation zone (0.5-0.8 um) with a refined grain
structure. This protective boundary film is responsible
for the antiscuffing/antiwear functionality. The

Fig. 15 TEM imaging and occurred EDS element mapping on
the cross-section of the near surface zone of a cast iron worn
surface lubricated by PAO+IL(5%). (b) and (c) correspond to
the red dashed line box and blue dotted line box marked on (a),
respectively [9].

higher-magnification image of the boundary film in
Fig. 15(b) (corresponding to the red dashed box in
Fig. 15(a)) reveals an amorphous matrix embedded
with fine nanoparticles (1-10 nm in diameter), and
the electron diffraction pattern (insert in Fig. 15(b))
confirms the nanocomposite phase structure. The
EDS element mapping in Fig. 15(c) (corresponding
to the blue dashed box in Fig.15(a)) shows high
concentrations of P, O, and Fe in the boundary film,
because of interactions/reactions between the IL and
the metal surface.

Despite of their exceptional tribological property, the
thermo-oxidative stability is a more useful parameter
of ILs for practical applications. When the imidazolium-
based and ammonium-based ILs are kept at 200 °C
for 1,000 h, the color of the samples will turn to black
after long time thermal stress, probably owing to
the Hofmann elimination reactions [76, 77]. Corrosion
of ILs is primarily the result of the hydrolysis of
perfluoro-anions such as BF, and PF¢, or from
impurities like halogens introduced during synthesis
[58, 78]. Thus, thermal oxidization and corrosion are
two problems of ILs lubricants in real applications.
An effective way to enhance the anticorrosive and
antioxidative properties of ILs is to introduce functional
groups. As shown in Figs. 16(a)-16(c), by incorporating
benzotriazole and sterically hindered phenol, or both,
into imidazolium, the anticorrosion and antioxidation
properties could be considerably enhanced when
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these compounds were used as the anti-wear (AW)
additives in polyether [79-81]. The molecular design
is to introduce more tribochemical reactions that can
inhibit oxidation and corrosion for better protection of
base oils. It has been recently found that ionic liquids
could be formed in base liquid in-situ by blending
TFSILi with polyether and polyol ester [82-85]. Lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) can form
ILs with synthetic esters, [Li(synthetic ester)]TFSI, by
the donation of lone pairs on carbonyl oxygen atoms
of an ester molecule to a lithium ion to form a weakly
Lewis-acidic complex cation [Li(synthetic ester)]* and
the following interaction with the weakly Lewis-

basic anion TFSI™ to generate [Li(synthetic ester)]TFSIL.

LiTFSI interacts with polyether in a very similar way:.
The easy preparation, extremely good solubility,
and excellent tribological properties of the in-situ
formed ILs provide them with great advantages when
compared with conventional ILs, which can hardly
be used as lubricant additives in synthetic esters owing
to their low solubility (Fig. 16(d)).

Both DDP type of additives, ILs, and many others
have multiple active elements in molecules, which
allows a rich tribochemical reaction to occur during
friction. The tribochemical reaction products prevent
direct contact between the sliding pairs, which is the
basis of friction reduction and antiwear. The S, P, N,
and F elements are mostly seen in these additives.
There are strong demands to reduce their content
owing to the increased environmental pressure.
Therefore, one critical topic is whether we can find
alternatives that are environmentally friendly, while
maintaining enough reaction activities to form boundary
protecting films through triboreaction. Potential
solutions include (1) designing B, N based additives;

(2) developing inorganic additives, as will be reviewed
later; and (3) developing oiliness lubrication techniques.

3.4 Superlubricity owing to tribochemistry

The state in which friction between two solids is zero
and the solids slide without resistance to motion is
called “superlubricity” [87]. Because of the limits
in measurement precision, in practical terms, the
lubrication state can be considered as superlubricity
when the friction coefficient is lower than 0.01 in a
sliding system [1]. At present, superlubricity materials
include solid lubricants (diamond like carbon (DLC),
molybdenum disulfide (MoS,), etc.) [88-90] and liquid
lubricants [91-97]. The solid lubricants have been
studied in detail by molecular dynamics simulations
and experimental investigations. However, the inves-
tigation on liquid lubricants for superlubricity is still
at the early stage. Li et al. found the novel superlubricity
phenomenon of phosphoric acid (H;PO,) under
ambient conditions [91,98]. An ultralow friction
coefficient of about 0.004 between glass/Si;N; and
sapphire/sapphire tribopairs was obtained under the
lubrication of a phosphoric acid aqueous solution
(pH 1.5) at high contact pressure (the maximum
pressure can reach about 1.65 GPa), after a running-in
period of about 600 s. The tribological results showed
that the whole friction process could be divided into
three stages according to the evolution of friction
coefficient with time. The first stage, from 0 s to 160 s,
corresponded to the process of friction rapidly
decreasing. In this first stage, the mechanical action
between the two surfaces plays the dominant role
instead of the chemical reaction. A severe wear occurred
on the friction surfaces, and as a result, the contact
area increased rapidly and the contact pressure was

Fig. 16 Functionalized ionic liquids [79-81], and in-situ formed ionic liquids as the additive [86].
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reduced consequently. In addition, the tribochemical
reaction between hydrogen ions and friction surfaces
occurred in the contact region (5iOH + H* = SiOH,")
during the first stage, which would make the surfaces
to become positively charged. The surface charge can
produce the stern layer, and the electrical double
layer reduces their friction coefficient. The second stage,
from 160 s to 520 s, was a slowly friction-reducing
process. In this stage, no wear is occurring but the
volume of solution is reduced to a limited amount
to form the starvation state, and a hydrogen bond
network among (H;PO,, H,PO,*, and H,O) is formed
in the confined solution. The third stage, from 520 s
to the end of the test, was the superlubricity process.
In this stage, the superlubricity would keep constant
if a thin film with hydrogen bond network among
H,PO,, H,PO,", and H,O is adsorbed on the track to
bear the load. Therefore, the superlubricity mechanism
of phosphoric acid is attributed to the hydrogen bond
network between the phosphoric acid and water
molecules formed on the stern layer that is induced
by the attached hydrogen ions [91, 92, 98, 99].

Except the experimental investigations, reactive
molecular dynamics simulations are conducted to
investigate the superlubricity mechanism induced by
tribochemical reactions in the silica/phosphoric acid
system [100]. The friction coefficient is found to
have strong positive correlation with the number of
interfacial hydrogen bonds, which suggests that a
weaker interfacial hydrogen bond network would
favor a lower friction. The sliding friction behaviors
and tribochemistry of phosphoric acid under solid
confinement and shear have a strong temperature
dependence in a wide temperature range. The friction
reduction mechanisms have been analyzed in two
temperature regimes. For 300 < T < 600 K, no indication
of tribochemical reaction is observed, and the friction
coefficient decreases because of the accelerated
molecular rotational and translational motion and the
corresponding weakened hydrogen bond network.
For 800 K < T<1,400 K, the occurrence of tribochemical
reactions leads to a clustering and polymerization
of the phosphoric acid molecules and generation of a
considerable quantity of water molecules, and formation
of slip planes is also enhanced by the increasing
temperature. It was observed the generation of water
molecules and their accumulation at the sliding

interface, which could lead to an even weaker interfacial
hydrogen bond interaction, owing to the much faster
dynamics of water molecules. Hence, it shows good
lubricating properties with a friction coefficient as
low as 0.02.

In 2008, Matta et al. observed a new superlubricity
macrosystem of pure glycerol [1]. They found that
the use of steel surfaces and/or ta-C coated surfaces,
lubricated by selected polyhydric alcohol molecules,
could give unsurpassed low friction values, below
0.01. This was attributed to the existence of a network
of H-bond interactions in the confined interface zone.
In addition to the formation of OH-terminated surfaces
but at a lower temperature, that super low friction
of polyhydric alcohols could also be associated with
the triboinduced degradation of glycerol, producing
a nanometer-thick film containing organic acids and
water. An outstanding superlubricity of steel surfaces
directly lubricated by a solution of myo-inositol (also
called vitamin Bh) in glycerol at ambient temperature
25 °C could also be achieved. The mechanism could
be associated with the friction-induced dissociation
of glycerol and interaction of water-like species with
the steel surface. This remarkable superlubricity
behavior has also recently been seen with other glycerol
solution, with acids, or polyhydric alcohol [101, 102].

4 Physicochemistry process of
nanoparticular as lubricant additives

Nanoparticles have been explored as lubricant
additives for about 20 years [103]. With respect to the
bulk materials, the nano additives have low melting
points (in case of metallic nanoparticles), high
boundary adsorption ability, and high reactivity owing
to the small size and interfacial effects. Thus, they
easily form boundary layers of low shearing strength
at the frictional surfaces, to reduce the friction
coefficient and to repair the worn surface through
deposition at more severe conditions [104]. Xue et al.
have proposed the tribochemistry and antiwear mech-
anism of organic-inorganic nanoparticles, such as the
dialkyldithiophosphate coated Cu, Ag, LaF;, and the
organic acid coated TiO, nanoparticles as lubricant
additives at different lubricating regimes [105]. The
schematic lubricating mechanisms are demonstrated
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in Fig. 17 [106]. Under mild sliding conditions,
dialkyldithiophosphate and the organic acid can
become orientated perpendicular to the specimen
surface, and thus, form a film to withstand the local
contact pressure. When the lubricating film between
the tribo-pairs becomes thinner, and mixed or
boundary lubrication occurs, the nanoparticles may
carry a proportion of load and separate the two
surfaces to prevent adhesion, thus benefiting the
antiwear properties. When the shearing is strong, the
nanoparticles’ core/shell structure may be destroyed
and the surface capping layer desorbed and decom-
posed. The inorganic core may be melted and welded
(inert metal nanoparticles such as silver) on the
shearing surface, or attached on the surface (adherent,
laminar material such as lanthanum trifluoride), or
react with the specimen to form a protective layer,
thus providing good antiwear and extreme pressure
properties. Oil-soluble boron containing compounds
are good friction-reducing additives and possess
antirust and anticorrosive properties, but they are liable
to hydrolyze. Hu et al. have synthesized amorphous
lanthanum borate nanoparticles as a wear resistance
additive in lubricating oil [107]. The wear resistance
and load carrying capacity of base oil was significantly
improved. The tribochemical reaction product of
FeB plays a key role in antiwear at the boundary
lubricating condition.

Layered inorganic nanoparticles such as colloidal
molybdenum disulfide, graphite, and boron nitride,
have high slip incidence between layers that are

Fig. 17 Action mechanisms of nanoparticle additives [106].

good for lubrication. Tannous et al. investigated the
tribological property of the fullerene-(IF)-likeMoS,
nanoparticles for different rubbing surfaces (steel,
alumina, and diamond-like carbon) [108]. The results
indicated that IF-MoS,in PAO showed good friction
reduction and antiwear properties for steel/steel
contact. A tribofilm composed of 2H-MoS, layers was
observed on steel surfaces. It was found that these
MoS, sheets were not only incorporated in the native
iron oxide layer present at the outer surface of the
steel, but also a reaction occurred between MoS, and
the iron atoms/iron oxide species. S-O, Mo-O, and
Fe-S bonds were identified by X-ray photoelectron
spectroscopy (XPS). WS, has a similar structure
to MoS, and the WS, nanoparticles can reduce the
friction coefficient by 30%-50% [109]. The addition of
IF-WS, nanoparticles to the base oils results in up to
50% reduction in friction coefficient in the mixed
lubrication regime.

Graphite has a layered structure and it has been
used as lubricant owing to the interlayer slip. The
single layer form of graphite, graphene, has received
research interest recently, which can elucidate the
lubricating mechanisms of graphite. Graphene itself
can be used as a green nanoadditive. Eswaraiah et al.
studied the tribological properties of graphene as
additive in engine oil, and found that at concentration
of 0.025 mg/mL, when compared with the base oil, the
friction coefficient and wear scar diameter decreased
by 80% and 33%, respectively. This can be attributed
to the nanobearing mechanism of graphene in
engine oil, and to the ultimate mechanical strength
of graphene [110]. The tribological properties of oleic
acid-modified graphene as PAO-9 oil additive was
investigated by Zhang et al. [111]. The results showed
that a lower concentration graphene (0.02-0.06 wt%)
effectively improved the tribological properties of
lubricating oils, with friction coefficient and wear
scar diameter reduced by 17% and 14%, respectively.
Graphene can form a protective layer on the surface of
each steel ball at lower concentrations, which introduces
the enhanced antiwear performance. However, as the
graphene loading exceeds a critical value, the oil film
becomes far more discontinuous, thus degrading
the antiwear properties and finally leading to dry
friction.
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5 Conclusions and perspectives

This critical review deals with physicochemistry at
frictional interfaces, and presents the frontier research
of friction control and lubrication. It is very clear that
interface friction depends on the interplay between
lubricating media and substrates. The liquid lubrication
section is organized around the traditional Stribeck
curve, and points out how surface physicochemistry
affects lubrication, and presents the research frontier
in each regime. In liquid flow on a solid surface or in
hydrodynamic lubrication of liquid film separating
sliding contacts, large boundary slips are expected to
result in apparent friction reduction by reducing the
viscous drag. How the advance of surface science can
be utilized to create a stable and large boundary slip
is an issue to be further explored. In mixed and
boundary lubrication, a condition in which the lubricant
film becomes too thin to provide total separation,
lubricating oils must completely wet a surface in
order to form an effective lubricating film. One way
to improve the load-carrying capacity is to strengthen
the surface interaction. For rational design, high
polarity oils are desirable. ILs represents such an
ideal candidate. The application of ILs still faces some
issues to be tackled, such as the presence of fluorine
content that leads to corrosion, low temperature fluidity,
and higher cost. Although there are fluorine-free ILs,
it is uncertain whether the substitute ILs have com-
parable tribological properties, which is of importance
because the appropriate triboreaction is a guarantee
of good performance.

Surface adsorption is the key for the friction
modifiers to assume their function. A pertinent question
is whether the research progress of self-assembled
monolayers can provide some new insights into
designing novel additives. The novel additives must
have strong enough adsorption strength (head anchors)
and easy-to-shear tails. Another issue, which addresses
environmental concerns, is whether we can find equi-
valent head anchors to replace sulphur/phosphorous
containing anchors, such as by creating a multivalent
interaction to enhance the interaction strength. The
surface adsorption dynamics are another factor to be
considered (which might vary for different additives
on different substrates), but its correlation with
tribological properties is rarely studied.

Biomimicking design of lubricants will be a research
focus in the future. It is seemingly more helpful for
aqueous lubrication. The question is whether we can
find some clues to develop environmentally benign
additives for oil lubrication. One apparent clue is that
nature’s realization of ultra-low lubrication and high
load capacity depends not only on interface materials,
but also on micro/nano structures. Surface ordered
structures will play a key role in drag-reduction of
fluid flow and in enhancing the elasto-hydrodynamic
effect. Besides, how nature’s self-healing capability
could be used to design novel lubrication materials and
techniques is another area for further research.

Under boundary lubrication condition, the tribology
behavior is strongly affected by surface chemisorption
and surface tribochemical reactions of additives. The
reaction film product can interact with the native
oxide layer and sometimes with the crystal structure
of the substrate. Understanding the tribochemical
reaction mechanism and the structure and composition
of reaction products plays a crucial role in under-
standing the failure mechanism and enabling the
industrial development of new lubricant systems. It is
still rather difficult to carry out in-situ characterization
at single asperity and dynamic surface adsorption at
nanometer scale. Very excitingly, we have seen some
progress regarding, for instance, the use of TEM and
AFM to study the friction process of single asperity
in-situ. It is supposed that more advanced surface
characterization techniques will be implemented.

One final issue is the question of what to do if the
entire liquid lubrication fails and dry friction comes
into being. This actually happens very often when
a component starts relative motion with very low
speed and high load. The most feasible solution is to
combine liquid and thin solid film lubrication, so that
when liquid lubrication fails, the solid lubricating
films will undertake the function of lubrication. It is
well known that some soft metallic materials (such
as Au, Ag, Cu, and their metal sulfides), polymers
(polytetrafluoro-ethylene), and carbon materials have
low shearing strength. Thus, thin solid films made of
these materials can provide low friction coefficient and
antiwear properties. By combining liquid and thin
solid film lubrication, it is highly possible to realize
lubrication at all regimes. The tribophysicochemistry
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between liquid lubricants and thin film materials
(rather than conventional steel, alloys, ceramics, etc.)
will need more detailed investigation. This research
will become increasingly important in the future.
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Abstract: This study investigated the stick-slip characteristics of a magneto-rheological elastomer (MRE) against

an aluminum plate. Herein, the MRE was manufactured, and a stick-slip tester was employed to evaluate the

stick-slip performance of the MRE under different velocities and load conditions with and without a magnetic

tield. The fast Fourier transform (FFT) of the friction force of the stick-slip and the roughness of the aluminum

plate surface were calculated to confirm the stick-slip phenomenon. After the tests, the wear surfaces were

observed to evaluate the wear properties of the MRE regarding the stick-slip. Results showed that the stick-slip

was smaller at lower velocity. At higher velocity, the reduction of the stick-slip under a magnetic field was more

clearly observed. Moreover, the wear reduced with reduced stick-slip under a magnetic field.

Keywords: stick-slip; friction; wear; magneto-rheological elastomer

1 Introduction

Magneto-rheological (MR) materials are intelligent
materials with rheological properties that can be rapidly
and reversibly controlled by the application of an
external magnetic field. This effect was first studied
by Jacob Rabinow [1]. The MR elastomer (MRE) is
a type of MR material, and its hardness or shear

modulus can be changed under a magnetic field [1, 2].

Compared to the MR fluid (MRF), the advantages of the
MRE include the prevention of the carbonyl iron (CI)
particles from settling on them over time; the need
for their storage in a container is eliminated. Moreover,
the response time of the MRE is relatively short.
Because of these properties, the MR effect of MREs is
widely studied, and they are applied in mechanical
and automotive industries [2-10]. Owing to the wide
use of elastomers for mechanical applications, such as
tires and vibration reduction or absorption components,
the MRE can also provide a wider range of study and
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application opportunities.

Numerous studies have been conducted on MREs to
control vibration in mechanical systems. For example,
the Ford Research Laboratory (US) developed variable
stiffness suspension bushings using MREs. Gong
developed a real-time tunable stiffness and damping
vibration isolator based on MREs and other studies
[2-5]. The tribology properties of MREs have been
studied because the hardness of MRE can be changed
by an applied magnetic field. Lee studied the
tribological properties of MREs and showed that the
friction coefficient of MREs can be changed under a
magnetic field [6, 7].

Stick-slip is a special tribological phenomenon that
can lead to vibration, noise, wear and reduce the
lifetime of friction pairs [11-13]. Therefore, studies
have been performed to reduce stick-slip. The relation
between stick-slip and Schallamach waves has been
studied to reduce the stick-slip and wear under various
loads and velocity conditions [14-17]. The generation
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of stick-slip is mainly due to the difference between the
static and dynamic friction forces [11-13]. Stick-slip
can be reduced when the difference between the
static and dynamic friction forces is reduced, which
has been widely studied through various modeling
methods [18, 19].

In previous studies, the friction properties of MREs
have been confirmed to change under a magnetic field
by changing the hardness. Moreover, it is possible to
reduce the difference between the dynamic and static
friction forces to reduce the stick-slip by changing the
strength of the applied magnetic field. However, until
now, the stick-slip properties of MREs have not been
well studied, particularly through experiments. In
this study, MREs were tested with various loads and
velocities under a magnetic field. The friction force
was measured to evaluate the stick-slip phenomenon,
and the average friction force and its standard deviation
(SD) were calculated. The fast Fourier transform (FFT)
of stick-slip and the roughness of an aluminum plate
were compared, and the wear surfaces of the MREs
were observed using an optical microscope to evaluate
the wear under different experimental conditions.

2 Preparation of the MRE sample

Based on previous studies that showed silicon-based
MREs have the best MR effect, silicon was used as
the matrix for the MREs in this study [1, 6, 7]. The
fabrication process of the MRE comprises mixing,
pre-configuration, solidification, and cooling. Before
solidification, vacuum processing is conducted to
eliminate any air bubbles in the MRE because air
bubbles can affect the MR effect or durability. The
thickness of the MRE specimen is set as 15 mm by
considering the strength of the magnetic field, MR
effect, and hardness. Figure 1 shows a photograph of
the MRE. A circular plate with a diameter of 60 mm
is designed to ensure the applied magnetic field is
uniform.

Scanning electron microscope (SEM) images of the
fabricated MRE are shown in Fig. 2. White CI particles
are observed to be distributed in the black region,
which is the silicon matrix. The average size and
content by weight of the CI particles are about 10 um
and 79.8% + 2.0%, respectively.

Fig. 1 Dimensions of MRE.
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Fig. 2 SEM image of MRE.

3 Experimental setup and conditions

Figure 3 shows a schematic of the stick-slip tester for
the MRE. The tester comprises a power supply, push-
pull gauge IMADA DS2-50N), slider, electromagnet,
and the MRE. The MRE is placed below the electro-
magnet, where the load is applied. The electromagnet
and MRE are fixed in the plastic case, which is
connected to a slider. The slider is driven by LabVIEW,
and the friction force is measured by a push-pull
gauge. The measured friction forces are collected in
real time by a personal computer, which also controls
the current through a power supply to adjust the
magnetic field of the electromagnet. Undesired
magnetic fields due to magnetization make it difficult
to compare the results of the stick-slip properties of
the MRE; therefore, all the equipment was made of
plastic or aluminum, which are widely used in various
mechanical systems and are not affected by the
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Fig. 3 Schematic diagram of stick-slip tester.

magnetic field. The friction force is related to the
hardness, which was indirectly measured for each
MRE before the tests, with and without a magnetic
field, using a durometer (Mitutoyo HH-336-01 shore
durometer).

The detailed test conditions are described in Table 1.
The stick-slip is closely related to the applied velocity
and load. Because the silicone-based MRE is a soft
material, it is only suited for used under low-load
test conditions to prevent excessive damage. The
appropriate velocity was also chosen for reducing the
temperature effect on the surface of the MRE, which
can cause damage under high velocity. The effect of
stick-slip was studied under different velocities of

Table 1 Conditions of stick-slip test.

Velocity Load Magnetic field

TestNo-— “nmis) (k) (80 mT)
a OFF
20
b ON
c OFF
10 1.0
d ON
e OFF
f ON
OFF
g 12
h ON
1
i OFF
15
ON
K OFF
2.0
| ON

,//|

20, 10, and 1 mm/s with a fixed load of 1.0 kgf, and
then under different loads of 1.2, 1.5, and 2.0 kgf with
a fixed velocity of 1 mmy/s. Each test was performed
both with and without a magnetic field. The wear
surfaces of the MREs were observed using an optical
microscope.

In practical applications, MREs are mainly used in
real-time control systems. By adjusting the external
magnetic field, the required properties of MREs can
be obtained. Real-time control tests are required to
study the stick-slip characteristics of MREs when the
magnetic field is varied. Tests were conducted under
loads of 1.0 and 1.2 kgf with a fixed velocity of 1 mm/s
or 5mmy/s. The magnetic field was applied at the
middle time point of the experiment. Each test was
conducted more than two times. The average friction
force and SD were calculated to analyze the stick-slip.

4 Results and discussion

Before conducting the tests, the hardness of the MRE
was measured with and without a magnetic field,
and the results revealed that the hardness of the MRE
increased to 12.5 HA under an 80-mT magnetic field,
which is higher than the hardness measured when no
magnetic field was applied (10.5 HA). Figures 4 and 5
show the stick-slip results of the MRE under different
velocities and loads from tests a to 1in Table 1.
Figures 4(a), 4(b), and 4(c) show the results of the
friction force under a load of 1.0 kgf and velocities of
20, 10, and 1 mm/s without and with a magnetic field.
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Figure 4(a) shows that the rate of frequency change
of the friction force increased with the magnetic field.
The hardness of the MRE increased and became more
similar to the hardness of the aluminum plate. The
difference between the hardness of friction pairs
reduced, thus reducing the stick-slip. Figure 4(b) shows

Fig. 4 Results of friction force tests under load of 1.0 kgf without
and with a magnetic field: (a) velocity of 20 mm/s, (b) velocity of
10 mm/s, (c) velocity of 1 mm/s.

that the rate of frequency change of the friction force
increased and the variation amplitude of the friction
force decreased under the magnetic field. These
results show that stick-slip can be reduced using a
magnetic field under relatively high velocity conditions.
Figure 4(c) shows the friction force results under a
load of 1.0 kgf with a velocity of 1 mm/s. There is a
small change in the frequency of the friction force but
hardly any change in the amplitude with and without
a magnetic field. It is assumed that the stick-slip was
not affected by the magnetic field under a low velocity
condition.

In theory, the dynamic friction force is not related
to velocity because there is no change in the pressure
and area due to the force [20]. However, the dynamic
friction force was small when the velocity was increased
because of the changes of the contact surface, which
has been confirmed in previous studies [20-22]. It can
be speculated that the dynamic friction force increases
with decrease in velocity. The difference between the
static and dynamic friction forces becomes small, and
the stick-slip is also small.

The friction force test results under different load
conditions are shown in Figs. 5(a), 5(b), and 5(c),
which were obtained with a velocity of 1 mm/s and
loads of 1.2, 1.5, and 2.0 kgf, without and with magnetic
field. Results of the rate of frequency change of the
friction force without and with the magnetic field
show no differences in Fig. 5(a), which is also the
case for Fig. 5(b). However, the variation amplitude
of the friction force increased after 75s during the
test without a magnetic field, which was not shown
in the test with a magnetic field in Fig. 5(b) and is the
same as that in Fig. 5(c). A possible reason is that the
surface deformation increased without the magnetic
field when a high load was applied. When a high load
was applied, the deformation of the MRE without a
magnetic field was larger than that with a magnetic
field because the hardness of the MRE without the
magnetic field is lower. The larger surface deformation
results in an irregular surface state, which may lead
to a large change of friction force or a large stick slip.

In general, the hardness of MRE increases and the
friction force decreases under a magnetic field, but
the results in the figures show contradictory results.
A possible reason for this is that the silicon-based MRE

| https://mc03.manuscriptcentral.com/friction
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is soft. The actual contact area of the MRE with the
aluminum plate without a magnetic field is smaller
than that with a magnetic field, which leads to a
small friction force. When applying a magnetic field
at the beginning of the test, the hardness of the MRE,
contact area, and friction force increase compared to
the case with no magnetic field. In addition, the
friction force decreases with high velocity and increases
with a high load, as shown in Fig. 5.

Fig. 5 Results of friction force tests under velocity of 1 mm/s
without and with a magnetic field: (a) load of 1.2 kgf, (b) load of
1.5 kgf, (c) load of 2.0 kgdf.

Figure 6 and Table 2 show the average friction force
and the SD of tests a-1 in Table 1. The friction force
data were obtained from the stable friction force region.
In general, the friction force with a magnetic field
(tests b, d, £, h, j, and 1) is larger than that without
a magnetic field (tests a, ¢, €, g, i, and k). A possible
reason for this phenomenon is the softness of the MRE
(10.5-12.5 HA). The contact area and friction force
under a magnetic field are larger than those without
a magnetic field at the start of the tests, as previously
mentioned.

The SD with a magnetic field is smaller than that
without a magnetic field, except in tests a and b. The
stick-slip reduces when a magnetic field is applied
through the reduced SD since the difference between
the static and dynamic friction forces decreases.
However, tests a and b did not show the same result.

Fig. 6 Average friction force of tests.

Table 2 SD of tests (a)-(I) of Figs. 4 and 5.

Test No. Standard deviation
a 1.179
b 1.288
c 1.155
d 0.942
e 0.439
f 0.226
g 0.562
h 0.173
i 0.446
j 0.325
k 0.219
I 0.158
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A possible reason is the instability of the test system
under high velocity. Under high velocity conditions,
the MRE may show a little displacement perpen-
dicular to the movement direction of the MRE. This
unexpected tiny displacement is assumed to increase
the experiment error.

The tests show that it is possible to change the
stick-slip of the MRE with a magnetic field. Another
test was performed to see if the stick-slip can be
controlled in real-time with a magnetic field for use
in an actual application. An 80-mT magnetic field was
applied after passing about half the total test distance,
and the results are shown in Figs. 7(a)-7(d). Figures 7(a)
and 7(b) show the results obtained with a velocity of
1 mm/s and loads of 1.0 and 1.2 kgf, respectively. All
the friction forces with the magnetic field decreased
by 20% compared to those when the magnetic field
was not applied, but the stick-slip did not show an
obvious effect under the magnetic field regarding rate
of frequency changes of the friction force. Figures 7(c)
and 7(d) show the results for loads of 1.0 and 1.2 kgf

with a velocity of 5 mm/s. The rate of frequency change
of the friction force increased in both the results
under a magnetic field. The variation amplitude of
the friction force also increased, as shown in Fig. 7(d).
The stick-slip decreased obviously under high velocity
with a magnetic field.

Table 3 shows the average friction force and SD
from the results in Fig. 7. The friction force is reduced
by about 20% when the magnetic field is applied. The
magnetic field is not applied at the start of the test,
but is applied in the middle of the test. The contact
area is constant and the hardness of the MRE increases
in the later part of the tests. Therefore, the friction
force is decreased when a magnetic field is applied.
The SD with a magnetic field is similar to that without
a magnetic field under the low velocity conditions.
Under the high velocity conditions, the SD with a
magnetic field is clearly smaller than that without
a magnetic field. It is shown that the stick-slip is
significantly reduced with a magnetic field under a
high velocity condition.

Fig. 7 Results of friction force tests: (a), (b) velocity 1 mm/s, load 1.0 and 1.2 kgf, respectively; (c), (d) velocity 5 mm/s, load 1.0 and

1.2 kgf, respectively.
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Table 3 Average friction force and SD of tests a—d of Fig. 7.

Average friction force (N) Standard deviation

Le;t Magnetic Magnetic Magnetic Magnetic
field OFF field ON field OFF field ON
a 10.08 8.47 0.131 0.192
b 12.00 10.19 0.179 0.170
c 10.14 7.85 0.409 0.186
d 11.87 10.06 1.025 0.791

Figure 8 shows the FFT of the stick-slip and that of
the aluminum plate surface roughness. The roughness
is measured with a two-dimensional surface roughness
measuring instrument (SV-310054 Mitutoyo). The
results confirmed that the stick-slip result (Fig. 8(b))
is not directly related to the surface roughness of the
aluminum plate (Fig. 8(a)). The surfaces of the MREs
after the stick-slip tests were observed with an optical
microscope to evaluate the wear with and without a
magnetic field. Figures 9(a)-9(f) show surface images
of the MREs for test conditions of 10 mm/s with
1.0 kgf, 1 mm/s with 1.0 kgf, and 1 mm/s with 1.2 kgf,
respectively, whose SDs have relatively large gaps
between the conditions with and without a magnetic
field.

Fig. 8 (a) FFT of the aluminum plate surface roughness; (b) FFT
of the stick-slip.

Figures 9(a) and 9(b) show surface images of
the MRE under conditions of 10 mm/s and 1.0 kgf,
without and with a magnetic field, respectively. The
Schallamach waves [23-26] were more obvious without
the magnetic field than those with the magnetic field.
Figure 9(c) shows slightly heavy wear compared to
Fig. 9(d), which was obtained with a magnetic field.
A wear hole was found in Fig. 9(e), and the Schallamach
waves were more obvious than those in Fig. 9(f),
which was obtained with a magnetic field. In general,
the wear of the elastomer is related to the friction
force for the same material. More friction force
corresponds to more wear as the surface temperature
increases. The friction force increases under a magnetic
field, and the wear should be more obvious than that
without a magnetic field. However, the tests show
the opposite results. It is assumed that the stick-slip
results in wear and is reduced when a magnetic field
is applied.

5 Conclusions

Stick-slip can lead to vibration, noise, wear, and
reduce the lifetime of friction pairs. For this reason,
the stick-slip should be reduced as much as possible.
The MRE is a type of smart material that can change
its properties under an external magnetic field. This
property can be used to change the stick-slip to replace
other materials.

In this paper, the MRE was manufactured, and a
stick-slip tester was used to evaluate the stick-slip
under different velocities and load conditions with
and without a magnetic field. The results show that
at lower velocity, the stick-slip was smaller, while at
higher velocity, the reduction of the stick-slip under a
magnetic field was more obvious. The change of the
friction force was more stable under a magnetic field.
The FFT of the friction force of stick-slip and the
aluminum plate surface roughness were calculated to
determine that the stick-slip phenomenon is not
directly caused by the roughness of the aluminum plate
under low velocity conditions. The wear surfaces were
observed after the tests, and the results showed that
the wear can be reduced when the stick-slip is reduced
under a magnetic field. Based on this study, the MRE
could potentially be applied to a wide range of various

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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Fig. 9 Surface state images after tests: (a), (b) 10 mm/s, 1 kgf without and with a magnetic field; (c), (d) 1 mm/s, 1 kgf without and
with a magnetic field; (e), (f) 1 mm/s, 1.2 kgf without and with a magnetic field.

industrial and automotive systems under realistic
conditions in future work (e.g., taxiing distance control
pad). This study may be used as a reference for the
tribology studies of the MRE.
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Abstract: The effects of surface roughness characteristics on the fluid load capacity of tilt pad thrust bearings
with water lubrication were studied by the average flow model. The flow factors utilized in the average flow
model were simulated with various surface roughness parameters including skewness, kurtosis and the
roughness directional pattern. The results indicated that the fluid load capacity was not only affected by the
RMS roughness but also by the surface roughness characteristics. The fluid load capacity was dramatically
affected by the roughness directional pattern. The skewness had a lower effect than the roughness directional
pattern. The kurtosis had no notable effect on the fluid load capacity. It was possible for the fluid load capacity
of the tilt pad thrust bearings to be improved by the skewness and roughness direction pattern control.

Keywords: tilt pad thrust bearings; characteristics of surface roughness; average flow model; water lubrication

1 Introduction

The tilt pad thrust bearings lubricated by oil are
widely utilized. The high viscosity of oil is beneficial
for the fluid load capacity of bearings improvement.
Besides, the non-renewable resource and environmental
pollution of oil received a lot of attention. These
problems could be solved by water utilization which
is an environment friendly lubricant. In contrast, the
viscosity of water is lower than oil, which would
reduce the fluid load capacity. As the lubrication film
is reduced, the surface roughness effect could not be
ignored.

Two typical methods exist, which could be utilized
for the evaluation of surface roughness effects on
lubrication. The first method is the stochastic method.
Tzeng and Saibel [1] introduced the stochastic method
by the surface roughness treatment as a random
variable characterized by a probability distribution
function. The one-dimensional surface roughness
was considered by a high amount of works based
on the stochastic method [2-5]. Patir and Cheng [6—8]

derived an average flow model, where the Reynolds
equation was modified by coefficients called flow
factors for the effects of two-dimensional surface
roughness introduction. The average flow model was
utilized for the average film thickness distribution
and average pressure distribution predictions. This
model was also labeled as the PC average flow model
and has been widely adopted [9-11]. The flow factors
utilized in these works were calculated by the fitting
formula of the isotropic Gaussian surface provided
by Patir and Cheng, where the effects of skewness,
kurtosis and roughness directional pattern were ignored
[6, 7]. Besides, the skewness, kurtosis and roughness
directional pattern are changeable according to the
different manufacture methods and wear of the surface.
These parameters might affect the performance of
water lubrication.

The second method is the deterministic. The surface
roughness data are directly utilized in the Reynolds
equation solution. Both the specific pressure and
thickness distributions of lubrication films are simulated
by the deterministic method. The deterministic method

* Corresponding author: Ying LIU, E-mail: liuying@mail.tsinghua.edu.cn
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List of symbols

b &, pressure flow factor

& shear flow factor

U viscosity of water

h nominal gap

h, average gap considering surface roughness
P average film pressure

u, U, velocity of moving part

o) combined roughness variance

Sk rough surface skewness

Ku rough surface kurtosis

¥ roughness directional pattern parameter
R; Inner radius of the tilt pad

R, Outer radius of the tilt pad

6, Wrap angle of the tilt pad

Ry, 6)) Position of the tilt pad pivot

k. Radial support ratio

ko Circumferential support ratio

a Circumferential inclination of the tilt pad
y/j radial inclination of the tilt pad

ho Film thickness at the pivot position

n Rotational velocity of the thrust collar
4% load of one tilt pad

Po Reference pressure

Feim Force generated by the film

& Convergence index of the force

M Moment of the pressure distribution on

the pivot

is often utilized for the lubrication problems solution
with well-defined geometrical features [12, 13] or the
point and line contact condition [14-16]. In contrast,
the deterministic method utilization for surface contact
problems solution, such as in the case of bearings is
rare [17].

The researches regarding the effects of roughness
on bearings were often focused on fixed pad bearings
[17, 18]. The effects of roughness on tilt pad bearings
are rare. In this paper, the PC average flow model was
utilized for the surface roughness effects study on tilt
pad thrust bearings. The effects of surface parameters,
skewness, kurtosis and roughness directional pattern,
were also considered. The corresponding flow factors
were computed by the numerical model and fitted
by the cubic spline interpolation. Finally, the fluid
load capacity of tilt pad thrust bearing provided with
various surface roughness parameters were discussed.

2 Experimental procedure
21 Computation of flow factors

The key point of the numerical simulation method
proposed by Patir [6, 7] was the flow factors utilization
with consideration to the surface roughness effects.
The modified Reynolds equation proposed by Patir
and Cheng [6] is:

o)

oy ), o, ) U,
ox\ "12uox ) oyl Y12u oy 2 ox
o o

2 ox Ot

D

where, ¢, and ¢, are the pressure flow factors repre-
senting the effects of roughness on the pressure flow
in both perpendicular directions x and y. Also, ¢, is the
shear flow factor representing the effects of roughness
on the shear flow produced by the relative motion.
In Eq. (1), x is the direction of relative motion. x is the
viscosity of the lubricant. / is the nominal gap and h,
is the average gap considering surface roughness. p is
the average film pressure. U; and U, are the velocities
of the two parts respectively. o is the comprehensive
roughness of the two rough surfaces defined as:

o’ =0 +0, )

where, o, and o, are the RMS roughness of the two
surfaces respectively.

In order for the ¢, ¢, and ¢, to be evaluated, a bearing
model with a roughness was proposed (Fig. 1). The
area of the bearing was low enough for the nominal
film thickness to be assumed as constant, whereas it
was high enough for a high number of asperities to
be included. The pressure and shear flow factors were
simulated respectively by this model [6, 7].
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Fig. 1 Bearing model for flow factors simulation.

Patir [6, 7] reported that both the pressure and shear
flow factors were a function of the h/o and y. y is
the parameter of the roughness directional pattern,
associated with the decay lengths of the surface
autocorrelation function. When y>1, roughness occurs
along the fluid flow direction, possibly enhancing the
flow. When y< 1 was opposite, roughness occurs along
the perpendicular direction of flow, which could hinder
the flow. When y= 1, roughness was isotropic.

The rough surface utilized for the flow factors
computation was generated numerically. The quality
of the generated rough surfaces determined the
validation of the flow factors. Patir [19] utilized a
one order moving average (MA) model for surface
roughness generation. This method was good at
Gaussian surfaces generation, whereas not convenient
for non-Gaussian surfaces simulation. The modified
MA model proposed by Minet [20] was utilized here
for the required surface roughness generation.

2.2 Performance analysis of tilt pad thrust bearings

Geometry model

The geometry model of a tilt pad is presented in Fig. 2.
The tilt pad was the offset support and the pivot posi-
tion was (R;, 6,). h is the film thickness at the position
of pivot. The attitude of the tilt pad was determined
by the tilt angles « and g in the circumferential and
radial directions. The film thickness distribution is:

h=h,+rsin(@,—O)tana +(r— R, R ) cos(6, - 0) tan
(©)

Fig. 2 Geometry model of the tilt pad.

Kinematic model

The PC average flow Reynolds equation in the cylin-
drical coordinate system was utilized. The squeeze
effect of lubrication film was ignored:

d ) 10 p oh o,
—| ¥ hs— +—— ]’13— =6 a)—T+6 0 -
rar[ % 61’] r’ 69(% 69} # Hoo

where, wis the angular velocity.
Boundary conditions

In order for the computation to be simplified, the
surface of the thrust collar was assumed to be smooth.
The tilt pad surface was rough and the corresponding
RMS roughness is o. The load on one tilt pad was
constant represented by the W. The pressure boundaries
of the four edges of tilt pad were assumed as p, =0.

Computational scheme

The flow chart of the simulation is presented in Fig. 3.
The flow factors were calculated parametrically and
fitted by the cubic spline interpolation. The average
flow Reynolds equation was discretized by the finite
difference method. The grid size was 50 x 50. The
discrete equation was solved by the Gauss elimination.
The pivot film thickness and tilt angles were adjusted
for the force and moment balance.

The film force generated by the film between the
thrust collar and one tilt pad is:

Fy,, = [PdA ®)
A
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Fig. 3 Flow chart of the tilt pad thrust bearing simulation.

where, F,, is the film force, A is the area of the tilt pad
surface. The Fy,, should be equal to the load W. The
convergence index of force is presented in Eq. (6). If the
force is not converged, the pivot film thickness (h) is
updated by the relaxation method. When the force is
balanced, the pivot film thickness (k) provides mainly
the fluid load capacity of the tilt pad thrust bearing;

FE_-W
& = fﬂmT‘ <1x10™* (6)

The pressure center of the film pressure distribution
should be at the pivot position. Therefore, the moment
of the pressure distribution on the pivot (Eq. (7)) should
be equal to zero:

M = [px(r—r,)dA )

where, M is the moment vector, r is the position vector
of pressure distribution, r, is the position vector of
the pivot. The convergence index of the moment is
presented in Eq. (8). If the moment is not converged,
the attitude of the tilt pad (« and p) is updated by the
Newton-Raphson method. The initial value of r affects
the value of both « and . If the moment is balanced,
the attitude of the tilt pad (@ and ) mainly provides
the value of the r determined by the initial input
parameters.

M| <1x10" (8)

3 Results and discussion

The surface roughness parameters utilized for the
calculation of the flow factors are presented in Table 1.
The roughness directional pattern characteristic
y was set to 1/9, 1/6, 1/3, 1, 3, 6, 9 for each group of
parameters in Table 1, respectively. The geometric
parameters of the tilt pad thrust bearing and operation
parameters are presented in Table 2.

Table 1  Surface roughness parameters for flow factors calculation.

Surface skewness Surface kurtosis

Group number

(Sk) (Ku)
1 0.5 4.83
2 1 4.83
3 15 4.83
4 1 6
5 1 25

Table 2 Geometric parameters of the tilt pad thrust bearing and
operation parameters.

Item Value
Outer radius R, (mm) 70
Inner radius R; (mm) 30
Tilt pad wrap anlge g, (°) 50
Pivot radius R, (mm) 53
Radial support ratio k, 0.575
Pivot wrap angle g, (°) 30
Circumferential support ratio k, 0.6
Viscosity of water m (Pa-s) 549.4x107
Rotational velocity of thrust collar n (rpm) 100
Load W (N) 60
Reference pressure p, (MPa) 0

3.1 Flow factors

In order for the program utilized in this paper to be
verified, the flow factors of the Gaussian roughness
(Sk = 0, Ku = 3) with the y = 1 were computed. It
was noted that the twenty-surfaces with the same
roughness characteristic were utilized for the flow
factors calculation and each flow factor value was the
average of these solutions. The results were compared
to the results of Patir’s formula (Fig. 4). Both the ¢,
and ¢, computed in this paper had the same tendency,

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



396

Friction 5(4): 392-401 (2017)

whereas differed at the specific values with Patir’s
results. The maximum relative error of ¢, was 43% at
the h/o= 0.5. When the h/c was low, the deviation
between the current ¢, and Patir’s value might have
occurred due to the inherent fluctuation of the
numerical simulation of the ¢ [21]. The maximum
relative error of the ¢ was 5.5% at the h/o=4.

3.2 Fluid load capacity analysis of the tilt pad
bearing

3.2.1 The surface skewness effects

The tilt angles, ¢ and g, the pivot film thickness, hy,
with various Sk and constant Ku and y, are presented

in Fig. 5.
0 1 2 3 4 5 5
hlo
(b) T T T T —
08 ~‘ — . 4
TR —— This paper

0.2

T T T T T T T T T T T
1 2  { 4 5 5]
ho

Fig. 4 Comparison of computed flow factors and Patir’s results
Sk =1, Ku =3, y=1. (a) Pressure flow factors, (b) shear flow
factors.

i ]

Fig. 5 Tilt angles, and £, and pivot film thickness, ho, with
various Sk. Ku=4.83 y=1(a) aVvs. g; (b) fv.s. o; () hy vs. o

As the o increased from 0.4 to 3, the h, increased
first and following decreased (Fig. 5(c)), indicating
that the fluid load capacity increased first and con-
sequently decreased. Therefore, a proper o existed
which could improve the fluid load capability mostly.
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Along with the increase of o, the « increased first
and following decreased, whereas f decreased first
and following increased. This demonstrated that the
initial pressure center position shifted away firstly from
the pivot position and consequently shifted towards
the pivot position in the positive direction of the both
radial and circumferential axes, as the ¢ increased.

As the Sk increased from 0.5 to 1.5, the effects of
skewness on the «a (5 or hy) changed based on various
o. The effects were stronger when the o was higher.
A unified relation between the skewness and o and
S with various o did not exist. Besides, as the Sk
increased, the hjincreased, indicating that the fluid
load capacity was improved by the skewness increase,
because the skewness indicated the peaks and valleys
distribution of a rough surface. When the skewness
became higher, the number of the roughness deep
valleys became higher, which augmented the flow
and improved the fluid load capacity.

The result of average fluid pressure distributions
with various skewness values indicated that the
skewness had no significant effect on the average
fluid pressure distribution (Fig.6). This occurred
because the force and moment were balanced by the
tilt pad under the same load.

3.2.2  Surface kurtosis effects

The tilt angles, o and £ and the pivot film thickness,
hy, with various Ku and constant Sk and y, are

presented in Fig. 7.

As the Ku varied, the effects of kurtosis on the «
(p or hy) were also changed along with various o. The
effects were stronger when the o was higher, whereas
the effects were lower than the effects of skewness
with the same o. A unified relation between the
kurtosis and the « (f or hg) with various odid not
exist. The alteration of the h, was low when various
kurtosis values were considered. Therefore, a low
effect of kurtosis existed on fluid load capacity. The
kurtosis measured the spikiness of a rough surface
height distribution, which had lower effects on the
flow condition than the skewness. The average fluid
pressure distributions are not influenced by kurtosis
either (Fig. 8).

3.2.3 yeffects

The tilt angles, @ and S, and the pivot film thickness,
hy, with various y and constant Sk and Ku, are
presented in Fig. 9.

When the o> 1.5, the « (8 or hy) increased as the y
increased. The flow in the circumferential direction
was gradually enhanced along with the increase of y.
The initial pressure center position shifted away from
the pivot position in the positive direction of the
circumferential axis and in the negative direction of the
radial axis, as the yincreased. The fluid load capacity
was improved by yincrease when the og > 1.5.

When the o< 1.5, a (for hy) increased as the y

Fig. 6 Average fluid pressure distributions with various Sk. Ku = 4.83, y=1.
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Fig. 7 Tiltangles, «and £, and pivot film thickness, hy, with various Ku. (8) av.s. o; (b) fv.s. o; () hgv.s. 0. Sk=1,y =1

Fig. 8 Average fluid pressure distributions with various Ku. Sk =1, y = 1.

decreased. The surface roughness with a low y was of the “waviness”. Therefore, the fluid load capacity
equal to the “waviness” in the circumferential direction was improved by the decrease of y when the o< 1.5.
when the o< 1.5. The flow in the circumferential The average fluid pressure distributions were not

direction was enhanced by the hydrodynamic effect affected by the y either (Fig. 10).
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Fig. 9 Tiltangles, «and 3, and pivot film thickness, hy, with various 7. (a) av.s. o; (b) fv.s. o; (€) hyv.s. 0. Sk =1, Ku=4.83

Fig. 10 Average fluid pressure distributions with various y. Sk = 1, Ku = 4.83.
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4 Conclusions

The surface roughness characteristics effects on the
fluid load capability of tilt pad thrust bearings during
water lubrication were studied by the PC average
Reynolds equation. The flow factors were computed
based on the skewness, kurtosis and roughness
directional pattern with various roughness surfaces.
It could be concluded that:

(1) The fluid load capacity was not only affected
by the RMS roughness, whereas also by the surface
roughness characteristics.

(2) The roughness directional pattern had a significant
effect on the fluid load capacity of the tilt pad thrust
bearing. The fluid load capacity was improved by the
increase of y when the o> 1.5 and by the decrease
of y when the o< 1.5.

(3) The skewness had a lower effect than the
roughness directional pattern. The fluid load capacity
was improved by the skewness increase. The kurtosis
had no notable effect on the fluid load capacity.

(4) Under the same load, the average fluid pressure
distribution on tilt pad did not appear to be affected
by the skewness, kurtosis and roughness directional
pattern.
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Abstract: N-doped ZnO thin films were deposited on 304L stainless steel through the pyrolysis of zinc acetate
and ammonium acetate in different ratios at a temperature of 420 °C using metal organic chemical vapor deposition.
Compositional and structural analyzes of the films were performed by using Rutherford backscattering
spectroscopy and X-ray diffraction. The frictional behavior of the thin films and 304L stainless steel substrate
was evaluated using a ball-on-flat configuration with reciprocating sliding under marginally lubricated and
fully flooded conditions. Al alloy (2017) was used as ball counterface, while basestock synthetic polyalfaolefin
oil (PAO10) without additives was used as lubricant. The flat and ball counterface surfaces were examined to
assess the wear dimension and failure mechanism. Under marginally lubricated condition, N-doped ZnO thin
films provided significant reduction in friction, whereas the films have minimal or no effect in friction under
fully flooded condition. N-doped ZnO thin films showed a significant effect in protecting the ball counterface
as wear volume was reduced compared with that of the substrate under the marginally lubricated condition.
Under the fully flooded condition, with the exception of one of the films, the wear volume of the N-doped ZnO
thin films ball reduced compared with that of the substrate. In all the ball counterfaces for N-doped ZnO thin
films under both conditions, wear occurred through abrasive mechanism of various degrees or mild polishing.
Thus, superfluous lubrication of N-doped ZnO thin films is not necessary to reduce friction and wear.

Keywords: ZnO film; metal organic chemical vapor deposition; friction; wear; optical microscopy

1 Introduction of a basestock (which can be synthetic or mineral based)

and additive packages. Nanoparticles and submicron

The most common friction and wear reduction  particles are also good lubricant additives to improve

approach is lubrication, which involves the application
of lubricants between moving surfaces to partially or
fully separate contacting surface asperities. Adequate
lubrication can be achieved by the use of liquid (oils
and greases), solid (thin film coatings), or gas (air
bearing). Most oil lubricants used for friction and
wear reduction are usually formulated with additives
to improve performance [1]. Such oils normally consist

tribological properties [2-6]. Most works on lubricant
formulations are devoted to formulating the proper
combination of base stock and additives for a particular
or desirable function.

Thin film coatings have been considerably utilized
as solid lubricants for high-precision systems such as
data storage systems, semiconductor devices, MEMS,
space application devices, bio-components, machining
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tools, and bearing gears. To achieve adequate lubrication,
solid lubricants in the form of thin films need to
possess low shear strength to effectively carry the
pressure generated between opposing surfaces, thereby
reducing friction and wear. Examples of thin films
used as solid lubricants are diamond-like carbon;
h-BN; metal nitrides such as TiN, CrN, TiCN, and
AITiN; layered materials with covalent bonding within
layers but weak bonding between layers such as MoS,,
WS,, and TaS,; and submicron or nanocrystalline metal
oxides.

Generally, lubricious metal oxides are attractive
because they typically do not form strong adhesive
bonds in tribological contacts and also because they
are thermodynamically stable and environmentally
friendly. A typical example of these oxides is ZnO.
The primary driving force behind the interest in ZnO
thin films is their utility in a variety of technological
applications. Their electrical, optical, and electrochemical
properties, as well as their thermodynamically stable
hexagonal wurtzite structure make them useful in
UV-light emitting diodes, solar cells, lasers, surface
acoustic wave devices, gas sensor, and photocatalytic
activities, among others. In addition, several researchers
have demonstrated the possible use of ZnO thin
film coatings in tribological applications [7-11]. The
coefficient of friction of such films is in the range of
0.15 to 0.25 with good wear life over a long cycle.
Such enhanced tribological properties were attributed
to the nanocrystalline nature of the ZnO films. ZnO
nanoparticles have also been used as lubricant additives
[12,13]. Such ZnO nanoparticles showed excellent
friction properties because of their submicrometer-
scale spherical nature, which changes the contact
configuration from sliding to rolling. However, because
of the low hardness of such nanoparticles, their antiwear
property was poor [12].

The open structure and favorable coordination
number of ZnO allow ZnO to be easily doped with
external atoms as zinc or oxygen substitutes, thereby
permitting the formation of defects that can alter the
structure and ultimately lead to improved properties.
In some cases, such defects can cause the formation
of slip systems that can alter the electronic structure
and lower the shear strength, which can improve
tribological performance. For instance, alumina-doped

ZnO thin film coatings have lower friction and better
wear performance than pure ZnO films [14]. The
friction and wear mechanism of such doped ZnO thin
films was attributed to nanocrystalline features such
as the grain population and substoichiometry of the
layer. The friction behavior of carbon-ZnO composite
coatings was also studied by Penkov et al. [15]. They
pointed out that the C-ZnO coatings demonstrated
better tribological behavior compared with pure ZnO.
Improvement in tribological properties was attributed
to better mechanical properties. Compositing ZnO
and organic polymers has also been shown to improve
tribological performance and thermal stability, as
well as nanochemical properties [14-19]. Furthermore,
in terms of lubricant additives, compositing ZnO
submicrospheres with Al,O; nanoparticles had been
shown to notably improve both the friction reduction
and antiwear properties [20]. Such improved tribological
properties were attributed to the fact that rolling
friction became dominant instead of sliding friction,
while the micro/nanoparticles squeezed into the grooves
on the rubbing surfaces to reduce wear.

Nitrogen is considered the best candidate for doping
ZnO [21]. Aside from having the smallest ionization
energy among the group V elements, it also has a
similar ionic radius as oxygen. Nanosized nitrigen-
doped ZnO was prepared through a variety of
techniques in the past. Such techniques include sol-
gel method [22], microwave synthesis [23], pulsed laser
deposition [24, 25], and microemulsion method [26].
Some of these techniques have different deficiencies,
ranging from non-uniformity to reproducibility in
composition. Techniques such as pulsed laser deposition
also require a vacuum system. Over the years, metal
organic chemical vapor deposition (MOCVD) has
become an important technique for preparing thin
films and coatings of various materials essential to
advance technology because the technique requires
minimum to no post-deposition processing to prepare
high-quality films. Another feature of MOCVD is its
versatility in coating both simple and complex com-
ponents with relative ease even at low temperature.

Our group had deposited nitrogen-doped ZnO
thin films on 304L stainless steel using MOCVD and
explored their tribological behavior under dry contact
condition [27]. However, for completeness, an evaluation
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of nitrogen-doped ZnO thin films under lubricated
contact is necessary because some mechanical com-
ponents use oil lubrication. For effective integration
of oil lubricants and nitrigen-doped ZnO thin films,
an adequate understanding of interaction between
the oil and the thin film is necessary. The interaction
could be synergistic, antagonistic, or have no effect at
all. Hence, this study seeks to assess the tribological
behavior of nitrogen-doped ZnO thin films under
lubricated contacts. The films were deposited on 304L
stainless steel using MOCVD from combinations of
zinc acetate and ammonium acetate precursor. Contacts
were lubricated with basestock polyalpha-olefin
(PAO10) without additives. The quantity of oil can
affect tribological behavior. Thus, tests were conducted
under both marginally lubricated and fully flooded
conditions.

2 Experimental details

Nitrogen-doped ZnO thin films were prepared by
using the pyrolytic method of MOCVD. The schematic
diagram of the MOCVD apparatus was used is shown
in Fig. 1. The MOCVD setup is a locally adapted design
that had been used in previous studies [28-34]. It
is simple, cost effective, and suitable for large-scale

Fig. 1 Schematic diagram of MOCVD apparatus.

production of various thin films for different applications.
304L stainless steel is commonly used for tribological
application where corrosion resistance is important
and was therefore used as the substrate. A mixture
of zinc acetate and ammonium acetate (which serve
as the source of nitrogen) was used as the precursor.
These two precursors were mixed together in different
proportions and grounded thoroughly in a mortar.
The fine powder of the precursor was poured into an
unheated receptacle, and compressed air was blown
through the precursor at a rate of 2.5 dm*min. The
airborne precursor was transported into the working
chamber, which was maintained at 420°C by an
electrically heated furnace. The deposition time was
2 h. Five sets of films, using different ratios of the two
precursors, were produced. Table 1 shows the different
ratios of the precursor that was used.

The elemental composition, stoichiometry, and
thickness of the thin films were determined using
Rutherford backscattering spectroscopy (RBS). This
procedure was performed by using a 1.7 MeV Tandem
accelerator, which involves the use of 1.5 MeV “He".
The detector scattering angle was 147.7°. The spectrum
was obtained under normal condition (angle of incidence
0, = 0° and angle of emergence 0, = 180°) with a beam
current of 3.8 nA and a nominal beam size of 1 mm.
SIMNRA was used to analyze the spectrum that was
extracted from the accelerator detector. The X-ray
diffraction pattern of the nitrogen-doped ZnO thin
films was obtained using MD-10 mini diffractometer
with CuK, radiation. The applied voltage was 25 kV
with an exposure time of 1,200 seconds. The intensity
data were collected over a diffraction angle, 20 range
of 15° to 50°.

Oil-lubricated friction and wear tests were conducted
with a ball-on-flat configuration in reciprocating sliding
by using a high-frequency reciprocating rig. The ball

Table 1  Precursor combination, 3-D roughness parameter and thickness of thin films.

Thin Film Precursor 3-D roughness parameter (nm) Thickness (nm)
Z0 100% zinc acetate 259.46 185
NzO1 90% zinc acetate + 10% ammonium acetate 162.85 424
NzO2 80% zinc acetate + 20% ammonium acetate 195.66 331
NZO3 70% zinc acetate + 30% ammonium acetate 196.90 253
NZO4 60% zinc acetate + 40% ammonium acetate 157.52 172
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counterface was Al alloy (2017) with a diameter of
12.7 mm. The ball’s 3D surface roughness parameter
(S.) and hardness are 798 nm and 6.7 GPa (62Rc), res-
pectively. The surface statistical properties of nitrogen-
doped ZnO thin films were reported earlier [35]. The
surface roughness parameters of the films are listed
in Table 1. The 304L stainless steel substrate with an
isotropic finish similar to that of the thin films (which
serves as the baseline) and nitrogen-doped ZnO thin
films deposited on 304L stainless steel were tested
against the Al alloy (2017) ball. Pure ZnO thin film
from 100% zinc acetate, which serves as a control film,
was also tested.

The tests were conducted by applying a dead weight
of 10 N, which imposes a Hertzian contact pressure
of 0.35 GPa. Contacts were lubricated in two ways:
marginally lubricated, in which one drop of oil was
added at the start of each test, and fully flooded
lubrication condition, in which an adequate amount
of lubricant was applied to cover the flat surface
completely for the entire duration of the test. Basestock
synthetic polyalfaolefin oil (PAO10) without additives
was used as lubricant. It has a viscosity of 71.1 cSt at
40 °C and a specific gravity of 0.837. The reciprocating
frequency was 1 Hz with a stroke length of 20 mm,
equivalent to a linear sliding speed of 2 cm/s. All
tests were run for 30 minutes in ambient room air
(temperature of 25 °C and relative humidity of 65%).

Frictional force was continuously measured during
each test from which the coefficient of friction, defined
as the ratio of the frictional force to the normal force,
was calculated. Wear on flats and ball counterface
material was evaluated at the conclusion of each test
by using 3D profilometry with an ADE-Phaseshift
MicroXam white light optical profilometer. The surface
of the flats and the ball counterface were also examined
by using an optical microscope to assess the wear
and surface damage mechanism.

3 Result and discussion

3.1 Thin films and characterization

Films of good uniformity and adherence were obtained
at the deposition temperature of 420 °C. In the hot
chamber, the precursor first sublimed before the thermal

decomposition, resulting in the coating of the substrate.
In the MOCVD process, the deposition involves
homogeneous gas phase reactions, which occur in the
gas phase, and (or) heterogeneous chemical reaction,
which occurs on or near the vicinity of a heated surface,
thereby leading to the formation of films.

A typical RBS spectrum of the films is shown in
Fig. 2. The spectrum depicts two sections, namely, the
substrate section and the coating section, which is
around 1,450 keV. The expected elements were detected,
with the presence of N, Zn, and O clearly manifested.
The stoichiometric ratio of N:Zn:O in all the films
was estimated to be 1:5:4, while the thickness ranged
between 172 and 424 nm. More detailed analysis of
stoichiometry and thickness had been reported earlier
[27, 36]. The standard calowear test was also used
to measure the thickness of the films. This process
involves the creation of a crater by a rotating ball of a
known diameter through the film into the substrate.
An average value of six different points at different
places on the film was taken. The thickness measured
by this technique is consistent with that of RBS.

A typical X-ray diffraction pattern of the thin films
is shown in Fig. 3. Diffraction peaks occur at various
diffraction angles, which correspond to (100), (002),
and (101) plane. All the obtained peaks were assigned
to the standard hexagonal wurtzite ZnO crystal
structure (JCPDS 36-1451). No other peaks that corres-
pond to nitrogen were observed. The presence of these
peaks shows that all the films are polycrystalline. The

Fig. 2 RBS spectrum of nitrogen-doped ZnO thin film.
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Fig. 3 Typical XRD pattern of nitrogen-doped ZnO thin film.

(002) peak has the highest intensity. The dominance
of the (002) peak suggest a highly textured structure in
which the c axis preferentially aligned perpendicular
to the substrate normal. The (002) texture is commonly
observed in ZnO films because the c-plane perpen-
dicular to the substrate normal is the most densely
packed and thermodynamically preferred in the
wurtzite structure. The average crystal size of the
films based on full width at half maximum (FWHM)
of diffraction peaks calculated using Debye-Scherrer
equation was 52 and 30 nm for the ZnO thin film and
all N-doped ZnO thin films, respectively. The decrease
in grain size can be linked to peak broadening, which
causes the broadening of FWHM and eventually leads
to a decrease in crystallinity. Such peak broadening
may be a result of a defect brought about by the
incorporation of nitrogen into the ZnO lattice. This
result successfully demonstrated that nitrogen can be
incorporated into the ZnO thin film lattice by using a
combination of zinc acetate and ammonium acetate
precursors. The tendency of decreasing grain size
and crystallinity with the incorporation of nitrogen in
ZnO lattice is similar to that in some previously
reported works [26, 37, 38].

3.2 Friction and wear result

The friction behavior of the thin films and the 304L
stainless steel substrate (baseline) with reciprocating
sliding under both marginally lubricated and fully
flooded conditions is shown in Fig. 4. In both the
marginally lubricated and fully flooded conditions, a
range of friction behaviors were observed. Under the
marginally lubricated condition, the substrate showed

a friction behavior that is oscillatory in nature, rising
and falling at various intervals. The coefficient of
friction first increased rapidly at the start of the test
to a value of approximately 0.18, followed by a gradual
decrease to a value of approximately 0.14 within
the first 140 s. Thereafter, the rise and fall continued,
which ranged between 0.15 and 0.22. Such frictional
behavior can be attributed to the build-up and collapse
of the transfer layer [39]. Although this is a lubricated
test, the amount of lubricant is marginal, thereby
making the operating lubrication regime boundary.
Hence, extensive material interaction will still be
dominant between the contacting materials through
the lubricant film. The contact first produces a high
coefficient of friction as a result of the plowing effect,
which results in the roughening of the softer material,
thereby generating wear debris that can be entrapped.
The wear debris accumulates to build up a transfer
layer that may become thicker and unstable and
eventually collapse. This cycle of buildup and collapse
of the transfer layer continued throughout the test,
thereby leading to the rise and fall of the coefficient
of friction. ZO and NZOL1 films showed a similar
frictional behavior. The run-in period followed by
a fairly stable friction coefficient value that ranges
between 0.10 and 0.12 was observed, after which both
films showed a transition to unstable higher values
(between 0.13 and 0.19) that occurred around 1,300 s.
This behavior is mostly likely a result of the wearing-
through of films. Similar trends were also observed
for the remaining three NZO films (NZO2, NZO3,
and NZO4): a run-in period followed by steady-state
friction coefficient values between 0.11 and 0.12. Thus,
the thin films can evidently provide friction reduction
under marginal lubrication. For both ZO and NZO
films, such reduction occurred before 1,300 s. The
friction reduction in the films can be attributed to
the thin films carrying some of the contact load, thus
allowing easier sliding between the opposing surfaces.
This condition may be a result of the nanocrystalline
nature of the films as calculated by the Debye-Scherrer
equation [12, 13]. Our result is comparable to that
obtained by using sub-microsphere ZnO particles
and compositing sub-microsphere ZnO with Al,O,
nanoparticles as lubricant additives studied by other
authors [12, 13, 20]. Those authors also suggested
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Fig. 4 Coefficient of Friction variation with time under (a)
marginally lubricated and (b) fully flooded contact.

that rolling friction became dominant instead of
sliding friction, thereby causing the composite micro/
nanoparticles to squeeze into the grooves on the
rubbing surfaces and reducing friction and wear.

In the fully flooded condition, the coefficient of
friction for the substrate increased rapidly to a value
of 0.15 at the start of the test, after which it increased
gradually to a maximum value of approximately 0.25.
After this initial response, the coefficient of friction
decreased to a steady-state value of 0.12 in the last 1,
200 s of the test. The initial increase in the coefficient
of friction is a result of the run-in process. The
steady-state coefficient of friction can be attributed
to the extensive formation of a transfer layer on the
304L stainless steel flat, such that after the run-in period,
the contacting interface may consist of a sliding
aluminum transfer film on the aluminum alloy ball.

This type of friction behavior, that is, an initial
increase in the coefficient of friction followed by a
slow decrease to a constant value, was also observed
for aluminum in contact with other materials [40, 41].
During the run-in period, high asperities may be worn
down, surface films may be removed, or new films
may form [42]. After this period, new changes may
occur at the interface of the two sliding surfaces,
thereby leading to the formation of a new layer, which
may cause a decrease in the coefficient of friction to a
new steady-state value. These changes may also include
oxidation at the tribocontact interface, thereby resulting
in the formation of oxides. Wear debris from the ball
may also become trapped at the contact interface. In
general, tribolayers consist of a complex mixture of
both material pairs in contact, as well as specie from
the environment [43]. A steady-state friction coefficient
value of 0.11 occurred in ZO within 75 and 650 s. The
friction coefficient value then ranged between 0.12
and 0.15 with a stable value of 0.12 in the last 300 s of
the test. NZO1 exhibited an unstable friction coefficient
ranging between 0.13 and 0.31 throughout the entire
duration of the test. For NZO2 film, the steady-state
friction coefficient value was approximately 0.11 up
to around 1,145s, after which it showed a noisy
pattern followed by a constant value of 0.12 in the
last 100 s. NZO3 showed an unstable coefficient of
friction, reaching a maximum of 0.24 at the end of the
test. The coefficient of friction for NZO4 thin film
was similar to that of NZO2. The steady-state value
was 0.12 until 1,200 s. The friction showed a slight
perturbation between 1,200 and 1,500 s, after which it
remained nearly constant at a value of 0.12 within the
last 300 s. The perturbation observed in ZO, NZO2,
and NZO4 may be a result of some localized damage
in the film (as shown in Figs. 8(b) and 13(b)), which
can be caused by abrasion. However, after such
damage, tribolayer quickly built up on the damage,
thereby causing the coefficient of friction to return to
a steady state that was observed in the last 100 s and
300 s as the case may be. With this condition, the thin
films can provide friction reduction only during the
run-in period. Indeed, after the run-in period, during
which the tribolayer formed on the substrate, the
coefficient of friction for the substrate became lower
than that for some of the thin films. Unlike in the
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marginally lubricated condition, superfluous lubrication
of N-doped ZnO thin film is not needed to reduce
friction.

At the conclusion of each test, the wear track on
both the Al alloy ball counterface and the flat surfaces
were characterized by 3D profilometry and optical
microscopy. Figures 5-8 show the typical 3D optical
profile for flat and ball counterface pairs in marginally
lubricated and fully flooded conditions. Most of the
wear was produced in the softer counterface (Al alloy
ball), and wear on the flats was minimal coupled with
evidence of material transfer from the ball counterface.
Thus, wear assessment was performed by measuring
the wear on the ball counterface for each test. A
summary of the wear volume in the balls at the
conclusion of the tests for the marginally lubricated
(plotted on a log-scale) and fully flooded conditions
is shown in Fig. 9. Although no accurate relationship
between friction and wear producing realistic result
has been defined [44], friction plays an important role
in wear volume within a given system. Consequently,
the wear behavior of the ball counterface in this study
is strongly related to the friction behavior for each
flat and ball pair. The wear volume in the ball tested
against the thin films is lower than that tested against
the substrate under marginally lubricated contact. The
thin film-ball pairs also showed lower friction than
the substrate-ball pair under the marginally lubricated

Fig. 5 Typical 3D optical profile of (a) ball counterface and (b)
substrate for marginally lubricated condition.

condition. Under the fully flooded condition, with
the exception of NZO]1, a reduction in the ball wear
volume of the films was observed compared with
that of the ball wear volume of the substrate. This
result is expected as the friction coefficient of ZNO1
showed unstable behavior, reaching the highest value
of 0.31. Thus, the thin films actually protected the ball
counterface to a certain extent. The wear reduction
could be due to the reduction of shear stress and
resultant tensile stresses on the Al alloy ball surface.

Fig. 6 Typical 3D optical profile of (a) ball counterface and (b)
nitrogen-doped ZnO thin film for marginally lubricated condition.

Fig. 7 Typical 3D optical profile of (a) ball counterface and (b)
substrate for fully flooded condition.
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Fig. 8 Typical 3D optical profile of (a) ball counterface and (b)
nitrogen-doped ZnO thin film for fully flooded condition.

Fig. 9 Ball wear volume after friction test for (a) marginal and
(b) flooded condition.

Figures 10-13 show the optical micrographs of
wear in the ball and flat pairs under both marginally
lubricated and fully flooded conditions. Features
observed in the micrographs were similar to those
observed in the 3D optical profiles. For substrates
tested under both conditions, although wear track is
evident, it is for the most part covered by surface
films. Such surface films build up and collapse, leading
to the rise and fall of the friction coefficient observed
in the marginally lubricated test. However, for the
fully flooded test, the surface films remain stable,
thereby leading to the stable friction coefficient observed
in the last 1,200 s of the test. For the thin films tested
under both under marginally and fully flooded con-
ditions, evidence of material transfer from the ball exists.

Fig. 10 Optical micrograph of (a) ball counterface and (b) substrate
under marginally lubricated condition.
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Fig. 11 Typical optical micrograph of (a) ball counterface and (b)
nitrogen-doped ZnO thin film under marginally lubricated condition.

Some localized damage, which can occur either by
abrasion (as indicated by scratches in the direction of
sliding) or mild polishing, can also be seen. Different
mechanisms and kinetics of material transfer from
the ball counterface that occurred during sliding could
lead to material build-up on the flats. For instance,
after the films had been worn through, the ball comes
in contact with the substrate, thereby causing substantial
damage and material removal from the ball, which
can then be re-deposited on the substrate. The removal
of the film coincided with the increase in the coefficient
of friction observed in some of the friction behavior
because the ball is now sliding against the 304L stainless
at this point. A transfer layer may then build up,
which accounts for the steady-state coefficient of friction
observed in the last 100 or 300 s of the fully flooded
test. With the exception of the ball counterface for

Fig. 12 Optical micrograph of (a) ball counterface and (b)
substrate under fully flooded condition.

NZO4 under marginally lubricated contact, all the
balls under both conditions undergo abrasive wear, as
indicated by scratches of various sizes in the sliding
direction. For the ball counterface of NZO4 under
marginally lubricated contact, wear occurred by mild
polishing, thereby showing the lowest wear volume,
as can be seen in Fig. 9.

4 Conclusion

Nitrogen-doped ZnO thin films were deposited on
304L stainless steel substrate using MOCVD through
the pyrolysis of zinc acetate and ammonium acetate
in different ratios at a temperature of 420 ‘C. RBS
indicated that the expected elements were present in
the thin film, and the stoichiometric ratio of N:Zn:O
was estimated to be 1:5:4 in all the films. The XRD
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Fig. 13 Typical optical micrographs of (a) ball counterface and
(b) nitrogen-doped ZnO thin film under fully flooded condition.

result demonstrated the nanocrystalline nature of the
films with a hexagonal structure, which mirrored that
of hexagonal wurtzite ZnO, in which ¢ axis-oriented
(002) plane perpendicular to the substrate dominated.

The friction and wear behaviors of 304L stainless
steel and nitrogen-doped ZnO thin films were studied
by using high-frequency reciprocating rig, sliding
under marginally lubricated, and fully flooded con-
ditions. The tests were conducted with unformulated
synthetic PAO10 as lubricant. Nitrogen-doped ZnO thin
films were able to provide friction reduction compared
with the substrate under marginal lubrication, although
the film was worn through in two samples (ZO and

ZNO1) of the films. Under the fully flooded condition,
three of the N-doped ZnO thin films (ZO, NZO2, and
NZO4) were able to provide friction reduction only
during the run-in period. After the run-in period, the
coefficient of friction for the substrate became lower
(after a good transfer layer had formed) than that of
the nitrogen-doped ZnO thin films.

Most of the wear was produced in the Al alloy ball
counterface as the wear on the flats was minimal
coupled with material transfer from the ball counterface.
The wear behavior of the ball counterface was strongly
related to the friction behavior. Under the marginally
lubricated condition, nitrogen-doped ZnO thin films
showed a significant effect in protecting the ball
counterface. Indeed, wear volume was reduced com-
pared with that of the substrate. Under the fully
flooded condition, with the exception of one of the
films (NZO1), a reduction in the ball wear volume of
the nitrogen-doped ZnO thin films was also observed
compared with that of the substrate. In all the ball
counterfaces for nitrogen-doped ZnO thin films under
both marginally lubricated and fully flooded conditions,
wear occurred through the abrasive mechanism of
various degrees or mild polishing. Thus, superfluous
lubrication of nitrogen-doped ZnO thin films is not
necessary to reduce friction and wear.
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Abstract: Polyether-ether-ketone (PEEK) and polyimide (PI) are two kinds of engineering polymer materials
widely used as roller bearing cages and rings under extreme environment because of their noise reduction
and corrosion resistance properties. The Si;N; ceramic is the most common ball bearing material. Many
current engineering applications of ball bearings require aqueous lubrication. Therefore, this study presents the
aqueous lubrication of tribopairs formed by PEEK and PI material sliding against Si;N, ceramic. Experimental
results show that two tribopairs exhibited the similar tribological properties under the dry condition. Water as
a lubricant for the PI-Si;Nj, tribopair pairs effectively reduces both friction coefficients by 35.5% and wear rates
by 32%. The water absorption of PI induces better tribological properties by changing the tribopair surface
properties. In addition, the dimples appearing on the PI tribopair surface under water generate additional
hydrodynamic lubrication and further improve the friction properties of surface. The PEEK-Si;Ny tribopair
shows similar friction coefficients under two kinds of environments. The wear rates under water are
approximately more than two times of that under dry sliding. However, water inhibits the appearance of the
crush phenomenon and enhances the carrying capacity of the tribopair. Energy dispersive spectroscopy and
X-ray diffraction spectra demonstrate no chemical corrosion. The 3D profiler and SEM morphologies illustrate
that the transfer film would be formed from the surface of PEEK under water but hindered under dry friction.
Overall, the PI-5i;N, tribopair exhibits better properties than PEEK under water and is promising for future
applications in the bearing industry.

Keywords: PEEK; PI; aqueous lubrication; dry friction; tribological properties; ceramic bearing

1 Introduction

Engineering plastic with excellent properties of
mechanics and tribology and outstanding resistance
to high temperature, chemical corrosion, and radiation
is a kind of potential bearing material. PEEK and PI
[1-5] are two kinds of widely used engineering
polymer materials as roller bearing cages and rings in
ceramic bearings [6-8]. Ceramic bearings are developed
for industrial applications under extreme and special
operating conditions in water.

The molecular structure of PEEK makes it not only

* Corresponding author: Bin LIN, E-mail: linbin@tju.edu.cn

own a high fracture toughness, high strength, superior
corrosion, and excellent resistance to high temperature
hydrolysis, but also possesses excellent biocompatibility
and tribology properties [9-10]. Zalaznik et al. [13]
investigated the influence of different processing
temperatures on the properties of pure PEEK. The
results of the dry-sliding tribological tests, hardness
measurements, and X-ray diffraction (XRD) analyses
show that the processing temperature greatly influences
the hardness and the crystallinity of PEEK, which in
turn affects the tribological behavior. Koike et al. [14]
investigated the wear of the PEEK radial ball bearing
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composed of a PEEK ring, a PTFE composite retainer,
and alumina balls. They found that the PEEK-PTFE
adhesion film dramatically improved the wear and
rotational performance of the bearing. Greco et al. [15]
focused on the effect of the reinforcement morphology
on the high-speed sliding friction and wear of PEEK
polymers. Meanwhile, Theiler et al. [16] investigated
the sliding performance of the PEEK composites in a
vacuum environment.

PI shows excellent tribological properties, especially
under conditions of high pressure, high temperature,
high speed, and other extreme environments [11-12].
Guo et al. [17] studied the structural and chemical
properties of polyimide ablated by a femtosecond laser.
Liu et al. [18] concluded that the wear rate increased
with the increase of the proton and combined radiation
time and decreased with the electron radiation con-
ditions. Samyn et al. [19] studied the effect of the
processing method on the dry sliding performance of
polyimides at high load/high velocity conditions. Jia
et al. [20] conducted a comparative investigation of
the friction and wear behavior of polyimide composites
under dry sliding and water-lubricated condition.

During the past decades, different additives, except
the modification of surface properties [21-30], were
added into PEEK or PI to improve tribological
properties. Many researchers conducted various
experiments to investigate the friction coefficient
and wear rate of various conditions, providing com-
prehensive mechanisms of friction and wear at different
conditions. Yang and Dong [31] studied the tribological
behavior and mechanical properties of PEEK-filled
PTFE composites, which were investigated using a
scanning electron microscope (SEM). Huang et al.
[32-34] studied the friction and wear properties of
the PI composites filled with PTFE and MoS, sliding
against 45 steel, nickel-chromium alloy, copper, and
aluminum under the dry sliding friction condition.
The Pl-based composites filled with various solid
lubricants and reinforced with carbon fiber prepared
by compression molding sliding against stainless steel
registered lower friction coefficients and wear rates
in water than in air. Samyn et al. [35] comprehensively
investigated the tribological behaviors of a polymer—
metal friction pair at different sliding velocities and
loads.

Notably, tribological properties and wear mechanisms
are closely related to material properties and external
condition. The abovementioned researches mainly
focused on the composite-steel triobopair [36-38], but
there is little knowledge about the wear and friction
behaviors of the trio-couple comprising composite
materials and Si;N, ceramic [39]. Hence, the tribological
properties of triobopairs formed by PEEK and PI
composite materials with the Si;N; ceramic material
will be studied in this paper. Water is used as a
green lubricant to replace mineral oil and vegetable
oil because of its low cost, flame retardancy, easy
availability, and environmental friendliness [40]. Some
friction and wear experiments of different composite
materials under water lubrication have been conducted
[41-48]. Tomizawa and Fisher [49] found that the
friction coefficient between the Si;N, ceramics with
water lubrication became less than 0.002 after a
running-in process, making it the first study to see
that water used as a lubricant could achieve superlu-
bricity [50]. Chen et al. [51] first introduced nano-
particles into the field of water-based superlubricity.
Furthermore, the study of friction reduction and
improvement of the mechanical efficiency and life in
bearings under water lubrication are a major significant
research.

Above all, this study focuses on the influence of a
water-lubricated condition on the tribological properties
of polymer—ceramics tribopairs to guide the application
and popularization of ceramic bearings.

2 Procedure and specimens
2.1 Principle and procedure

The lubrication condition, normal load, and sliding
velocity were the main variables considered [52]. The
ball-on-disk form [53-56] was adopted on a ball-on-
disk tribometer (MMW-200). The test lubricant was
deionized water. The ball-on-disk tests were conducted
in dry lubrication to set the contrast lubricating
tests. A Si;N, ball under a settable normal load F was
placed on the surface of the rotating disk specimen
under a certain w. The test conditions were selected
based on a series of low-load experiments of the effect
of load on wear for the lubrication environment. The
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results of these wear-in tests showed that the wear
rate was too small to be almost impossible to measure
under a lower load. The wear rate correspondingly
increased as the load increased. A load of 30 N was
considered in our experiment to be the conventional
condition, whereas a load of 120 N was the extreme
condition. Extreme load was chosen to test the
polymers’ performance in extreme conditions and more
comprehensively reflect their performance. Hence,
the normal load value was set as 30N, 75 N, and
120 N. The relative sliding distance was generally
kept at 1,800 m to ensure that the tribopairs achieve a
stable lubrication state. Therefore, the running time will
be set according to linear speeds of 0.25 m/s (7,200 s),
0.5m/s (3,600s), and 1m/s (1,800 s) to explore the
effect of velocity. The test settings were shown in the
test schedule (Table 1).

2.2 Specimens and theory

The specimens used in the tests were provided by
China National Machinery Industry Corporation. The
initial surface roughness was 0.03 pm, and the Si;N,
ball diameter was 9.525 mm. Tables 2 and 3 show the
specimen properties.

Table 1 Test schedule.

Test Experimental factors
No. | oad (N) Sliding velocity (m/s) Lubricant
1 Dr
0.25 y
2 Water
3 Dr
30 0.5 y
4 Water
5 1 Dry
6 Water
7 Dr
0.25 y
8 Water
9 Dr
75 0.5 y
10 Water
11 1 Dry
12 Water
13 Dr
0.25 y
14 Water
15 Dry
120 0.5
16 Water
17 1 Dry
18 Water

Table 2 Properties of SizN, ball.

Properties SizN, ball
Vickers hardness (HV) 1,580
Fracture toughness (MPa-m*?) 6.0
Bending strength (MPa) 900
Density (g/cm?) 35
Initial roughness (um) 0.014

Table 3 Properties of PEEK and Pl composite materials.

Properties PEEK Pl
Vickers hardness (HV) 144 122
Tensile strength (MPa) 17 16
Compressive strength (MPa) 38 40
Distortion temperature ("C) 102 350

Energy dispersive spectroscopy (EDS) was performed
at different locations to ascertain the elemental
constituents of the different phases presented in the
microstructure. The typical EDS spectrum of the disks
observed in Figs. 1 and 2 further verified the presence

Fig. 1 Typical EDS spectra of PEEK disk at different locations.

Fig. 2 Typical EDS spectra of Pl disk at different locations.

| https://mc03.manuscriptcentral.com/friction
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of the specimens. As shown in the figures, the PEEK
composite materials used in this test were modified
by self-lubricating PTFE particles and the PI modified
by a certain percentage of PTFE and MoS,.

The specimens were ultrasonically cleaned in
industrial alcohol for 15 min before every experiment,
then ultrasonically cleaned again in acetone for 15 min
before thoroughly washing with deionized water and
drying in an oven.

The friction coefficient curves were automatically
recorded by a tribometer. The wear rate (w) was
determined using the following volume method [57].
The wear volume of the ball and the disk was expressed
using the two following equations:

nx D!
* 32D,

@™

where V,, (mm?), D, (mm), and D, (mm) stand for the
wear volume, wear scar diameter of the ball, and ball
diameter, respectively.

@)

v, = mx(mj

4

where V; (mm?®) and R (mm) are the wear volume and
the sliding radius of the disks respectively, and S;, S,,
S;, and S, are the cross-section areas of the disk wear
scar in four measurements.

The wear rate (w) was determined by the following
equation:

where V (mm?®), d (m), and F (N) are the wear volume
of the ball or disk, sliding distance, and normal load,
respectively.

3 Results and discussions
3.1 Real-time friction coefficients

The ball and disk relatively slid when the motor
rotated. The friction coefficient was automatically
recorded with a real-time data acquiring system linked
to the tribometer. The friction coefficients during the
whole test were plotted as a function of the sliding
distance in Figs. 3 and 4 for different lubrications when
the sliding velocity was set as constant (0.5 m/s). The
steady-state friction coefficient under all test conditions
mostly ranged from 0.114 to 0.03.

Notably, the friction coefficients of the PI-Si;N,
tribopair under water in the following figures had an
obvious reduction before a sliding distance of 600 m,
then approximately trended to be stable. The PI-Si;N,
tribopair showed significant lower friction coefficients
in water than that under the dry friction. Taking
120N as an example, PI obtained the minimum
value of the friction coefficient (i.e., 0.026) in water.
Compared with PI, water generated little influence
on the PEEK-Si;N, tribopair. The minimum value of
the friction coefficient was 0.0425.

3.2 Steady-state friction coefficients

Figures 5 and 6 show the steady-state friction coeffi-
cients of PEEK and PI as a function of the load and the

w=— ®)
Fd sliding velocity in different lubrications, respectively.
0.14
Sliding velocity = 0.5 m/s
0.12
— 30 N (Water lubrication) 30 N (Dry friction)
M
&) 1 X JY
0 300 600 900 1,200 1,500 1,800

Relative sliding distance (m)

Fig. 3 Friction coefficient of PEEK as a function of relative sliding distance for different conditions.
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Figure 5 shows that the PEEK coefficients under
water were almost equal to those under dry friction.
The results indicated that the tribological performance
of the PEEK-5i;N, tribopair was not improved under
water. Moreover, the friction coefficients of PEEK
exhibited a tendency to decrease with the increasing
loads. The sliding velocity at medium and high loads
exhibited a slighter effect on the friction coefficients
compared to the load. These findings showed that the
load became the main factor of the friction coefficients
instead of the speed, thereby agreeing with the results

Fig. 4 Friction coefficient of Pl as a function of relative sliding distance for different conditions.
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T T T T T T T T T
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Fig. 5 The steady-state friction coefficients of PEEK-Si3N,
tribopair at dry-friction and water-lubricated conditions under
different loads and sliding velocities.
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Fig. 6 The steady-state friction coefficients of PI-SizN, tribopair
at dry-friction and water-lubricated conditions under different loads

and sliding velocities.

of the regression analysis from Satapathy [58].

Figure 6 illustrates the typical friction coefficient
values of PI under different lubrications. A comparison
of all the conditions showed that the friction coefficients
under water were smaller than those under dry friction,
indicating that the tribological performance of the
PI-Si;N, tribopair could be improved under water.

The load for the PI tribopair was the main factor of
the friction coefficients instead of the speed under
dry friction. This result was similar to that of the
PEEK tribopair. However, the coefficients were almost
unaffected by the loads and decreased with the
increase of the sliding velocities under water. In other
words, water could weaken the effect of the load on
friction while enhancing that of the sliding velocity.

3.3 Wear rates

The hardness of the Si;N, ball was far greater than
that of the PEEK and PI disks. Hence, the wear volume
losses of the ball were too little to be measured. So in
this paper only wear rates of disks are analyzed and

| https://mc03.manuscriptcentral.com/friction
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discussed under the influence of different conditions.

Figure 7 shows the specific wear rates of the PEEK-
Si;Ny tribopair varying with the setting conditions.
Please note that the substrate irregular wear occurred
on the PEEK disk surface at 120 N and 1 m/s. Hence,
the wear rates were not measured. The wear under
water was much more severe than that under dry
friction, which was pretty consistent with Mens [59].
He also found that these effects may well be caused
by the water penetration into the surface zones of
the polymers, causing a corresponding decrease in
the “strength” of the polymer surface zone under com-
bined normal and tangential loading conditions. Taking
0.5m/s from Fig.7 as examples, the values of the
wear rates were 24.8 x 107 and 57.8 x 107 mm?/(N-m)
at 30 N under dry and water, respectively, showing an
increase of 2.3 times. Similarly, the values increased
for approximately 2.9 and 2.7 times at 60 N and 120 N,
respectively.

The wear rates of PEEK increased with the increas-
ing loads under dry friction. Salant [60] found the
same phenomenon. The adhesive wear at a low load
occupied the main position. We may learn from Unal
[61] that the deformation of the material caused
damage when the load increased. The wear rate then
increased. The same tendency occurred under water.
The wear rates slowly descended with the velocity
increase, which was attributed to the plastic flow
acceleration caused by softening and melting on the
composite surface proposed by Jia [62].

Load(N) o o o & £ 4 & & &
900 T T T T T T T T T

800 _ Il Dry friction
| [_Jwater lubrication

700

600 |-
500 |-

400 -

300 -+ T T

200 |-

Wear rates (x10° mm®*/(N-m)) (PEEK)

100 -

Sliding velocities (m/s)

Fig. 7 The wear rates of PEEK at dry-friction and water-lubricated
conditions under different applied loads and sliding velocities.

Figure 8 shows the specific wear rates of the PI-Si;N,
tribopair. The obvious difference from the PEEK-5i;N,
tribopair was that the PI-Si;N, tribopair under water
acquired less wear rates than under dry friction. From
the nine experiment samples, we could calculate
that the wear rates in the water reduced by 32% on
average. The minimal wear rate 26.6 x 10°° mm?/(N-m)
occurred at 30 N and 1 m/s under water. A reasonable
interpretation could be that water reduced the friction
surface temperature and further reduced the wear
caused by the material softening due to heat, which
was supported by Unal [61]. Similar to the PEEK
tribopair, the wear rates of the PI tribopair exhibited
a tendency to decrease with the decreasing loads or
the increasing sliding velocities under dry friction.
The same tendency occurred under water lubrication.
As is also known from Unal [61], fatigue wear was
the main wear mechanism under dry condition, and
the tribological performance was improved evidently
in water.

From the numerical point of view, the wear property
of the PEEK tribopair could be slightly better than
PI under “no water” condition. However, water
exacerbated the PEEK tribopair wear, but relieved the
PIL Taking 0.5 m/s as an example, the wear rate values
were 227.6x107 and 85.9 x 10 mm?/(N'm) at 30 N for
the PEEK and PI tribopairs, respectively. These values
showed a reduction of 2.6 times for PI tribopairs.
Similarly, the values reduced by 1.7 and 3.9 times at
30 N and 120 N in water, respectively.

LoadN) o © & o P P& &
900 — T

g00 | I Dry friction
] water lubrication

700 -
600 —
500 —
400 -

300 |-

Wear rates (x10°° mm*/(N-m)) (Pl)

200

100

0

Sliding velocities (m/s)

Fig. 8 The wear rates of Pl at dry-friction and water-lubricated
conditions under different applied loads and sliding velocities.
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3.4 3D profiler micrograph analysis of wear surfaces

Figures 9 and 11 show the 3D micrographs of the
wear surfaces of the PEEK and PI composite materials
after the experiments. Figures 10 and 12 show the

2D cross-sectional profiles of the wear tracks from
PEEK and PI surface. The wear losses for the PEEK
tribopair increased, and the grinding crack widened
and deepened under water. The wear was the main
failure form at the normal working load of 30 N. The

Fig. 9 3-D surface topography of PEEK materials after tests under different lubrications.
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Fig. 10 Cross-sectional profiles of wear tracks from 2-D PEEK
surface topography.

PEEK matrix surface could be crushed and cracked
under dry friction when the load becomes extreme,
such as 120 N. In this case, the shear failures of the
polymers would dominate the material loss. This
situation is beyond the normal working conditions
of the PEEK polymer. Under the water-lubricated
condition, the crack would not appear, and the wear
rate increases. No crack would be observed on the

surface of the PI polymer, for comparison. The wear
was the main failure form. Water made the PI tribopair
acquire less wear rates. Moreover, the values reduced
by 32% on average than that at dry friction. It is worth
mentioning that compared with PEEK, PI could
withstand a greater applied load and sliding velocity
under water. The comparison of the 3D micrographs
between the two tribopairs also demonstrated that
the PEEK tribopair obtained a smoother surface than
PI under water.

3.5 Optical and SEM micrographs of surface wear
tracks on tribopairs

Figures 13-14 show the optical micrographs of the
worn scares of the Si;N, ball and the SEM micrographs
of the worn surfaces of the PEEK and PI disks. Under
dry friction, the PEEK disk surface was bruised, and
a surface slim crack could be observed. The wear
mechanism in this condition was crushing wear. The
reason for this phenomenon could be consistent with
that mentioned by Samyn [35] that the molecular
chains of PEEK do not have enough time to orient
under such conditions, thereby inducing embrittlement,
polymer degradation, and finally a brittle fracture of
the PEEK composite material.

Under the water condition, the scratching pheno-
menon and the slight wear tracks appeared on the
PEEK disk surface, verifying the result and explanation
in Figs.3,5,7, 9, and 10. Notably, the transfer film
could be formed from the PEEK disk surface. The
transfer film would reduce the friction during the
friction process. Compared with the dry friction, water
sped up the transfer of the PEEK surface material,
causing more severe wear rates. In addition, water
inhibited the appearance of the crush phenomenon,
which manifested that water could enhance the
carrying capacity of the PEEK tribopair.

The slight wear tracks for the PI-Si;N, tribopair
could be found on the PI disk under dry friction. The
transfer film could also be observed on the ball.
However, the transfer film was not obvious under the
water condition, and significant dimples appeared on
the surface.

The above data showed that PI had a more sig-
nificant reduction of friction coefficients and wear
rates under water. On the one hand, the PI surface had
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Fig. 11 3-D surface topography of Pl materials after tests under different lubrications.
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Fig. 12 Cross-sectional profiles of wear tracks from 2-D Pl
surface topography.

different degrees of water absorption, which brought
about swelling to reduce the shear strength. The lower
surface strength induced lower friction coefficients,
which was consistent with Refs. [63, 64]. On the other
hand, one reason supported by Jia [65] was that the
PI composite material easily contained a polar amide
group bonding with the water molecules through
hydrogen, which could lubricate the friction surface

Fig. 13 Optical micrographs of SizN, ball sliding against PEEK
disk (a, b) and P1 disk (c, d) after tests under different lubrications.

Fig. 14 SEM micrographs of PEEK disk (a, b) and PI disk (c, d)
after tests under different lubrications: dry environment (a, c) and
water environment (b, d).

and reduce the wear rate by forming an adsorption
water film.

The apparent dimples appeared on the PI tribopair
surface under water after the test. Gao and Luo
proposed that the friction coefficient was closely
related to the surface topography and the lubricant
viscosity. The resulting micro-textured surfaces
significantly reduced the friction of the tribopair

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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contact during hydrodynamic lubricated sliding. The
pits on the surface appeared and grew during the
running-in process [68]. The generation of dimples
on the worn surface was caused by the excessive
wear and peeling of the solid lubricant MoS, added
in the polymer. Moreover, the water absorption of the
PI surface brought about a low shear strength, which
would further aggravate the MoS, peeling.

The dimples in our experiments could be simplified
into a circle, and the average diameter of the dimples
was approximately 35 um (Fig. 15). As reported in
Refs. [66, 67], the surface of the specimens with a
dimple diameter of 40 pm exhibited better lubricating
effects than the untextured surface. The appearing
surface dimples in our specimens also improved the
tribological properties mainly because of their ability
to generate hydrodynamic pressure lubricating effects.
The dimples revealed more potential in improving
the load-carrying capacity and friction properties than
the smooth surface.

3.6 Microstructure analysis based on X-ray
diffraction (XRD)

Some literatures reported that the tribochemistry of
SizN, in a water medium played an important role on
the tribological performance. A typical XRD spectrum
of the composite PEEK and PI was designed to
investigate the possibility with the hypothesis that
the surface chemical corrosion may induce the changed
tribological properties of specimens. Figure 16 shows

Fig. 15 Simplified patterns of Pl surface texture under water
after experiment.

Fig. 16 Typical XRD spectrum of PEEK and Pl materials
after test.

that no new material was generated after the tests.
With reference to Section 2.2, the Si;N, ball hardness
was far greater than that of the polymers. Furthermore,
the wear volume losses of the SizN, ball were too little
to be measured. Hence, the surface chemical corrosion
was not responsible for the main wear mechanism.

5 Conclusions

This study presented the aqueous lubrication of
tribopairs formed by PEEK and PI composite materials
sliding against a Si;N, ceramic. Two kinds of tribopairs
showed different tribological properties. The conclusions
drawn are as follows:

1. Water generates little influence on the PEEK-5i;N,
tribopair, and the minimum of the friction coefficient
is 0.0425. However, the PI tribopair has lower friction
coefficients under the lubricating condition. The
minimum of which is 0.026, which is 41% lower than
the minimum under the dry condition.

2. The wear rates of the PEEK tribopair under
aqueous lubrication are approximately more than two
times of those under dry sliding. Water makes the
PI tribopair acquire less wear rates, and the values
reduce by 32% on average than that at dry friction.

3. The wear surfaces of the PEEK- and PI-Si;N,
tribopairs have no chemical corrosion.

4. Water speeds up the transfer of the PEEK surface
material in the PEEK-5i;N, tribopair, thereby causing
more severe wear rates. However, water inhibits the
appearance of the crush phenomenon.
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5. Compared with those of PEEK, the friction
coefficients and wear rates of the PI tribopair could be
reduced under water. Reasons are listed as following:
(a) the PI surface has different degrees of water
absorption, which brings about swelling to reduce the
shear strength; (b) the polar amide group on the
surface of the PI composite material bonding with
the water molecules easily accelerates the formation
of the lubrication water film; and (c) the dimples
appearing on the PI tribopair surface under water
generate additional hydrodynamic lubrication and
further improve surface the friction properties.

Overall, compared with the PEEK tribopair, PI
could withstand a greater applied load and a higher
sliding velocity under water, making it promising for
future applications in the water-based ceramic bearing
industry.
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Abstract: The chemical mechanical polishing (CMP) process has become a widely accepted global planarization
technology. The abrasive material is one of the key elements in CMP. In the presented paper, an Ag-doped
colloidal SiO, abrasive is synthesized by a seed-induced growth method. It is characterized by time-of-flight
secondary ion mass spectroscopy and scanning electron microscopy to analyze the composition and morphology.
The CMP performance of the Ag-doped colloidal silica abrasives on sapphire substrates is investigated.
Experiment results show the material removal rate (MRR) of Ag-doped colloidal silica abrasives is obviously
higher than that of pure colloidal silica abrasives under the same testing conditions. The surfaces that are polished
by composite colloidal abrasives exhibit lower surface roughness (Ra) than those polished by pure colloidal silica
abrasives. Furthermore, the acting mechanism of Ag-doped colloidal SiO, composite abrasives in sapphire CMP is
analyzed by X-ray photoelectron spectroscopy, and analytical results show that element Ag forms Ag,O which
acts as a catalyst to promote the chemical effect in CMP and leads to the increasing of MRR.

Keywords: chemical mechanical polishing; Ag-doped colloidal silica abrasive; sapphire; material removal rate

1 Introduction

Sapphire possesses excellent optical and mechanical
properties with good corrosion resistance and high
hardness, and is widely used in solid lasers, infrared
windows, semiconductor chip substrates, precision
anti-friction bearings, and other high-tech fields [1-5].
Sapphire is well known as the substrate for gallium
and indium nitride films and is used for fabricating
light emitting diode devices [6]. With the rapid
development of photoelectron technology, impro-
vement of planarization efficiency and the study of
planarization mechanism of sapphire have become
more and more important to meet the increasing
demand of higher surface quality [7]. As is known to
all, sapphire substrates are difficult to be polished for
their physical and chemical properties, such as high
hardness, brittleness and so on. Chemical mechanical
polishing (CMP) is used as one of the most effective

* Corresponding author: Hong LEI, E-mail: hong_lei2005@163.com

ways to produce an atomic-level smooth surface
[8-14].

During the CMP process, the abrasive was the most
important factor that influenced the sapphire quality
[15]. To improve surface planarization and the material
removing rate (MRR) of sapphire, several polishing
abrasives were studied. Xiong et al. [16] adopted silicon
carbide, alumina, and silica sol as polishing abrasives
for CMP on sapphire. Under the same condition, the
results showed the Ra of sapphire polished with silica
sol abrasive was lower than that with silicon carbide
and alumina abrasives. The effect of the hardness of
the abrasives on CMP of (0001) plane sapphire was
researched by Zhu et al. [17], and the results showed
that hard abrasives (such as monocrystalline and
polycrystalline diamond, a-Al,O;) improve MRR of
sapphire, but surface average roughness (Ra) increased.
However, a lower Ra value could be reached by
using silica sol as the polishing abrasive for sapphire,
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but the MRR of sapphire was lower too. It could be
concluded from the above examples that colloidal
silica was widely regarded as the ideal polishing
abrasive for sapphire CMP since it could achieve a
better surface quality, but the MRR of sapphire with
colloidal SiO, as a polishing abrasive still needed
further research.

Silica-based composite particles were paid increasing
attention on because the production process of silica
was controllable and mature to combine with other
materials. Xu et al. [18] reported the slurry of colloidal
silicon dioxide (SiO,) containing Fe-N,/C exhibited
higher MRR than the slurry containing pure SiO,
abrasives in the CMP of sapphire substrates under
the same conditions. Bai et al. [19] synthesized a kind
of core-shell SiO,/CeO, composite abrasive by calcining
of the precursor under appropriate temperature and
was used for sapphire CMP. The MRR decreased since
the silica core had no direct contact with the sapphire
CMP. In our previous work, silica/ceria nano composite
abrasives [20] and alumina/silica core-shell abrasives
[21] were prepared for hard disk CMP. Both showed
high planarization efficiency and better planarization
quality than pure silica abrasives under the same
conditions. The examples above indicated silica-based
composite abrasives resulted in both high planarization
efficiency and good planarization quality. Recently,
several kinds of abrasives were investigated to polish
sapphire substrate, such as Mg-doped colloidal SiO,
abrasives [22] and SiO,/CeO, composite abrasives [19].
To further improve the sapphire CMP performances,
new silica composite abrasives needed to be explored.
In this paper, argentum ions modified silica (Ag-
doped colloidal SiO,) abrasives were synthesized by
seed growth method, and the CMP performances on
sapphire were investigated.

2 Materials and methods

Ag-doped colloidal SiO, abrasives were synthesized
by a seed growth method.

A certain amount of sodium silicate (40 wt%, Jinan
Dewang Chemical Industry Co., LTD, China) was
diluted with water and passed through a column
filled with 2 L of a strong cation exchange resin to
produce silicic acid. During the ion exchange process,

the sodium ions in the sodium silicate solution were
replaced by hydrogen ions gradually. Finally, the
2.5 wt% silicic acid solution was obtained.

2.20 g silver nitrate (AgNO;, Analytical Reagent
(99.8%), Sinopharm Chemical Reagent Co., LTD, China)
was dissolved in 1,395 g DI water to obtain a 0.01 mol/L
silver ion solution. Then, the silver nitrate solution
was mixed with the same weight of silicic acid. Next,
the solution was added in drops into the crystal silica
seed solution (40 wt%, Zhejiang Delixin Micro/Nano
Science and Technology Co., LTD, China) to prepare
a 0.5 wt% Ag-doped silica abrasive. The reaction took
place in a four-neck flask under a 100 °C environment
with constant stirring. During the reaction, sodium
hydroxide (1 wt% NaOH, Analytical Reagent (96%),
Sinopharm Chemical Reagent Co., LTD, China) was
added to the basic solution to adjust the pH. Different
Ag-doped contents of colloidal SiO, abrasives (0.5 wt%,
1.0 wt%, 1.5 wt%) were obtained by adding different
amounts of silver nitrate during the reaction. When
silver nitrate was dropped into the flask, argentum ions
(Ag") of different amounts of silver nitrate combined
with hydroxyl (OH") to form Ag,O with different con-
tents (0.5 wt%, 1.0 wt%, and 1.5 wt%) (2Ag*" + 20H" =
Ag,0 + H,O). The experimental flow chart was shown
in Fig. 1.

After the preparation of the slurry, it was used to
polish the sapphire substrate. The substrate (sapphire
crystals, Jiangsu Haohan Sapphire Science and
Technology Co., LTD, China.) with ¢ (0001) orientation
was @ 50.8 mm. The CMP experimental was performed
on UNIPOL-1502 polishing equipment (Shenyang
Kejing Instrument, Co. Ltd., China) with a Rodel

Fig. 1 The experimental flow chart of modified silica.
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porous polyurethane pad. Then the sapphire was
polished for 2 hours under 6 kg pressure with 60 rpm
rotating speed and 180 mL/min slurry flow rate.

The Ag-doped colloidal SiO, was inspected with
a scanning electron microscopy (SEM), time-of-flight
secondary ion mass spectroscopy (TOF-SIMS), and
X-ray photoelectron spectroscopy (XPS).

The SEM observations were performed with a
JEOLJSM-6700F field emission scanning electron
microscope with a voltage of 15.0 kV.

Elementary analysis of the modified silica was
measured by time-of-flight secondary ion mass spec-
troscopy (TOF-SIMS, Model2100 Trift IT) with a pulsed
gallium ion beam with the energy of 15kV. The
analytical region was 200 pm x 200 um and post
acceleration was 5 kV/5 kV (+/-).

Mechanism analysis was characterized by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi,
0.45 eV energy resolution and 3um spatial resolution).
XPS spectra were obtained by using focused mono-
chromatized Al K radiation (hv = 1,486.6 eV). The
binding energy of Cls (284.6 eV) was used as reference.

The sapphire substrate was subjected to the MRR

and surface average roughness (Ra). The MRR and
Ra were the important factors to evaluate the per-
formance of the slurry on sapphire under the same
conditions. The Ra and polishing surface topography
were measured by an Ambios XI-100 surface profiler
(Ambios Technology Corp., USA, ZYGO) with a
vertical resolution of 0.1 A in texture modes. The
measuring area was 500 pm x 500 pm. The depth of
focus was 3.0 um, the working distance was 7.4 mm,
and the numerical aperture was 0.3. The mass of the
sapphire substrates was measured by the analytical
balance and all data were the means of four tests. The
equation below was used to calculate the MRR.

MRR=10°Am/(pmd*t) )

(MRR—material removal rate (um/h); m—mass of ma-
terial removed (g); p—density of sapphire, 3.98 g/cm?;
d—diameter of sapphire, 50.8 mm; t—polishing time, 2 h)

3 Results and discussion

After the modification process, the colloidal silica
particles, shown in Fig.2(a), and Ag-doped silica

Fig. 2 The SEM images of colloidal silica abrasives and Ag-doped silica abrasives: (a) colloidal silica abrasives, (b) 0.5 wt% Ag,0,

(c) 1.0 wt% Ag,0, and (d) 1.5 wt% Ag,0.
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abrasives with various contents of Ag,O, shown
in Figs. 2(b), 2(c), and 2(d), were observed by SEM.
All particles were mono-dispersed with spherical
appearance and were similar to the SiO,/CeO, com-
posite abrasives [19] and Mg doping colloidal SiO,
abrasives [22].

To investigate whether the element Ag was absorbed
into the abrasives, the colloidal silica abrasive and the
modified silica abrasives were analyzed by TOF-SIMS
(Fig. 3) to study the element composition of the com-
pound which was an effect way to investigate the
component of the abrasives. In Fig. 3, the X axis was
the relative atomic mass, and the Y axis represented
the intensity of the element in the sample. The
argentum peak in Fig. 3(b) showed the evidence of
surface modification of colloidal silica via this process
by comparing it with Fig. 3(a).

Fig. 3 TOF-SIMS spectrum of the colloidal silica abrasive (a) and
Ag-doped colloidal silica abrasive containing 1.5 wt% Ag,0 (b).

Figure 4 showed the relationship between the MRR
and the mass content of Ag,O. With an increased
content of Ag,0, the MRR increased rapidly. The MRR
increased steeply from 0.324 pm/h to 0.724 um/h
when the content of Ag,O ranged from 0 to 1.5 wt%.
The MRR of sapphire substrates polished by pure
colloidal SiO, abrasive was 0.324 um/h. When the
content of Ag,O reached 1.5 wt%, the MRR was two
times greater than pure colloidal SiO, abrasive. In
other words, the prepared Ag-doped colloidal SiO,
composite abrasives possessed a higher MRR than
pure colloidal SiO, abrasives. Meanwhile, when it was
compared with the SiO,/CeO, composite abrasive [19]
and Mg-doped abrasive [22], the MRR of Ag-doped
abrasive (0.724 um/h) was much more than the SiO,/
CeO, composite abrasive (0.295 pm/h) and Mg-doped
abrasive (0.617 um/h). Ag-doped abrasive exhibited
much better CMP performance on the MRR than the
other two.

Surface roughness of sapphire was presented in
Fig. 5. It was observed in Fig. 5 that surface roughness
decreased linearly with the mass content of Ag,0O
ranging from 0 wt% to 1.5 wt%. All Ra values of
sapphire substrates polished by slurries containing
Ag-doped silica composite abrasives obviously
decreased when compared with the pure silica abrasive
under the same testing conditions. When the content
of Ag,O reached 1.5 wt%, the sapphire substrate had
the minimum value (0.854 nm). The result of the

Fig. 4 The relationship between MRR and the mass content of
Ag,0 in abrasives (red line is the error bar).
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Fig. 5 The relationship between Ra and the mass content of
Ag,0 in abrasives (red line is the error bar).

MRR and Ra suggested that colloidal silica abrasives
after Ag modifying not only increased the removal
rate but also improved the surface quality.

Figure 6 showed the surface morphology analysis
of the sapphire substrate. It was performed by the
AMBIOS TECHNOLOGY XI-100 Optical Surface
Profiler. The surface morphology of the sapphire
substrate before polishing was shown in Fig. 6(a).
Figure 6(b) depicted surface profiles of sapphire
polished by colloidal silica abrasives. Figure 6(c) depicted
surface profiles of sapphire polished by Ag-doped
colloidal silica with the mass content of 1.5 wt% Ag,O
in abrasive. In Fig. 6, it was obviously that Figs. 6(a)
and 6(b) demonstrated wavier behavior than Fig. 6(c)
whose surface was smoother and the topography
fluctuation could hardly be observed. The peak-valley
values of Figs. 6(a) and 6(b) were bigger than Fig. 6(c).
A better surface could be reached by using Ag-
doped colloidal silica abrasive to polish the sapphire
substrate.

To further study the removal mechanism of sapphire,
the Ag-doped colloidal silica containing 1.5 wt% Ag,O
after polishing was subjected to XPS in Fig. 7. After
the slurry was dried in the oven, the residuum was
ground into powder in the agate mortar. Finally, it was
analyzed by XPS.

The XPS spectrum of element Si 2p, Al 2p, and
Ag 3d was presented above. The binding energy of
various substances was displayed in Tables 1-3. The
black line was the real total intensity measured by

Fig. 6 Surface profiles of sapphire (a) before polishing (Ra =
3.62 nm), (b) polished by colloidal silica (Ra = 2.24 nm), and
(c) polished by Ag-doped colloidal silica containing 1.5 wt% Ag,0O
(Ra=0.85nm).

XPS test, and the green line was the total intensity after
curve fitting by using the Thermo Avantage software.
The overlap ratio between the real result (black line)
and the fitting result (green line) contributed to more
accurate measurement results.
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In Fig.7, the peak at the binding energy (BE) of
102.3 eV (Fig. 7(a)) corresponded to Si 2p of SiO,,
which were the fundamental particles of the slurry [23].
The BE at 103.1 eV (Fig. 7(a)) was in conformity with
Si 2p of ALSiOs here. At the same time, the peak at

Fig. 7 XPS spectra of element Si, Al, and Ag in abrasives con-
taining Ag-doped colloidal SiO, with 1.5 wt% Ag,0 after polishing:
(a) Si 2p, (b) Al 2p, and (c) Ag 3d.

Table 1 Binding energy of Si 2p.

Chemical state Binding energy (eV)

Al3NsO3Si3 101.7
SiO, 102.3
Al,SiOg 103.1
Table 2 Binding energy of Al 2p.
Chemical state Binding energy (eV)
Al,O4 72.73
Al3Ns03Si3 74.50
Al,SiOg 74.91
AI(OH); 75.77
AIOOH 76.63
Table 3 Binding energy of Ag 3d.
Chemical state Binding energy (eV)
AgO 367.3
Ag,0 368.6

74.91 eV in Fig. 7(b) which corresponded to Al 2p of
AlLSiO:s. This situation showed that S5iO, might react
with the sapphire, and ALSiOs might be the product.
The possibility of chemical reaction during the CMP
process was as follows:

SIOZ + A1203 = AlelO5 (2)

That guess was proven by Vovk who revealed that
aluminum silicate with the composition ALSiOs could
be formed on the polished surface and the silicon-
containing near-surface layer thickness was about
20 nm [24]. The CMP process occurred on the surface
activated by the destruction of interatomic bonds after
an amorphous silicon-containing layer was removed
under the mechanical frictional action of silica particles
on sapphire surface.

In Fig. 7(b), the peaks at the BE of 75.77 eV and
76.63 eV of Al 2p XPS spectra were intermediate pro-
ducts (AI(OH); and AIOOH). The forming process
could be described as

ALO; + H,0 = 2AI00H 3)
AIOOH + H,0 = AI(OH), @)

In addition, the peak at BE of 74.50 eV in Fig. 7(b)
corresponded to Al 2p of Al;NsO;Si;, the peak at BE
of 101.7 eV in Fig.7(a) corresponded to Si 2p of
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Al3NsO;5i; [25]. In Fig. 7(c), the Ag 3d peak met with
AgO at 367.3 eV. The peak at BE of 368.6 eV (Fig. 7(c))
corresponded to Ag,O. Compared with the colloidal
silica, Ag-doped colloidal silica abrasives were more
effective on sapphire CMP. However, argentum did
not form the new compound during the CMP process
as referred to Fig. 7(c). Therefore, argentum might act
as a catalyst to accelerate the reaction between sapphire
and Ag-doped colloidal silica. The equations were
deduced as follows:

2Ag* +20H = Ag,0 + H,0 )
35i0, + 3AI00H + 5NO; + 20Ag,0 + H,0 =

ALN:O,Si; + 4AgO + 50H" 6)

2Ag0 + H,0 + 2" = Ag,0 + 20H @)

Compared to polishing with pure silica abrasive,
Ag-doped colloidal SiO, abrasives had a great enhan-
cement in MRR and Ra which could be explained
by the chemical equations above. The addition of
argentum ions could promote the reaction between
abrasives and sapphire.

4 Summary

Ag-doped colloidal SiO, abrasives were synthesized
by a seed-induced growth method. The Ag-doped
colloidal SiO, abrasive was effective and improved
polishing performance of sapphire. At the content of
1.5 wt% Ag,O, the MRR was two times greater than
the pure SiO, abrasive. The Ra decreased from 3.62 nm
to 0.85 nm. During the polishing process, Ag,O was
formed and acted as a catalyst to accelerate the reaction
between the slurry and sapphire during the CMP
process.
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Abstract: The present study synthesized Cu—4 wt% Ni matrix composites reinforced with different percentages
of TiC (0, 2, 4, 6, and 8 wt%) through high-energy ball milling, followed by compaction and sintering. The
friction and wear behavior was examined at four different normal loads of 5, 10, 15, and 20 N. A constant
sliding speed of 1.25 m/s was maintained while sliding against a hardened counterface made of EN31 steel
(HRC 60) under ambient conditions using a pin-on-disk test rig. The composite hardness increased until the
addition of 4 wt% of TiC, beyond which it was observed to decrease. Such a trend may be attributed to the TiC
agglomeration in the composites containing relatively larger amounts of TiC (i.e., 6 and 8 wt%). The wear rate
linearly increased with the load. However, the composites exhibited a lower rate of wear than the matrix alloy,
which may have resulted from the relatively higher hardness of composites. The observed friction and wear
behavior has been explained on the basis of hardness and presence of the transfer layer on the worn surface
and its nature, i.e., loose or well compacted. Addition of 4 wt% TiC showed the optimum performance in terms
of friction and wear caused by its higher hardness and ability to hold a transfer layer of a relatively larger
thickness compared to the other materials. The wear mechanism for the Cu4Ni matrix alloy was a mix of
adhesive and oxidative wear and primarily abrasive for the composites containing hard TiC particles.

Keywords: sliding wear; composites; TiC particles; friction

1 Introduction

Metal matrix composites (MMCs) have attained growing
importance because of their potential applications
in the automobile, aerospace, sporting goods and
general engineering industries due to their excellent
properties (e.g., high specific strength, elastic modulus,
specific stiffness, desirable coefficient of thermal
expansion, elevated temperature resistance, and superior
wear resistance) [1]. Discontinuously reinforced MMCs
are endowed with properties, such as low fabrication
cost and utilization in various industrial purposes
[2—4]. Copper-based MMCs are promising materials
because of their excellent thermo-physical properties.
They are also being used in several industrial appli-
cations, such as in brush and torch nozzle materials,

* Corresponding author: Pushkar JHA, E-mail: pj.rs.mec@iitbhu.ac.in

electrical sliding contact materials in homopolar
machines, and railway overhead current collector
systems, where good wear resistance at a reasonable
level of electrical conductivity is the prime requirement
[5, 6]. Several processing techniques, including powder
metallurgy, casting, and infiltration techniques, have
been developed and are being used to synthesize
MMCs [7]. However, the powder metallurgy route
has an edge over liquid-processing methods because
it overcomes the problems of porosity, non-uniform
distribution of reinforcing particles, and unwanted
chemical reactions, which are a part and parcel of the
casting route. It also results in the production of good
quality products, particularly, when the ceramic
particles are reinforced into the matrix material [8].
The agglomeration of the reinforcement particles in
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the matrix, particularly in the case of small-sized
reinforcement particulates, can be prevented by
mechanical alloying that involves repeated defor-
mation, cold welding, and fracture of powder using
high-energy ball milling and further leads to a
homogeneous distribution of the reinforcement phase
in the matrix [9].

Researchers have reinforced various oxides, carbides,
and borides in copper to enhance its mechanical and
wear resistance properties [10-13]. Among these rein-
forcements, titanium carbide is considered attractive
because of its higher modulus, hardness, and melting
temperature [14]. TiC particles reinforced with copper-
based composites have recently been explored because
of their numerous industrial applications in electrodes,
switches, motors, etc. [15-19]. Ni is used in the present
investigation as a binding agent between Cu and
TiC [20].

A critical review of the literature presented above
clearly reveals that various studies were conducted
on the mechanical and physical properties of Cu-

based composites containing different reinforcements.

However, only limited investigations were made
toward understanding the friction and wear behavior
of TiC-reinforced Cu-based composites. Hence, the
present study aims to highlight the Cu-based com-
posites through high-energy ball milling, followed by
compaction and sintering containing different amounts
of TiC particles. The main focus of the investigation
is to evaluate and understand the friction and wear
performance of the synthesized composites containing
different amounts of reinforcement by performing
dry sliding wear tests using a pin-on-disk tribometer
under different normal loads of 5, 10, 15, and 20 N
and maintaining a constant sliding speed of 1.25 m/s.
The exploration equally attempts to study the effective
mechanisms of wear taking place in the present
circumstances.

2 Experimental procedure

2.1 Materials

Copper and nickel with 99% purity (Loba Chemie
Pvt. Ltd., India) having an average particle size of
200 mesh and TiC particles (325 mesh, 98%, Sigma
Aldrich, Germany) as the reinforcement were used

to make the Cu—4 wt% Ni—x wt% TiC (x =0, 2, 4, 6,
and 8) metal matrix composite. These composites
were designated as Cu4Ni, Cu4Ni—2TiC, Cu4Ni-4TiC,
Cu4dNi—6TiC, and Cu4Ni-8TiC, respectively. Formulated
composite powders were ground in a high-energy
ball mill for 120 min at 400 rpm in the presence of
toluene, which acted as the process control agent and
restricted the generation of intermetallic compounds.
Hardened stainless steel vial was used to seal the
powders, and the ball-to-powder ratio was 10:1. The
high-energy wet ball milling was rested periodically
for every 20 min, then resumed for another 20 min to
avoid overheating. The ground mixes were compacted
by cold uniaxial pressing in a rigid cylindrical die at
an optimized pressure of 650 MPa. For the friction-free
punch movement, stearic acid was applied on the
inner surface of the die as a lubricant. The compacted
samples measured 12 mm x 11 mm. Green pellets were
sintered in an argon atmosphere at an optimized
sintering temperature of 850 °C for a soaking time of
60 min.

2.2 Characterization

The phase evolution of the sintered composites was
studied using a Rigaku Desktop Miniflex II X-ray
diffractometer with Cu-Ka (A = 15.406 nm). The com-
posite microstructure was examined using a ZEISS
(model no. EVO/18) scanning electron microscope
(SEM) equipped with energy dispersive spectroscopy
(EDS). The sintered density of the samples was
measured using Archimedes’ principle. The Vickers
micro-hardness test was performed for 15 s using a
Vaiseshika electron micro-hardness tester (DHV-1000)
with a load of 100 g. A minimum of ten different
measurements was taken. The average value of the
micro-hardness was reported accordingly.

2.3 Friction and wear tests

The friction and wear tests were conducted according
to the ASTM G99-05 standard using a pin-on-disk
tribometer (Magnum Engineers, Bangalore, India)
with a counterface of the EN31 steel hardened to
60 HRC at an ambient temperature. Figure 1 shows a
schematic diagram of the pin-on disk wear tester. The
pin-shaped specimens were ground with a 800-grit
SiC paper prior to the wear test. The applied normal
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Fig. 1 Schematic of pin-on-disc wear test machine.

loads were 5, 10, 15, and 20 N, and the sliding speed
was fixed at 1.25m/s. The total sliding distance
covered during the wear test was 2,250 m. The weight
loss during the wear test of each specimen was
measured prior to and after the test using an electronic
balance with an accuracy of 0.1 mg. Meanwhile, the
volume loss of the samples was calculated through
weight loss divided by Archimedes’ density of the
material. The control panel equipped with the
tribometer displayed the frictional force. The same was
used to calculate the friction coefficient by dividing it
by the normal load. Each test for a particular condition
of load and speed was conducted thrice. The average
value of three tests was reported in the present
investigation. The worn surface of the specimens was
subjected to SEM and EDS analyses to explore the
nature of the wear mechanism.

3 Results and discussion
3.1 Microstructural characterization

Figure 2 shows the X-ray diffraction patterns of
the matrix alloy and the TiC-reinforced composites
revealing the occurrence of the Cu and TiC peaks,
which indicated that no intermetallic compounds or
other oxide phase formation took place during the
sintering process. The spectra also evidently illustrated
that the TiC peaks became distinct only beyond a
certain amount of its addition. The peaks corres-
ponding to the presence of Ni could not be detected
in the spectra because it goes into making a solid
solution due to complete solubility in copper.

Figure 3 presents the SEM morphology of the Cu4Ni
matrix alloy and the other composites developed via
high-energy ball milling followed by compaction and

Fig. 2 XRD patterns of Cu4Ni—x wt% TiC (x =0, 2, 4, 6 and 8)
composites sintered at 850 “C.

sintering. The micrographs showed light and dark
gray areas and sharp-edged particles representing
copper, porosity, and TiC particles, respectively. The
TiC particles appeared to be uniformly distributed in
the matrix alloy, as seen from Figs. 3(b) to 3(e). No
cracks could be observed in the micrographs. A uniform
distribution of the reinforced particles resulted in the
improvement of the composites’ mechanical properties
[21]. Furthermore, the addition of a relatively higher
amount of TiC particles may result in the agglomera-
tion leading to the formation of pores in the com-
posites, which could also be observed from the
micrographs in Figs. 3(b)-3(e) in round circles [22].
The agglomeration can be seen in the inset of Fig. 3(e).
Figures 4(a) and 4(b) present the EDS analysis of the
marked portion of the micrographs: (a) Cu4Ni-4TiC
and (b) Cu4Ni-8TiC. The EDS analysis in Fig. 4(a)
clearly demonstrated that the Cu, Ni, Ti, and C peaks
appeared in the EDS spectra, whereas those of Ti
and C appeared in the EDS spectra in Fig. 4(b). The
TiC was present in the composite, and no oxygen
peak was observed in the spectra, suggesting that no
oxidation occurred during the sintering process.

3.2 Density and micro-hardness behavior

Figure 5 depicts the effect of the TiC addition on
the matrix alloy density. The density enhanced to
7.96 gm/cm® when the TiC content was 4 wt% and
deteriorated, afterward. A decrease in the density with
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Fig. 3 SEM micrographs of (a) Cu4Ni matrix alloy, (b) Cu4Ni-2TiC, (c) Cu4Ni-4TiC, (d) Cu4Ni-6TiC, and () Cu4Ni-8TiC.

Fig. 4 EDS analysis of the marked portion of the micrographs (a) Cu4Ni-4TiC and (b) Cu4Ni-8TiC.

the increasing amount of TiC may be attributed to the
TiC particle agglomeration, which promoted the pore
formation and resulted in a reduced density [22].

The variation of the micro-hardness with the TiC
content depicted in Fig. 6 showed that the hardness
of the composite increased with the addition of TiC

until 4 wt%, beyond which, it started decreasing.
Relatively higher hardness values were obtained for
4 wt% TiC-reinforced composite with a hardness value
of 109 HV. These values were almost 82% more
than the matrix alloy. The hardness increase with the
increase in the TiC amount from 2 wt% to 4 wt% can
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be caused by the dispersion strengthening effect of
the TiC particles. The thermal disparity between the
reinforcing ceramic particles (TiC) and the matrix
alloy resulted in the internal stresses that generated
the dislocations leading to the increase of the
dislocation density, which ultimately contributed to
the improvement of the composite hardness [23]. After
a certain amount of reinforcing particles (4 wt% in
the present study), the composite hardness decreased,
because of the increasing tendency of the TiC particle
agglomeration that also resulted in the diminished
load bearing capacity of the TiC. Another reason may
be the increase in the actual inter-particle distance
that adversely affected the hardness [24].

Fig. 5 Effect of TiC reinforcement on the density.

Fig. 6 Variation of micro-hardness with TiC content.

3.3 Friction and wear behavior

Figures 7(a) to 7(d) show the variation of the
cumulative volume loss with the sliding distance for
all the materials investigated in the present study
under different loads of 5, 10, 15, and 20 N and at a
constant sliding speed of 1.25 m/s. An almost linear
increase in the cumulative volume loss with the
increase in the sliding distance took place and
confirmed through curve fitting by the linear least
square fit. However, the data points were shown to
join point by point in Fig. 7. Moreover, the volume
loss of the matrix alloy (i.e., Cu4Ni) was consistently
higher at all the normal loads in comparison to the
composites. This result was not surprising because
the hard TiC particles provided a shield to the
relatively softer matrix during sliding and enhanced
the load bearing capacity of the composites [25]. The
volume loss among the composites decreased as the
TiC amount increased from 2 to 4 wt%, beyond which,
it again increased with the increase in TiC to 6 and
8 wt% at all the normal loads (Figs.7(a) to 7(d)).
Hence, Cu4Ni—4TiC showed the least volume loss,
whereas Cu4Ni-2TiC exhibited the largest loss of
volume among all the composites at all loads. This
result may be attributed to a relatively higher hardness
of the composite containing 4 wt% TiC in comparison
to other composites.

The wear rate at a particular load was calculated
from the slope of the variation of the cumulative loss
with the sliding distance (Fig.7) for Cu4Ni and the
composites by fitting the data points through the
linear least square fit. Figure 8 shows the wear rate
variation with the normal load. The wear rate increased
almost linearly with the load following Archard’s law,
which states that wear rate is directly proportional
to the normal load, but inversely proportional to the
hardness of the softer of the two mating materials
[26]. The composites had a lower wear rate than the
matrix alloy at all the loads, which may be credited to
the higher hardness of the composites in comparison
to the Cu4Ni matrix alloy. Among the composites,
Cu4Ni—4TiC showed the lowest wear rate at all the
normal loads used in the investigation, which may
again be attributed to its hardness that was the highest
in the present study. The wear rates shown by the
other composites appeared to fall in the same band
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Fig. 7 Variation of cumulative volume loss with sliding distance at normal load of (a) 5 N, (b) 10 N, (c) 15N, and (d) 20 N for a

constant sliding speed of 1.25 m/s.

at relatively lower loads. However, the difference
appeared to increase with the increasing load,
especially for Cu4Ni-8TiC (Fig. 8).

Fig. 8 Variation of wear rate with normal load.

Figure 9 shows the variation of the friction coefficient
averaged over the distance slid (i.e., 2,250 m) with the
normal load and at a constant sliding speed of 1.25 m/s
for both Cu4Ni and composites. The average friction
coefficient increased with the increasing load for all
the composites synthesized in the present study.
However, the friction coefficient for the Cu4Ni matrix
alloy increased as the load increased from 5 to 10 N,
then decreased as the load increased to 15 N, beyond
which, it again increased until a 20 N load. Figure 9
illustrates that the friction coefficients shown by all
the materials were from 0.78 to 0.92. The friction
coefficient shown by Cu4Ni was the lowest, whereas
that by Cu4Ni-8TiC was the highest at all the normal
loads. The similar observations were reported by
Celikyurek et al. [27].

One could observe that the friction coefficient
increased with the increasing TiC content in the com-
posites at a particular load, which may be attributed
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Fig. 9 \Variation of average coefficient of friction with normal
load.

to the abrasion caused by the TiC particles that get
detached from the matrix with the increasing load
and trapped between the contacting surfaces, which
promoted the three body abrasion and resulted in
an increased friction coefficient in the composites. An
increase in the TiC content further aggravated the
situation as more number of particles now get
detached, thereby aiding abrasion. Hence, the friction
coefficient increased with both the load and the TiC
content. A relatively lower friction coefficient shown
by Cu4Ni may be attributed to the relatively soft
nature of the matrix in comparison to the composites
as well as the absence of any abrasive action.

3.4 Worn surface analysis

Figures 10(a) to 10(c) show the SEM micrographs of
the worn surfaces of the tested specimens at a normal
load of 20 N after sliding a distance of 2,250 m. The
SEM micrograph corresponding to the worn surface
of Cu4Ni given in Fig. 10(a) exhibited the presence of
the transfer layer of oxide containing the material
transferred from the counter face. The extent of cover
provided by this layer may explain the absence of the
wear tracks, typical of the sliding process, which were
not visible on the micrograph. However, this layer
appeared to have been detached at some places
(marked by arrow on the micrograph) from the
substrate. The layer inhibited a metal-metal contact
and provided a low shearing strength junction at

the interface, thereby resulting in a reduced friction
coefficient in comparison to the composites (Fig. 9).
Figure 10(b) corresponding to the Cu4Ni—-4TiC com-
posite shows some fine wear tracks covered by the
transfer layer of a well-compacted wear debris at
some places along with particle pull-out at some
locations. The SEM micrograph of the worn surface
of Cu4Ni-8TiC depicted in Fig. 10(c) also showed the
presence of a transfer layer that appeared to be a bit
loose against the well-compacted layer in Fig. 10(b).
However, no grooves were visible on the specimen
surface, which may be caused by the filling of these
groves by the loose wear particles, because Cu4Ni-
8TiC has shown the largest volume loss among the
composites. This could be confirmed from Fig. 7. The
similar features were observed for the other composites,
namely, Cu4Ni-2TiC and Cu4Ni-6TiC, with varying
degrees of compaction and extent of cover provided
by the transfer layer. However, these results were
not shown herein. The presence of the fine grooves in
Fig. 10 indicated an abrasive mechanism of wear in
the composites, which might have been caused by
the hard TiC particles pulled out from the matrix
because of the poor bonding between TiC and the
matrix despite the addition of Ni expected to improve
the bonding. Furthermore, investigations must be
conducted to examine the problems related to bonding.
The pulled-out particles gave rise to abrasion until
they were loose. However, during sliding, they get
mixed with the other oxide and metallic particles that
included the material transferred from the counterface
and formed a transfer layer, which became compact
because of frictional heating (Fig. 10(b)). A relatively
higher friction coefficient shown by the composites in
comparison to Cu4Ni may be caused by the abrasive
action of these TiC particles. The friction coefficient
among the composites increased with the increasing
content of TiC (Fig. 9), which may be explained based
on the chances of the TiC pull-out that are more in a
composite containing relatively higher amount of TiC.
These particles led to an enhanced abrasion resulting
in a higher friction coefficient in composites containing
a relatively larger amount of TiC. Despite a relatively
lower friction coefficient, the wear rate shown by
Cu4Ni was the largest and may be credited to a com-
paratively lower hardness of Cu4Ni in comparison to
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the composites. The frictional heat during sliding
aided the formation of oxide, which gets mixed with
the detached wear particles and results in the formation
of a transfer layer containing mixture oxides and
metallic debris particles. This layer reached up to a
critical thickness, after which it became unstable and
got detached from the surface. It has been reported
that a harder substrate is able to support a layer of
larger thickness [28]. Cu4Ni has a relatively lower
hardness compared to the composites. Hence, it can
only support a transfer layer with a relatively smaller
thickness before it detaches. This may explain the
higher rate of the wear observed for Cu4Ni in com-
parison to the synthesized composites. Among the
composites, Cu4Ni—4TiC has the lowest rate of wear,
which again may be explained based on its relatively
higher hardness and ability to hold a thicker transfer
layer as explained earlier. The other contributing
factor may be the presence of the well-compacted
transfer layer in Fig. 10(b), which effectively reduced
the metal-metal contact and resulted in a lower rate of
wear as well as the friction coefficient in Cu4Ni—4TiC,
against the loose transfer layer that appeared to have
got detached at some locations (marked by arrows)
illustrated in Fig. 10(c) corresponding to Cu4Ni-8TiC.

Figure 11 depicts the typical EDS analysis of the
marked portion of the worn surface micrograph of
the Cu4Ni—4TiC pin. The presence of Fe in the EDS
spectra confirmed that the metal transfer took place
from the counter face. The presence of oxygen in the
spectra indicated the possibility of oxidation that
might have occurred during sliding.

From the above discussion, one can summarize
that the addition of 4 wt% TiC in the Cu4Ni matrix
alloy showed optimum hardness and tribological
performance under the conditions of the load and
the speed used in the present study. The operative
mechanism was primarily abrasive in all the com-
posites and a combination of adhesive and oxidative
wear in the Cu4Ni matrix alloy. The TiC pull-out may
be attributed to the weak bonding between the matrix
and the reinforced particle in spite of the addition
of Ni to improve the binding characteristics. Further
investigations are required to examine the bonding-
related problems.

4 Conclusions

1. The Cu4Ni-TiC composites were successfully
synthesized by high-energy ball milling, followed by

Fig. 10 SEM micrographs of worn surface of (a) Cu4Ni matrix alloy, (b) Cu4Ni-4TiC, and (c) Cu4Ni-8TiC at 20 N.

Fig. 11 Typical EDS analysis of the marked portion of the worn surface micrograph of Cu4Ni-4TiC pin.
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compaction and sintering. The uniform distribution
of the TiC particles can be observed from the micros-
tructure. The hardness of the composite increased
until the addition of 4 wt% of TiC, beyond which, it
decreased.

2. The wear rate for the composites and the Cu4Ni
matrix alloy increased linearly with the load. However,
the composites showed a lower wear rate than the
matrix alloy, which was correlated with the estimated
hardness. The additions of 4 wt% TiC illustrated a
better performance in terms of friction and wears,
which was attributed to its relatively higher hardness
and ability to hold a transfer layer of a relatively
larger thickness in comparison to the other materials.

3. The average friction coefficient increased with
the increasing load. However, the Cu4Ni matrix alloy
exhibited the minimum value of the friction coefficient
among all the materials investigated because of its
relatively soft nature compared to the composites
and the presence of the oxide layer over its surface
that provided low shearing junctions at the interface.
A relatively higher friction coefficient in the composites
was credited to the abrasive action of the hard TiC
particles.

4. The wear mechanism for the Cu4Ni matrix alloy
was a mix of adhesive and oxidative wear and
primarily abrasive for the composites containing hard
TiC particles.
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Abstract: Medium manganese austenitic steel (MMAS) fabricated through the hot rolling process has been

used in the mining, military, and mechanical industries. In this paper, the abrasion performance and hardening

mechanism were measured under a series of impact energies. The impact wear was tested at different impact

energies from 0.5 ] to 6 | using a dynamic load abrasive wear tester (MLD-10). Microstructure and surface

morphologies were analyzed using scanning electron microscopy, X-Ray diffraction, and transmission electron

microscopy. The results suggest that MMSA has the best wear resistance at 3.5 ] and the worst wear resistance

at 1.5 J. Furthermore, the wear mechanism and worn surface microstructure change with different impact

energies. There are small differences between a large amount of martensite on the worn surfaces under different

impact energies and the shapes of dislocation and twins change with different impact energies.

Keywords: medium manganese steel; impact abrasion wear; work hardening; twin; martensite; dislocation

1 Introduction

Since Sir Robert Hadfield invented Hadfield’s steel in
1882, high manganese austenitic steel has been used
in the mining, military, and mechanical industries
as a wear-resistant steel, given its excellent work
hardening properties under high impact energy con-
ditions [1]. Previous studies mainly focused on the
high manganese austenitic steel with 1-1.4 wt% C
and 10-14 wt% Mn, which has a good combination of
high strength and ductility [2-4].

In 1963, to improve the work hardening properties
under low impact energy conditions, the American
Metal Climax company introduced a modified medium
manganese wear-resistant steel [5]. Compared with
Hadfield steel, medium manganese steel has a higher
work-hardening capacity and a better wear-resistant
performance under low-stress abrasive conditions [6].
The work hardening ability and the wear-resistant

performance of austenitic medium manganese steel
increase by 60%-120% (the highest surface hardness
is up to 700 HV) and 50%-140%, respectively [7].

The work hardening mechanism and performance
of medium manganese austenitic steel have been
studied. Jing and Jiang [8] discovered that the high-rate
work hardening of medium manganese steel under
impact abrasion wear is due to the transformation of
strain-induced martensite, but they did not research
the effect of different impact energies on the work
hardening mechanism and degree. Another work by
Nakada et al. [9] investigated the differences between
ferrite and austenite formations of medium manganese
steel in transformation behaviors, which revealed the
transformation behavior between v to « and « to y at
the transition temperature, but did not reveal any
work hardening mechanism apart from martensite
transformation. To increase the surface hardness of
medium manganese austenitic steel (MMAS), Xu [10]
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investigated the process of eutectic growth in as-cast
medium manganese steel and explained the mech-
anism of modularization of the eutectic. Wang et al.
[11] studied nano-crystallization and a-martensite
formation in the surface layer of medium manganese
austenitic wear-resistant steel caused by shot peening,
revealing that different depths from the shot-peened
surface have different grain sizes and a-martensite.
Xu et al. [12] studied heat treatment effects on the
microstructure and mechanical properties of medium
manganese steel.

In mining machinery, impact abrasion wear is one
of the most prevalent causes of failure. Hence, it is
important to evaluate the impact abrasion wear per-
formance of wear-resistant materials. Although the
impact abrasion wear test is a complicated model for
analysis, it provides excellent guidance for actual
production. The difference between the work hardening
mechanism and the abrasion performance of medium
manganese austenitic steel (MMAS) under different
impact energies in impact abrasion wear has not been
researched. In this study, we evaluated the abrasion
performance and work hardening mechanism of
MMAS (0.9 C-9 Mn) at different impact energies; the
microstructure and topography of the worn surface
were also analyzed. The mechanism of abrasion per-
formance and work hardening mechanism at different
impact energies has been discussed.

2 Materials and methods
2.1 Materials

Medium manganese austenitic steel (MMAS) was
treated by hot rolling and water-toughening. Table 1
shows the chemical compositions of the steel. The
microstructure of MMAS is full of austenite; the
hardness and impact toughness (ak) are 260.3 HV and
137 J/cm?, respectively.

2.2 Experimental procedure
The abrasion wear was tested using an abrasive wear

Table 1 Chemical composition of MMAS steel (wt%).
C Mn Si Cr \% Mo S P
0.9 9 0.6 2 015 03 <0.02 <0.02

test machine (MLD-10) with dynamic load, which is
shown in Fig. 1. The samples for the abrasive wear
test measured 10 mm x 10 mm x 30 mm and were
mounted on a holder that was connected to the bottom
of a hammer. The hammer drove the case sample
falling onto the bottom sample. Driven by the con-
tinuously rotating eccentric wheel, the hammer was
in reciprocating movement. A high-carbon chromium
bearing steel (hardness: 350.3 HV) was used as the low
counterpart sample with 200 rpm. When the hammer
dropped, the samples were impacted on the bottom
samples; abrasive particles were present between the
case and counterpart sample during the entire process.
The impact energies of wear tests were changed from
0.5] to 6]. It is calculated by the equation:

AK=G-*H

in which AK is the impact energy, G is the gravity
of hammer, and H is the falling height of hammer.
Samples were subjected to impact 6,000 times; the
abrasion material was quartz sand between 8 and
12 mesh and a flux of 50 kg/h. For each condition,
three test groups were tested and the wear of the
samples was quantified by mass loss measurements.
The hardness of the worn surface was measured
by a HV hardness tester (tested load: 1.96 N); each
sample was tested five times. The topography of the
worn surface was characterized by scanning electron
microscopy (SEM, Hitachi S-3000) and the micros-
tructure of the worn sample surface was characterized
by transmission electron microscopy (TEM, Tecnai
G2-T20) and X-ray diffraction (XRD, Rigaku-Ultima-IIT).

Fig. 1 Structure of the MLD-10.
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3 Results

3.1 Abrasive wear performance

Figure 2 shows the relationship between the mass
loss of the steel and impact energy for 6,000 impacts.
As impact energy increases, the mass loss increases in
the first (from 0.5 J to 1.5 J) and the third (from 3.5 J to
6.0]) stages, while it decreases in the second stage
(from 1.5 J to 3.5 J). MMAS shows the best abrasive
wear resistance at the impact energy of 3.5 ] and the
worst wear resistance at the impact energy of 1.5 J.
The mass loss of the 1.5 ] impact energy sample is
259.02 mg, which is 1.78 times that at 3.5 J. The mass
loss changes as the impact energy varies. The different
wear performances of MMAS are attributed to the
synthetic actions of surface hardness, work hardening
degree, and wear mechanism influenced by the impact
energy.

At lower impact energies (0.5-1.5]), the impact
stress of the wear layer is small and work hardening
is not obvious. The mass loss caused by wear is greater
than the effect of work hardening, which causes the
mass loss to improve with the increase in impact
energy. With increasing impact energy, the impact
stress and work hardening of the wear layer increase
significantly. The shear resistance of the wear layer
improves, which reduces the cutting damage of abrasive
particles to the wear layer. Consequently, the mass loss
of wear reduces. When the impact energy exceeds 3.5 ],
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Fig.2 The mass loss of the MMAS under different impact
energies for 6,000 times.

plastic deformation occurs in the wear layer under
continued high cyclic stress. Crack initiation and pro-
pagation in the wear subsurface lead to fatigue fracture.
Therefore, the mass loss of wear improves when the
impact energy exceeds 3.5 J.

3.2 Topography of the worn surface

Figure 3 shows the worn surface topographies of
specimens at different impact energies. All surfaces
are rough due to plastic deformation and the repeated
impact of quartz sand. However, failure features
of surface topography vary with the increase of the
impact energy; there are mainly cuts, gouging pits,
and plowing at 1], 1.5], and 2.5] (Figs. 3(a), 3(b), and
3(c)), but it changes to fatigue spall at 3.5] and 5]
(Figs. 3(d) and 3(e)). In addition, the cut pit at 1.5] is
larger and deeper than that at 1 ], and the fatigue spall
of sample at 5 | is larger than that at 3.5 J.

3.3 Hardness of the worn surface

The hardness of the worn surface at different impact
energies is shown in Fig. 4. As the impact energy
increases, the hardness of the worn surface increases
and it fluctuates around 575 HV when the impact
energy exceeds 3.5 J. The hardness of the matrix is
260.3 HV, but the surface hardness increased to 385.3
HYV at 0.5 ] and the hardest surface is 587.6 HV when
the impact energy is 3.5 J.

3.4 Subsurface hardness

Figure 5 shows the subsurface hardness of the
sample at different impact energies (1 J-5 J). The work
hardening degree is different at different impact
energies. The work hardening depth is largest (about
2,200 um) when the impact energy is 2.5]; when
impact energy exceeds 2.5 ], the depth is invariable.
The subsurface hardness 50 um from the surface
at 2.5] is 418.5 HV, and they are 421.2 HV, 440.3 HV,
464.6 HV, and 455.7 HV at 1], 15],35], and 5],
respectively. Though the hardness 50 um from the
surface at 2.5 | is smaller than those at 3.5 ] and 5 J,
the work hardening depth is approximate at 3.5 ] and
5]. In contrast, the work hardening depths of 1 ] and
1.5] are only 400 um, in contrast with the samples
whose impact energies exceeded 2.5 J.

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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Fig. 3 The topography of the worn surface: (a), (b), (c), (d), and (e) areat1J,1.5J,2.5J, 3.5J, and 5 J, respectively.
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Fig. 4 The hardness of the worn surface.

3.5 The XRD results of the worn surface

The XRD patterns of the worn surface are shown in
Fig. 6. The patterns for different impact energies are
approximate, and there are two low intensity diffrac-
tion peaks indexed as bcc a-martensite besides three
dominant peaks of fcc austenite.

Table 2 shows the amount of martensite on the
worn surface. As shown, the amount of martensite
accumulates slowly with the increase in impact energy.
Compared with the maximum (35.9) and minimum
(31.3) amounts of martensite at 4 J and 0.5 J, it can be
seen that martensite transformation is approximate at

Fig. 5 The hardness of the subsurface.

Fig. 6 XRD results of the worn surface under different impact
energies from 0.5-6 J.
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Table 2 The amount of martensite on worn surfaces.

05J 1J 15J 25J) 35J 4J 5J 61

Condition

Amount of

martensite% 31.3 32.1 338 332 355 359 347 352

different impact energies and the martensite amount
is stable when the impact energy exceeds 3.5 J.

3.6 TEM results of the worn surface

The microstructure of the subsurface is shown in
Fig. 7. Figures 7(a) and 7(b) illustrate the TEM results
at 1.5], while Figs.7(c) and 7(d) are those at 3.5].
Figure 7(a) shows a lath a-martensite in the austenite
grain, and in Fig. 7(b) parallel acicular twins with
stacking fault and dislocation wall are presented. In
Fig. 7(c), there are lath twins accumulated together
broader than those at 1.5]. The a-martensite and island
of dislocation are shown in Fig. 7(d), the shape of the
dislocation is different from that at 1.5 ] and the density
of the dislocation in Fig.7(d) is larger than that in
Fig. 7(b).

4 Discussion
41 The wear performance and mechanism

The wear mechanism can be divided into three types:
plowing, cutting, and wedge formation [13, 14]. In all
abrasive wear modes, only the cut mode causes the
removal of material; plowing and wedge formation
lead to plastic deformation of the materials, which
causes fatigue crack propagation. Hence, the wear
performance strongly depends on the wear modes
that are influenced by the mechanical property and
abrasion conditions. In this study, the wear mechanism
and hardness of the worn surface vary when the
impact energy increases. When the impact energy is
smaller than 2.5 ], the wear mode is mainly cutting;
when the impact energy exceeds 2.5], it is mainly
wedge formation. The multiply plastic deformation
causes fatigue spall on the worn surfaces. Different
wear mechanisms are caused by variation of the work
hardening degree and the impact energy.

Fig. 7 The TEM results of the worn surface: (a) and (b) are the sample tested at 1.5 J impact energy; (c) and (d) are the sample tested at

3.5 J impact energy.
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The difference between the worn surface’s work
hardening degree and work hardening depth are
attributed to differences in the impact energies of the
samples. Ojala et al. found that the work hardening
and mechanical performance have a significant effect
on wear performance [14].

As the impact energy increases from 0.5 ] to 1.5 ],
the worn surface hardness and work hardening depth
accumulate slowly. The worn surface of the sample
shows plowing and cutting when the impact energy
is less than 1.5 J. In addition, the cut area and depth
at 1.5 J are larger than those at 1 ] due to the increase
in impact energy. Therefore, the mass loss of MMAS
increases with increasing impact energy in the first
stage (from 0.5] to 1.5]).

In the second stage (from 1.5 ] to 3.5 J), the work
hardening degree increases with increasing impact
energy. Although the hardness depths at 2.5 ] and 3.5]
are similar, the surface hardness at 2.5] is smaller
than that at 3.5 J. With the increasing hardness of the
surface and subsurface, the cut of the worn surface
reduces so the mass loss decreases with increasing
impact energy in the second stage.

The work hardening degree and hardening depth
get saturated when the impact energy exceeds 3.5 J,
but the strain increases with increasing impact energy.
The multiply plastic deformation causes fatigue spall,
so the surface is worn much easier with increasing
impact energy. The pit and wedge formation increase
and the mass loss increases when the impact energy
exceeds 3.5 ], which leads to the increasing mass loss
in the third stage (from 3.5 ] to 6 J).

42 The work hardening mechanism

Allain et al. [15] and Dumay et al. [16] discovered that
the plasticity mechanism changes with the variation
of the stacking fault energy (SFE) as follows. It shows
phase transformation when the SFE is less than 12 mJ/m?
and the combined action of phase transformation
and twinning when the SFE is between 12 mJ/m? and
18 mJ/m?. There is twinning when the SFE is between
18 mJ/m? and 35 m]J/m?, and slipping of the dislocation
when the SFE exceeds 35 J/m2. The SFE of MMAS has
been calculated to be 16 mJ/m? [16-18], so the plastic
deformation mechanism of austenitic steel is mainly
twinning and phase transformation. Generally, materials

with low SFE favor the twinning mechanism since
the critical shear stress for twinning decreases with
decreasing SFE, especially at high strain rates or low
temperatures [19]. As shown above, variations of
the worn surface’s hardness and microstructure are
presented at different impact energies. From the TEM
results, the martensite transformation and the twinning
are both indicated in the austenite grain at different
impact energies.

At 1.5 ] and 3.5 J, the amounts of martensite are
33.8% and 35.5%, respectively, and the hardness is
467.4 HV and 578.6 HV, respectively. It is observed
that as the impact energy increases, the hardness
accumulates and the amount of martensite measured
is approximate. Therefore, martensite transformation
is not the single key to the work hardening mechanism
of MMAS.

Figure 8 shows the schematic summary of the
microstructure features at different impact energies.
With the increase of impact energy, the density of
dislocations increases steeply, changing from cell to
island and the twins are wider. The twin structure
cuts the matrix and increases the strength [20]. The
high density dislocation entanglement blocks the sliding
of dislocations, which increases the plastic deformation
resistance. So different shapes of dislocation and twins
result at different degrees of work hardening. The
different shapes of twins at different impact energies
are caused by the different twin forming mechanisms.

The twin forming mechanism varies at different
impact energies under two conditions. In Fig. 7(b),
the twins are thin and there are stacking faults; the
forming mechanism is self-partial-multiplication, which
develops the twins by the reaction of the Shockley
dislocation. In this forming mechanism, the Shockley
should be located within the stacking fault, which is

Fig. 8 Schematic summarizing the feature of twins and dislocation
at different impact energies.
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shown in Fig. 7(b). The twins at 3.5] impact energy
(Fig. 7(c)) are different from those at 1.5] connected to
the grain boundary, and the twin forming mechanism
is the rebound mechanism in which the twin is pro-
duced by the rebounding of partial dislocations on
the grain boundary. The two different twin forming
mechanisms occur at different conditions: the rebound
mechanism requires high strain rate and high stress
but the self-partial-multiplication mechanism occurs
at lower strain rate and stress [21]. The strain rates
and stress increase with increasing impact energy.
Therefore, the mechanism of twin forming shows
variations at different impact energies. At high impact
energy (3.5]), the number of nucleation points and
nucleation kinetics are higher than that at low impact
energy (1.5]), so the twins at 3.5 ] are wider and denser.
At the same time, the dislocation reproduces faster at
higher impact energy than at lower impact energy
due to the higher strain rate and stress. In addition,
the dislocations entangle in the sliding process of plastic
deformation. Therefore, the density of dislocations at
3.5 ] is higher than at 1.5 J.

The different impact energies cause the variation in
work hardening mechanisms, which determines the
work hardening degree. In addition, work hardening
degree and impact energy influence the wear
mechanism of the worn surface. Finally, under the
influence of wear mechanism and impact energy,
the wear performance of MMAS varies at different
impact energies.

5 Conclusions

In this paper, by using impact abrasion test methods
at different impact energies, the abrasion resistance
of the MMAS was evaluated by XRD, TEM, SEM, etc.

(1) In impact abrasion wear tests, the impact energy
has a significant effect on the abrasion resistance of
the steel. MMAS shows the best abrasion resistance at
3.5 ] and worst abrasion resistance at 1.5 J.

(2) The wear modes of MMSA in impact abrasion
wear tests are the combination of plowing, cutting,
and fatigue spall. The wear modes vary at different
impact energies. Cuts are the main wear mode at low
impact energies, while fatigue spall is the main wear
mode at high impact energies.

(3) MMSA has better hardening performance at
3.5 J; however, a-martensite transformation has the
maximum limitation with increasing impact energy.
Therefore, the shapes of twins and dislocations are
the important work hardening mechanisms.
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