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Preface

Tribology has garnered much research attention, especially regarding its role in
advanced engineering materials. As such, this book presents current research on
the tribology of advanced materials in bio-lubricants and engineering applica-
tions. There is great potential for using advanced materials in biomedicine and
engineering by enhancing the current knowledge about composition, fabrication,
properties, and performance of materials and providing solutions to many unad-
dressed issues in tribology. The chapters in this volume examine the effect of
tribological properties on ionic liquids, polymers, interacting surfaces, and additive
manufacturing.

Significant research efforts worldwide are exploring the various properties associ-
ated with materials and manufacturing. Researchers are collectively focused on
minimizing wear by proper utilization of lubricants and lubrication mechanisms.
This book discusses all applied and fundamental elements related to fabrication or
synthesis, combination or composition, properties, characteristics and performance
of engineering materials in the field of tribology. It also examines several critical
issues and provides suggestions for future work in the field of tribological science.

I would like to thank IntechOpen and Ms. Sara Gojevic Zrnic for their invaluable
input in the organizing and editing of the book. I also gratefully acknowledge those
who invested their time and effort in compiling the material that made this book.
Many authors who contributed their expertise and perspectives are clearly the
backbone of this work and they deserve the lion’s share of the commendations.

Dr. Amar Patnaik

Associate Professor

Malaviya National Institute of Technology Jaipur,
India

Tej Singh
E6tvos Lorand University,
Hungary

Vikas Kukshal
National Institute of Technology,
Uttarakhand, India
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Chapter1

Tribological Properties of Ionic
Liquids

Sumit Kumar Panja

Abstract

Our main focus is to report the tribological properties of ionic liquids (ILs).
Mainly, lubricating of ILs has been reported to understand the applicability of ionic
liquids (ILs) in petroleum-based lubricant industry and energy conversion process
as oil additive. The influence of counter parts of ILs on tribological property has
been reported for designing efficient lubricating and oil-additive property of ILs.
The effect of halogenated and nonhalogenated ILs on corrosion is also reported
during tribological studies at different metal surface. Further, role of ILs as oil-
additive has been discussed in terms of better tribological performance. Structure
modification and role of anion on better performance of tribological property have
been mentioned for enhancing effectiveness of lubricant and oil-additive proper-
ties. Origin of corrosion and thin film formation on metal surface are also discussed
in detailed using different types of ILs and metal surfaces.

Keywords: ionic liquids (ILs), tribological properties, halogenated and
nonhalogenated ILs, lubricant, corrosion

1. Introduction

Lubricants are very important materials for human and society due to their
applications from “mobility” in ancient era to durability in modern times and then
most recently in enhancement of “energy efficiency process”. Petroleum-based
lubricants are popular and used as the standard materials in transportation, manu-
facturing, and power generation industries etc. [1]. From economic point of view,
1.0-1.4% of a country’s GDP may be achieved through lubrication R&D, which has
provoked the relentless quest of advances in lubricants in order to increase both
energy efficiency and durability [2]. Generally, commercial lubricant contains a
combination of base oils and additives including antioxidants, detergents, disper-
sants, friction modifiers, antiwear and/or extreme-pressure additives, and viscosity
modifiers.

As energy and environment play an important role in our life, there need for
energy efficient systems, and utilization/conversion of energy in environmentally
benign practices have been increasing immensely because of high volatility in fuel
prices, stringent environmental regulations and global awareness on the sustain-
ability of fuels. High fuel consumption is arisen due to high friction and wear in
the transportation system during energy conversion process [3, 4]. Due to high
friction and wear, failure of engine parts is often happened with large amount of
discharge of partially oxidized fuels and greenhouse gas emission etc. For reducing

3 IntechOpen



Tribology in Materials and Manufacturing - Weay, Friction and Lubrication

the production of these hazardous materials, low friction and wear are required

for energy conversion process. Lowering the friction and wear are important to
reduce the production of hazardous materials during energy conversion process to
the mating surfaces of the engine. Only an efficient lubricant can solve the problem
related to energy conversion process and global awareness on the sustainability of
fuels. Zinc dialkyldithiophosphate (ZDDP) is well-known as efficient antiwear and
friction-reducing additive for iron-based components. Presently, it is observed that
ZDDP is an efficient antiwear and friction-reducing additive but has shown toxic
nature to aquatic wildlife, human-health issues and poisonous automotive exhaust
gas as catalyst components.

Ionic liquids (ILs) have been known as new ionic materials and great important
of applications in organic chemistry to as electrolytes in alternative energy genera-
tion/storage devices etc. (Figure 1). ILs have been known for their stability, well-
established structural characterization and low viscosity etc. The choice of cation
and anion is an important parameter for IL to determine the desirable physical
properties. The tunable physical properties of the ILs make also an important mate-
rial for the application in lubricant industries [5]. The length of side chain of the
cation is responsible for making ILs as tailor-made lubricants and lubricant addi-
tives. Due to presence of unique physical and chemical properties of ILs, strong sur-
face adsorption, high thermal stability, and low sensitivity in rheological behavior
are observed compared to conventional oil lubricants. In early 2012, exploring the
feasibility of ILs as lubricant additives was limited due to very low solubility in com-
mon nonpolar hydrocarbon lubricating oils [6-10]. The efficient oil-miscible ILs
were discovered and reported as promising antiscuffing/antiwear functionalities
[11, 12]. Since then, ILs is used as efficient lubricant additives in oil-based lubricant
to increase both energy efficiency and durability due to improved solubility prop-
erty [13, 14]. Hydrophobic cation or anions of ILs is responsible for showing good
lubricant properties and making significantly stable thermo-oxidative materials.

Recently, ILs have been studied as versatile lubricants and lubricant additives
for various engineering surfaces. The solid surfaces mediated thin films of ILs have
shown more efficient lubricating properties compared to conventional non-polar
hydrocarbon liquids due to presence of hydrophobic character, change of geometry
of cation and charge characteristics of ILs. The dynamic conformation changes of
cation and anion play important role to show the lower shear stress and friction
than conventional non-polar molecular lubricant. ILs have also been studied as
lubricating additives in water and lubricating oils due to their unique polar and

Higher Energy
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non-polar domain solutions and miscibility with polar and non-polar solvents. Now,
ILs as lubricant and lubricant oil additives have become the new central research
topic in lubrication processing.

This book chapter starts with the tribological performance of ILs as lubricant
additives. The physicochemical properties of ILs have been correlated with their
nature of cation and anion. Future research directions are also suggested at the end
of this book chapter.

2. Tribological performance of halogenated ionic liquids

Generally, lubricants are used for extend the device life cycle and reduced para-
sitic energy loss by reducing friction. For these purposes, the lubricant must be high
non-flammable and thermal stable with safer transportation and storage. ILs have
shown interesting application in tribological studies due to their unique characteris-
tic physical features [15]. It is also observed that addition of ILs to grease has shown
substantially improved tribological performance. Similarly, IL-additive has shown
to reduce more friction and wear compared to synthetic oil additives in base oil.
Interestingly, imidazolium cation based ILs with long side-chain substituted cation
and different anions have reduced more the friction and wear of steel-steel sliding
pairs compared to base oil without additives. The excellent tribological properties of
ILs as additives are due to their formation of physically adsorbed films and antiwear
boundary film to reduce the friction and antiwear performance [16, 17].

The purity of IL is also key factor for improving wear and friction properties of
ILs with additives. The highly purified IL has shown excellent friction reduction,
antiwear performance and high load carrying capacity [18]. Further, lubricating
performance of ILs depends on thermal stability, polarity, ability to form ordered
adsorbed films and antiwear boundary film at the interface. Specially, polar
nature of ILs can able to facilitate interactions in engineering surfaces forming the
boundary thin film. The formation of unique protective thin film of ILs can able to
avoid the direct contact between mating surfaces and is believed to be responsible
for showing the antiwear property. ILs can provide an effective surface separa-
tive film at wide temperature ranges compared to conventional oils due to higher
thermal stability. The area of functional fluids for lubricants and hydraulic oils is
still under research and development.

Literature survey reveals that tribological study has been examined in ILs
consisted of ammonium, phosphonium, pyrolidium, pyridinium, imidazolium
cations as the cation and tetrafluoroborate (BF,), hexafluorophosphate (PFy),
bis(trifluoromethanesulphonyl)imide (NTf,), for the anion (Figure 2). On the
other hand, ILs containing halogen exhibit have shown low friction and wear with
good boundary lubrication properties.

Last one decade, several types of ILs like ammonium, phosphonium, pyridinium,
imidazolium, etc. as cations and X~, PFs~, CF5SO;7, (CF3S0,),N" etc. as anions have
been extensively studied as lubricant and lubricant additives for wide range of appli-
cation in surface engineering. ILs have also exhibited structure dependent lubrication
properties depending upon cations and anions [19-21].

The halogenated ILs are used over the steel surface for avoiding direct contact
between tribo interfaces, consequently reduction in both friction and wear. During
tribological test of BF,~ anion based ILs, it is observed that the developing a
tribo-thin film is composed of FeF, and B,0; [22]. Phillips et al. have reported that
BF,” anion based ILs can under go into several reaction with product of FeF,, and
lead to deduction of lubricant properties and corrosion of the substrate surface
[22]. Metal fluorides (Like FeF,) are formed on a boundary lubricating layer of
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Structures and abbreviations of cations and anions of the halogenated ILs used as lubricant additives.

friction surfaces by a tribochemical reaction. It is also known that ILs containing a
halogen such as fluorine has been known to cause corrosion in steel aluminum alloy,
bronze, and titanium alloy sliding materials [23, 24]. The corrosion of alloy sliding
materials has been reported to be the formation of hydrogen fluoride (HF) due to
the decomposition of halogenated ILs [25-28]. The formation of hydrogen fluoride
is accelerated due to presence of water impurity in halogenated ILs. The change in
color of the friction surface for steel bearings is observed using the hydrophobic IL
as the lubricant in air at higher humidity [29]. The corrosion products are contain-
ing mainly metal fluorine and metal oxide on the surface which are experimentally
verified [30].

After detailed investigation, halogenated ILs have hazardous and toxic effects
to the environment and corrosive nature towards the engineering surfaces. The
halogenated ILs can produce toxic and corrosive products after decomposition
under different tribo-chemical reaction conditions for environment and the
surface-engineering. High cost of halogens, particularly, fluorine-based precursors
and disposal/discharge of halogenated ILs are big challenges for their penetration to
the industrial applications.

Thus, halogen-free IL have been attracted more interest for developing the new
type of lubricant for the energy efficient and environmentally-friendly processess.

3. Tribological performance of halogen-free ionic liquids

Accordingly, developing environmentally friendly ILs from renewable and bio-
degradable resources to diminish or avoid corrosion and toxicity has been becoming
an inevitable strategy. A great effort has been devoted to searching for new halogen-
free ILs. From literature surveys, halogen-free bioactive ILs such as saccharin
[31-33], amino acid [34, 35] and ibuprofen [36, 37] ILs have been reported to
replace traditional corrosive or hazardous halogenated ILs. Unfortunately, these
halogen-free bioactive ILs are very poor thermal stability. However, low thermal
stability and high cost of precursors cause less usable from application perspec-
tive. Interestingly, physicochemical properties and nontoxicity of these ILs can be
regulated and customized by building precursor units from active pharmaceutical
ingredients and biomass [38-40]. Literature survey reveals that tribological study
of halogen-free ILs has been on the boundary lubricating capacity. Examined ILs
are mainly consisted of ammonium, phosphonium, pyrolidium, pyridinium and
imidazolium as the cation and phosphonate, dicyanamide, tricyanomethanide for
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anion (Figures 3-5). The halogen-free ILs have showed good tribological perfor-
mance compared to synthetic lube oils.

Phosphonate-based halogen-free ILs has shown good thermal stability [41-43].
Phosphorus-containing ILs have been used for tribological study and shown effec-
tive lowering friction and wear reductions ability [12, 13, 44, 45]. The effectiveness
of lowering friction and wear reductions ability, from high to low, was observed in
phosphonium-phosphate, phosphonium-carboxylate, and phosphonium-sulfonate
[46]. Experimental studies suggest that [Pgggg] [DEHP], [Nggsu] [DEHP], and
[Pe6614] [BTMPP] provide similar surface protection for both steel—steel and
steel—iron contacts to ZDDP compound [47-49]. In choline based ILs, [choline]
[DEHP], [choline] [DBDP], [P¢g614] [BTMPP], [Pgg614] [TEoN], [Peg6.14] [DMP],
and [Pg¢614] [DEP]) have showed higher wear reduction to compared with the base
oil, but only [choline] [DEHP] and [Pg¢¢14] [Tf,N] have only shown similar wear
reduction property to ZDDP [50].

Phosphonium based ILs are used as additives in ester base oils and a VO, but
only [P24.4.4] [DEP] and [Peg¢,14] [FAP] have showed a stable >1% oil-solubility.

At the same concentration, [P, 444] [DEP] and [Pgg¢14] [FAP] ILs have showed
comparable wear protection to ZDDP under low loads for a steel—steel ball-on-flat
contact, [51-53].

Further, halogen-free ILs have been used for extended tribological properties
of the steel-steel and DLC-DLC tribo-pairs. Lubricating and additive properties of
bmimDCA and bmimTCM have been tested on the steel and DLC surfaces after the
friction tests (Figure 4).

A chemical reaction film is observed on the sliding surface of the steel-steel
tribo-pair. It is considered that a corrosive attack of ILs to the metal surface is also
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Figure 3.
Structures and abbreviations of cations and anions of the nonhalogenated ILs used as lubricant additives.
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Len Lys

occurred because the chemical reaction film was mainly composed of the elements
of the halogen-free ILs [54, 55]. The appearance of the chemical reaction film is
similar to reported literature for tribo-films originating from zinc dialkyldithio-
phosphates (ZDDP) [56-59]. Additional analysis of chemical reaction film is also
needed to identify the species generated on the steel surface. On the other hand, the
chemical reaction film formation is not observed on the DLC surfaces. As DLC films
have high chemical stability, the inhibition of the chemical interaction between
the DLC surfaces and the halogen-free ILs is observed. The bmimDCA has showed
better reducing frictional properties than bmimTCM for the steel-steel tribo-pair,
whereas bmimTCM has showed better reducing frictional properties than bmim-
DCA for the DLC-DLC tribo-pairs. For explain the above phenomena, different
lubrication mechanism is employed for DLC-DLC and steel-steel tribo-pairs [60].

A new family of green fluid lubricants (AAILs) have been designed for the
lubrication of steel/steel, steel/copper and steel/aluminum contacts at room
temperature (Figure 5). These AAILs can be obtained by simply neutralizing
amino acids, which can be easily obtained in large quantities at low cost with
the corresponding onium hydroxide. Use of natural amino acids as component
ions makes the AAILs environmentally friendly with good biodegradability
and reduced toxicity, making the AAILs as good potential green lubricants. The
degree of hydrolysis of these AAILs are much higher than that of bmimBF, and
the anti-corrosion properties of the AAILSs are also far better than bmimBF, and
hmimNTf,, due to their halogen-free characters. The tribological properties of
the AAILs (Figure 5) have been tested on steel-steel contacts as steel is the most
widely used material in various machines in our everyday life. Generally, AAILs
produce a lower friction coefficient value than hmimNTf; and prove the better
friction-reducing performances where commercial oil PAO and a conventional IL
hmimNTf, are chosen for comparison purposes.

From experimental results, the wear volume losses of the steel discs lubricated
by all AAILs are lower than that of the hmimNTf, but higher than that of the PAO.
The anti-wear properties of the AAILs should be improved compared with PAO. For
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improving anti-wear properties of the AAILs, [TBA][Ser] and [TBA][Thr] have
been synthesized and exhibit the higher anti-wear properties due to attribution of
their anionic moiety. Due to presence of hydroxyl groups in the anion structures

of [Ser] and [Thr] effective protection films is formed on the metal surfaces. The
effect of hydrogen bonding in [TBA][Ser] and [TBA][Thr] ILs provides effective
separation of the steel surfaces, further reducing friction and wear. Besides, from an
application point of view, [TBA][Ser] and [TBA][Thr] are more useful as lubricants
than hmimNT{,, because of the lower cost associated with their preparation, and
their intrinsic environmentally friendly characters.

The AAILSs are used to lubricate Cu alloys to change in friction coefficients and
the wear volume losses of the copper discs under lubrication process [61, 62]. The
evolution of friction coefficients shows that hmimNTf, and [TBA][Leu] start at
a moderately high value and then tend to become lower and more stable. From
experimental results, AAILs have good lubricating effects for steel/copper
contact [62].

The lubrication of aluminum alloys has shown relatively poor wear-resistance,
makes them especially difficult to be lubricated at a modest load [63]. It is also
observed that the halogen-containing IL (like hmimNTf,) is not an efficient
lubricant for aluminum, and that severe wear may be caused by its tribo-corrosion
during the sliding process [64]. On the contrary, the AAILs are effective lubricants
for aluminum alloy, and their tribological properties are comparable to PAO.

The friction-reducing and anti-wear mechanism of the AAILs are explored by
XPS analysis. However, characteristic peaks of N1s, which provide important infor-
mation regarding the occurrence of a tribochemical reaction on a metal surface, are
not detected. Besides, the lubricated metal surfaces by the AAILs and nonlubricated
surface have shown similar binding energies of C1s, Ols, Fe2p, Cu2p and Al2p
[65]. An AAIL adsorbed layer is formed via adsorption of cations and amino acid
anions through an electrostatic attraction. The physical adsorption films by several
AAIL adsorbed layer prevent close contact of metal-metal and further reduce the
friction and wear on metal-metal surface [65]. The AAILs can substitute PAO and
especially halogen containing ILs for use as neat lubricants for metal-metal contact.
Additionally, the environmentally friendly and outstanding anti-corrosion proper-
ties of the AAILs also confirm that they are suitable for the lubrication of metal-
metal surface contact.

Boron containing ILs are also class of non-halogenated ILs (Figure 6). Recently,
boron containing ILs are reported as an efficient lubricant and additive [66, 67].
Development of halogen-free orthoborate anions based phosphonium ILs has been
attracted research for tribological studies [68]. It is also reported that the boron
constituted materials are well-known for exhibiting excellent friction-reducing
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Figure 6.

Structures and abbreviations of cations and anions of bovon based ILs used as lubricant additives.
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and antiwear properties [69-72]. Boron-containing ILs have been attracted great
interest in recent time. Chelated orthoborate anion [BScB]~ with different cations
provides large number of ILs [73]. With Cation bmim®, [BScB] ™ has shown lower
friction than [FAP]™ or [DBP]", but [DBP]™ has shown the most wear reduction
[74]. Further, wear and friction are significantly reduced when [BScB]™ anion
paired with dicationic [bis(imidazolium)]?* and [bis-(ammonium)]?* [75]. For
cation [TBA]*, anions [BScB]~, [BMIB] ", and [BOxB]~ show 50% or more in wear
reduction under similar testing conditions [73-76].

The scope of chelated orthoborate anions based ILs are further extended with
imidazolium, bis-imidazolium and pyrrolidinium cations for their application
in tribological studies. The ILs with aromatic and aliphatic structures (Figure 6)
which are reported recently with an aim to probe their structural effects on cor-
rosion and tribo-physical properties compared with the halogenated analogue
TBA-BF, [73]. It is also observed that TBA-BMdB, TBA-BOxB and TBA-BScB ILs
exhibited higher thermal stability due to the presence of aromatic rings in their
chelated structure and presence of various intermolecular interactions and rigidity
to their anionic moieties.

Presence of halogen, phosphorus, and sulfur constituent components in the
lubricant system facilitates the corrosion events and damages the engineering
surfaces. Khatri and co-worker have investigated the corrosion property of boron
based ILs (Figure 6) probed by copper strip test meth by optical and electron
microscopic techniques [73]. It is also reported that the copper strip, exposed to
TBA-BOxB, exhibited corrosion pits distributed throughout the substrate. The
surface features of copper strips remain intact without any damage, exposed to
TBA-BMdB, TBA-BScB and TBA-ILs. These experimental results suggested that
TBA-BMdB, TBA-BScB and TBA-BMIB ILs (halogen-free), do not corrode the
copper strips surface, whereas, presence of fluorine in TBA-BF,, corrosive events on
copper strips surface are facilitated. Furthermore, TBA-BOxB IL has poor thermal
stability and its decomposed acidic (oxalic acid) product leads to corrosive events.
As aresult, TBA-BOxB showed higher friction and WSD compared to other chelated
orthoborate ILs. Most of chelated orthoborate ILs has shown noncorrosive proper-
ties and can be tested for their lubrication properties.

Among all boron based ILs (Figure 6), maximum antiwear property is achieved
by TBA-BMdB IL due to compact, rigid and stable structure of BMdB anion. To
understand the effect of halogen, the friction and wear properties of fluorine
constituted TBA-BF, ILs are examined under identical condition. It is observed
that TBA-BF, has showed poorer tribo performance compared to the chelated
orthoborate ILs. Poor tribo-performance and corrosion results suggest that corro-
sive products generation by BF, anion constituted ILs could be further facilitated by
trapped water molecules in the lubricant [28].

The exact mechanism and role of boron based ILs in tribo-chemical thin film
formation is believed to be complex because of their inherent polarity. Recently,
Oganov et al. have revealed that boron containing ILs can generate partial negative
charge and facilitate the interaction of chelated orthoborate anions with steel sur-
faces and forms the tribo-thin film under the high pressure [77]. Usually, under the
tribo-stress, the positive charge is induced on metal surfaces. Chelated orthoborate
anions are adsorbed on induced positive charge surface with counter cations. The
layering structure on metal surface is formed through electrostatic attractions and
generates the physico-chemically adsorbed tribo-thin film [78]. Furthermore, the
very hard nature of boron is understood to provide durable tribo-thin film, which
protects the steel interfaces and reduces wear significantly.

It has been suggested that the dangling bonds of carbon atoms on the metal
surface are terminated by lubricant additives or the decomposition of lubricant
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additives and the formation of a monomolecular layer, which results in ultralow
friction. These results suggest that an adsorbed film derived from the halogen-free
ILs formed on the surfaces, which led to the ultralow friction. Moreover, a soft, thin
layer on hard substrate materials is important for achieving an ultralow friction
regime under boundary lubrication in accordance with the adhesion theory of
friction [60]. The tribo-chemical thin film developed by chemical interaction of ILs
and their decomposed products with steel interfaces could be an alternate to justify
the tribo-mechanism [6, 10, 13]. Comparison of halogenated and non-halogenated
ILs with conventional lubricants is listed in Table 1 for better understanding the
utility of ILs as lubricant.

Oil-soluble ILs, when used as lubricant additives, have repeatedly exhibited
effective wear and friction reductions in tribological bench tests and demonstrated
improved engine mechanical efficiency in engine dynamometer tests. The lubricat-
ing performance has shown a strong correlation with the ILs chemistry, concentra-
tion, compatibility with other oil additives, material compositions of the contact
surfaces, and rubbing conditions. While some results simply showed improvement
over the base oils, others have direct comparisons with commercial antiwear addi-
tives. Phosphonium based ILs with halogenated and non-halogenated anions are
also used as additive for different contact surfaces [14]. Further, tribological study

Lubricants COF ‘Wear Contact Reference
emimBF, 0.56 311x107> mm*/m Titanium-Steel [79]
bmimBF, 0.17 0.02x107> mm*/m
bmimCl 0.17 0.02x107* mm®*/m
hmimPF 0.19 0.08x107> mm*/m
omimBF, 0.8 0.1x10* mm’*/m
Mineral Oil 0.45 1.9x10% mm®*/m
hmimPF, 0.065 9.3x107> mm’*/m Steel-Steel [80]
PAO 0.105 9x10~> mm?*/m
bmimBE, 0.045 230x10° mm’/Nm Copper-SisN, [81]
Diesel oil 0.07 210x10~ mm®/Nm
bmimBF, 0.041 73.1x10"° mm*/Nm Steel-Si;N,
Diesel oil 0.105 80.2x10° mm*/Nm
bmimBF, 0.035 75x10~° mm*/Nm Crystalline
Diesel oil 0.075 34x10 mm’/Nm Cr- SisN
(CgHy7)sNHNTTE, 0.05 29.1x10"° mm®/Nm Engine inner ring [5]
dmimNTf, 0.07 24.5x10~° mm®/Nm
Mineral Oil 0.11 44.8x10”° mm®/Nm
15w40 Engine oil 0.11 36.9x10° mm’/Nm
hmimPF, 0.085 3x10~° mm?*/Nm Nickel-Steel [82]
omimPFg 0.1 9x10~° mm®*/Nm
PFPE 0.145 37x10° mm’/Nm
DSa 03 0.26x10~° mm*/Nm Copper-Copper [83]
PAO 01 4.54x10"° mm*/Nm
Table 1.

Comparison of ionic liquids (ILs) and conventional lubricants.
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Lubricants COF ‘Wear Contact Reference
PAO 0.14 38.5x10 7 mm’*/Nm Cast [46]
PAO@1.67% amine-phosphate 01 9x107 mm*/Nm iron-stecl
PAO@ 0.75% [P,444] [DEHP] 011 2.5x10”7 mm®/Nm
PAO@1.03% [Pgge14] [DEHP] 0.08 13x10” mm*/Nm
PAO@1.65% [Pege14] [i-C;H;5COO0] 011 4x10”7 mm’/Nm
PAO@1.98% [Pgss14] [n-C17H35COO0] 0.08 3x10”7 mm®/Nm
PAO@ 2.44% [Peg14] [RSO;] 0.11 7x10”7 mm*/Nm
PEG-200 0.12 730 mm (wear scar) Steel-steel [75]
PEG-200@ 1% MIm5-(BScB), 0.07 360 mm (wear scar)
PEG-200@ 2% MIm5-(BScB), 0.07 330 mm (wear scar)
PEG-200@ 3% MIm5-(BScB), 0.07 335 mm (wear scar)
PAO 0.22 4.9x10™* mm*/Nm Cast [11]
PAO@ 5% Pege14 DEHP 01 56x10”7 mm*/Nm iron-steel
5 W-30 engine oil 0.1 4.7x10”7 mm’/Nm
5 W-30 engine oil @ 5% Pgee14 DEHP 0.1 1.3x10”7 mm*/Nm
10 W base oil >0.3 490x10”7 mm>/Nm Cast [12]
10 W C 5% PP-IL 0.09 475107 mm®/Nm iron-steel
10 W-30 engine oil 0.1 9x10”7 mm’/Nm
10 W-30 engine oil C 5% PP-IL 0.11 2.5x10”7 mm’*/Nm
Table 2.

Tribological properties of ILs as lubricant additives.

of oil-miscible quaternary ammonium phosphites ILs as Lubricant additives in PAO
is also investigated in different surface environment and shows efficient reduction
of wear [53]. Biodegradable fatty-acid-constituted halogen-free ILs are efficient for
renewable, environmentally friendly, and high-performance lubricant additives
[76]. Halogen-free imidazolium/Ammonium-bis(salicylato)borate ILs act as high-
performance lubricant additives and lower wear values on metal surfaces [74]. For
better understanding the utility of ILs as lubricant additive in oils, COF and wear
properties are for few ILs and listed in Table 2.

4, Conclusion

For ILs as lubrication, the major concerns included corrosion, thermal oxida-
tion, oil-miscibility, toxicity, and cost. The recent successful development of
noncorrosive, thermally stable, and oil-soluble ILs has largely been addressed and
discussed in technical barriers and application point of views. The mainstream
research of IL involved lubrication has been shifted from using ILs as neat or
base lubricants to using them as lubricant additives. The development of ILs as
new lubricating systems are encouraging and still challenging issues in present
day. There must be considered the disintegration and corrosion problems of ILs
related to their applications as lubricant. However, these fundamental issues can
help us to the understanding of fundamental mechanisms of tribology. Now,
the focus is to develop halogen and phosphorus-free ILs as energy efficient and
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environment-friendly lubricant additives for the steel-based engineering surfaces,
and to establish the correlation between structure of anion and tribo-physical
properties of ILs. Halogen free ILs (mainly borate based ILs) are more important
for application as lubricant in near future.
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Acronyms and abbreviations

AAILs amino acid ionic liquids

AW anti-wear

BF, tetrafluoroborate

bmim 1-butyl-3-methylimidazolium

BMP 1-butyl-1-methylpyrrolidinium

BScB bis(salicylato)borate

BTAG3 methoxy tris-ethoxy methylene benzotriazole
BTMPP bis(2,4,4-trimethylpentyl) phosphinate
COF coefficient of friction

DEHP bis(2-ethylhexyl) phosphate

DLC diamond Like Carbon

DOSS dioctyl sulfosuccinate

DOP dioctyl phosphite

DEHP bis(2-ethylhexyl) phosphate

emim 1-ethyl-3-methylimidazolium

FAP tris(pentafluoroethyl) trifluorophosphate
hmim 1-hexyl-3-methylimidazolium

ILs ionic liquids

Leu leucine

Lys lysine

MO mineral oil

MIm5 1,1'-(pentane-1,5-diyl) bis(3-methylimidazolium)
MMIm5 1,1'-(pentane-1,5-diyl) bis(2,3-dimethylimidazolium)
PAO poly-a-olefin

PE polyester

PEG poly(ethylene glycol)

PF; hexafluorophosphate

POE polyolester

PAO poly-a-olefin

Ser serine

Thr threonine

13



Tribology in Materials and Manufacturing - Weay, Friction and Lubrication

Val

Tf,N/NT£,/TFSI

[TBA][Ser]
[TBA][Thr]
[TBA][Val]
[TBA][Leu]
[TBA][Lys]
[TBA][OH]
[Ps448]
[P44,414]
[Pe.6,6,14]
TMP

VO

XPS

ZDDP
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tetrabutylammonium lysine
tetrabutylammonium hydroxide
tributyloctylphosphonium cation
tributyltetradecylphosphonium cation
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zinc dialkyldithiophosphate
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Chapter 2

Turbulent Flow Fluid in the
Hydrodynamic Plain Bearing to a
Non-Textured and Textured
Surface

Bendaoud Nadia and Mehala Kadda

Abstract

Hydrodynamic bearing are components that provide the guiding in rotation of
rotating machines, such as turbines, the reactors. This equipment works under very
severe operating conditions: high rotational speed and high radial load. In order to
improve the hydrodynamic performance of these rotating machines, the industrial-
ists specialized in the manufacture of hydrodynamic journal bearings, have
designed a bearing model with its textured interior surface. The present work is a
numerical analysis, carried out to observe the effect of a turbulent fluid flow in a
non-textured and textured plain bearing and to thus to see the improvement of the
hydrodynamic and tribological performances to a non- textured and textured sur-
face of the plain bearing, under severe operating parameters. The rotational velocity
varies from 11,000 to 21,000 rpm and radial load ranging from 2000 N to 9000 N.
The numerical analysis is performed by solving the continuity equation of Navier-
Stocks, using the finite volume method. The numerical results show that the most
important hydrodynamic characteristics such as pressure, flow velocity of the fluid,
friction torque, are significant for the textured plain bearing under rotational
velocity of 21,000 rpm and radial load 10,000 N compared to obtained for a non-
textured plain bearing.

Keywords: plain bearing, turbulent flow fluid, textured surface, pressure,
friction torque

1. Introduction

Tribology is the science that studies the interactions of two surfaces in motion
with respect to each other. It encompasses the associated technique and all of the
friction and wear sectors, including lubrication. She studies the interactions
between contact surfaces, but also those of solids, liquids and gases present between
these surfaces, such as hydrodynamic plain bearings.

The hydrodynamic bearings allow the various parts of the mechanical devices to
move easily while ensuring reliability that eliminates any risk of rupture or prema-
ture wear. When the operating conditions are severe (high or rapidly changing
loads, high frequency of rotation), working under a turbulent regime (like the
turbojet), it becomes difficult to achieve this double objective without the help of
powerful digital prediction models.

21 IntechOpen



Tribology in Materials and Manufacturing - Wear, Friction and Lubrication

Friction is one of the most answered physical phenomena in hydrodynamic
bearings. This is the reason why a new concept of bearings was invented, the aim of
which is to minimize the losses of material and energy linked to wear and friction; it
is therefore to manufacture mechanical systems with textured surfaces to improve
the efficiency and life of the machines. The aim of this study is to better predict the
effect of tribological behavior as well as the effect of turbulent flow behavior in the
textured and non-textured hydrodynamic bearing.

2. Turbulent flow effect in plain bearing

Constantinescu has developed the phenomenon of turbulence in lubrication
between years 1962 and 1965 [1, 2], Elrod and Ng in 1967 [3-5], are presented a
linearized turbulent lubrication theory based on eddy-viscosity concept of
Boussinesq and Reichardt’s formulation, including the treatment of turbulent shear
and pressure gradient flows in thin films. This theory can be applied to the journal
bearings by assuming that the turbulent flow field in the clearance space can be
represented by the small perturbations on the turbulent Couette flow. The first
studies on determining the Reynolds number, which expresses the ratio, changed
inertial forces and viscous forces in the field of bearings, were made by Fantinos
and colleagues [6].

In 2005 Braunetiere [7], show that a number of theories for the turbulent lubrica-
tion film exist which are based on various well-established models of turbulent flow.
Solghar and Nassab (2013) [8] carry out a study in to assess the turbulent thermohy-
drodynamic (THD) performance characteristics of an axially grooved finite journal
bearing [8, 9]. They are mentioned in their research that the bearing of the operating
characteristics are significantly changed by increasing the Reynolds number.

3. Texture effect in plain bearing

At the moment, little is known about the effect of variations in the profile of the
bushing and on its performance. Surface texturing is expected to make a significant
contribution to future bearing technologies.

In 2011, Ivan Krupka and al [10] presents an experimental and numerical study
on the superficial textures effect of the lubricated contact, for the transitional phase.
This study is done in order to observe the lubricant film behavior between two
surfaces of a disc coated with chrome and a steel ball. According to their study, they
showed that lubricant produced from the micro-dents helps to separate rubbing
surfaces.

Tala-Ighil, Fillon and Maspeyrot in 2011 [11] indicated the effect of textured
area on the performances of a hydrodynamic journal bearing. They examined the
texture location effect on the hydrodynamic performance hydrodynamic of the
journal bearing. Their results show that the most important characteristics can be
improved through an appropriate arrangement of the textured area on the contact
surface.

In 2014, Pratibha and Chandreshkumar [12], present an experimental study on
the effect of the bearing surface texture and the profile pressure distribution in
hydrodynamic performance of journal bearing. Their study shows that with the
increase of the radial loads and at the constant velocity, the increase of maximum
pressure is significant in textured journal bearing, in contrast, this pressure is less
important for a non-textured journal bearing and with the increase of velocity and
at constant radial load.
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In 2015 Zhang and al [13], present a numerical study of surface texturing for
improving tribological properties of ultra-high molecular weight polyethylene.
Ultra-high molecular weight polyethylene (UHMWPE). Smooth UHMWPE sur-
faces are used for total joint replacements; however, smooth surface contacts have
been shown to be inadequate in friction reduction and/or anti-wear.

Uddin and Liu present in 2016 [14], present design and optimization of a texture
shape (star-like) for to improve the tribological performance. The triangle form of
the texture tends to reducing the friction. A star-like texture consisting of a series of
triangular pikes is positioned around the texture center’s proposed. The increasing
theses triangular shape, produce the increases the film pressure and on the other
hand the reduction of the friction.

In 2016, Shahab Hamdavi, H. H. Yaand T. V. V. L. N. Rao [15], presented a
research on the surface texturing effect on hydrodynamic performance of journal
bearings. The authors study the effect of partially textured surface of long journal
bearing on the pressure distribution. The results show that, applying partial surface
texture has a positive and remarkable effect on operating characteristics of the
bearings.

In 2017, Sedladek and al [16], studied the geometry effect and the sequence of
the surface texturing process in contact on the tribological characteristics. They
tested the behavior of surfaces with and without hard coating for different textures
shapes: pyramid, cone and concave. The authors have shown that pyramidal tex-
tures cause significant results for tribological behavior. Deposition of textured sur-
face coating tends to reduce friction over that achieved for uncoated textured
surface.

Wang et al. presented the study in 2018 [17] on lubrication performance of
journal bearing with multiple texture distributions. They are able to compare two
shaped concave textures and convex texture on a bearing lubrication performance.
Their results show that the bearing load capacity is reduced by the concave spher-
ical texture, but enhanced by the convex texture; both the concave and convex
textures have a very slight influence on the friction coefficient. In the same year, Ji
and Guan [18], analyses the effect of the micro-dimples on hydrodynamic lubrica-
tion of textured sinusoidal surfaces and rough surfaces. In order to characterize the
non-textured surfaces, sinusoidal waves were used. Their results show that, the
effect of roughness of the textured surface on the hydrodynamic pressure is signif-
icant and the load carrying capacity decreases with the increase of the roughness
ratio because the roughness greatly suppresses the hydrodynamic effect of dimples.

In 2019, Manser et al. [19] studied the hydrodynamic journal bearing perfor-
mance under the combined influence of textured surface and journal misalignment.
This study is a numerical analysis is performed to test three texture shapes: square
“SQ,” cylindrical “CY,” and triangular “TR,” and shaft misalignment variation in
angle and degree. The Reynolds equation of a thin viscous film is solved using the
finite difference’s method. Their results show that the micro-step bearing mecha-
nism is a key parameter, where the micro-pressure recovery action present in
dimples located at the second angular part of the bearing (from 180° to 360°) can
compensate for the loss on performances caused by shaft misalignment, while the
micro-pressure drop effect at the full film region causes poor performances.

4. Theoretical analysis
The pressure field is determined by the resolution of the generalized Navier-

Stokes equation according to the classical assumptions in the (0,8 —, z) coordinate
system. Figure 1 illustrates the schematization of plain cylindrical journal bearing.
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4.1 Equation fluid flow
4.1.1 Equation of continuity

The continuity equation can be expressed by the relationship (1) [20].
V(eU)=0 (1)

where U = ﬁ( u, v, w) is the velocity vector.
Eq. (1) can also be written as follows:

u v ow

x oyt 0 )

4.1.2 Navier-Stokes equations
The Navier-Stokes equation can be defined in the following form (2003):
— — — —\T
aV.<U®U) S +MV.(VU+ (VU) >+B 3)

With P static pressure (thermodynamic); U velocity; 4 dynamic viscosity.
For fluids in a rotating frame with constant angular velocity w source term B can
be written as follows:

B:—p(25xﬁ+5x(5x7)> (4)
Eq. (1) can also be expressed in the form:
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Figure 1.
Schematization of plain bearing. (a) Non-textuved plain bearing. (b) Textured plain bearing.
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p is fluid density.
Considering the Z axis as the axis of rotation, the components of B can be
expressed as follows:

B, = (0} rx + 2w.v)
B, = (wy 1y + 2w,u)
B,=0

The finite volume method used to solve the continuity and Navier-Stokes equa-
tions consists in subdividing the physical domain of the flow into elements of more
or less regular volumes; it converts the general differential equation into a system of
Algebraic equations by relating the values of the variable under consideration to the
adjacent nodal points of a typical control volume. This is achieved by integrating the
governing differential equation into this control volume.

4.1.3 Discretization of governance equations

The main step of the finite volume method is the integration of governing
equations for each control volume [20]. The algebraic equations deduced from this
integration make the resolution of the transport equations simpler. Each node is
surrounded by a set of surfaces that has a volume element. All the variables of the
problem and the properties of the fluid are stored at the nodes of this element.

The equations governing the flow are presented in their averaged forms in a
Cartesian coordinate system (%, y, z):

d
2 (pUj) =0 (6)
0X (v U;

0 P 9 oU; U,

X (U;U:) 3x; | ox; (” (aX,- + ax,-)) B @

Egs. (6) and (7) can be integrated into a control volume, using the Gaussian
divergence theorem to convert volume integrals to surface integrals as follows:

Jp Ujdnj:O (8)

oU; oU;
Lp UjUidn; = —LP dnj+ JS (,u (an 0X,->dn] + JVSuldV 9)

The next step is to discretize the known m’s of the problem as well as the
differential operators of this equation. All these mathematical operations will lead to
obtaining, on each volume of control, a discretized equation that will link the vari-
ables of a cell to those of neighboring cells. All of these discretized equations will
eventually form a matrix system. Considering an element of an isolated mesh,
Figure 2.
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Figure 2.
Integration point in an element of a control volume control.

After the discretization and rearrangement of Egs. (8) and (9) the following
forms will be obtained:

> P Ujdn), =0 (10)

oU; oU; _
2 (Ul =2y (PAm) 43, (” (0X; " aXZ>Anj ) FV )

(1 i=j
Nf_{o i#j}

4.1.4 Coupling pressure-velocity

The method of pressure interpolation in pressure-velocity coupling is similar to
that used by Rhie and Chow (1982). This method is among the methods that best
save memory space and computation time. If the pressure is known, the discretized
equations are easily solved [20]:

ouU Ax3A (0*P
(&)i T (W) 0 2
where:
m = pU; An; (13)

4.1.5 Form functions

The physical quantity ¢ (p, u, v, w and p) of the flow in a volume element is a
function of those in the nodes of the element is given by the following relation:

Node

= Nig (14)
i=1

where Ni is the form function for node 7 and ¢i the value of the variable in the
same node. A particularity of the form factors makes sure that:
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Node

p=> Ni=1 (15)
i=1

These functions are also us5ed for the calculation of various geometric quanti-
ties, such as positions, coordinates of the integration point (ip), surfaces and dif-
ferent vectors. Form equations are also applicable for Cartesian coordinates, in
which case they can be written in the following way:

Node

X = Z N,‘ Xi (16)
i=1
Node

y=> Niy, (17)
i=1
Node

Z = Z N,‘ Zi (18)

The shape functions are also used to evaluate the partial derivatives of the flow
terms on the control surfaces and for each direction, the general formula of the
different flows is as follows:

dp
ox

oN,,
=3 |0 (19)

i n

4.1.6 Pressure gradients

The integration of the pressure gradient (P) on the control volume in the Navier-
Stokes equations involves the evaluation of the following expression:

(P any),, (20)

where:

Pip = ZNn (Sip’ tip; uip)Pn (21)
n

For the improved treatment of fluctuations induced by turbulence in the motion
of a particle of fluid, there are three methods of approach to address the notion
turbulence. The first method is to decompose the field of velocity and temperature
in a mean component and a turbulent fluctuation, to make a variety of models are
now available, ranging from the simple model equation to zero to complex (model
of the constraint equations Reynolds RMS).

The second is a method in which all the structures of turbulence (macro and
micro-structures) are solved directly and models the effect of small structures by
models more or less simple, so-called sub-grid models. This method is known as the
large eddy simulation (Large Eddy Simulation, LES). The third method is a hybrid
approach combines the advantages qm large eddy simulation (LES), with good
results in highly separated zones, and model Reynolds-Averaged Navier-Stokes
(RANS), which are most effective in areas close to the walls. The method is called
(Detached Eddy Simulation, DES).
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5. k-Epsilon model

One of the most prominent turbulence models, the (k-epsilon) model, has been
implemented in most CFD codes [20]. It has proven to be stable and numerically
robust and has a well-established regime of predictive capability; the model offers a
good compromise in terms of accuracy and robustness. This turbulence model uses
the scalable wall-function approach to improve robustness and accuracy when the
near-wall mesh is very fine.

k is the turbulence kinetic energy and is defined as the variance of the fluctua-
tions in velocity. It has dimensions of (L> T?); for example, m?/s%. ¢ is the turbu-
lence eddy dissipation (the rate at which the velocity fluctuations dissipate), and
has dimensions of k per unit time (L2 T3); for example, m?/s3.

The k-e model introduces two new variables into the system of equations. The
continuity equation is following forms:

dp 0 N

and the momentum equation becomes:

opU; 0 a0 oU; 9U;
— (pUUj) = -+ — S 2
ot + axj (,0 ]) ()xi + ax]' Heff a.X'j + 0x,~ + oM ( 3)

where Sy is the sum of body forces, p.¢ is the effective viscosity accounting for
turbulence, and p’ is the modified pressure as defined in Eq. (22).

2 2 U,
et Sk Tk 24
4 P+3P +3.ueffaxk (24)
The k-& model, like the zero equation model, is based on the eddy viscosity
concept, so that:

Hefr = U+ Hy (25)

where p, is the turbulence viscosity. The k-¢ model assumes that the turbulence
viscosity is linked to the turbulence kinetic energy and dissipation:

kz
He = Cpp . (26)

where Cu is a constant.

With C, = 0.09 0 = k' =+~

The values of k and & come directly from the differential transport equations for
the turbulence kinetic energy and turbulence dissipation rate:

Apk) 0 9 al
M-FK(pUjk):—{(ﬂ-‘r&) —<}+Pk—pe+Pkb (27)
J

ot ()x]‘ O}, ()x]‘

dpe) 0 0 u\ oel| e
—_— U = — p— - _CSP—Cg CEP 28

where C,4, C,», 6, and o, are constants.
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Py, and Py, represent the influence of the buoyancy forces, which are described
below. Py, is the turbulence production due to viscous forces, which is modeled using:

oU; oU;\ oU; 2 dU, ouU,,
P = S ——+pk 2
k ﬂt(dxj + ox; ) Oxj 3 Oxp 3 0xy, tr (29)

The term 3 p, in Eq. (37) is based on the “frozen stress” assumption. This
prevents the values of k and € becoming too large through shocks.

6. Numerical model

The purpose of this study is to highlight the behavior of the turbulent fluid flow
fluid on the operating characteristics as well as the hydrodynamic behavior of a
plain bearing This study is simulated by the CFD calculation code, which provides
accuracy, reliability, speed and flexibility in potentially complex flow areas. Inte-
grating the Reynolds equation on each control volume to derive an equation
connecting the discrete variables of the elements that surround it, all of these
equations eventually form a matrix system.

6.1 3D structure of the numerical model

Figure 3 illustrates the 3-D structure of the plain bearing with fluid and solid
regions are shown. The supply holes are presented in a simplified manner without
affecting the accuracy of the model. A tetrahedron element is adopted in the oil
supply holes of the fluid region, and a hexahedral element is adopted in domain
fluid. A hexahedral element is also applied to the solid region such as the bearing
and the shaft (Figure 4).

The geometrical and operating parameters of the plain journal bearing is presented
in the Table 1. As well as, parameters of the lubricant are showed in Table 2.

6.2 Boundary conditions of the numerical model

Boundary conditions of the numerical model of the plain bearing are shown in
Figure 5, definite as follows: 1: the rotating speed is applied to the outer wall surface

Feed port, ¢

Groove

Figure 3.
3D structure of the non-textured plain bearing. (a) Non-textuved bearing. (b) textured bearing.
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a) b)

Figure 4.
Mesh of the plain bearing. (a) Non-textured bearing. (b) textured bearing.

Item Value

Bearing diameter (mm) 100

Shaft diameter (mm) 99.91

Bearing length (mm) 70

Radial clearance (mm) 0.09

Pad thickness (mm) 4

Feed port diameter (mm) 14

Feed groove length (mm) 70

Rotating velocity N (rpm) 11,000-- 21, 000

Radial load W (N) 2000-20- 10, 000

Supply temperature ambiaente Ta (°C) 40

Supply pressure Pa (MPa) 0.08
Table 1.

Geometrical and operating parameters of the plain bearing.

Item Value

Lubricant type PMA3

Density p (kg/m3) 800

Specific heat capacity C (J/kg. K) 2000

Kinematic viscosity at 40 °C v (mm?/s) 17.,49

Kinematic viscosity at 80 °C v, (mm?/s) 8,003
Table 2.

Parameters of the lubricant.

of the shaft; 2: the inner wall surface of the bushing is stationary; 3: the domain is
simulated by the fluid region. The slip of the interface is ignored; 4: the oil supply
pressure is 0.08 MPa and supply temperature is 40°C, are set in oil supply holes;
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Film 1 (Symmetry)

Film 2(Symmetry)

Figure 5.
Boundary conditions.

5: the two ends of the plain bearing domain, and the pressure is set to one bar; and is
considered as symmetry.

6.3 Validation of the mesh independence of the numerical model

The setting is done by a graphical interface. The mesh used is a mixed mesh
which understood elements of tetrahedral type with 6 nodes and hexahedral ele-
ments with 8 nodes. It’s necessary to choose an appropriate mesh, consequently, a
mesh independence study is carried out, and calculation results are shown in
Figure 6. When the nodes number is greater than 4815, the evolution of the
pressure stabilizes in the angular coordinate 205° of the plain bearing. Therefore,
the number of nodes chosen for this numerical analysis corresponds to a number of
nodes equal to 4815. The nodes number for textured bearing is 65,172. Convergence
criterion of the numerical results is calculated for a maximum number of iterations

0.97
0.96

5 0.95

=)

2 0.94

3

]

£0.93

%

£0.92
0.91

0.9
2047 3188 4815 4926 5143

Nodes number

Figure 6.
Evolution max pressure according to the nodes number of the shaft mesh.

31



Tribology in Materials and Manufacturing - Wear, Friction and Lubrication

Axial groove with
three fead holes 10mm

Figure 7.
Textured bushing parameters.

of 1000 iterations with a convergence criterion of the order of 10~ *. The solution
converges when the residuals reach 10~ *. However, in some cases it is necessary to
push the calculations to 10,

6.4 Textures parameters

Surface texturing of the bushing is a technique used to improve the load capacity
of various tribological conjunctions, as well as to reduce frictional losses. The tex-
ture spherical shape of diameter r, = 3 mm and the depth of ry = 0.5 mm, the axial
distance between the textures d = 10 mm and their angular offsets a = 10°,

(Figure 7).

7. Hydrodynamic and tribological performance of a hydrodynamic
non-textured and textured plain bearing for the turbulent regime

7.1 Test of the different turbulent model

In this section, we will carry out a comparative study between two models of
turbulence: k-¢ model for turbulence in the vicinity of the walls and the RMS model
(Reynolds shear stress) for turbulence in the vicinity and far from the walls.
Figure 8 illustrates the pressure distribution along the median plane of the plain
bearing, for the k-¢ model and the RMS model. Both models give the same pressure
distribution. Since we are interested in examining the distribution of pressure, of

1200000
W = 10 kN N =11 000 rpm

1000000

e | -2 psilon model
800000

e RIS model
600000
400000

200000

Presure (Pa)

0

400
-200000

-400000

Angular coordinate (°)

Figure 8.
Pressure evolution for k-epsilon model and Reynolds shear stress (RMS).

32



Turbulent Flow Fluid in the Hydrodynamic Plain Bearing to a Non-Textured...
DOI: http://dx.doi.org/10.5772 /intechopen.94235

the friction torque between the fluid and the internal surface of the bearing, we
used the k-¢ model for the numerical analysis carried out in this study.

7.2 Radial load effect

To demonstrate the effect of the radial load on the operating performance of the
non-textured and textured hydrodynamic plain bearing, such as pressure, fluid flow
velocity and friction torque, the radial load is varied (W1 = 2000 N, W2 = 5000 N,
W3 =7000 N and W3 = 9000 N). The initial operating conditions of the bearing re a
supply temperature Ta = 40° C, supply pressure Pa = 0.08 MPa and the rotational
speed of the shaft equal to 11,000 rpm with a Reynolds number of Re = 3622.64 to
ensure the turbulent regime.

7.2.1 Pressure

Figure 9 illustrates the distribution of the pressure along the median plane for
non-textured and textured bearing, for different radial loads. The graph shows that
increasing the load from 2000 N to 9000 N leads to an increase in pressure.
Significant pressures are obtained for a bearing subjected to a radial load of 9000 N.
This increase reaches 65 per cent for a textured bearing. Also for a no textured
bearing, the increase in pressure will reach 81 per cent by varying the radial load
from 2kN to 9kN. The curves also indicate that the maximum pressure is noted in
the angular position from 160° to 175°, on the other hand, in the angular coordinates
at 200°, the noted pressure is lower than the supply pressure, indicating the exis-
tence rupture zones of the oil film. The rupture zones of the oil film are observed in
the angular positions between 190° and 335° and also between 300° and 350°. The
values of circumferential pressure are significant for a textured bearing with respect
to those recorded for a non-textured bearing (Figure 10).

7.2.2 Fluid flow velocity

The fluid flow velocity according to the angular position of the plain bearing,
for different radial loads is presented in Figure 11. The maximum flow velocity is
noted for a textured plain bearing working under a radial load of 9000 N and
which is of the order of 61 m/s, on the other hand is of the order of 36 m/s for
non-textured plain bearing. The increase in the radial load which reacts on the
bearing causes the increase in the flow velocity. This increase is estimated at 21

Non-textured bearing Textured bearing

1200000 1000000

1000000 —— = 2KN 200000 N = 2KN

300000 W= 5KN 00000 W =5KN
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£ sonooca W= 7KN 2400000 .
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S 200000 5200000
w W “ h\
" W
T zoonoo @ il
= o 0 100 100 ‘3‘0 100
0 - -200000 .
0 100 200 Ly 100
200000 -400000
-4n00a0 500000
angular coordinate () Angular coordinate ()
Figure 9.

Circumferential pressure for different radial load N = 11,000 rpm (Re = 3622.64 turbulent regime).
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2000 N 5000 N 7000 N
Non-textured bearing

2000 N 5000 N 7000 N - 9000 N
Textured bearing

Figure 10.
Pressure evolution for different radial load N = 11,000 rpm.
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Figure 11.

Evolution of the fluid flow velocity according the angular position for different radial load N = 11,000 rpm
(Re = 3622.64 turbulent regime).

per cent for textured bearing and estimated at 29 per cent for non-textured bearing
(Figure 12).

7.2.3 Friction torque

The fluid friction torque or “viscous” friction is a particular friction force, which
is associated with the movement of an object in a fluid (air, water, etc.). It is at the
origin of energy losses by friction for the object moving in the fluid. The friction
torque is calculated by integrating the shear stresses at the surface of the shaft or of
the bushing, the shear stresses in the fluid are given by derivation the fluid velocity
in the radial and tangential direction. Therefore, there is an empirical relationship
between the flow velocity of the fluid and the friction torque, for this we obtain the
same distribution for the fluid flow velocity and the friction torque along the
median plane of the hydrodynamic bearing.
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2000 N 5000 N TO0OO N 9000 N
Textured bearing

Figure 12.
Velocity evolution for different radial load N = 11,000 rpm.
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Figure 13.

Friction torque in the median plane for different radial load N = 11,000 rpm (Re = 3622.64 turbulent regime).

The friction torque along the circumference of the textured bearing is illustrated
in Figure 13. The important values are noted for a radial load of 9000 N, the
maximum value of the friction torque is of the order of 17.93 N.m for a textured
bearing, and is the order of 10.83 N.m for non-textured bearing. These maximum
values are noted in the angular positions at 180° and 195°. The increase in the radial
load from 2000 N to 9000 N leads to an increase in the friction torque of 21 per cent
and 29 per cent respectively for a textured and non-textured bearing.

7.3 Effect of the shaft rotation speed
7.3.1 Pressure

Figure 14 shows the pressure distribution along the bearing circumference, for
four shaft rotation speeds (11,000 rpm, 14,000 rpm 17,000 rpm and 21,000 rpm).

The supply conditions used for this numerical analysis are Ta = 40°C and
Pa = 0.08 MPa. The radial load is 10,000 N. This rotational speed gives respectively
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Circumferential pressure for different rotational velocity W = 10 KN (turbulent regime).
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Figure 15.
Circumferential pressure according the angular coordinate of the non- textured and texturved bearing W = 10
KN, N = 14,000 rpm (Re = 5187.6 turbulent regime).

a Reynolds number of Re = 3622.64, Re = 4687.53, Re = 5187.6 and Re = 6752.54,
which indicates that the regime is turbulent.

The curve clearly shows that the maximum pressure is positioned at angular coor-
dinates from 140° to 160°, while at angular positions between 170° and 200°, the
pressure is lower than the supply pressure, which indicates the existence of the rupture
zone of the oil film. It can also be said that increasing the rotational speed causes a slight
decrease in pressure, this decrease being estimated at 24 per cent. The significant
pressure is recorded for a very high rotation speed, which is of the order of 21,000 rpm.

Figure 15 shows the pressure distribution as a function of the angular position for a
textured and non-textured bearing for a radial load of 10,000 N and a rotation speed of
14,000 rpm. The curve clearly shows that the pressure distribution along the median
plane of the bearing is different in the case of a non-textured bearing and a bearing with
a textured surface; the difference is estimated at 8.5 per cent (Figure 16).

7.3.2 Fluid flow velocity

Figure 17 illustrates the variation of flow velocity in the circumferential direc-
tion of the plain bearing, to a feed temperature of 40°C and feed pressure of
0.08 MPa. The shaft rotational speed varies from 11,000 rpm to 21,000 rpm (Tur-
bulent regime) and a radial load of 10,000 N. The curve shows that the rotational
speed leads to an increase in the fluid flow velocity. The increase reached 39 per
cent. The flow velocity is significant for a bearing which rotates at a speed of
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Textured bearing

Figure 16.
Distribution circumferential of the pressure for differents rotational velocity.
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Figure 17.
Fluid flow velocity evolution according angular position angular for different votational speed W = 10 KN
(turbulent regime).

21,000 rpm (Re = 6752.54), on the other hand it is less important for a rotational
speed of 11,000 rpm (Re = 3622.64). The significant value of the fluid flow velocity
is noted for a textured plain bearing which is the order of 89.56 m/s. On the other
hand, for a non-textured plain bearing, the maximum value of the fluid flow
velocity is only of the order of 56.37 m/s.

For the different of the fluid flow velocity (Figure 18), has the same variation
for the case of plain bearing without texture and a textured plain bearing. This
speed takes a maximum value at the angular coordinate of 200° of the bearing. The
difference between the fluid flow velocity for a non-textured and textured plain
bearing is of the order of 38 per cent (Figure 19).

7.3.3 Friction torque

For the evolution of the friction torque as a function of the angular coordinates
of the non-textured and textured plain bearing by varying the rotational speed of
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Figure 18.
Fluid flow velocity according angular position of the non-textured and textured bearing W = 10 KN,
N = 14,000 rpm (Re = 5187.6 turbulent regime).
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Distribution circumferential of the fluid flow velocity for differents rotational velocity.

20 30
Non-textured bearing Textured bearing

—_ 25

£ E

= =z m

XU

=] w

= 3

= o

.9 10 :6 15

. 2

& 5

= Qo

E 1 1000 rpm g 10 —— 11000 rpm

w5 e 1/1000 Fpim = il 14000 rpm
iy, 17000 rpr 5 . 17000 rpm
s 21000 t I e 21000 1pM

] o
0 100 200 L 400 o 1o 200 300 100
angular coordinate (%) Angular epordinate (%)

Figure 20.
Friction torque in median plane for different rotational speed W = 10 KN (turbulent regime).
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Figure 21.
Friction torque in the median plane of the non-textured and textured bearing W = 10 KN, N = 14,000 tr/min
(Re = 5187.6 turbulent vegime).

the shaft from 11,000 to 21,000 rpm and for a radial load of 10,000 N, is presented
in Figure 20. The increasing the rotational speed causes a slight increase in the
friction torque, this increase is of the order of 2 per cent. The important values are
obtained for a rotational speed of 21,000 rpm; the maximum value of the friction
torque is also positioned at the angular coordinate of 200°. The significant value of
the friction torque for a non-textured plain bearing is of the order of 16 N.m, on the
other hand for a textured plain bearing is 26 N.m.

Figure 21 illustrates the variation of friction torque along the circumferential
non-textured and textured plain bearing. The evolution of the friction torque along
the angular bearing position has the same shape for the two cases studied, the
difference is estimated at 38 per cent at the 200° level.

8. Conclusions

This numerical study presents the evolution of the fluid flow for turbulent
regime in hydrodynamic plain bearings with a non-textured and textured surface,
in order to improve the hydrodynamic lubrication and tribological performance of
plain bearing, using the finite volume method, such as pressure, friction torque and
fluid flow velocity.

The results obtained for the textured plain bearing were compared to the non-
textured plain bearing, the main conclusions drawn from this study are:

1. The pressure distribution according to the angular position for the textured
and non-textured plain bearing for the radial load of 10,000 N and the speed
of rotation of 14,000 rpm has the same appearance for the two cases studied;
the difference is estimated at 8.5%.

2.The rupture zones of the oil film are observed in several angular positions at
190° and 300° for a plain bearing with textured surface, on the other hand for
a plain bearing without texture, the rupture zone is positioned only in the
angular position at 190°. This rupture of the oil film is due to the drop in
pressure below the supply pressure.

3.The evolution of the friction torque, along the angular position, has the same

distribution for the non-textured and the textured plain bearing, the
difference is estimated at 38%.
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4.The flow velocity of the fluid in the plain bearing takes a maximum value at
the angular position of 165°. The difference between the flow velocity for a
non-textured and textured plain bearing is estimated of 38%.

It should be emphasized, however, that the conclusions we give here are only
valid for the cases we have studied, and that they are not independent of the
characteristics of the plain bearing and of the lubricant.

The numerical results show that the most significant hydrodynamic characteris-
tics such as pressure, flow velocity of the fluid and friction torque, are significant
for the textured plain bearing under rotational velocity of 21,000 rpm and radial
load 10,000 N compared to the results obtained for a non-textured plain bearing.

When one is interested in plain bearings operating under severe conditions, that
is to say for the turbulent regime, the hydrodynamic pressures sometimes reach
several hundred mega Pascal’s.
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Nomenclature
B source term
C radial clearance
e eccentricity
L bearing length
Rg shaft radius
Rp bush radius
N rotational velocity [rpm]
P pressure [Pa]
7] position vector [m]
U peripheral speed [m/s]
U,v,w velocity according x, y, z axis [m/s]
w radial load [N]
Re Reynolds number
€ relative eccentricity
0} Flow factor [°]
p dynamic viscosity [Pa.s]
pt turbulent dynamic viscosity [Pa.s]
0} shaft angular speed [rad/s]
K turbulence kinetic energy
p density [kg/m3]
Indice
i Interne
ip Indice du point d’intégration
spécifique
théorique
u utile
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Abstract

This chapter provides an overview of Green tribology, which is a new direction
in the development of tribology, a new interesting area for scientific researches
and a new way to turn tribology into a friend of ecological environment and saving
energy. Green tribology is considered as well as close area with other “green” disci-
plines like green engineering and green chemistry. In the chapter, the various aspects
of green tribology such as the concept, perspectives, role and goal, main principles,
primary areas, challenges and directions of the future development have been
discussed. It was clarified that green tribology can be defined as an interdisciplinary
field attributed to the broad induction of various concepts such as energy, materials
science, green lubrication, and environmental science. The most important role
and goal of green tribology is improvement of efficiency by minimizing wear and
friction in tribological processes to save energy, resources and protect environment,
and consequently, improve the quality of human life. The twelve principles and
three areas of green tribology were analyzed. Observation of these principles can
greatly reduce the environmental impact of tribological processes, assist economic
development and, as a result, improve the quality of life. The integration of these
areas remains the major challenge of green tribology and defines the future direc-
tions of research in this field. This work also presents a rather detailed analysis of the
most important effect in green tribology—the “zero-wear” effect (selective transfer
effect). It was established that the “zero-wear” effect is due to self-organization
in frictional interaction in tribological systems, which is the consequence of the
complex tribo-chemical reactions and physico-chemical processes occurred in
the area of frictional contact, that lead to the manifestation of unique tribological
characteristics: super-antifrictional (friction coefficient ~ 107%) and without wear
(intensity wear ~107"). This condition of tribo-system was provided by a protec-
tive nanocrystalline servovite film made of soft metal with unusual combination of
mechanical properties.

Keywords: green tribology, friction, lubricants, wearlessness, zero-wear, selective
transfer, biomimetics, self-lubrication, surface texturing, renewable energy

1. Introduction

Today, environmental and energy problems have become extremely serious and
survival on a global scale. Scientists in all fields pay great attention to solving these
problems. By this logic, the boom of recent decades, associated with the forma-
tion and development of nanotechnologies, including in relation to tribology and
tribotechnics [1, 2].
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It is noticeable that tribology has continuously developed into new phases. After
opening in 1956, the effect of selective transfer (ST) (“zero-wear” effect) during
friction, in tribology for the first time, was a basis to build the whole new paradigm
of “friction without wear with minimal energy consumption”, which was denied by
all previous practical experience in operating movable coupling and by theoretical
constructions of science of the friction and wear solids. At the same time, by the
beginning of this century, the concept of “green tribology” was formed, which
actually lists all the achievements in the study of the mechanisms of wearlessness
(zero-wear) and super-anti-friction, as well as in the development of lubricants
for their implementation in practice 3, 4]. In the 21st century and beyond, green
tribology is expected to play an increasingly important role and become the key
and strategies for solving a series of global problems in energy, environment and
resources.

In recent years, there has been a rapid growth in research activities in green
tribology field. A fairly large number of articles, world conference reports and
academic books in related to this area have been published [2, 5-15]. However,
there are still few publications that expounded the concepts, technological
connotations, principles and disciplinary features of green tribology in precise,
comprehensive definition and in an all-round way. The first scientific work com-
pletely devoted to green tribology, which emphasized the scientific rather than
the economic and social aspects was published by M. Nosonovsky and B. Bhushan
in 2010 [5].

Being a new field of tribology still in its infancy, an accurate understanding of the
fundamentals of green tribology is important from both a scientific and practical point
of view. In this regard, the aim of this work is to clarify the fundamental scientific and
technological foundations of green tribology based on the analysis and generalization
of the research achievements of green tribology.

2. Green tribology: concept, goal and role

It has been noted that the concepts in the main development direction of
tribology are historically changed as follows (Figure 1).

Nowadays, the term “green tribology” has become part of the engineering dic-
tionary. Green tribology is an emerging and actual area in tribological science with
more focus on energy saving and environmental protection. Although green tribol-
ogy is a fairly new concept; however, it already plays an important role in ensuring
that all industrial systems can be able to function in an environmentally friendly
manner. Green tribology is especially tuned to sustaining an ecological balance
and biological effects on contact between surface systems from different materials.
Green tribology ensures that any process of friction and wear is as environmentally
friendly as possible. Thus, green tribology can be defined as an interdisciplinary
field attributed to the broad induction of various concepts such as energy, materials
science, green lubrication, and environmental science [8-11].

We have known the concept of green engineering for a long time. The United
States Environmental Protection Agency (USEPA) defines green engineering as

Tribology for Environmental Green
—+d

|| Ecotribology ||
energy conservation friendly tribology tribology

Figure 1.
Tribology concepts in the new main direction of development [1, 2].
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“the design, commercialization and application of processes and products that
technically and economically reduce sources of pollution and risks that adversely
affect human health and the environment”. Speaking of green tribology, one cannot
ignore the terms “Green Technology”, “Green Engineering”, “Green Metalworking”,
etc., but the first association and historically, the first green science, as applied to
science naturally, was “Green Chemistry”. Green engineering and green chem-
istry are two closely related fields of green tribology that are actively engaged by
researchers today [12, 13].

Specifically, green tribology has been identified as an area of engineering that
could go beyond its original remit of improving efficiency by minimizing wear
and friction in tribological processes to save energy and resources, minimize noise
pollution, develop new bio-lubricants. In general, green tribology gives a posi-
tive contribution in reducing environmental harm. Inevitably, the term “green
tribology” is spoken of in the context of quality of life. According to professor’s
Zhang opinion [2]: “Thus, the concepts and objectives of green tribology might be
summarized into 3L + 1H, namely, low energy consumption, low discharge (CO,),
low environmental cost, and high quality of life. The mission of green tribology is
researching and developing tribological technologies to reach the main objectives,
thus making the sustained artificial ecosystems of the tribological parts and tribo-
systems in the course of a lifecycle”

Emilia Assenova and her colleagues in their work “Green tribology and quality
of life” [14] reported: “Nowadays, losses resulting from ignorance of tribology
amount to about 6% of the gross national product (GNP) in the United States alone.
This figure is around USD 900 milliard annually. As far as China is concerned, they
could save above USD 40 milliard per year by the application of green tribology
or more than 1.5% of the GNP”, It is clear that the basic goals of green tribology
are “friction control, wear reduction and improved lubrication”. Nevertheless,
from a socio-economic point of view, it is possible to extend and confirm that the
goal and essence of research works in the field of green tribology is to save mate-
rial resources, improve energy efficiency, decrease emissions, shock absorption,
investigate and apply novel natural bio- and eco-lubricants as well as to reduce
the harmful effects of technical systems on the environment, and consequently,
improve the quality and welfare of society. All advances in green tribology will
lead to a high economic efficiency due to reduced waste and increased equipment
service life, improved technological and environmental balance, decreased carbon
footprint of mechanical systems, as a result, mitigate climate changes, and improve
overall sustainability and safety in human life [15].

Green tribology will play an irreplaceable role in saving energy, material
resources and environment. Trusted researches reveal that about 23% of energy
consumption in the world today is the result of inefficient performance of tribo-
logical systems (Figure 2) [16]. In this case, approximately 18-20% of the energy
is consumed to solve friction problems, and the remaining 3-5% is used to rebuild,
repair and replace parts worn out due to wear and other failures associated with
wear. The researchers estimated that by applying advances in green tribology in
terms of new surfaces, materials and lubrication technologies, the total global
energy loss in tribological systems could be decreased by 18% in the next 8 years
and up to 40% in the next 15 years. An additional advantage of environmentally
friendly green tribology is a significant reduction in carbon dioxide emissions and
economic costs.

In works [17-23] the researchers applied green tribology concept using new class
of eco-friendly lubricants and materials for manufacturing anti-friction contact
surfaces, as a result of which their coefficient of friction is significantly reduced
while the wear resistance and longevity are greatly increased.
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Figure 2.
Energy consumption, costs and CO, emissions due to inefficient performance of tribological systems
globally [16].

A survey of gross energy consumption in the United States in four main areas:
transportation, turbomachinery, power generation and industrial applications
showed that savings of about 11% are achieved thanks to recent developments in
lubrication and green tribology [24]. Chinese estimated that they could save more
than $ 40 billion per year by applying advances in green tribology [25].

If we look at the share of wind energy in the total installed electricity capacity in
Europe over the last decade, according to the European Wind Energy Association, it
has increased more than quadrupled from 2.2% in 2000 to 10.5% in 2011 thanks to
new developments in tribology, in particular as a result of the application of green
tribology [26].

Many tribological problems can be put under the umbrella of “green tribol-
ogy” and are mutually beneficial to each other. These problems are primary
focus point of researchers and engineers, which include tribological technology
that mimics living nature (biomimetic surfaces) and thus is expected to be
environment-friendly, the friction and wear control that is important for energy
conservation and conversion, environmental aspects of lubrication and surface
modification techniques. These problems and aspects will be clarified in more
detail in the next section.

3. Green tribology: principles, focus areas, and challenges
3.1 Principles of green tribology

As noted above, the interdisciplinary nature of green tribology often integrates
aspects of chemical engineering and materials science in order to completely
understand both chemistry and mechanics of surface. Since tribology is an inter-
disciplinary field, the principles of green engineering and green chemistry should
also apply to green tribology. However, tribology includes not only chemistry of
surfaces, but also other aspects related to the mechanics and physics of surfaces,
there is a need to modify these principles.

Formulated by Paul Anastas in 1991, the 12 principles of green chemistry into a
constant amount (12) upgraded to the 12 principles of green engineering [27, 28],
and later, in the 12 principles of green tribology [1] mapped in Table 1.

These principles of green tribology can be assorted into 5 following groups:
Friction, Wear, Lubrication, Material and surface production and treatment, and
Tribology in the renewable energy sources.
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Green chemistry Green engineering Green tribology
¢ Prevention. ¢ Inherent rather than * Minimization of heat and energy
circumstantial. dissipation.

¢ Atom Economy.

. Lo P
« Less Hazardous Chemical Prevention instead of Minimization of wear.
Syntheses. treatment. * Reduction or complete
« Desioni ¢ Design for separation. elimination of lubrication and
esigning Safer -
. - self-lubrication.
Chemicals. ¢ Maximize mass, energy,

« Safer Solvents and space, and time efficiency. * Natural lubrication.

Auxiliaries. ¢ Output-pulled versus * Biodegradable lubrication.

input-pushed.

* Design for Energy * Sustainable chemistry and green

Efficiency. * Conserve complexity. engineering principles.

¢ Reduce Derivatives. ¢ Durability rather than * Biomimetic approach.

immortality.

 Catalysis. * Surface texturing.

¢ Meet need, minimize excess.

* Design for Degradation. * Environmental implications of

+ Real-time analysis for Minimize material diversity. coatings.

Pollution. ¢ Integrate local material and * Design for degradation.

. energy flows. . N
¢ Prevention. gy * Real-time monitoring.
¢ Design for commercial

¢ Inherently Safer.
“afterlife”

* Sustainable energy applications.

¢ Chemistry for Accident

. ¢ Renewable rather than
Prevention.

depleting.

Table 1.
12 principles of green chemistry, green machine building and green tribology.

Friction (minimization of heat and energy dissipation). Friction is the main
source of energy dissipation, most of which is converted to heat. Controlling and
minimizing friction, which results in both energy savings and the prevention of
damage to the environment owing to heat pollution, is a top priority for green
tribology. In addition, the friction in mechanical systems that operate on friction,
such as clutches and brakes, also has to be well optimized.

Wear (minimization of wear). This is the second most important task of green
tribology. In most technological processes, wear is undesirable, it decreases the
lifetime of elements/machine and creates the problems of their recycling/replace-
ments which in turn leads to environmental damage by way of the emission. Wear
can also lead to a large waste of material resources. In addition, due to wear, debris
in the form of particles is generated, which pollutes the environment and in certain
situations can be dangerous to humans.

Lubrication. Reduction or complete elimination of lubrication and self-lubrica-
tion. Lubrication is at the forefront of tribology as it reduces friction and wear.
However, lubrication is also hazardous to the environment. It is desirable to reduce
the use of lubricants or achieve a self-lubrication regime when no external lubrica-
tion is required. Tribological systems in living nature often operate in the self-
lubricating mode. For example, the joints form a closed, self-sufficient system.
Green tribology prompted researchers to think about self-lubricating materials,
which also eliminated the external supply of lubricants.

Natural lubrication. In green tribology Natural lubricants such as vegetable oils
should be used in cases when possible, since they are eco-friendly.

Biodegradable lubrication. Biodegradable lubricants should also be used when
possible to avoid environmental pollution. In particular, water lubrication is an
area that has attracted the attention of tribologists in recent years. Lubrication with
natural oils is another good option.
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Material and surface production and treatment. Sustainable chemistry and
green engineering principles. These principles should be observed in the production
of new materials, elements, parts, machines for tribological applications, coatings
and lubricants.

Biomimetic approach. Wherever possible, biomimetic surfaces and materials, as
well as other biomimetic and biological approaches, should be applied as they tend
to be more environmentally friendly. Common engineered surfaces have occasional
roughness, which makes friction and wear extremely difficult to overcome. On the
other hand, many biological functional surfaces have complex structures with hier-
archical roughness that determines their good properties for tribological systems.

Surface texturing. This technology should be used to provides a way to control
many surface properties relevant to making tribo-systems more ecologically
friendly.

Environmental implications of coatings. Environmental implications of coatings
and other methods of surface modification (texturing, depositions, etc.) should be
studied and taken into consideration.

Design for degradation. The ultimate degradation and utilization of contact sur-
faces, coatings, and tribological components should be considered during design.

Real-time monitoring. Tribological systems should be analyzed and monitored
during operation to prevent the formation of hazardous substances.

Renewable energy sources (Sustainable energy applications). Sustainable energy
applications should be a priority direction for tribological design, as well as engi-
neering design in general.

Correct observation of discussed above principles of green tribology can greatly
reduce the environmental impact of tribological process’s products, assist economic
development and, consequently, improve respectively the quality of life.

3.2 Focus areas of green tribology

Green tribology includes 3 main areas [1, 2, 5, 14], these are (1) Biomimetics
(imitating living nature in order to solve complex human problems) and self-
lubricating materials/surfaces; (2) Biodegradable and environmentally friendly
lubrication and materials; and (3) Renewable and/or sustainable sources of energy.
These 3 focus areas of green tribology aim to ensure a limited impact of tribological
processes on the environment and human health. Below is a brief description and
discussion about the features, contents, aspects of these areas and their relevance to
green tribology.

Biomimetic and self-lubricating materials/surfaces. This is an important area
of green tribology, the main task of which is the development and application of
tribological technologies that mimic living nature (biomimetic surfaces). Many
biological materials have amazing properties (superhydrophobicity, self-cleaning,
self-healing, high adhesion, reversible adhesion, high mechanical strength, antire-
flection, etc.) that can hardly be achieved by conventional engineering methods.
These properties of biological and biomimetic materials are reached due to their
composite structure and hierarchical multiscale organization. It is noted that
hierarchical organization and the ability of biological systems to grow and adapt
also ensure a natural mechanism for the repair or healing of insignificant damage
in the material. Biomimetic materials are also usually environmentally friendly in
a natural way, since they are a natural part of the ecosystem. For this reason, the
biomimetic approach in green tribology is especially promising.

In the field of biomimetic surfaces, a number of typical ideas have been
proposed: (1) The lotus effect based non-adhesive surfaces; (2) The Gecko effect
based materials with the ability of specially structured hierarchical surfaces to
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exhibit controlled adhesion; (3) Fish-scale effect based micro-structured surfaces for
underwater applications, including easy flow due to boundary slip, the suppression of
turbulence and anti-biofouling; (4) Oleophobic surfaces capable of repelling organic
liquids; (5) Microtextured surfaces for de-icing and anti-icing; (6) Various biomimetic
microtextured surfaces to control friction, wear and lubrication; (7) Self-lubricating
surfaces, using various principles, including the ability for friction-induced self-
organization; (8) Self-vepairing surfaces and materials, which are able to heal minor
damage (cracks, voids); (9) The “sand fish” lizard effect, able to dive and “swim” in
loose sand due to special electromechanical properties of its scale; (10) Nanocomposite
materials tailored in such way that they can produce vequired surface properties, such
as self-cleaning, self-lubrication, and self-healing.

Figure 3 shows typical biological and biomimetic surfaces with hair or pillar like
surface structures for various functions (Figure 3) [29]. Recently, the mechanisms
of sand erosion resistance of the desert scorpion were studied to improve the ero-
sion resistance of components in tribo-systems [30]. It was found that the biological
surfaces used for sand erosion resistance of the desert scorpion were built by the
special micro-textures such as bumps and grooves.

In works [31-33], the authors presented overview and studies of various biomi-
metic microtextured surfaces to control friction, wear and lubrication. Generally,
biomimetic techniques have provided the different surface structures with strong
adhesion, high hydrophobic properties, high coefficient of friction, self-lubrication,
etc., which can be prospectively applied in green tribology field.

Biodegradable and environmentally friendly lubrication and materials.
Advanced biomimetics is biomimicry used to identify best practices from nature on
key tribological issues, such as finding improved lubrication solutions [1, 14, 34].
Natural lubrication is very effective at providing low coefficients of friction even at
low speeds, and relies entirely on water as the base component, the effectiveness of
which is ensured by the presence of many dissolved biomolecules.

Imitating such constructs of molecules, understanding their tribological per-
formance is helpful. An example is the process of imitating natural lubricants, e.g.
glycoproteins in synovial fluid [32]. By imitating this mechanism in the laboratory,
molecules were synthesized that spontaneously produce polymer brushes on the
surface. Brushes are formed on surfaces in an aqueous medium when end-grafted,
water-soluble polymers are located at distance about one radius of gyration (Rg)
from each other (Figure 4) [34] and stretch to maximize their interaction with
water while reducing their interaction with each other.

The use of lubricants in machine components poses a serious threat to the
environment, since they released into the environment not only contain harmful
toxic waste but also contain the wear debris from machine parts. Development of
environmentally acceptable lubricant products is one of priority direction in green
tribology. Vegetable oils and animal fats have been used as lubricants for a very long
time throughout human history. However, following the industrial revolution and
the advent of lubricants made from mineral oils, bio-based lubricants have again
come to be seen as an environmentally alternative for lubricant production and have
only become effective in recent decades.

Researchers confirmed that properly formulated bio-lubricants are comparable
with mineral based lubricants, so they could be used as an adequate substitu-
tion in appropriate cases. Vegetable-oil-based or animal-fat-based lubricants are
potentially biodegradable that can be used for engines, hydraulic and metal-cutting
applications. Vegetable oils i.e. corn, soybean and coconut oil, can have excellent
lubricity, far superior than that of mineral oil [12, 14]. In general, the advantages
of using bio-lubricants are non-toxic, biodegradable, renewable resources, good
lubricity and high viscosity indices (Table 2) [35], while disadvantages are:
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Figure 3.

Typical biological and biomimetic surfaces with hair or pillar like surface structures for various functions.
(a) The nano to micro hierarchical hair-like surface structure of geckos’ feet for strong adhesion; (b) The
nano to micro hievarchical structure of plant leaves for superhydrophobic dewetting properties. (c) The
microfabricated polyimide biomimetic hairs bunching together under the van der Waals interaction [29].

Non-interacting Interacting Brush
mushrooms mushrooms
Pancake
2
SO '
+—>
Figure 4.

The formation of polymer brushes on surfaces [34].

oxidative instability, poor low temperature properties, and hydrolytic instabil-
ity. Applying chemical modification or additives can address these problems of
bio-lubricants.

In the area of eco-friendly and biodegradable lubrication and materials we
should also notice other following interesting ideas:

Hyrdo-lubrication. These are homogeneous lubricants containing water as a
functional component. Tribological study and case analyses of the elastomeric
bearings lubricated with seawater for marine propeller shaft systems were con-
ducted [36].

Ionic liquids for green molecular lubrication. Ionic liquids (ILs) have been explored
as lubricants for various device applications due to their excellent electrical conduc-
tivity as well as good thermal conductivity, where the latter allows frictional heating
dissipation [37].
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Oil type Engine oil Coconut oil Palm oil

CO, (%) 45 29 34

CO (%) 0.92 0.67 0.73
Table 2.

The percentage content of CO and CO, in exhaust gas lubricated with vegular mineral and vegetable oils [35].

Powder lubrication. Generally, these tend to be much more eco-friendly than
the traditional liquid lubricants. Recent researches show that when using some
nanoscale additives, such as boric acid and MoS, nanopowders to natural oils, their
lubricity characteristics are significantly improved [38].

New eco-friendly coating materials for tribological applications. Recently, special
attention has been paid to the development of “green” coatings in tribo-systems,
which have improved tribological properties (low friction coefficient, high wear
resistance), and therefore, not releasing a lot of worn-out waste into the environ-
ment, they are environmentally friendly [1, 2, 6].

Tribology in the Renewable Energy Sources (RES). Controlling and minimizing
of friction and wear in tribology is important for energy and resources conserva-
tion. Sustainable energy applications have become priority of the tribological
design, as well as an important area of green tribology. In contrast to the biomimetic
approach and environmentally friendly lubrication, RES is not about manufactur-
ing or operation, but about the application of the tribological system in production
of renewable eco-friendly energies such as wind energy, marine energy, solar
energy, geothermal energy, and so on.

In work [39] Wood et al. carried out the tribological studies on renewable
sources of energy, namely three green energy systems: wind, tidal and wave
machines. The authors also highlighted the role of design and durability for such
large scale engineering systems from sustainability point of view. These systems
are sensitive to operation and maintenance costs and thus depend on functioning
tribological parts and lubrication. It was noted that weight reduction to reduce
tribological and gravity loads would be beneficial for machines designs. Attention
should also be paid to the knowing of dynamic loads to predict fatigue life and
tribological loads on wind, tidal and wave machines. Structures and properties of
tribological components must be considered for the inherent lack of stiffness of the
turbines and wave devices.

Wind turbines have fairly many specific problems related to their tribology,
which involve water contamination, electric arcing on generator bearings, wear of
the main shaft and gearbox bearings and gears, the erosion of blades due to solid
particles, cavitation, rain, hail stones, etc. The most commonly observed and dis-
cussed tribological problems in wind turbines are in the transmission system, in the
gearbox. They are mainly the result of insufficient lubrication and/or lack of regular
maintenance under extreme operating conditions. The solution to this problem is
the use of lubricants and/or materials with improved tribological characteristics
[40]. REWITEC nano-coatings is a metal treatment that can be applied to gearboxes
and bearings during regular operation for restoration of its efficiency and economy.
When examining certain micro-pitting areas on the metal surfaces of a wind tur-
bine gear before applying REWITEC and after 6 months of treatment, it was found
that the surface damage was filled and the asperities were smoothed out, and thus
the surfaces became smoother with higher surface contact area (Figure 5) [2].

Tidal power turbines are another important way of producing renewable energy.
Besides tidal, the ocean water flow and wave energy and river flow energy (without
dams) can be used with the application of special turbines, which provides the same
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Figure 5.
3D-images of the metal surface befove and after treatment with REWITEC 6 months [2].

direction of rotation independent of the direction of the current flow. Production
processes of tidal, water flow and wave energy involve certain specific tribological
problems such as lubrication of machine components (by seawater, oils, and greases),
their erosion, corrosion, and biofouling, as well as the interaction between these
modes of damage [1, 39].

Geothermal energy plants are widely used now, however, their application is
limited to the geographical areas at the edges of tectonic plates. There are several
specific tribological issues related to the geothermal energy sources which are
discussed in the literature [1, 5, 15, 39].

3.3 Challenges of green tribology

Green tribology as a new area of tribology has a number of challenges. One
obvious problem is integration, synergy of its above mentioned focus areas so
that they can benefit from each other. Obviously, a lot of researches is needed to
integrate the fields of green tribology. Some ideas can be borrowed from the related
fields of green chemistry and green engineering, for example, the development of
quantitative parameters for assessing the impact of tribological technologies on the
environment. It is also important to develop quantitative measures and metrics that
would allow us to compare which tribological material, technology, or application is
“greener,” i.e., produces lower carbon footprint, less waste from worn-out materials,
and less chemical and heat pollution to the environment.

Green tribology should be integrated into world science and contribute to
solving global problems such as resource depletion, environmental pollution and
climate change. The application of principles of green tribology by itself, of course,
will not solve world problems, and only major scientific achievements can become
the key to their solution.

In the face of alarge number of tribological problems requiring an early solution,
which related to the environmental pollution, crisis of energy and resources on global
scale, green tribology should be extended in the following directions [2].

* Large-scale deployment of existing knowledge, methods, and technologies of
green tribology;

* Research and development of novel green tribological technologies;

* Research and development of tribo-techniques to support diversification and
hybridization of renewable and clean energy;
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* Making the traditional tribo-materials and lubricating materials “green” in the
course of a lifecycle, namely, realizing cleaner production or eco-design of the
these materials;

* Building up the theory and methodology of green tribology.

Consequently, tribologists should devote all their efforts to the investigation,
application and development of green tribology, thereby making a valuable contri-
bution to the existence and development of humanity.

4, “Zero-wear” effect: selective transfer

It seems expedient, at least briefly, to consider how the achievements that were
obtained in the study of self-organizing tribo-systems, and in particular, the “zero-
wear” (effect of wearlessness/effect of selective transfer—ST), play a role in the
circle of tasks which green tribology is designed to solve.

The effect of ST in friction was registered as opening in 1966, with a priority
in 1956. The authors of this discovery — D.N. Garkunov and ILV. Kragelsky - stated
that the essence of the observed phenomenon as follows: “..that in the friction of
couple copper alloys-steel under boundary lubrication, eliminating the oxidation of
copper, there is a phenomenon of ST of a solid solution of copper from copper-alloy
to steel and its transfer backwards from steel to copper alloy, with a reduction of the
friction coefficient as liquid lubrication and leads to a significant reduction in wear
of the friction pair..” [4].

In the closing years of the XX century the “zero-wear” effect is defined as one
of the examples of self-organization in frictional interaction in tribological systems
[41, 42], and since then, a synergistic approach at his description has become
essential.

Classical tribo-system for realizing of ST is a system of “copper alloy (bronze
or brass) — aqueous or alcoholic solution of glycerol — steel”. The evolution of the
tribological properties of this system visually demonstrated the self-organization in
friction in ST mode, which is expressed in the ultra-low frequency vibrations of the
friction coefficient and of the size of the rubbing bodies (Figure 6 [42]).

Self-organization in the ST mode during friction is the consequence of the
complex tribo-chemical reactions and physico-chemical processes occurred in the
area of frictional contact, which lead to the manifestation of unique tribological
characteristics: super-antifrictional (friction coefficient ~ 10%) and without wear
(intensity wear ~107"). This condition of tribo-system was provided by a protec-
tive nanocrystalline servovite film made of soft metal with unusual combination of
mechanical properties [43]. According to the results of nanoindentation, such a film
has “super-hardness” at compression and “super-fluidity” at shear [44].

Within the framework of the LV. Kragelsky’s molecular-mechanical theory,
the providing extremely low friction coefficients and practical absence of wear
during friction of solids is possible either at spontaneous generation of wear auto-
compensation systems or in the case of friction of perfectly smooth two-dimensional
crystals, in which show up only molecular component of the friction force that
occurs, such as, during friction of graphene [45].

In the engineering practice, the auto-compensation systems of wear during
friction in the ST regime, usually are formed by selecting (a) the materials of tribo-
coupling, (b) a composition of lubricants, and (c) a construction of the friction
units. As a result of successful material science and engineering solutions, tribosys-
tems are capable of self-organization, in which the process of frictional interaction
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The evolution of the tribological properties (1 — friction moment, 2 — the linear wear) in tribo-system
brass-glycerol-steel. A (a, b) — running-in; c, d — transition mode; and e — the ST mode [42].

moved to the nanocrystalline quasi-liquid [3], and thus provides the friction coeffi-
cient, which is characterized for hydrodynamic friction, forming nanoclusters with
almost perfect crystals, that leads to increases in load capacity and wear resistance
of the friction surfaces.

In practice, “zero-wear” functioning of friction is achieved most often by appli-
cation of metal-plating lubricants in the real friction units: oils, plastic lubricant,
self-lubricating materials and coatings [3].

The mechanism of “zero-wear” effect during friction does not follow from
the existing theoretical conclusions about the nature of the frictional interaction.
Therefore, none of the attempts to propose developed in detail and experimentally
substantiated scientific approach to explaining the “zero-wear” effect is currently
generally recognized, although works aimed at clarifying the causes of friction
without wear have been underway for more than half a century, during which
reliable experimental facts have been accumulated and consistent approaches have
been proposed that allowed to qualitatively explain the evolution of the tribo-
technical characteristics of friction pairs during realization of the ST.

Currently, it has been reliably established that the composition, thickness and
properties of servovite film during frictional interaction continuously change so
that the extrapolated to the infinity friction surface is a pure copper (Figure7),
whose stability during friction is provided by the absorption of surfactants from the
lubricating medium [42, 46].

Detailed studies on tribochemical reactions, as well as the evolution of the
chemical composition of the servovite film on friction surfaces in the “zero-wear”
regime, made it possible to characterize in detail the products arising during fric-
tion and to establish their role in the mechanisms of formation of boundary layers
during self-organization of not only the classical tribosystem “copper-glycerin-
steel”, but also a number of more effective tribosystems using other lubricants, such
as aqueous solutions of polyhydric alcohols, solutions of sucrose, glucose, galactose
and other carbohydrates [3].

String of sequential and parallel chemical reactions: tribo-oxidation, tribo-
coordination, tribo-restoration, tribo-reducing decay of coordination compounds,
tribo-polymerization, tribo-clusterization and others, etc., accompanying, and/or
generating vibrational tribo-chemical reaction, vibrational electrical and
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Figure7.
AFM (3D-visualization) of the surface of the servovite transfer film (brass on steel in glycerol) [42].

electrochemical effects, vibration of the size of rubbing bodies and tribological
characteristics of friction pairs - that’s the one, is far from complete.

In the most general case, the evolution of the open tribo-system “copper alloy-
glycerin-steel”, classical for the realization of the “zero-wear” effect, from the ther-
modynamically equilibrium state of rest under constant external initial conditions
(P, V, T) to the friction regime without wear always starts with high (more than
0.1) values of the friction coefficient and large running-in wear, which leads to an
increase in the energy intensity of the frictional contact zone and triggers complex
physicochemical transformations in the lubricating medium and on the contacting
surfaces of copper alloy and steel. At the same time, in the initial period of time, the
friction of the copper alloy against steel in glycerin does not differ in nature from
the boundary friction, which manifests itself both in the tribo-technical, electrical
and electrochemical contact characteristics. The products of wear accumulating at
this time in glycerin have a very wide particle size distribution from 10~ to 10~ m
and are almost exclusively particles softer from contact bodies of copper alloy.
Wear, repeatedly increasing surfaces of copper alloy in the tribo-system, leads to the
predominant role of topochemical and tribo-chemical effects, both in the lubricant
composition and on the friction surfaces, which reflect in the tribo- and topochemi-
cal oxidation of glycerin with the accumulation of a wide range of oxygen-contain-
ing surfactants (aldehydes, ketones, carboxylic acids, ethers and esters, as well as
oligomeric and polymeric products of their further transformations). Parallel to
this, the formation of complex compounds (tribo-coordination) occurs both on the
surface of wear particles and on the friction surfaces, and the soluble coordination
metal compounds accumulate in the solution [3, 47-49].

Leading of tribo-chemical mechanisms on electrochemical reasons on the
friction surface and on the surface of wear of particles is oxidation of copper
Cu®- 2¢ = Cu*? (in the case of bronze) or zinc Zn°-2e = Zn*? (in the case of brass)
in result of its selective dissolution. Other metals that are part of the friction alloys
such as Fe, Sn, Pb, etc., are also subjected to tribo-oxidation with the formation of
metal-containing products, so that in the lubricating medium and on the frictional
surface simultaneously there is a wide gamma of products, in which the explicitly
pronounced tendency in the initial period is the accumulation of oxidized forms
of different metals and oxidation products of the lubricant. An important event at
this stage of evolution is the accumulation in the lubricating medium and reduc-
ing the size of the metallic wear particles with a simultaneous change in their
composition due to above reasons. This leads ultimately to the accumulation of
metal-containing products upto critical concentrations and thus, to the change
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of lubricant composition in becoming a metal-plating lubricant. There is a radi-
cal change of physico-chemical, electrochemical and tribological situation on the
friction surfaces and in the zone of frictional contact. Tribo-system in the course
of long enough evolution (in the laboratory it is about 10’ m of sliding distance)
reaches the bifurcation point with transition either to “zero-wear” friction regime
or to the regime of the catastrophic wear.

In the transition and functioning of the tribo-system under ST, both contact-
ing surfaces in friction as copper alloy and steel have the same composition and
structure. This is another paradox of ST and an unusual combination of materials
of the rubbing surfaces. It has been observed that during friction of the same
materials (usually in the friction units dissimilar metals and alloys are combined)
record-breaking parameters of frictional interaction can be achieved, wherein the
self-organization of frictional systems was achieved by the special structure of
surface layers.

In the transition from boundary friction to “zero-wear” friction, due to the
non-equilibrium character of the processes occurring in the tribo-system (since the
system is far enough from the position of thermodynamic equilibrium), and their
description by systems of nonlinear differential equations, oscillatory mechanisms
begin to appear, which associated with both tribo-chemical transformations in
the contact zone, for example, with fluctuations in the concentration of copper-
containing products in the lubricant, and with the electrical, electrochemical and
tribological characteristics of the contact (Figure 8) [50]. Observing this type of
oscillations, which always accompany friction in the “zero-wear” regime, prove
the manifestation of the self-organization in friction, as well as the transition and
functioning of the tribological system in one of the stationary states.

The transient regime from boundary to “zero-wear” friction lasts significantly
less than the boundary friction regime, but at this time there are main events that
lead to the unique tribological characteristics of tribo-system. It is in this transition
that the ordering process occurs, which associated with the formation of a servovite
film on the friction surface. The servovite film is formed under nonequilibrium,
non-isothermal and topographically unequal conditions, which leads to inevitable
differences in its composition and properties in different places of frictional con-
tact. Nevertheless, formation of the film is always due to mutually complementary
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Figure 8.

Fluctuations in the transient regime of “boundary friction — ST” in the friction pair “AISI 1045 Steel-AISI 1045
Steel” in the lubricant of copper nanocluster in glycerol. 1 — load; 2 — friction coefficient; 3 — electrical vesistance
of contact [50].
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processes of tribo- and electrochemical reduction of coordination compounds of
soft metals on the friction surface, clustering their reduced forms, and optimiza-
tion depending on the friction regimes (P, V, T), sizes (in the nanoscale) and the
shape (triaxial ellipsoid) of the clusters in two ways “top-down” and “bottom-up”
followed by the direct deposition of metal nanoclusters on the contact surfaces

due to tribo-electrochemical effects. The formation of servovite film begins on the
individual most active sections of the steel surface, which leads to reducing the
friction coefficient and a decrease in the energy density the friction unit. Finally, it
is accompanied by a decrease in wear and a transfer of the film formation process to
less activated areas on the frictional contact surfaces.

Any system thermodynamically approaches to one of many possible stationary
states, the choice of which is caused solely by the initial conditions. It should be
noted that the trajectory of the tribo-system during evolution into the “zero-wear”
regime is always strictly individual and can never be reproduced in detail. If the
tribo-system self-organizes, which in the thermodynamic description is character-
ized by an increase in entropy and ordering, then its tribological and physicochemi-
cal characteristics in a stationary state become almost unchanged (Figure 9) [50].

This is due to the fact that a servovite film, formed from individual atoms and
their small clusters, has a nanocrystalline structure and, on the one hand, is super-
strong in compression, since its nanoparticles are fragments of almost ideal crystals,
and on the other hand, the film is quasi-liquid and superplastic under tension and
shear due to much weaker interactions between nanoparticles than between atoms
in the metal crystal lattice [43].

In this regime, the system can function until continuously accumulating exter-
nal disturbances or changing external conditions transfer it to a new stationary
state, which may be characterized by other and not necessarily higher tribo-techni-
cal characteristics, which makes the practical implementation of “zero-wear” in real
machines and mechanisms very complex and not always justified event.

At the same time, even with a partial realization of “zero-wear” friction, the
effects can be impressive, since when functioning under self-organization condi-
tions and with a slight change in external conditions, the transition to a nearby
stationary state is accompanied, as a rule, by a slight change in the tribo-technical
properties of the system.

Thus, the application of “zero-wear” effect in engineering practice opens a real
opportunity for the design of friction units with significantly increased durability
and ultra-high efficiency in terms of friction losses in moving machine interfaces.
The “zero-wear” effect in the friction fully fits into the presentation and concepts of
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Stationary regime in the vealization of ST in friction pair “AISI 1045 Steel-AISI 1045 Steel” with lubricant of
copper nanocluster in glycerol. 1 — load, 2 — friction coefficient, 3 — electrical resistance of contact [50].
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green tribology and should be considered as the real embodiment in the theory and
practice of modern engineering.

5. Conclusion

Green tribology is a novel area of science and technology. It is related to other
areas of tribology as well as other “green” disciplines, namely, green engineering
and green chemistry. In this chapter the main scientific and technological aspects of
green tribology such as the concept, role and goal, principles, focus areas, chal-
lenges, “zero-wear” effect were considered in details.

The concept, role and goal of green tribology were clarified. Green tribology can
be defined as an interdisciplinary field attributed to the broad induction of various
concepts such as energy, materials science, green lubrication, and environmental
science. The goal and essence of green tribology is to save material resources,
improve energy efficiency, decrease emissions, shock absorption, investigate and
apply novel natural bio- and eco-lubricants as well as to reduce the harmful effects
of technical systems on the environment, and consequently, improve the quality of
human life.

The twelve principles and three areas of green tribology were analyzed.
Observation of these principles can greatly reduce the environmental impact of
tribological processes, assist economic development and, consequently, improve the
quality of life. The integration of these areas remains the major challenge of green
tribology and defines the future directions of research in this field.

Within the framework of this work, one of the most important tribological
effects, which is exclusively the basis for green tribology - the “zero-wear” effect in
friction (selective transfer effect) was discussed.

As aresult, this work allows us to conclude that green tribology is an environ-
mentally friendly and energy-saving concept and, moreover, there are many oppor-
tunities for its inclusion in a sustainable society on a global scale. Furthermore,
there is a need for tribologists to collaborate towards the development and applica-
tion of Green tribology.
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Chapter 4

Tribological Behavior of Polymers
and Polymer Composites

Lovena Deleanu, Mihail Botan and Constantin Georgescu

Abstract

This chapter means to explain the tribological behavior of polymer-based mate-
rials, to support a beneficial introducing of those materials in actual applications
based on test campaigns and their results. Generally, the designers have to take into
consideration a set of tribological parameters, not only one, including friction coef-
ficient, wear, temperature in contact, contact durability related to application.
Adding materials in polymers could improve especially wear with more than one
order of magnitude, but when harder fillers are added (as glass beads, short fibers,
minerals) the friction coefficient is slightly increased as compared to neat polymer.
In this chapter, there are presented several research studies done by the authors,
from which there is point out the importance of composite formulation based on
experimental results. For instance, for PBT sliding on steel there was obtained a
friction coefficient between 0.15 and 0.3, but for the composite with PBT + micro
glass beads, the value of friction coefficient was greater. Adding a polymer playing
the role of a solid lubricant (PTFE) in these composites and also only in PBT,
decreased the friction coefficient till a maximum value of 0.25. The wear parameter,
linear wear rate of the block (from block-on-ring tester) was reduced from 4.5 pm/
(N-km) till bellow 1 pm/(N-km) for a dry sliding regime of 2.5...5 N, for all tested
sliding velocities, for the composite PBT + 10% glass beads +10% PTFE, the most
promising composite from this family of materials. This study emphasis the impor-
tance of polymer composite recipe and the test parameters. Also there are presented
failure mechanisms within the tribolayer of polymer-based materials and their
counterparts.

Keywords: polymer, composites with polymer matrix, polymer blends, tribology,
wear, friction, tribolayer, tribological behavior, wear mechanisms

1. Issues related to the use of polymeric materials in tribological
applications

Plastics and materials based on plastic have become an acceptable replacement
of metallic materials and, as a consequence, they have to face the challenge of
having also a good tribological behavior, implying a set of characteristics favorable
to a reliable functioning of the application.

Issues that an engineers (both designers and users) have to pay attention when
using polymeric materials in tribological applications include dimensional stability.
These materials have higher thermal expansion coefficients, shorter durability,
sensitivity and particular behavior to high and low temperatures. As they are
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characterized by lower hardness, they are not prone to be introduced in rolling
contacts, will few exceptions (here including car tires and gears), most applications
being for sliding motion (belt, sliding bearing, seals, brakes etc.).

The advantages of using polymeric materials (polymers, blends and composites)
[1-5] include self-lubricity, lower density as compared to metallic materials, resis-
tance to tribocorrosion [6] or general oxidation, non-toxic nature and potential
processing to final shape, usually, by injection molding. But their favorable proper-
ties come in a package with disadvantages. One is that a slight change in working
conditions (load, velocity, temperature etc.) could substantially modify tribological
characteristics [7], especially wear rate and low friction is not related to low wear
rate. Also, negative temperatures have different influences on polymeric materials
(some become brittle, some resist without problems and some are conditioned by
the working conditions and environment).

Figure 1 presents materials based on polymers and elastomers that could be used
in tribological applications.

When using polymeric materials, the designer should pay attention how the
component will obey design requirements, if it has dimensional stability, mechani-
cal characteristics with reliable values, if issues related to aging are acceptable for
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Figure 1.
Materials based on polymers and elastomers, involved in tribological applications [1-5].
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the component durability (life time). The design should be done so that the working
conditions will vary in narrow ranges (temperatures, load, velocity, material com-
position and morphology) [8].

The majority of tribological applications with polymeric materials are involving
couples with one element made of metallic materials, the other being polymeric.
Sometimes, the polymeric material is moving against a body made of the same
materials, an example being gear transmissions.

Figure 2 summarizes the main aspects of tribological performance when using
polymer-based materials.

2. Polymers, and materials with polymers for tribological applications

Table 1 presents the polymers used in tribological applications, several features
and usual components made of them.

Polymer Tribological characteristics

PTFE Low friction, but high wear rate. Used both neat, as matrix and as solid lubricant. More
recently, added in polymers, resulting polymer blends; in composite as solid lubricant
or matrix in composite with reinforcements as glass fibers, carbon fibers, metallic
powder as copper. High working temperature [9, 10]

PA Moderate friction coefficient, low wear rate, but too sensitive to water and humidity.
Working temperature quite low [11].

POM Similar performance as PA. Good durability in rolling contacts.

PEEK Polyetheretherketone, semicrystalline High working temperature and very good
chemical resistance. Accept higher contact pressure but high friction coefficient as
neat polymer [12-14]

UHMWPE Very good wear resistance, especially against abrasion, even in water. Moderate
friction coefficient. Modest working temperature.

PU Good wear resistance in rolling contacts. Relatively high friction coefficient in sliding.

PI High performance polymer with very good behavior in high contact pressure. Higher
friction coefficient.

PBT A reliable behavior in sliding contact, lower wear as PA, but more restrictive condition
in molding. Usually with a solid lubricant or reinforcement [15, 16]

PEI Amorphous thermal stability, very good mechanical and physical properties, easy
processability, applicability and possibility of recycling and repair, thermosetting
polyimides, blended with PEEK [13]

PES Amorphous [17]

PPS Semicrystalline, polyphenylenesulphide, water lubrication high glass transition and
high melting temperature and high mechanical strength, high COF on steel in dry
regime (0.4...0.5), PPS + SWCNT (0.5 wt.%) + WS, (1.5 wt.%) [18, 19]

PPP Polyparaphenylene, semicrystalline, very high mechanical stability at room
temperature, poor wear resistance [12]

PBI Polybenzimidazole semicrystalline, high heat resistance and mechanical property
retention, even under high temperatures [12]

Epoxy and phenolic ~ Used especially as binder agents in composites, they induce high friction, but constant.

polymers Their brittleness induces wear by micro-detaching harder particles (as a dust) that
could damage the smooth functioning of the tribosystem. The composites with these
resins usually are designed for frictional applications (high and constant friction
coefficient, with controlled wear evolution in time)

Table 1.
Tribological characteristics of thermoplastic polymers [5-8, 20].
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Semi-crystalline polymers can be used even above their glass transition temper-
ature (Tg), another added advantage against chemical constancy.

Various inorganic nanofillers, e.g., from metals (Cu, Fe), metallic and non-
metallic oxides (CuO, ZnO, TiO,, ZrO,, SiO,) and salts as silicon nitride (SizN,),
have been proved to not only enhancing mechanical properties, but also to lowering
the friction coefficient and the rate of wear under various sliding circumstances. In
particular, PEEK, PPS, and PTFE are the most widely studied polymers for different
tribological applications and they are often blended with TiO,, SiC, SizNy4, and
carbon fiber fillers [19]. Nevertheless, it is also noted that there are no single or
combined polymers or fillers that provide the best tribological performance in all
conditions. Being a result of “system responses”, friction and wear always depend
on both the intrinsic material properties and the external environmental conditions.
The beneficial effect of adding a certain material in a polymeric matrix is exempli-
fied by tests did by Kurdi et al. [21] (Figure 3), 5-15% of TiO, reducing friction and
wear at room temperature, but not at elevated temperature. Thus, functioning
conditions are tremendously important when selecting a pair of materials for a good
or at least acceptable tribological behavior.

Hanchi et al. [13] reported results on friction and wear under dry sliding of
injection molded blends of PEEK and PEI, at temperatures from 20-232°C, on a pin-
on-disk tribotester. It was found that tan § peaks corresponding to o transitions
occurring in the vicinity of the glass transition temperature (Tg) coincided with
catastrophic tribological failure in the case of PEI and the amorphous PEEK/PEI
blends. PEEK and the annealed 70% PEEK/30% PEI blend exhibited marked
increases in friction and wear above the Tg. The absence of catastrophic tribological
failure in PEEK and the annealed 70/30 blend in the vicinity of Tg corresponded to a
transition of significantly lower strength those observed in PEI and the amorphous
blends. Between 90°C and 105°C for PEI and 45°C and 70°C for the PEEK/PEI 50/50
blend, severe to mild friction and wear transitions were observed. It appeared that a
substantial change in ductility associated with these p transitions resulted in the
transitional tribological behavior.

Unal et al. reported the influence of test speed and load values on the friction
and wear behavior of PTFE, POM and PEI, on a pin-on-disc tribotester. Tests were
carried out at room temperature, under 5N, 10 N and 15N and at 0,5 m/s, 0,75 m/s
and 1m/s. The specific wear rates were deduced from mass loss. The results showed
that, for all tested polymers, the coefficient of friction increases linearly with the
increase in load. For the load and speed range of this investigation, the wear rate
showed very low sensitivity to the applied load and large sensitivity to speed,
particularly at high load values [22].

Specific wear rate (mm*/Nm)

Coxcfficient of friction
e @& 8 88 B P
E & & & 5 &

Figure 3.
Influence of percentage of TiO, on (a) friction coefficient and (b) specific wear rate, for a pin-on-disk
configuration, in sliding at v = 0.1 m/s, average pressure p = 1 MPa, for 2 hours [21].
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What do the engineers want from polymeric materials when introducing in
tribological applications? A set of characteristics including thermal, mechanical and
tribological ones:

* higher softening temperatures, sometimes obtained by adding short glass
fibers;

* higher toughness; reinforcement could rise the flexural modulus till
11,000 MPa, a value that is overpass only by PPS in the thermoplastic
polymers;

* low or acceptable friction and high wear resistance;
* good strength al negative temperature, including impact resistance;
* no or very less liquid absorption (including water)

* chemical resistance at fluids circulated in application (as lubricant or/and
environment);

* good dimensional stability; low thermal expansion;

* good ability for compounding (mixing), when adding materials for
reinforcement, solid lubricants, anti-ignition agents etc.,

* good processing capability (uniform flow, fast solidification and acceptably
low cost and improvement by treatment).

Based on important works on tribology of polymer-based materials [3, 20,
23-25]. Figure 4 presents a classification of adding materials taking into account the
function of these materials in polymers. Generally, reinforcements [24-27] and
solid lubricants in polymer-based materials improve their tribological behavior, but
it is not a rule and the new recipes should be tested at laboratory scale and then the
designed components at actual scale and under functioning conditions. Some solid
lubricants, especially with sheet-like aspects (graphite, graphite, sulphides etc.)
weaken the bulk materials as they reduce the superficial energy, but the mechanical
properties are diminishing. Reinforcements in polymers make their resistance
greater, but generate a more intense abrasive wear on the counterpart surface and

Adding materials in
polymer-based materials
for tribological application

| Reinforcements | | Lubricants | Interface Thermal | |
l controllers influencers
| Fibers | [Particles] | nature | Electric
l | ] behavior |}
| shape, size distribution | improvers
Flame- ||
retardant
I shape, size distribution | Anti-ngeing | |
agents

Figure 4.
A classification of materials in polymeric-based materials.
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the friction coefficient is higher and the surface quality of both rubbing surfaces
becomes worse. Reinforcements reduce or even damage the protective transfer
films [28]. They could generate a sliding regime characterized by severe and third
body wear [29]. For instance, the composite PA + 50% glass beads [11] exhibit a
third body friction and wear, especially at low velocity (see Figures 35b and c).

Figure 4 points out that adding materials in polymers have different roles
(sometimes, they could act in two or more directions) and the influence of the set
added in the basic polymer could be synergic [30], difficult to enclose in formula,
thus, testing is a necessity. Figure 5 presents several reinforcements: a) micros glass
beads with large dispersion of the bead radius (this is a favorable aspect because this
large distribution allow for the small beads to fix the matrix next the bigger ones
and wear is considerably reduced), b) short glass fibers with diameters of 8 ... 20 pm
and length of hundred microns [31] (similarly, carbon fibers are added in 10 ...20%
wt), c¢) aramid fibers [16, 32] (more flexible and with nail-shape ends that help
them to fix the polymer matrix).

Harder polymers and polymer composites with hard components are helped to
reduce friction by adding solid lubricants with plaquette-like shape (graphite [33],
graphene, disulphides [33], several examples being given in Figure 6) or polymers
as PTFE, with more uniform transfer and having very low friction coefficient.

Tribologists considers that short fibers are more beneficial for tribological appli-
cation, but recently, the polymers with long fibers were also introduced as materials
for moving parts due to the advances in fibers and polymer technology. There is a
short discussion about fiber architecture. Usually, short and tangle fibers are
randomly organized in the material, they rarely could be oriented, but the cost will
increase. Long fibers could be organized in woven, unidirectional, multi-axial,

(b) e 1o, —

Figure 5.
Aspect of reinforcements in polymers. (a) Glass beads used in [11, 15]. (b) Short glass fibers from LANXESS
[31]. (c) Short avamid fibers Twaron [16].

Graphite [33] Hexagonal plates of WS2 [34]

Hexagonal boron nitride
(h-BN) [33]

Figure 6.
Aspect of several solid lubricants introduced in polymers. Graphite [33]. Hexagonal plates of WS2 [34].
Hexagonal boron nitride (h-BN) [33].
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depending on the other requirements besides the tribological one. Being organized,
the wear of materials of long fibers is usually in steps, characterizing the damage of
each layer of fibers. As fibers could have 5 to 50 microns, the wear of the first layers
or two ones will end the life of the triboelement. The nature of the fibers is natural,
synthetic or combination. For tribological application, there are used carbon fibers,
carbon nanotubes, glass fibers (if short, from tens microns to hundreds of millime-
ters but more efficient being those of several hundred microns to several millime-
ters), polymer fibers, more recently, aramid fibers [16]. Particles as reinforcement
could have different shapes, from almost spherical (as for glass beads) to sheet-like
or plaquettes (one dimension being very small as compared to the other two). A
particular aspect of wearing polymeric composites or blends is the initially prefer-
ential wear of the softer material, the result being an increase concentration of
harder particles or fibers; then the counterpart body will “attack” these harder
materials; they could be fragmented and embedded into the soft matrix or they are
torn off becoming wear debris, “traveling” in contact and induces oscillations of
friction coefficient, but when their concentration increases, the component of
abrasive wear becomes dominant and wear is greater; when the tribolayer loses its
hard particles, the cycle is repeating. Thus, wear is a dynamic process, in steps,
depending on local concentration of material constituents [9].

Figure 7 presents a process of consolidation of the tribolayers by embedding the
fragments broken from short glass fibers a) PTFE +25% glass fibers, water lubrica-
tion, partial bearing (@60 mm, 30 mm width) and steel shaft: some glass fibers
within the superficial layer cannot bear the local load and were broken; the frag-
ments are embedded into the PTFE matrix [9].

Sometimes, adding materials in polymers could worsen the tribological behav-
ior. For instance, too much concentration of glass fibers increases both and friction
coefficient and wear (especially abrasive wear on both surfaces in contact).

A relation between mechanical characteristics in tensile tests and tribological one
could be triky. Tensile strength could be improved by adding reinforcements, but
strain at break is usually decreased. In sliding contact, a deformability ensures the
contact conformability and in fluid lubrication helps generating the fluid film. But,
even from 1979, Evans and Lancaster [35] reported that fibers in polymers have
beneficial effects on wear and only rarely worsen this parameter. Some adding
materials could have the role of a reinforcement but also could help for heat evacu-
ating. A greater interest in using polymer composites and blends pointed out that
the designer of the material has to do compromises that have to be accepted only by
experimental results, models for predicting tribological behavior being difficult to
establish in quantities [36].

Figure 7.

Consolidation of the soft polymer matrix by glass fiber fragments, water lubrication, composites PTFE+glass
fibers, large contact, partial bearing (120°) (D 60 mm x 30 mm width) [9]. (a) PTFE+15% glass fibers.
(b) Detail of (a). (c) PTFE+25% glass fibers.
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The addition of short carbon fibers (SCF) in a concentration from 5% to 20 vol%
can improve the wear resistance of neat PEI remarkably, especially at high temper-
ature and under high working pv-factor. The increased test temperature from room
temperature to 150°C leads to a seven times increase in the wear rate of neat PEI
and five times for the composites. SCF/PEI can withstand much higher pv-factor
than that of neat PEI. When the pv-factor increased from 1 to 9 MPa m/s, the time-
related wear rate of SCF/PEI almost linearly enhanced from 1.5 x 107 to
7 x 1072 m/h. However, the wear rate of neat PEI increased from 0.214 to 3.42 m/h
when the pv-factor was only increased from 0.25 to 3 MPa m/s. The micrographs of
the worn counterface and specimens indicated that the sliding of neat PEI against
metal counterface did not form a transfer film, and wear mechanisms varied
from fatigue wear to plastic plowing at the increased temperatures. The presence of
short carbon fibers helped generating transfer films both on the counterface and
worn surface of specimens. The transfer film became more continuous with
the increased test temperature. The composite wear was mainly undertaken by
fibers [37].

Even if the process of wearing the polymeric composites comprises same stages,
the aspect, dimensions and the concentration of added materials make the aspects
of worn tribolayers very different. When sliding two bodies one against the other,
the matrix is more deformable and the adding materials are like pebbles in the
bottom of a shallow river. A partial detaching between matrix and particles/fibers
could happen, the fibers change their position and the particles could roll or be
dragged on the surface. The space left behind the hard element accumulate fine
wear debris from both bodies or even from lubricant (when lubricating), stiffening
the tribolayer. The random position of the hard materials and their agglomeration
by wearing the soft material increase the probability of detaching conglomerates.
This is why an optimum concentration of hard reinforcement in polymer-based
material is around 15...25% and depends on the nature of reinforcement. For
instance, 20 ... 25% wt is an optimum in PTFE [9, 38, 39], but short aramid fibers are
usually added at 10% wt due to the difficulty of injection molding as they block the
injection nozzle [16]. As for particles with similar dimensions in all directions
Georgescu [15] and Maftei [11] proved that 20% is the optimum concentration for
glass beads of micron size.

If one analyzes the soft phases introduces in polymer-based materials, usually a
solid lubricant, and with particular reference to PTFE [40] as solid lubricant, this
concentration varies from 5 to 15% wt depending on the nature of the involved
material. In PBT, the best concentration of PTFE was 5...10% the preferred
criterion being the wear rate of the polymeric blend on steel [15].

3. Testing rigs, standard and non-standard testing methodologies

Laboratory tests, on simplified specimens, are useful for ranking materials, but
these results could not be extrapolated to actual component, especially for poly-
meric materials.

Test campaign has to answer how the material pair behaves in a series of
parameters

¢ lubrication regime,

e environment

 working regime (load, speed etc.),
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e family of tested pairs of materials

In the ISO standard collection, the word wear is mentioned in 118 items, the test
methology being adapted to the application, as, for instance, road and tire wear,
implants, but for testing plastics there is.

ISO 7148-2:2012 Plain bearings — Testing of the tribological behavior of bearing
materials — Part 2: Testing of polymer-based bearing materials.

ISO 6601:2002. Plastics — Friction and wear by sliding — Identification of test
parameters.

ISO 20329 Plastics — Determination of abrasive wear by reciprocating linear
sliding motion.

ISO 9352:2012 Plastics — Determination of resistance to wear by abrasive wheels.

ISO/DIS 7148-2 Plain bearings — Testing of the tribological behavior of bearing
materials — Part 2: Testing of polymer-based bearing materials.

ISO/TR 11811:2012 Nanotechnologies — Guidance on methods for nano- and
microtribology measurements.

The selection of tests necessary for assessing tribological behavior of a material
pair including polymer-based materials depends on

* the research level (laboratory, application under development, design of new
materials, failure investigation),

* the characteristics of the tribosystems, distinct regimes of sliding wear are
“severe” and “mild”.

* the actual working conditions

Many different approaches could be seen in literature for assessing the tribolog-
ical behavior of a system, differentiate in scale and complexity of the tested system.
A logical order will be.

Laboratory tests — Model tests— Component bench tests — System bench
tests— Machine bench test— Machine field test [41, 42].

In the same direction there are increasing complexity and costs, but first types of
tests have increasing control and scale investigation and flexibility.

Depending of the novelty degree of the solution, one or more of the stages
mentioned above could be omitted. New materials and original design solutions ask
for all, but they have to be solved quite rapidly in order to gain the market.

Variable parameters The tribological Tribological
of the test system characteristics

Motion type Pair of Friction force
YP materials Fe[N]
I
Normal force Friction coefficient
Fx [N] [
Sliding speed Acoustic emission
v [m/s] EA [V]
Time Wear
t[s] W
Block-on-ring o
Temperature = Temperature
T [*C] T+AT[*C)

Surface
topography

Figure 8.
Characteristics and velevant parameters for the tribotester block-on-ring [15, 16].
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A testing campaign is suggestively given in Figure 8. This plan was elaborated
by Georgescu [15], but also used by Botan [16]. It was the result of consulting
adapted from [42]. Polymeric blocks have the dimensions (10 mm x 16.5 mm x
4 mm). The values are quite small and it is very probably not to have actual
component of such dimensions, but such a test campaign is very useful for ranking
the materials and to investigate modifications in the tribolayers by the help of
electron scanning microscopy, AFM, Raman microscopy as the test specimens are
small.

4. Tribological parameters and evaluation of experimental results

The set of tribological parameters are characterizing the materials Laboratory
tests, on simplified specimens, are useful for ranking materials, but these results
could not be extrapolated to actual component, especially for polymeric materials.

When designing a test campaign, for assessing the tribological behavior of a
material pair, the tribosystem has to be identified as one in Figure 9 [42], this
simplified initial system being tested at laboratory level with as many as possible
parameters closer to those from actual application.

The coefficient of friction is a convenient method for reporting friction force,
since in many cases Fy is approximately linearly proportional to F over quite large
ranges of N. The equation, known as Amonton’s law is

F¢ = pF (1)

where the value of p depends significantly on working regime (lubricated or
not), the composition, topography and history of the tribolayers, the environment
in which they are working and the loading conditions. Ashby [43] gave a suggestive
diagram, positioning the polymeric materials with lowest wear rate, but wear rate
values could scan o two-order of magnitude. He also suggests by this diagram that
wear rate field could be extended, especially towards low values by filling the poly-
mers. A special position is noticed for PTFE (Figure 10), unique polymer as tribo-
logical behavior (the lowest friction coefficient, high wear rate, high working
temperature and very resistant in aggressive media).

Usually, when a component if made of polymeric material, the other is harder,
made of steel, but recently contact could be between the same polymeric materials
of different. Thus, friction has to be treated for these cases.

In the case of harder counterpart, the friction polymer-metal has the following
components: plowing as a form of abrasion with larger elasto-plastic deformation
and micro-cracks and adhesion [3, 8]. These processes are severely depending on
many factors including the hardness and asperity shape of the counterpart, contact

I | @@ ®® C l
sliding rolling rolling sliding impact

3 i WA ANAG
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abrasion erosion cavitation

Figure 9.
Testers for assessment of tribological behavior of polymers and polymer composites [42].
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Figure 10.

Positioning of polymers and polymer composites in a space havdness-wear vate constant [http://www.mie.uth.g
r/ekp_yliko/2_materials-charts-2009.pdf] [43].

load, speed, temperature. This component of friction could be reduced by intro-
ducing a lubricant in contact or/and by re-design the system to have rolling or
rolling-sliding motion and by an adequate cutting (usually grinding, honing) of the
metallic counterpart.

The adhesion is present both in static friction and dynamic friction of polymeric
materials: at the interface motion generates shear and deformation of a very thin
layer of the polymeric material, directly in contact with the counterpart. As adhe-
sion and transfer on the counter part are developed in steps, the friction loss, and
consequently, the friction coefficient will vary in time, especially for sliding
contacts.

Values of friction coefficient are given by producers, researchers but they are
depending on test conditions. Thus, they could give a ranking of the tested materials
under the same conditions, but they could not be the same with actual components.
Sometimes, especially under low load, negative values of p may be noticed: they are
rather artificial, due to contact separation and inertia of the tester components;
values of p greater than 1 are physically logical, especially in material processing, in
the interaction between a car tire and a dry road. Sampling could vary depending on
the gauge measuring the resistance force. Researchers usually use a moving average
to draw the curve of friction force or coefficient in time. For instance, the curve in
Figure 11 was done by moving average of 200 values with sampling 2 values per
second. But extreme values are also important as they limit a range that could
explain failure mechanisms as adhesion or local melting, especially for polymeric
materials.

In most cases, a single value of coefficient of friction is not adequate. This can be
seen from the examples in Figure 11, depicting the evolution of friction coefficient
for three sliding distance. The aspect of evolution is kept for PBT, but these three
tests gave values between 0.16 ... 0.19, with stable evolution, a characteristic of
polymer sliding as compared to metal-metal contacts.

The evolution of COF in Figure 11 points out that, for polymer on steel in dry
regime, it is less sensitive to time, but these conclusion has to mention the time
range for which the researchers had obtained this results, here for 2500...7000 m.

Czichos [41] modeled the evolution of COF for a dry regime in four stages: 1-
increasing trend as the surfaces accommodate by wear, 2 - shorter stage of maxi-
mum values of COF, 3 - decrease of COF by the generation of a tribolayer favorable
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Friction coefficient for three tests block-on-ring, with different sliding distances [15].

to reduce friction, for instance, a soften or molten layer of polymer, transfer films
on harder surface etc. and the abrasive wear and deformation intensities decrease, 4
- stable evolution of friction. For polymer on steel or even on themselves, the
authors will add a stage, 5 - slowly or sudden increase of COF meaning worsening
the surface in contact due to severe wear, fatigue etc., in many times this increase
announcing the life end of at least one triboelement (Figures 12 and 13).

Too low load makes the friction coefficient to have higher oscillations as super-
ficial layer of the polymer is not compresses and hard asperities will easier tear up
micro-sheets or plaquettes. As the load increases, the tribolayer is compacting and
the energy loss by tearing decreases. This phenomenon of oscillating the friction
coefficient in dry contact of polymers have been notice also by Jones in 1971 [44].
Higher concentration of reinforcement increases the friction coefficient and makes
its evolution wavy (high amplitude could mean an increase of the glass bead con-
centration in the tribolayer and low values could happen when the tribolayer is
richer in polymer.

Convergence of the curves for higher velocity (in Figure 13, for sliding speed of
0.5 m/s and 0.75 m/s) means that friction process is similar, very possible involving
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Influence of load at the same sliding velocity (GB10 - PBT +10% glass beads, GB20 - PBT +20% glass beads) [15].
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a very thin soften/melted layer of polymer. This is obvious in another study [11],
using pin-on-disk tribotester.

This example point out the influence of the nature of polymeric materials: the
composite (the composites with hard micro-particles in a PBT matrix have higher
and rough aspect of the curve, the blends PBT+ PTFE having lower values even the
polymer PBT, considered a polymeric blends with soft drops of PTFE in PBT
matrix). Figure 14 presents the influence of sliding velocity on the friction coeffi-
cient, and the curves in Figure 15 show the friction coefficient evolution in time
depending on the highest load and velocity. The last plot is given only once as it
could be related both to load and velocity dependence. The abbreviations for the
materials are: PF5 - PBT + 5% PTFE, PF10 - PBT + 10% PTFE, PF15 - PBT + 15%
PTFE). The composition of the hybrid composite GB10 + PF10 (having 10% glass
beads and 10% PTFE) makes the friction coefficient to be higher at low velocity
(0.25 m/s), but for the other two tested velocity, this tribological parameter evolves
in a similar manner, but with higher oscillations, probably because of hard glass
beads in the tribolayer (Figure 16).

Wear is not only a process of material removal in moving contacts, but a more
complex one, defined recently as damage of the solid bodies caused by working or
testing conditions, generally involving progressive loss of material, elasto-plastic
deformations, tribo-chemical reactions caused by local pressure and heat generation
in friction and their synergic interactions [8, 20]. In majority cases, the relative
motion is intentional: for example, in plain bearings, pistons in cylinders,
automotive brake disks interacting with brake pads, or in material processing
(cutting, injection, rolling or extrusion). But in some cases, there are also undesired
motion(s), resulted because of particular working conditions, as in the small cyclic
displacements, known as fretting, produced by vibrations, elasto-plastic and
tribological behavior of components in contact. If solid particles are passing through
the contact, as contaminants in lubricant or, intentionally, as abrasive material for
processing, then they will have a tremendous influence on wear process and, thus,
on system durability.

Wear is a complex process, quantified by the volume or mass of removed
material, from each body in contact, the change in some linear dimension after a
time period of functioning. Thus, wear is obviously a function of material pair,
working time and conditions and it is related to a particular tribosystem (materials,
dimensions, shapes and working conditions).
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Influence of sliding velocity, at F = 5 N, for PBT, PF5, PF10, PF15 [15].
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Evolution of the friction coefficient for PBT and a hybrid composite (PBT + 10% glass beads+10% PTFE) [15].

In some cases, material may be lost from both triboelements, or significant
transfer of material may occur between the triboelements, and particular care is
needed in both measuring the magnitude of wear and describing the damage it
generates (material removals, abrasion, adhesion, transfer, plastic deformation,
fragmentation and mixing the constituents of the tribolayer changes in the topog-
raphy, the last one being investigating by the help of advanced non-contact
profilometers [45].

The wear of polymeric material implies an aspect that is of interest only in pairs
with a polymeric material: melting wear. A part of heat generate by friction is
transferred to the polymeric materials and as thermal conductivity of polymers is
low, a very thin layer could soften or even melt, the material latent heat of melting
imposing a temperature limit in dry contacts. Stachowiack and Batchelor [46]
described the scenario of temperature evolution in contact with a polymeric
material (Figure 17). Similar observations are done by Briscoe and Sinha in [8],
relating the polymer softening and its nature to transfer process on the harder
counterface.

Experiment work validated this process of keeping constant the temperature in
contact when a triboelement is made based on polymers. In order to support this
conclusion, two studies are presented. First one is shortly presented in Figure 18.
A cylindrical pin made of bearing steel is sliding against a disk made of composites
PA + 10% wt glass beads +1% black carbon [11]. The thermo-image in left side
presents the positions and their codes where the temperature was recorded with a
thermo-camera. The temperature evolutions in time for these three points re given
in the right. It is obvious the tendency of maintaining the temperature almost
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Figure 17.

Evolution in time of temperature of polymeric surface in sliding contact [46].

constant for v = 0.5 m/s and v = 1 m/s. As for the highest tested velocity, the plateau
is zigzagged at almost regular time period. This could be explained by the polymer
softening or even melting, followed by easier removal from the tribolayer, enrich-
ment in glass beads of the tribolayer, with higher friction and thus, generating heat
and rising the temperature. When the glass beads are embedded in the remaining
matrix or removed, the temperature would reach a minimum.

Another study [16] for emphasizing the importance of testing composites with
polymer matrix has the results obtained on block-on-disk tribotester (Figure 19).
The block is made of composite with 10% short aramid fibers (Twaron, grade, 225
pm in length see Figure 5c), with two different matrices: PA and PBT and the ring is
the outer ring of a taped rolling bearing (the quality of rolling bearing ring keeps
contact the influence of the counterbody in sliding). Analyzing Figure 20, the
friction coefficient for PAX on steel has a steady evolution, in narrow ranges, for
low loads (F = 5N and F = 15 N) but for F = 30 N, for higher velocities, it increases
and becomes steady at higher values, around 0.3. Temperature is steady for the
same low loads, but it increases with different slopes for highest load. A too low load
on polymer-based material - steel could rise COF and temperature in contact
because the hard body does not contact the polymeric tribolayer enough and thus,
the wear has a more intense abrasive component, tearing-off easier the polymer.
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Figure 18.

Temperature evolution in time (a) for pin-on-disk tester, pin made of havd steel and disk made of PA + 10%
grass beads + 1% black carbon, dry sliding for 10000 m and a thermal image during the test (b) (the rotation of
the disk is clockwise) [11].
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Figure 19.

Images of thermal recordings of the temperature at the end of the test, for temperature at the contact edge, F = 30
v = 0,75 m/s (block made of PA- polyamide, PAX - polyamide +10% aramid fibers +1% black carbon, PBT -
polybythylene thevephtalate, PBX - PBT +10% aramid fibers +1% black carbon) [16].
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Figure 20.

Evolution of friction coefficient and temperature at the contact edge in time, depending on load, sliding velocity,
for a sliding distance of L = 5000 m, block made of PBT +10% aramid fibers, L = 5000 m, block made of PAX
(PA6 + 10% aramid fibers) [16].

The combined analysis of two tribological parameters could reveal a qualitative
change of the working regime. For instance, analyzing COF and temperature at the
contact edge (Figure 20),

* atoo low load and sliding velocity make the temperature rising due to abrasive
wear (more intense under low load)

* a higher speed makes the temperature curve higher for v = 0.75 m/s, but the
COF is kept low meaning a softening process happened,
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* a too high load makes the temperature to have a slope, greater as velocity
increases; a mild regime (thus, a favorable regime) will keep the temperature
constant in contact as for tests under F = 15 N. The severe regime is marked by
high oscillation of friction coefficient or even a constantly increased value and
also by the same shape of the temperature curves.

Comparing curves in Figure 20, regimes with F = 30 N and high sliding velocity
(v =0.5...0.75 m/s) could be considered as severe because they do not make
tribological parameters as friction coefficient and temperature in contact, stable.

The composite with PBT matrix with the same adding materials (10% short
aramid fibers and 1% black carbon) has a similar evolution of COF, but temperature
increases only for the extreme tested regime (F = 30 N, v = 0.75 m/s).

The applications involving the friction couple polymeric material - metallic
counterpart are preferred by mechanical requirements of the design solution and
the better tribological behavior by monitoring and measuring a set of tribological
characteristics (wear, friction, temperature in contact, changes in materials’
structures etc.) as compared to sliding polymers against themselves (Figure 21).

Wear process of polymeric materials are characterized by a transfer film, gener-
ated when sliding against a harder surface, strongly influencing on the tribological
behavior of the system [8].

A favorable transfer film should be continuous, very thin and regenerating
without inducing troubles in the working systems. This is the ideal transfer film of a
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Figure 21.

Evolution of friction coefficient and temperature at the contact edge in time, depending on load, sliding velocity,
for a sliding distance of L = 5000 m, block made of PBX (PBT +10% aramid fibers) [16].
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polymeric material but, actually, there are two types of polymers, those generating
an almost continuously transfer film as high density polyethylene (HDPE) and
ultra-high-molecular weight polyethylene (UHMWPE), and those that form
lumps or islands, more or less regular. Transfer process is influenced by contact
temperature and texture of the counterpart. Only few polymers have only a
mechanical component of the transfer film (again, PTFE and UHMWPE have to
be given as examples) and polymers that could chemically interact with the
metallic surface.

Myshkin et al. [7] pointed out that the dependence of friction coefficient with
velocity has different shapes depending on the polymer sliding on steel or on itself,
and even for the same polymer, the curve depends on temperature of the environ-
ment. At low velocity (1073...10 % m/s), friction coefficient has an almost constant
evolution, but at higher speed, its evolution could be with velocity could be para-
bolic, with minimum when the material is softening or has a thin melt layer, than it
could increase. The conclusion of this work is that tests in the same conditions as the
application are tremendously necessary for a reliable working of the tribosystem
involving polymer-based materials in order to correct assess the power loss by
friction and to prevent component failure by frictional heat.

The wear rate can then be defined as the rate of material removal or dimensional
change per unit time, or per unit sliding distance. Because of the possibility of
confusion, the term “wear rate” must always be defined, and its units stated. It is
usually the mass or volume loss per unit time.

The Archard model of sliding wear [47] leads to the equation:

w = KW/H, Q)

where w is the volume of material removed from the surface by wear per unit
sliding distance, W is the normal load applied between the surfaces, and H is the
indentation hardness of the softer surface. Many sliding systems do show a depen-
dence of wear on sliding distance which is close to linear, and under some condi-
tions also show wear rates which are roughly proportional to normal load. The
constant K, usually termed the Archard wear coefficient, is dimensionless and
always less than unity. The value of K provides a means of comparing the severities
of different wear processes.

For the tribotester block-on-ring the wear parameter that reflects well the
behavior of the materials could be the linear wear rate

W1 = AZ/(F - L) [pm/(N - km)], 3)

where AZ is the change in distance between ring and block at the end of the test,
F is the normally applied load and L is the sliding distance. Figure 22 presents test
parameters, as recorded by the tribometer UMT-2, including friction coefficient
(COF), wear depth (Z).

For pointing out wear parameters in a tribosystem with polymer-based material
(s), the same two cases are analyzed (Figure 23).

A study has another objective [16]: to assess the tribological behavior of two
polymer matrices, PA and PBT, with the same concentration of reinforcement, 10%
wt short aramid fibers (Twaron, 225 microns as average length). There were mea-
sured several tribological parameters, average values of friction coefficient (COF,
Figure 24), wear rate (Figure 25) and maximum value of the temperature at the
contact edge (Figure 26). Wear rate in Figure 25 was calculated as

W = Am/(F - L) [mg/(N - km)], (4)
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Figure 22.

Example of parameters monitored in actual time real on the tribotester UMT-2, block-on-ring test, block made
of PBT, ring made of steel (100Cr6), F =5 N (= Fz), v = 0,25 m/s, L = 7500 m, COF —friction coefficient, Fx —
Resistant force (friction), AE — Acoustic emission, Z — Wear depth (linear wear) (linear change between ring
and block), Fz — Normal load [15].

where Am is the mass loss of the block, L is the sliding distance and F is the
applied load in contact.

Temperature in contact is very important in tribosystem with one or both
elements made of polymeric materials as a jump in contact temperature of less
amount as for metals (even 10°C) could change their mechanical and thermal
properties, could even change the chemical organization of the molecular chains;
the power dissipated in the contact is given by (u-F-v) where p is the friction
coefficient, F is the normal load and v is the sliding velocity. The local temperatures
in the contact areas can therefore become much higher than the bulk temperatures.
This factor needs to be considered when designing wear tests or interpreting test
results.

In Botan’s study [16], neat PBT had a very good tribological behavior (being
analyzed, average values of COF during 5000 m of sliding on steel, low wear as
compared to PA) but adding 10%wt short aramid fibers in PBT substantially
improves wear resistance. Thermal monitoring of the contact edge allows for rank-
ing the tested materials having the temperature as criterion (Figure 26).

In study from 2012, Pei et al. [12] present the tribology of three polymers,
considered as high-performance materials, introducing for evaluating the product
pv (p being the average pressure in contact and v the sliding velocity). This param-
eter has to be used with precaution. Comparison should be done for the same
tribosystem (dimensions and shapes) and under the same testing conditions. It is
not recommended to extrapolate the results outside the investigated parameters.
From Figure 27, one may notice that PPP grades exhibited low wear resistance as
compared to PEEK and PBI had the lowest wear rate, due to its high value for heat
resistance and very low decrease in mechanical characteristics under higher tem-
peratures.

Obviously, in dry regime friction coefficient of a polymer on steel is lower than
that for steel-on-steel and long and aligned carbon chain (as in PTFE and PE, even
PA) will give lower dynamic friction coefficient, around 0.2 ... 0.3, lower for PTFE,
but polymers with higher mechanical characteristics as PPS and PEEK will have this
parameter higher 0.3 ... 0.5. Wear rate exhibits values that could not be deduced
from the mechanical and structural characteristics. For instance, in Figure 28, the
lowest wear rate among tested polymers under the same conditions was obtained
for PA6, and wear rate increases from this to PI, PPS, PE-UHMW till PEEK, but
high values were obtained for POM and PTFE.
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Figure 23.
Linear wear rate of the blocks made of polymer-based materials.

Worn surfaces and the debris resulting from wear, may be examined for several
reasons:

* to study the evolution of wear during an experiment, or during the life of a
component in a practical application,
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* to compare features produced in a laboratory test with those observed in a
practical application,

* to identify mechanisms of wear,
* (by studying debris) to identify the source of debris in a real-life application.

Figure 29 presents two virtual images, reconstructed with SPIP The Scanning
Probe Image Processor SPIPTM, Version 5.1.11/2012, from a study done by
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Figure 24.
Average values for COF for 5000 m of dry sliding on steel (same scale for PA and PAX and PBT and PBX,

respectively) [16].
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Wear rate of the block as a function of load (in N) and sliding speed (m/s), obtained on block-on-ring tester,
dry regime, for blocks made of polymers (Polyamide 6 - PA and Polybuthyleneterphtalate - PBT) and their
composites with 10% short avamid fibers (PAX and PBX).
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Maximum value of temperature at the contact edge, for all four tested materials in [16] (material codes as in
previous figure).
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Figure 29.
Virtual images of block suvfaces made of PBT + 20% glass beads. (a) Initial surface. (b) Used surface (F = 5 N,
v=0,75 m/s, L = 7500 m) [15].

Georgescu [15], pointing out initial surface (a) and traces as result of abrasive wear
on the composite.

After testing, the worn surface quality of the composite with only 10% glass
beads was better, meaning a lower value for Sa, Sz (Figure 30). In tribological
evaluation a ratio Sz/Sa, bringing together an averaging parameter with an extreme
one (Sz) is important because singular or rare high peaks have a great influence on
the tribological behavior, especially for composites with hard fillers. Adding micro
glass beads in PBT increases the amplitude parameters (these are plotted for
v = 0 m/s, in Figure 30). Ssk has high positive values for 20% glass beads in PBT,
but the polymer and the composite with only 10% glass beads have lower values,
oscillating between 1 and — 1. If Ssk <0, it can be a bearing surface with holes and if
Ssk > 0 it can be a flat surface with peaks. Values numerically greater than 1.0 may
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Figure 30.

Roughness for worn surfaces of the block made of PBT, PBT + 10% glass beads (GB10) and PBT + 20% glass
beads (GB20). (a) Sa- roughness average. (b) Sg - peak-peak height, the difference between the highest and
lowest point in surface. (c) Surface skewness, Ssk, or the asymmetry of the height distribution histogram.

(d) Surface kurtosis, Sku, or the “peakedness” of the surface topography [15].
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Parameter Information, unit

Load (normally applied), constant or variable N

Sliding speed m/s

Pair of materials Composition, phases, structures
Temperature (environment and in contact) The second is difficult to measure

Type or relative motion Sliding, rolling, combined motion, small

oscillations, impact

Contact type Conformal, non-conformal, volumes of the
triboelement

Particularities of tribosystem (if the case) Material, shape, size and distribution
abrasive/erosive particles

Contact dynamics Stiffness, damping, inertial mass

Table 2.
List of important parameters that influence the tribological behavior [42].

indicate extreme holes or peaks on the surface, as for the worn surfaces of compos-
ite PBT + 20% glass beads. For v = 0.50 m/s (Figure 30) and v = 0.75 m/s, Ssk < O,
reflecting the micro-plowing process. For Sku > 3, all worn surfaces indicated long
and narrow valleys, with high peaks, the valley are dominated as result of tearing-
off glass beads and maintaining the shape of the extracted beads. Smaller values of
Ssk indicate broader height distributions but these polymeric materials have narrow
height distribution as all values are above 3 (Table 2).

Components with high volume of polymeric material are less heat conductive
and prone to have melt/soften contact. The solution given by research and practice:
polymeric coatings, thick enough to reduce friction and to bear wear for a specified
life and reliability.

During a test, many influencing factors have to be controlled. These can be
grouped in

¢ -mechanical and environmental test conditions (such as contact load or
pressure, speed, motion type and environment temperature, composition), and

* -specimen(s) parameters (such as material composition, microstructure,
volume, shape and their initial surface finish).

Some of them could be monitored during the test (as friction force), some only
at before and after test. For polymers, investigations must be done just after the test
as the specimens could age and thus, altering the information.

Researchers have to prioritize what factors are kept constant and what factors
will vary on ranges of interest.

A full program of testing under all combinations of these factors would be time-
consuming and costly, and may not be required. Often a single factor can be
identified as “key” to the material response, and in this case a good approach is to
set all the other factors at constant values and vary the chosen factor in a controlled
way in a series of tests. Test campaign must promote an objective, to establish
variables (materials, working regime parameters, environment) and the most
relevant results to be given, non-destructive investigation in order to understand
and direction the damage processes during testing.

Tribologists is now using mapping technique when two (or more) factors are
changed in a controlled way (normally more coarsely than in parametric studies),
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the parameter of interest being the friction coefficient, wear or wear rate, temper-
ature or durability till a particular value for wear temperature etc. are reached. The
mathematical model for building the map surface is very important. For instance,
maps in Figure 23 are built with double spline curves, enforcing the obtained values
from the tests to be on the surface. Sharp peaks or deep zones on the maps could
indicate a qualitative change in tribological processes (change in wear process
balance, tribochemical reactions induced by temperature threshold etc.)

The mapping technique is efficient for determining the overall behavior of a
material or a tribosystem as it provides useful data about the position of transitions
in wear behavior for a systematic test campaign. This comes at the expense of a
reduction in the detailed knowledge of the variation of friction and wear with any
one factor, but once the regime of interest is better defined through the use of maps,
then a more detailed parametric study can be conducted.

5. Characteristic mechanisms in the superficial layers of contacts
implying polymeric materials

Initially, PTFE was simply used as bushes, seals, but its low mechanical charac-
teristics make the researchers for materials to use it as matrix in composites [9, 39],
adding material in other polymers, and even metallic sintered materials, more rigid
and less prone to wear.

Burris and Sawyer studied the blend PEEK + PTFE [49]. PEEK has wear resis-
tance, mechanical strength and a higher working temperature as compared to other
polymers, but a high friction coefficient in dry regime p = 0,4 and low thermal
conductivity. PTFE has a high wear rate, and the fact that has the lowest friction
coefficient in similar conditions does not recommend it to be used simple, without
blending with another polymer or reinforcements. A qualitative model of a
polymeric blend could be modeled as in Figure 31a.

Many researchers and producers of polymeric materials recommend only 5-20%
PTFE [46, 50, 51], experiments done by Burris and Sawyer [49] obtained an opti-
mum for the wear rate using the blend 30% PEEK +70% PTFE and, thus, underlined
the necessity of testing new formulated materials for tribological applications.

Under 20% PEEK, wear has a sharp evolution, explained but not enough PEEK
for creating a harder matrix for the soft polymer, thus the last one is easy to be
deformed, abraded; the wear is supported by PTFE and not by the harder material
(which has a higher wear resistance. The transfer process is more intense, and the

wear debris have higher volumes. The authors suggest that preferentially lose of
PTFE make the tribolayer grows rich in PEEK and the wear is reduced. At higher
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Figure 31.

Contact surface 6,35 mm x 6,35 mm, F = 250 N and alternating sliding on 25.4 mm, v = 0.05 m/s, dry sliding
on stainless steel AISI 304. (a) Model proposed by [49]. (b) Wear rate as a function of PEEK concentration.
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concentration of PEEK, the wear is dominated by fatigue cracks and the micro-
reservoirs of PTFE are in reduced number and the solid lubrication of PTFE is done
only on patches. Wear debris made of PEEK generate a more intense abrasive wear,
even as third body, care damage the transfer films on both surfaces in contact.

A similar tribological behavior was noticed by Tomescu [9], when a composite
copper + PTFE was tested in dry and water lubrication regime.

6. Characteristic mechanisms in the superficial layers of contacts
implying polymeric materials

Neale admitted that wear is a complicated process and even if the mechanisms
could be described, there are combinations and transitions among them that make
them difficult to be understood yet and reduced [52]. Four main wear mechanisms
are discussed in literature [23, 46]: abrasion, adhesion, fatigue and tribo-corrosion,
with particular, mixt variants (thermal and tribofatigue, fretting etc.).

Aspects of wear mechanisms with different adding materials in polymers are
well described and interpreted in [3, 8, 20, 46]. A particular wear process of
polymeric materials is the so-called delamination, that is a combined process of sub-
layer crack, plastic deformation and material removal (Figure 32).

Forms of abrasive wear are micro-cutting, plowing and micro-cracking with
material remove are particularized for polymers that are visco-plastic materials.

Adhesion has particular aspects in tribosystems with polymers, including
polymeric transfer on the counter surface, especially when this is made of steel.

As Stachowiak and Batchelor [46] mentioned, this transfer has two extreme
consequences:

* beneficial, when the transfer film is thin and transform the moving contact in
polymer-polymer,

* not beneficial, with lump or insular transfer, that change too much the surface
topography.

Formation of wear
sheet by eventual
delanunation

Subsurface crack
nucleation with
repeated rubbing

Figure 32.
Wear deterioration of a polymeric body in sliding against a harder material, also known as delamination [35].

PA+10% glass beads ~ PA+20% glass beads ~ PA+30% glass beads ~ PA+50% glass beads
F=15N,v=15m/s F=10N,v=15m/s F=I15N,v=15m/s F=10N,v=15m/s

Figure 33.
SEM images on tribolayer generated from composites with PA6 matrix and different concentrations of glass
beads [11].
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Figure 34.

SEM images for tribolayers: PA disk (a) and for the composite with 50% glass beads (b, ¢ and d), dry sliding on
steel (no gold coating of the samples) for SEM investigation. (a) v = 0.5 m/s, p = 1 MPa. (b) v = 0.5 m/s,
p=2MPa. (c)v=1m/s,p=1MPa. (d)v=1,5m/s,p=1MPa[11].

Adhesive Wear

Figure 35.
Typical aspects of the failure mechanisms in sliding on steel in dry regime (a) adhesive wear, (b) abrasive wear,

(c) fatigue wear [11].

The solution of reducing wear of polymers is to add materials that keep the poly-
mer into a network (random or organized) to minimize the polymer volume implied
in the local deformation and detaching small wear particles instead of big ones.

The research has to establish an optimum concentration of constituents that
allow for having a better tribological behavior (reduced wear, permissible working
temperature, low power loss due to friction and to keep the functions of the systems
in an reliable range).

For instance, Maftei [11] elaborated composites with glass beads in a polyamide
matrix with concentration between 5% wt and 50% wt and tested them on pin-on-
disk tribotester. SEM investigation revealed agglomerated glass beads, a very thin
soften layer of polymer that cover like a blanket the glass beads, justifying the still
low friction coefficient. The next figures (Figure 33 and Figure 34) point out
differences between wear mechanisms for PA6 (a) (abrasive, fatigue with small
cracks) and the composite (detaching smaller polymer debris, al lower sliding
velocity the soften layer does not exists and polymer is deformed by the random
small movements of the beads in the matrix, at higher velocity (d) several beads roll
in the superficial layer as the polymer is less viscos.

Typical aspects of the failure mechanisms in polymer sliding against harder
bodies are described in [53-55]: abrasive wear, adhesion wear (with transfer) and
fatigue wear (Figure 35).

The geometry of the reinforcement makes the wear mechanism to be different
for the same fibers, if the matrix is different, as one may see in Figure 36. The first
line of SEM images is for the matrix of PA6, more ductile than PBT - the matrix of
the composite in the second line of SEM images. All tests are done on block-on-ring
tester, in dry regime. A more ductile matrix is easier worn and torn-off, the fibers
remaining to bear the load and there visible the deformations (flows) induced by a
higher load on the fiber ends. In a PBT matrix, more rigid than PA6, the transfer on
the steel counterbody is less and the fibers are scratched under higher load.
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F=30N, v=0.25 m/s F=15N,v=05m/s
PA+10% wt aramid fibers

F=39N,v=0.75m/s

F=30N,v=0.75m/s F=30N,v=0.5m/s F=30N,v=0.75m/s
PBT+10% wt aramid fibers

Figure 36.
Block-on-ring, L = 5000 m (thin gold coating of the samples) [16].

Composites with reinforcing particles or fibers: dynamic wear process, in stages:
1 - low wear of polymer and enrichment of the superficial layer in harder materials,
2 - too much hard particles or fibers within tribolayer, the result being big wear
particles torn up in bigger conglomerate, 3 - leveling the rough surface after
detaching hard particles/fibers by the help of plastic matrix (friction coefficient has
high oscillations and the process is repeating.

Friction materials, as for brake pads, need special attention as they have to fulfill
requirements as constant friction coefficient and controllable wear (linear would be
better). Manoharan et al. [55] presented a study for a composite containing nine
major ingredients, including epoxy resin, reinforcement, solid and liquid lubricants
etc. (this pointing out the complexity of a composite destinated for brakes). Tests
done on disk-on-plate tribotester, in the presence of third body (sand), revealed that
wear volume loss of composite brake pad increases with increasing sliding distance
and load, but wear rate increases with applied load and decreases with increasing
sliding distance. Glass fibers and hard particle fillers were effective in reducing wear
rate of the composite. It is reasonable to deduce that binders would increase the
adhesion of glass fibers, SiC into the formaldehyde matrix. When the load is
increased, microcracks are formed, followed by fragmentation in composite brake
pad. Plowing, cracking and accelerated breakage of fibers in composite are evident
under higher load. This study is here given in order to underline the necessity of
testing new formulated friction materials, no theoretical model being able to reliably
predict the tribological behavior in terms of values for wear, friction and durability.

Samyn et al. [56] presented a useful review on tribology of polyimides. Temper-
ature modifies the tribological behavior of this polymer by chemical effects.

The tested sintered polyimides show two sliding regimes: between 100°C and
180°C, friction is high and wear rate increases, with a discontinuous minimum at
140°C. Raman spectroscopy motivated that hydration generates a reversion of
polyimide into a precursor. A maximum hydrolysis intensity at 140°C explains the
minimum wear rate with acid groups acting as a lubricant. From 180-260°C, fric-
tion decreases and wear rate become stable at mild loads, with a maximum value for
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Figure 37.

Images of the partial bearings made of PTFE + shovt glass fibers with different concentrations, test conditions:
v = 2.5 m/s and p = 4.6 MPa, water lubrication, L, = 10,500 m [8]. (a) 15% glass fibers. (b) 25% glass fibers.
(c) 40% glass fibers.

the wear rate at 180°C. Wear rates increase at high loads, but brittleness is not
obvious till 150 N, at high temperatures. A discontinuous platelet transfer film
develops above 180°C.

Thermoplastic polyimides show three sliding regimes that are related to a
combination of chemical and thermal effects.

* at 100 to 120°C, friction increases and is higher and wear rates are lower as
compared to sintered polyimides; a thin transfer film develops; dark wear
particles were produced by hydrolysis,

* at 120 to 180°C, friction decreases and a transition to high wear rates is
initiated; a patchy-like transfer film develops and the polymer surface becomes
irregular and opaque due to softening and chemical modification; wear debris
become brittle and act as an abrasive,

* at 180-260°C, friction increases and overload wear results from melting; a
thick transfer film develops, and the polymer surface smoothens. Roll-like
debris are visually observed as an indication for melting. Raman investigation
indicates thermal decomposition of aromatic structures into amide monomers
on the polyimide surface, weakening strength and producing higher wear.

And study point out the importance of test parameters, here the two polymers,
the temperature and the load. Such a study could be done for each polymer of
interest, with particular values for the test parameters, as they do not have a pattern
due to their diversity in chemical structures and molecular organization.

Agglomeration of reinforcement fibers of particles are observed even in lubri-
cated system with polymer composites sliding against steel. A suggestive model of
reinforcements agglomeration in the superficial layer of polymeric composites, due
to preferential wear of the polymer matrix has been described by Blanchet and
Kennedy [10] from 1992, and then developed by Han and Blanchet in 1997 [57] and
experimental results given in Figure 37 sustained their model. Each worn surface
after sliding in water has a similar concentration in short glass fibers, even if
initially the concentrations were different.

7. Tendency in using polymeric materials and conclusions
New development in processing polymer-based materials (here including
polymers, polymer blends, polymer composites and stratified materials based on

polymeric fabrics) make easier to replace metallic parts with ones made of
polymer-based materials, at a convenient price.
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Test campaign are running faster as the market obliged the designers and pro-
ducers to give more reliable products and the new achievement in monitoring and
investigating the tribological behavior help them to understand and formulate new
and adequate materials.

An obvious tendency for these materials is using them as coating, thick enough
to fulfill an imposed reliability and durability.

New technologies allow for a better dispersion of the constituents, making the
resulting materials more predictable [58-60].

8. Conclusion

Testing is very important when using polymer-based materials. New recipes of
polymer-based materials has to follow the logical chain of testing, meaning labora-
tory specimen - component - partial system - entire system, in order to avoid
catastrophic failure of the entire system. Even if it is difficult to imagine now new
tribological parameters to be monitored or calculated, variant versions could be
adapted for particular applications.
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Chapter 5

Tribological Study of the Friction
between the Same Two Materials
(RAD Steel)

D. Kaid Ameur

Abstract

These demands more and more severe of the organs of friction lead to operat-
ing temperatures of more and more high which result in particular a degradation of
materials. This is reflected by decreases of performance that could jeopardize the
safety (fall of the coefficient of friction) and penalize the economic balance (increase
the wear). Our study highlights the interactions between the thermal, tribology, and
physicochemistry and has been designed to respond to the following three objectives:
(1) characterize at the macrolevel the phenomena of thermal localization and identify
their influence on the coefficient of friction, (2) correlate to the local scale these phe-
nomena to the physical mechanisms of friction, and (3) to identify the consequences
of the degradation of the material with the temperature, based on the coefficient of
friction and the physical mechanisms of friction.

Keywords: tribology, friction, materials, steel, degradation

1. Introduction

This study clearly showed the influence of the degradation of the material on
the tribological behavior. However, the diversity of the elements in the presence
complicates the interpretation of results.

Finally, the important role of the oxidation has also been highlighted in this
study, by its contribution to the degradation of the material on the one hand, to the
training of oxides present in the third body, on the other hand. This influence of
oxidation could be investigated through the realization of tribological tests under a
controlled atmosphere. As an exploratory measure, development on the triometer
of an experimental device designed to deprive the contact of the oxygen in the
ambient air has been undertaken in this spirit.

2. Proprieties
RAD (Aubert ¢ Duval): A ball bearing steel, and as such previously only used
by forgers, it is available in bar stock now (Figure 1). It is similar to 5160 (though it

has around 1% carbon vs. 5160 ~ 0.60%), but holds an edge better. It is less tough
than 5160. It is used often for hunting knives and other knives where the user is
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Figure 1.
RAD (Aubert & Duval) steel composition analysis.

willing to trade off a little of 5160’ toughness for better wear resistance. However,
with the continued improvement of 52,100 heat treat, this steel is starting to show
up in larger knives and is showing excellent toughness. A modified 52,100 under
the SR-101 name is being used by Jerry Busse in his Swamp Rat knives. The German
equivalent 1.3505 has been discontinued [1].

It is used in precision ball bearings and many industrial applications. The balls
made of this kind of material feature an excellent surface finish, considerable hard-
ness, and a high load-carrying capacity, as well as excellent wear and deformation
resistance. Chrome steel balls (Figure 2) are through hardened in order to achieve
the maximum mechanical strength [2].

Diameters: 0.025-250 mm.

Precision grades: ISO 3290 G3-5-10-16-20-28-40-100-200-AFBMA
G500/G1000.

Equivalent materials to international standards: AFN 100C6-B.S. EN 31-JIS
G4805-SUJ2-ASTM 100Cé.

Through hardness index:

Up to 12.7 mm HRC 62/66.

From 12.70 to 50.80 mm HRC 60/66.

From 50.8 to 70 mm HRC 59/65.

From 70 to 120 mm HRC 57/63.

Mechanical properties:

Critical tensile strength: 228 kgf/mm?®.

Compression strength: 207 kgf/mm”.

Modulus or elasticity: 20,748 kgr/mm”.

Specific weight: 7830 kgf/mm?,

Chemical compositions, %:

C: 0.90-1.10; Si: 0.15-0.35; Mn: 0.25-0.45; P: 0.025-max; S: 0.025-max; Cr:
1.30-1.60.
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Figure 2.
Chrome steel balls.

3. Characterization of the tribological behavior of the dry contact
3.1 Analysis of friction, p, and pe

The friction coefficient is determined from the tangential force, Q*, measured
during the test by a force sensor, and the normal force applied, P, measured by a
sensor to gauge the constraints (Figure 3) [3].

The value of the coefficient of friction conventional said during each cycle is
given by the following expression [4]:

i =Qx*/P 1)

While the average value of the coefficient of mechanical friction during the
entire test is expressed by the following expression [5]:

=3 u() @

where N is the number of cycles (Figure 4).

E,

=4 3
yev ey 3)

H,

where Eq is the dissipated energy in Joules, 8, is the amplitude of slipping in
micrometers, and P is the normal force applied in Newtons.

The average value of the energy coefficient of friction during the entire test is
expressed by the following [4]:

=D () @)

t i=1
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Figure 3.
Illustration of the evolution of the normal force and tangential force during the test (ideal situation of a rolling
contact infinitely rigid) tangential as a function of time.
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Figure 4.
Cycle of fretting during the test.

To study the evolution of the coefficient of friction during the test, we used
a sphere contact/plan of steel 100Cr6 on the machine I, and the diameter of the
SPHERE chosen is of 25.4 mm, and the movement is alternative straight with an
amplitude of displacement of +100 mm to a frequency of 10 Hz. A normal load of
86 N is applied during the test friction, which corresponds to a pressure of Hertzian
contact maximum in the early test (without wear) of 1.1 GPa. The frequency of
the movement and the frequency of the normal load are measured, recorded, and
regulated during the test. The tangential force of contact is measured and recorded
during the friction (Figure 5).

3.2 Evolution of the coefficient of friction

The evolution of the friction coefficient, y, conventional and the energy
coefficient, pe, in function of the cycles of fretting is presented in Figure 6. We

102



Tribological Study of the Friction between the Same Two Materials (RAD Steel)
DOI: http://dx.doi.org/10.5772/intechopen.93478

1100 MPa —
__pression de

e

| - Hedz

Figures.
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Figure 6.
Evolution of the coefficient of friction is conventional and of the energy coefficient. The friction in function of
the number of cycles of fretting of the contact spheve/plan.

note that the evolution of p and pe presents a similar evolution [6, 7]. The two
curves are superimposed up to 2000 cycles, and while the contact stabilizes, we
note a significant differentiation of p and pe. The value of p stabilizes around
0.85, while pe stabilizes at around 0.75. The values’ averages over the whole

of the test are, respectively, u = 0.77, and pe = 0.71. Subsequently, it conducts
tests that are interrupted following the evolution of the coefficient of friction
(Figure 7, six conditions of the number of cycles of four cycles to 10,000 cycles)
to appraise the structure of the traces of wear of the plan and of the sphere in
function of the establishment of the contact. It still maintains the amplitude of
slip, 8g, and the amplitude of oscillation, §*, as constant while all the tests are
carried out.

The evolution of the coefficient of friction reveals three phases. During the
first phase, we note an increase in the coefficient of friction up to a value of 1.2
(up to 20 cycles); then the second phase corresponds to a fall of up to 0.45 (up
to 300 cycles); and then the third phase presents two parts: the first, an increase
very progressive of the friction coefficient of 0.45-0.75 (of the 300th-3000th
cycle). And finally, the second part of the third phase corresponds to a stabi-
lization of the coefficient of friction around 0.85 (ranging from the 3000th—
10,000th cycle).
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Evolution of the coefficient of friction in function of the number of cycles for the torque 100C6 sphere/plan
(F =86 N, 6 =100 ym, F = 10 Hz, and R = 12.7 mmy). (a) Test INTEGER, (b) zoom up to 300 cycles, and (c) zoom
up to 3000 cycles, and the ved circles indicate the tests interrupted for the expertise of traces of fretting.

3.3. Analysis of the trace of wear

Several technics have been used to understand the evolution of the coefficient
of friction. In function of the number of cycles: optical microscopy, the electronic
microscopy to Sweep (SEM), as well as the EDX analysis [8, 9].

The observation of the traces of wear in the optical microscope after different
durations of friction allows us to understand the evolution of the creation of debris
and oxides in function of the time. The two surfaces, that of the sphere and that of
the plan, are observed. The coloration of the trace of wear gives indications on the
presence of oxides.

The SEM is used in order to achieve chemical analyses in the trace of wear and
outside of the trace. These analyses confirm about the presence of oxides.

During the first phase, the increase, very brutal, of the coefficient of friction is
associated with a contact metal/metal. We interrupt the test in the fourth cycle for
observing the surface (Figure 8). We note that there is a large surface not worn to
the inside of the contact and that we have a wear at the edge of the contact which is
more important on the sphere on the plan.

The surface does not oxidize debris. In contrast the surfaces. The darkest shows
transfers metal/metal, which explain the very strong increase in the coefficient of
friction. Then interrupts our test to 20 cycles, and when the increase of the coef-
ficient of friction reaches its maximum to observe the evolution of the trace of
wear (Figure 9), we note the existence of a few debris at the edge of the contact,
as shown in Figure 9(c), where they are compacted, favoring the phenomena of
accession at the edge of the contact, as shown in Figure 9(d).
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Analyses of EDX in the trace of wear have intended to assert or non-The presence
of oxides in the trace of wear.

Figure 10(a) shows an image SEM of the trace of wear on a sample after
20 cycles of friction. An EDX analysis of the trace of wear (Figure 10(b)) shows the
detectable elements as in Table 1.

Table 1 shows that there has been very little of oxides in the trace of wear to
20 cycles. Figures 9 and 10 confirm a generalization of the metal-metal interactions
after only 20 cycles, which allows us to explain the very high value of the coefficient
of friction. In the second phase during the fall of the coefficient of friction, it stops

Figure 8.
Traces of wear on the samples to the fourth cycle. (a) Image under the microscope optics of the plan, (b) image
in the optical microscope of the SPHERE, and (c) image to the SEM of the plan [10].

200 pm
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Figure 9.
Traces of wear on the samples in the twentieth cycle. (a) Image under the microscope optics of the plan, (b) image
in the optical microscope of the SPHERE, and (c) and (d) image in the WPM in traces of wear [10].
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Figure 10.
Chemical analysis of the trace of wear on a sample after 20 cycles of friction. (a) Image SEM of the trace of
wear and (b) EDX analysis of the trace.

Item Atom (%)

Carbon 16.22

Oxygen 0.004

Chrome 1.76

Iron 82
Table 1.

Elements detected in the trace of wear to 20 cycles.

the test at the 60th cycle. The coefficient of friction is of the order of 0.8. Figure 11
shows the different surfaces observed.

We note that there is a material removal to the inside of the contact
(Figure 11a, b, and d). The fall of the coefficient of friction in the second phase
is due to the presence of debris that are very oxidized (Figure 11c; the debris
of white color observed using the WPM, which are ejected at the edge of the
contact). After cleaning, it shows the existence of oxides on the worn surface,
however, the EDX analysis shows results similar to those observed after 20 cycles
with a few traces of oxygen (0.004%) on the surface worn. To locate these
traces of oxides, it carries out analyses following a line called “Line Scan.” These
analyses are carried out line by line on the surface of the traces worn globally.
One of these lines shows the presence of a few traces of oxide on the compacted
materials at the edge of the trace of wear, as shown in Figure 12.

In conclusion, it could be deduced that after 60 cycles, of the first oxidized
debris are trained and allow a partial reduction of the coefficient of friction. These
debris are however few and are only little members in the interface (because they
are easily eliminated). This allows you to explain that the coefficient of friction at
this stage remains relatively high. Their accumulation in edge of contact suggests a
change of load transfer and flotation a dela pressure on the edges of the contact. A
fourth test is conducted and interrupted after 1000 cycles. This condition of solici-
tation corresponds to the coefficient of friction the lowest (p = 0.5). To interpret the
tribological behavior, it is interesting to compare the optical observations and SEM
(Figure 13) and the analysis of the surface of the contact (Figure 14).

Figure 13 shows that the material removed is distributed over the entire
surface of the sphere and the plan [Figure 13(a)—(c)]. Figure 13c confirms
the presence of a large quantity of oxides on the surface, before cleaning, and
mainly distributed on the periphery of the contact. By contrast, after cleaning,
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Figure 11.

Trace of wear after 60 cycles of friction. (a) Optical image of the plan, (b) image perspective of the SPHERE,
(c) image in the WPM before cleaning, and (d) image to the SEM after cleaning [10].
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Figure 12.

Analysis of the line scan of the trace of wear on a sample after 60 cycles of friction. (a) Image SEM of a line
scan of a plan and (b) zoom of the line scan with the results of EDX of this line scan.

the quantity of debris oxidized is much more low. The EDX analysis (Figure 14),
however, confirms the presence of a large quantity of oxygen from the acceding
debris in the interface.
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Figure 13.
Trace of wear on a sample after 1000 cycles of friction. (a) Image optics of the plan, (b) optical image of the
SPHERE, (c) image to the SEM plan before cleaning, and (d) image to the SEM plan after cleaning [10].

Figure 14 also confirms the existence of oxidized debris on the sphere, especially
at the edge of the contact. The concentration in oxides is confirmed by the semi-
quantitative analysis (Table 2).

What we can remember is that the interface associated with the lowest coef-
ficient of friction corresponds to a structure with a lot of debris oxidized very
pulverulently because they are very easily eliminated (comparison of observations
of SEM before and after cleaning); mainly located on the outer edges of the con-
tact, this bed of debris very accommodating; and allows to obtain a coefficient of
friction that is relatively low. The presence of debris more compacted and members
indicates the activation of a process of “Mécano alloying” and the creation at the
level of the first body of compacted debris more members. The fifth point analyzed
corresponds to a test duration of 6000 cycles. It corresponds to the stabilized state,
of contact with a value of the coefficient of friction of the order of 0.8, which is
significantly greater than the point of intermediate 5.

Figure 15 illustrates the structure of the interface. It will be noted that these
observations have been carried out after cleaning of surfaces.

One can conclude that a layer of compacted oxide is adherent and is distributed
on the whole surface of the contact (Figure 15d and e). It confirms the very large
quantity of oxides associated to acceding debris by the semiquantitative analysis of
EDX (Table 3).

Figure 16 confirms that a similar pattern to that observed on the plan is acti-
vated on the sphere. In effect, even after cleaning of surfaces, there is a very large
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(c) (d)

Figure 14.

Chemical analysis of the trace of wear on a sample of the plan and of the SPHERE after 1000 cycles of friction.
(a) Image SEM of the trace of wear of the plan, (b) EDX analysis of the trace, (c) optical image of the
SPHERE, and (d) zoom of the oxidized portion of the SPHERE [10].

Item Atom (%)

Carbon 169

Oxygen 156

Chrome 15

Iron 65.8
Table 2.

Elements detected in the trace of wear to 1000 cycles.

quantity of oxides acceding compacted on the surface. In conclusion, it is shown
that the process already observed after 1000 cycles of compaction of the third body
is becoming widespread. The interface thus evolves to a structure, little member of
a third cohesionless body toward a third body compacted, very adhesive.

This evolution of the rheology of the third body, which gives rise to a 3rd Corps
member and less complacent than that the bed of cohesionless debris, may explain
the increase in the friction coefficient of the second minimum at p = 0.5, up to the
bearing stabilized at p = 0.8.
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Figure 15.

Traces of wear and chemical analysis of traces of wear on a sample after 6000 cycles of friction. (a) Optical
image of the plan, (b) image SEM of the plan, (c) image perspective of the SPHERE, (d) zoom of analysis
scan line at the edge of the contact, and (e) zoom of analysis line scan in the middle of the trace of wear.

Item Atom (%)

Carbon 10.6

Oxugéne 28.3

Chrome 14

Iron 59.6
Table 3.

Elements detected in the trace of wear to 6000 cycles.

4. Discussion

The coupled analysis between the evolution of the coefficient of friction and
the structure of the interface allows us to establish the tribological scenario next
(Figure 17).

The very low coefficient of friction observed at the beginning of the test cor-
responds to an interface involving the native oxides (A). Very quickly, the layer
of oxides is eliminated and there is a sharp increase in the coefficient of friction
related to activation of interactions metal/metal (B). The interactions metal/
metal generalize and generate a maximum shear in the interface (C). The very
high stresses generated in the interface lead to formation of debris that oxidize.
The interface is more accommodative and the coefficient of friction tends to
decrease (D).
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Figure 16.
Traces of wear on the samples after 6000 cycles. (a) Image under the microscope perspective of the SPHERE
and (b) zoom of the trace of wear [10].

The training of cohesionless debris generalizes and finally écrante interactions
metal/metal. Fully accommodated by a third body, very cohesionless, divided on
the periphery of the contact, the interface then presents a second minimum of its
coefficient of friction (E).

Under the mechanical action of the loading of fretting, the bed of debris then
tends to be compressed. It becomes more adherent and generalizes on the whole of
the interface. Less complacent than the bed cohesionless debris (Step e), it pres-
ents a coefficient of friction higher (F) of the order of (u = 0.8). If the evolution
between the steps a and e is classically described in the literature, the transition
between E and F that we have analyzed clearly shows the influence of rheology in
the interface.

Having analyzed the response of the friction coefficient of the dry contact, we
will discuss in the next chapter, the response by report to the wear.

5. Conclusion

The objective of this study was to analyze the behavior in fretting of the steel
contact. The expertise of the industrial systems in fact appear of slip conditions,
total inducing large amplitudes of slip, thus favoring the degradation of the
assembly by wear. There is a real need in the industry to have predictive methods
about the mechanisms of wear, to limit maintenance inspections while ensuring an
optimum level of security.

For the first time, the coupled analysis of the evolution of the coefficient of fric-
tion and the structure of the interface allows us to divide the evolution of the coef-
ficient of friction into six phases, appointing A, B, C, D, E, and F and describing the
scenario of the evolution of the interface as well as the role of the debris and oxides in
the contact.

The elimination of the layer of native oxides (A and B) generates the interactions
of metal/metal, which promotes a maximum shear in the interface (C). The training
of debris that oxidize tends to decrease the coefficient of friction (D and E). Under
the mechanical action of the loading of fretting, the bed of debris then tends to be
compact and becomes more adherent, and it generalizes on the whole of the inter-
face. This third compacted body, less complacent than the bed of the cohesionless
debris, may cause an elevation of the coefficient of friction (F).
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Figure 17.
llustration of the scenario describing the evolution of the interface and that associated to the coefficient of
friction.

By that result, we sought to quantify the kinetics of wear. The successive damage
the contact has been formalized through the approaches of Archard and the dissi-
pated energy. The evolution of the coefficient of friction for different sizes of contact
shows that the more the contact, the lower the coefficient of friction of the stabilized
phase (F). It can assume that larger contact facilitates the trapping of oxidized debris
in the contact.

The interface will be more accommodative and will induce a coefficient of friction
that is more low. By elsewhere, a greater amount of energy will be dissipated in the
third body and not to the level of the first body for the creation of new debris so that
the kinetics of wear will also be lower for the great contacts.
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Chapter 6

Tribology of Ti-6Al-4V Alloy
Manufactured by Additive
Manufacturing

Auezhan Amanov

Abstract

In this study, the influence of ultrasonic nanocrystal surface modification
(UNSM), which was applied as a post-additive manufacturing (AM), in terms of
surface, tensile and tribological properties of Ti-6Al-4V alloy by selective laser
melting (SLM) was investigated. Ti-6Al-4V alloy was subjected to UNSM at room
and high temperatures (RT and HT). It was found that the UNSM enhanced the
strength and reduced the roughness of the as-SLM sample, where both increased
with increasing UNSM temperature. The UNSM bore influence on tribological
properties, where the friction coefficient of the as-SLM sample reduced by about
25.8% and 305% and the wear resistance enhanced by about 41% and 246% at RT
and HT, respectively. These are essentially attributed to the enhanced strength,
smoothed surface and expelled pores from the surface. Based on SEM images, the
damage caused by abrasive wear was the most observed in the wear track of the
as-SLM sample than was caused by the highest wear rate. The UNSM temperature-
dependent wear mechanisms were comprehensively investigated and elaborated
based on the obtained experimental data and observed microstructural images.
Indeed, a further investigation is required to improve the characteristics of as-SLM
Ti-6Al-4V alloy to the wrought level due to the replacement possibility.

Keywords: roughness, strength, tribology, additive manufacturing, ultrasonic
nanocrystal surface modification

1. Introduction

Ti-6Al-4V alloy is a metallic material that attracts much attention from many
researchers due to its biocompatibility, good corrosion resistance and high specific
strength. Due to these excellent properties, various components are made of
Ti-6Al-4V alloy for biomedical and aerospace applications such as medical implants,
aerospace crafts, gas turbines etc. [1, 2]. Recently, the advancement of additive
manufacturing (AM) has been revelation for manufacturing customized parts with
complex geometry in small volume, which is suitable for biomedical and aerospace
industries. Selective laser melting (SLM) is one of AM that capable of processing
a wide range of metals, alloys and metal matrix composites [3]. Therefore, this
method is commonly used for fabrication of Ti-6Al-4V alloy components of those
industries.

Attempts for improving their properties have been a critical subject for research-
ers for overall properties of SLM fabricated Ti-6A1-4V alloy parts [4]. It has been
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reported that SLM fabricated components of nickel-based superalloys and titanium-
based alloys are known to have several issues, such as cracking due to thermal stress
by rapid heating and quenching [5, 6], poor surface finish and voids inside the mate-
rial [6, 7], tensile residual stress, which causes deformation, cracks, and worsening
of fatigue strength [4, 8], and columnar grain structures, which cause anisotropy

in mechanical properties [9, 10]. To cope with these issues, various post-processing
techniques have been applied such as surface milling for removing rough surface
layers and possible cracks [8, 11], heat treatment for increasing toughness by phase
transformation [12-15], laser polishing for decreasing surface roughness [16, 17],
etc. Laser polishing reduced the roughness of laser AM TC4 and TC11 by about

75% and at the same time enhanced the surface micro-hardness of TC4 and TC11

by about 32% and 42%, respectively [18]. The other post-processing method that
usually performed is hot isostatic pressing (HIP), which is capable of reducing the
porosity and tensile residual stress of SLM fabricated Ti-6A1-4V alloy [19]. Post-heat
treatments and HIP can solve some of those issues of SLM fabricated Ti-6Al-4V
alloy, but the strength is significantly reduced. While laser polishing can increase the
micro-hardness, but cannot solve the porosity-related issues and improve ductility.

For solving the aforementioned issues of metal AM, the application of surface
treatment or modification technologies has been proposed, e.g., shot peening
(SP), laser shock peening (LSP), and ultrasonic nanocrystal surface modification
(UNSM). The application of SP showed a remarkable improvement in fatigue
behavior of AlSi10Mg alloys fabricated by AM in the high cycle fatigue region
[20]. A previous study reported that LSP can induce a deep level of compressive
residual stress, which significantly improves the fatigue life of 316 L stainless
steel fabricated by AM [21]. It was also reported that LSP provided more fatigue
life improvement than SP, which is largely attributed to the depth of compressive
residual stress.

UNSM is one of the mechanical surface modifications that utilizes an ultrasonic
vibration energy to improve mechanical properties, tribological behavior, corro-
sion resistance and fatigue strength of various materials including AM fabricated
materials. It was found earlier reported that the fatigue strength of SUS 304 shaft
was improved by approximately 80% and the surface hardness is enhanced by
both the grain refinement and the martensitic transformation after treatment
by UNSM [22]. Furthermore, UNSM induced enhancement of surface hardness,
compressive residual stress and grain refinement that resulted in improvement
of fretting wear and frictional properties of commercially pure Ti and Ti-6Al-4V
alloy [23]. The application of UNSM to AM fabricated materials has also been
investigated. For example, Zhang et al. reported that electrically-assisted UNSM
reduced the porosity and surface roughness, and enhanced the surface hardness
of 3D printed Ti-6Al1-4V alloy [24]. In our previous study on SLM fabricated 316 L
stainless steel, it was reported that UNSM improved the mechanical properties,
tribological behavior and corrosion resistance [25]. In general, UNSM reduces the
surface roughness, increases the surface hardness, refines grain size and induces
high compressive residual stress with the depth of hardened layer in the range of
~0.1to ~0.3 mm [23, 25]. UNSM temperature-dependent surface hardness and
phase transformation of wrought Ti-6A1-4V alloy were reported earlier [26],
but the influence of UNSM temperature-dependent mechanical and tribological
properties of AM fabricated Ti-6Al-4V alloy was not investigated yet. Therefore,
in this study, the synergy effect of UNSM and local heat treatment (LHT) on the
improvement of tensile and tribological properties of SLM fabricated Ti-6Al-4V
alloy is investigated. The improvement in tensile and tribological properties after
UNSM at different temperatures was compared with the results of the as-printed
Ti-6Al-4V alloy.
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2. Experimental procedure

2.1 Sample preparation

In this study, the sample made of Ti-6Al-4V alloy were fabricated by SLM (EOS
M290, Germany) under the parameters listed in Table 1. Figure 1 shows that the
powder was spherical with a diameter of about 30-40 um. Detailed information
of SLM can be found in our previous study [25]. The hardness and yield strength
of the as-printed samples were about 380 HV and 820 MPa, respectively. As for
chemical composition, the content of Al and V was about 5.8 and 4.2 in wt.%, while
the rest was Ti, respectively. The sample fabricated by SLM was used in as-printed
state, which is hereinafter referred to as as-SLM, while the UNSM-treated samples
at 25°C and 800°C are hereinafter referred to as UNSM-25 Degree-C and UNSM-
800 Degree-C, respectively.

2.2 Application of UNSM technology

A UNSM is a cold-forging process that uses a tungsten carbide (WC) tip with a
diameter of 2.38 mm to strike the sample surface at 20 kHz, which results in elasto-
plastic and surface severe plastic deformation (S’PD), and heating, whereas forming
a nanostructured layer at RT and HT. Due to a small radius of the tip, the contact
area with a sample is relatively small causing high contact pressure up to 30 GPa.
Advantages of UNSM over other surface peening technologies for particular AM
materials are that it smooths out the surface, which is usually rough after AM and
also increases the strength simultaneously. Moreover, it somehow shrinkages pores
due to the compressive strike. The samples were treated by UNSM using the follow-
ing variables listed in Table 2 at 25 and 800°C. The combination of UNSM and LHT
was described in our previous study [27]. The main variables are important, while
force being the most important because it’s magnitude determines the intensity of
strain hardening. The force is directly proportional to the surface hardness, the grain
size, strain-hardened layer and the compressive residual stress. The roughness is
inversely proportional to the force, while it is directly proportional to the feed-rate.

Laser power, W Scan speed, mm/s Hatching spacing, mm Nominal layer thickness, um
300 900 0.12 50

Table 1.

SLM parameters.

Figure 1.
SEM image of a single powder showing its shape and diameter.
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Frequency,kHz Amplitude,uym Speed, Force,N Feed-rate, Ball Ball Temperature,
mm/min pm diameter, material °C
mm
20 30 2000 40 10 238 wcC 25,800
Table 2.

UNSM treatment parameters.

Roughness data were obtained measured by non-contact laser scanning micro-
scope (LSM: VK-X100 Series, Keyence, Japan). Hardness data were collected by
hardness tester (MVK-E3, Mitutoyo, Japan) at a load of 300 gf. X-ray diffraction
(XRD) was performed with a Cu Ko radiation (k = 1.54056 A), a tube current of
40 mA and a voltage of 30 kV over the range of 30-90 with a scanning rate of
100/min by Bruker D8 Advance X-ray diffractometer. Compressive residual stress
induced after UNSM was measured by portable device (u-360 s, Pulstec, Japan),
which is a nondestructive method. Tensile-induced fracture and wear mechanisms
were investigated by SEM (JEOL, JSM-6010LA, Japan) and chemistry reacted at the
contact interface was characterized by energy-dispersive X-ray spectroscopy (EDX:
JEOL, JED2300, Japan).

3. Results and discussion
3.1 Surface topography

Figure 2 shows the top surface LSM images of the samples. In general, SLM
fabricated samples demonstrated very rough surface due to the partially
unmelted powders and also the presence of gas-induced pores on surface as shown
in Figure 2(a). The size of unmelted powders was found to be in the range of
30-40 pm, while the size of gas-induced pores was approximately 12 pm. The
surface of the UNSM-25C sample is shown in Figure 2(b). Obviously, the UNSM
was able to impinge against those unmelted powders and to expel the pores from the
surface, which was flattened at the end with no unmelted powders, pores and even
cracks. In order to investigate the amalgamation of UNSM with thermal energy,
the sample was treated by UNSM at 800°C. Figure 2(c) shows the surface of the
UNSM-800C sample. The UNSM leaves the trace in the roughness of the surface
that distorts by elasto-plastic deformation and S’PD resulting in refining grains and
creating cracks along the pathway of the WC tip. Doubtless, the unmelted powders
and pores were not observed following the UNSM at 800°C, which led to the forma-
tion of some UNSM-induced isolated cracks noticed in Figure 2(c). The initiated
cracks are the indication of over-peening leading to an excessive strain hardening,
where the amalgamated impact of UNSM and thermal energy resulted in surface
degradation, and consequently imposing practical limitation in terms of surface
quality rather than strength. An appearance of UNSM-induced isolated cracks can
be explained in three stages: (1) the stage of strain hardening that consists of an
intensive increase in surface roughness; (2) the stage of saturation, where a plastic
shearing takes place leading to a reduction in dislocation density and cracks initi-
ated; (3) the stage of surface damage, the integrity of surface is destroyed leading to
an appearance of cracks, where the surface roughness increases. Actually, over-
peening of surface peening technologies may deteriorate the surface integrity lead-
ing to a decrease in fatigue cycles or strength [28]. Over-peeing may cause inversion
of stress that can reduce the compressive residual stress induced by UNSM. In this
regard, it is always required to optimize the impact of surface peening technologies
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Figure 2.
Top surface LSM images of the as-SLM (a), UNSM-25C (b) and UNSM-800C (c) samples.

in order to avoid such crack initiation with the intention of preventing catastrophic
failures of structures. There is still much improvements and optimizations in terms
of microstructure- and ductility-based issued of AM materials to be done to be fully
replaced with wrought alloys, but a progress in materials science and AM leading

to overcome the faced challenge a couple of decades ago. Importantly, there is a

way to get rid of from AM-based defects such as pore, unmelted and incompletely
melted powders by HIP, which is highly-priced and time consuming that receiving a
cautious welcome from various industries.

3.2 Surface integrity

Surface roughness measurement direction (MD) and UNSM treatment direction
(TD) for each samples are shown in Figure 2. The surface roughness was measured
in perpendicular direction to the UNSM TD. As mentioned in the previous sub-
section, a rough surface of AM fabricated samples is still considered as one of the
main issues. One can be seen that the actual surface contained irregularities in the
form of peaks and valleys. Figure 3(a) shows the comparison in surface roughness
(R,) profiles of the samples. The as-SLM sample had a roughness of about 9.541 ym,
while it was drastically reduced up to 0.892 pm after UNSM at 25°C as shown in
Figure 3(a). The roughness of the UNSM-800C sample was 1.237 um, which is
about 7-8 times smoother than that of the as-SLM sample, but it is still rougher
than UNSM-25C sample. A bit rougher surface of the UNSM-800C sample than
that of the UNSM-25C sample is associated with plastic deformation during the
heating that distorted the geometrically pattern resulting in increased the height
of irregularities. In general, during the UNSM, a plastic deformation of the top and
subsurface layers took place. Expelled pores and disposed peaks and valleys led to
the reduction in surface roughness [25]. As those peaks and valleys between irregu-
larities are notches that weaken the surface cause stress concentrations. Feed-rate
pathways induced by UNSM and the presence of peaks and valleys are responsible
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Figure 3.
Surface roughness (a) and havdness (b) of the as-SLM, UNSM-25C and UNSM-800C samples.

for the relatively rough surface of the UNSM-800C sample compared to that of the
UNSM-25C sample. The level of plastic deformation increased and lessened flow
eliminating with increasing temperature. Smoothed surface by UNSM at 25°C is
beneficial to improving main structural properties such as tribology, corrosion and
fatigue. Commonly, a surface quality of AM fabricated materials is very rough upon
completion of AM [29]. This means that surface is required to be machined or fin-
ished. In this study, it is worth mentioning that the surface with no any additional
machining or milling was treated by UNSM.

3.3 Surface hardening

Figure 3(b) shows the surface hardness measurement results of the samples.
The average surface hardness of the as-SLM sample was approximately 396.4 HV,
which increased up to 455.7 and 877.6 HV for the UNSM-25C and UNSM-800C
samples, corresponding to a 13.1% and 221.3%, respectively. It is well documented
in the literature that the increase in hardness is due to the combination of grain
refinement by Hall-Petch expression and increased dislocation density, which
are the results of elasto-plastic deformation and S’PD took place in the top and
subsurface layers [30]. The deformation usually refined the grains, which hinder
further deformation and gradually diminishes with the depth of the surface layer.
Moreover, Zhang et al. reported that the UNSM-induced work-hardening by plastic
strain may also play a major role in increasing the hardness [31]. Moreover, in
particular for AM materials, the expelled pores after peening technologies may be
contributed to the increase in hardness [32].

3.4 Phase transformation

Figure 4 shows XRD patterns of the as-SLM, UNSM-25C and UNSM-800C
samples. The change in diffraction peaks and phase transformation were confirmed
by the relative intensity and the formation of a new peak after UNSM at 800°C. It
was found that the intensity of all alpha phase peaks reduced except for (002) phase
after UNSM at both 25 and 800°C. The intensity of alpha (101) phase increased for
UNSM-800C sample and reduced for UNSM-25C sample. For as-SLM and UNSM-
25C samples, the microstructure exhibited a full o/a’-phase, where o phase resulted
from decomposition of o during the SLM. For UNSM-800C sample, a precipitation
of beta (110) phase was detected leading to a microstructure consisting of o and
B phases as the temperature was higher than that of Ms. (575°C) [33]. Further, a
broadening in full width at half maximum (FWHM) of the o peaks took place after
UNSM, which led to the increase in dislocation density [27]. It is also obvious that
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Figure 4.
XRD patterns of the as-SLM, UNSM-25C and UNSM-800C samples.

the UNSM increased the relative intensity of o (101) phase of the UNSM-800C
sample as shown in Figure 4. Hence, it can be concluded that the UNSM resulted

in grain size refinement. As a result, the FWHM values of the a (100) peak for the
samples were listed in Table 3. It can be seen that FWHM of the as-SLM sample

was broadened after UNSM at 25 °C. Furthermore, the FWHM of the UNSM-800C
sample was found to be wider than that of the UNSM-25C sample, which signified
that the refined grain after UNSM at 25°C was further refined after UNSM at 800°C.
In general, it is well documented that the reduction in relative intensity of the peaks
is responsible for the grain size refinement, which means that the UNSM refined the
coarse grains into nano-grains, and also strain induced lattice distortion [34].

3.5 Tribology

Figure 5 shows the friction coefficient as a function of sliding cycles of the
samples. It can be seen that all the samples came into contact with bearing steel (SAE
52100) underwent a running-in and steady-state frictional behavior. As shown in
Figure 5, the friction coefficient of the as-SLM sample was found to be approxi-
mately 0.36 at the beginning of the friction test and increased continuously up to
0.52 for about 2000 cycles, which is considered as a running-in period. Then the
friction coefficient continued being stable with a friction coefficient of 0.58 till the
end of the test. Figure 5 also shows the friction coefficient of the UNSM-25C sample.
It was found that the friction coefficient demonstrated a similar friction behavior to
the as-SLM sample, but the UNSM was able to reduce the friction coefficient in both
the running-in and steady-state periods, where the friction coefficient was approxi-
mately 0.38 and 0.43, respectively. Overall, the friction behavior of the as-SLM
sample was very highly fluctuated, which is associated with the initial rough surface.
The frictional behavior of the UNSM-25C sample was relatively lower fluctuated,
where the reduced surface roughness after UNSM is responsible for it. In addition,

Samples FWHM SD

As-SLM 0.46347 0.00738

UNSM-25C 0.59442 0.00628

UNSM-800C 0.77026 0.01093
Table 3.

Calculated FWHM results based on XRD pattern.
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Friction coefficient of the as-SLM, UNSM-25C and UNSM-800C samples.

as shown in Figure 5, the friction coefficient of the UNSM-800C sample was found
to be approximately 0.19 at the beginning of the friction test and then continued to
be stable for about 3600 cycles, which is considered as a running-in period. Then
the friction coefficient gradually increased up to 0.51 and subsequently approached
a stable friction coefficient till the end of the test. From the tribological tests, it was
obvious that the as-SLM and UNSM-25C samples demonstrated a similar friction
behavior, but the UNSM-800C sample extended the running-in period. Essentially,
a lower friction coefficient was dominated by initial roughness of the samples, while
an increase in hardness of the UNSM-800C sample, which came into first contact
with the surface of counterface ball, had harder asperities that could increase the
level of plastic deformation. A similar friction behavior was confirmed in the previ-
ous study on stainless steel 316 L that the friction coefficient was lower at the begin-
ning of the test due to the initial surface roughness, where the asperities came into
contact first and it deformed plastically with continuing reciprocating sliding [25].
Obtained friction coefficient results under dry conditions are in good consistency
with the ultra-fined Ti-6Al-4V alloy fabricated by SLM [35].

The wear track dimensions of the samples were measured by 3D LSM as shown
in Figure 6, which allowed to calculate the wear resistance based on the wear
track width and depth dimensions. It can be seen that a significant difference was
observed, where the wear track dimensions of the UNSM-800C sample was found
to be the shallowest wear track compared to those of the as-SLM and UNSM-25C
samples. The maximum peak-to-valley roughness height (R,,,) of the wear track
was about 226.3, 131.6 and 87.8 pm for the as-SLM, UNSM-25C and UNSM-800C
samples, while no remarkable distinct in wear track width was observed due to
the same contact pressure, respectively. As shown in the inset of Figure 6, the
wear rate of the as-SLM sample was reduced from 3.57 x 10~ t0 1.48 x 10~ and
8.70 x 10 mm®/N x m, corresponding to a ~ 41% and ~ 246% enhancement in
wear resistance compared to those of the UNSM-25C and UNSM-800C samples,
respectively. UNSM eliminated the effect of stress concentration in the inside
of wear track, where it’s depth did not exceed the thickness of strain-hardened
layer containing refined nano-grains and compressive residual stress. Hence, the
application of UNSM to the as-SLM sample at 25°C enhanced the wear resistance
substantially due to the increase in hardness. Furthermore, a temperature increase
of UNSM supplementary enhanced wear resistance. The reduction in surface
roughness after UNSM led to the lower friction coefficient, while the increase in
surface hardness was responsible for the higher wear resistance compared to that of
the as-SLM sample. In addition, an induced compressive residual stress by UNSM
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Figure 6.
3D LSM images of the as-SLM (a), UNSM-25C (b) and UNSM-800C (c) samples.

hindered the wear process [36]. As tribology considered as a system of two interact-
ing surfaces, a wear scar of the counterface ball that came into contact with the
as-SLM, UNSM-25C and UNSM-800C samples is shown in Figure 7. No significant
difference in wear scar was observed, but the wear scar of the counterface ball that
came into contact with the UNSM-800C sample was relatively smaller than those
of the as-SLM and UNSM-25C samples. Beyond the wear scar of the counterface
ball that came into contact with the as-SLM and UNSM-25C samples, accumulated
debris were attached, while no any debris was found for the UNSM-800C sample.
Finally, UNSM ensures improved surface integrity parameters and endurance of

0. Opm

500.0
1000.0 ¢
1419.5 0. Opm 1419.5 0. ﬂpm
(B]IE- 231. 0um
1934. 4
0. Oym 1500.0
S00.0
1000.0 S00.0
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Figure7.

3D LSM images of the counterface ball that came into contact with the as-SLM (a), UNSM-25C (b) and
UNSM-800C (c) samples.
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Ti-6Al-4V alloy fabricated by SLM with no subsequent process. Furthermore, it is
of interest to note up that the fatigue strength of the UNSM-800C sample may be
detrimental due to the presence of cracks on surface (see Figure 2(c)) induced by
UNSM at HT of 800°C because of the presence of continuous stress leading to a
crack propagation [37, 38].

Figure 8 shows the SEM images along with EDX results and oxidation distribu-
tion of the samples. It can be realized from SEM image in Figure 8(a) that the
adhesive wear mechanism was found to be a dominant for the as-SLM sample as
it is softer than that of the counterface ball, while a combination of abrasive and
adhesive wear mechanisms was dominant for the UNSM-25C sample as shown
in Figure 8(b). An increase in temperature of UNSM resulted in changing wear
mode as shown in Figure 8(c), where the abrasive wear mechanisms took place for
the UNSM-800C sample. Apart from those wear mechanisms, an oxidative wear
mechanism came up in all the samples with different oxidation levels as shown in
Figure 8. For instance, an oxide content over the wear track of the as-SLM sample
was about 9.68%, while it was about 9.89% and 11.62% for the UNSM-25C and
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Figure 8.
SEM images along with EDX results of the as-SLM (a), UNSM-25C (b) and UNSM-800C (c) samples.
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UNSM-800C samples, respectively. It is clear from oxide distribution mapping
(see Figure 8) that the level of oxidation of the as-SLM and UNSM-25C samples
was nearly consistent, but a relatively high level of oxidation occurred for the
UNSM-800C sample. Zhang et al. reported that at a high temperature, a hardness
of oxide layer become remarkably higher due to the presence of much oxide [39].
Hence, it is reasonable to hypothesize that it may significantly increase the wear
resistance by obtaining low friction coefficient [40]. Typically, there is an advan-
tage to forming an oxide layer between two mating surface as it prevents direct
metal-to-metal contact resulting in lower friction coefficient and higher wear
resistance. Furthermore, a nearly same amount of Fe, which was transferred from
the counterface ball can be seen from the chemical composition table as shown

in the inset of Figure 8. The presence of Fe along with occurred oxide may react
together and form a ferrosoferric (Fe304) layer, which provides an advantageous
environment for achieving a better tribological behavior and performance [27].
Furthermore, as the surface roughness of the samples deteriorated during the

dry tribological tests as shown in Figure 8, where the post-test surface roughness
of the UNSM-25C and UNSM800C samples was lower than that of the as-SLM
sample. Hence, it can be considered that the surface roughness after dry tribologi-
cal tests is much important than post-surface treatment because the surface during
the dry tribological tests comprises a number of grooves of different depth and
sharpness — causing local stress concentrations and decreasing the wear resistance.

4, Conclusions

In this study, the influence of UNSM on the surface, tensile and tribological
properties of Ti-6A1-4V alloy fabricated by SLM was evaluated. The as-SLM sample
had a roughness of about 9.541 pm, which was drastically reduced up to 0.892 and
3.058 um after UNSM at 25 and 800°C. The average surface hardness of the as-SLM
sample was approximately 396.4 HV, which increased up to 455.7 and 877.6 HV for
the UNSM-25C and UNSM-800C samples, corresponding to a 13.1% and 221.3%
increase, respectively. The surface residual stress of both the UNSM-25C and
UNSM-800C samples was transferred into compressive residual stress. The as-
SLM sample demonstrated lower YS and UTS than UNSM-25C and UNSM-800C
samples, but its elongation was shorter than that of the UNSM-25C sample and
longer than that of the UNSM-800C sample. YS and UTS of the UNSM-25C sample
was lower and higher than that of the UNSM-800C sample, while the elongation
was also longer than that of the UNSM-800C sample. Friction coefficient of the
as-SLM sample was reduced by the application of UNSM at 25 °C by about 25.8%,
and it further reduced by about 305% increasing the UNSM temperature up to
800 °C. The wear rate of the as-SLM sample was reduced by about 41% and 246%
compared to those of the UNSM-25C and UNSM-800C samples, respectively. As a
main conclusion, a UNSM at RT and HT may be applied to Ti-6Al-4V alloy fabri-
cated by SLM with the intention of enhancing tensile and tribological properties
of various components in aerospace and biomedical applications. Indeed, a further
investigation is required to improve the properties and performance of Ti-6A1-4V
alloy fabricated by SLM to the wrought level due to the replacement possibility.
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Chapter 7

A New Concept of the Mechanism
of Variation of Tribological
Properties of the Machine
Elements Interacting Surfaces

George Tumanishvili, Tengiz Nadiradze
and Giorgi Tumanishvili

Abstract

The methods of estimation and prediction of tribological properties of the con-
tact zone of interacting elements of machines are characterized by the low infor-
mativeness and accuracy that complicates provision of the proper tribological
properties and hinders reliable and effective operation of machines. For obtaining
more wide information about factors influencing tribological properties of the
interacting surfaces, the experimental researches on the high speed (up to 70-m/s)
and serial twin-disk machines were carried out. Our researches have shown that
with different properties and degrees of destruction of the third body, the coeffi-
cient of friction can change up to 10 times or more, the wear rate up to 10>-10*
times, etc. This was the basis for a new concept of the mechanism of variation of
tribological properties of interacting surfaces. The researches have shown a
dependence of tribological properties of the contact zone on the properties and
destruction degree of the third body that was assumed as a basis of new concept of
the mechanism of variation of tribological properties of these surfaces. The moni-
toring of the third body destruction onset and development was carried out in the
laboratory conditions and a criterion of the third body destruction was developed.
The reasons of the negative, neutral and positive friction and mild, severe and
catastrophic wear are shown.

Keywords: interacting surfaces, tribological properties, third body,
friction coefficient, wear

1. Introduction

Between the interacting surfaces can be continuous or discontinuous third body.
Until 70s of the last century the oil layer of hydrodynamic generation existent in the
contact zone, was considered as a parameter determining a working capacity of the
heavy loaded frictional contact. Many experimental and theoretical works are
devoted to study of thickness of this layer [1-5]. An approximate (digital) solution
of the elasto-hydrodynamic problem considering thermal processes is given in the
work [6], where the temperature, pressure and thickness of the oil layer between
the cylinders interacting with the rolling-sliding friction, are determined. However,
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in spite of many attempts, ascertainment of the reliable relations between the
thickness of the oil layer and tribological properties of the contact zone turned out
to be problematic [7]. The supplements to the lubricants developed in succeeding
years and technical means of study the processes proceeding in the contact zone
have radically widened direction of the researches.

The fundamentals of materials science and contact mechanics are developed in
works [8-10] and in recent years a new direction of tribology — nano-tribology
appeared [11, 12]. New materials were created (graphene etc.) [13]. For tribological
modeling are used the methods of mechanics and multiphysics [14-18], methods of
finite and boundary elements [19-21], discrete dynamics of dispositions [22], and
atomistic methods [23]. However, in spite of this, some engineer aspects of the
problems of tribology are not yet properly studied and their solution needs
additional researches.

At common operational conditions, various types of boundary films - products
of interaction with the environment that prevent the direct contact of rubbing
surfaces, cover these surfaces with thin layers. Depending on the friction condi-
tions, properties of the surfaces and environment, these layers may have various
tribological properties that will have the great influence on the boundary friction
[24-26]. This is confirmed by the results of the experimental researches in the inert
gas environment and vacuum, that excludes the possibility of oxidation during
friction. Under such conditions, the seizure and intensive wear rate are observed.
To prevent these undesirable phenomena, it is necessary to provide the presence of
the third body in the contact zone with due properties, control of the friction factor
and protection of the third body from destruction.

When the interacting surfaces are separated by the continuous third body, the
friction forces mainly depend on the rheological properties of the third body
[25, 26] or on the third body viscosity and area of the contact zone: F = f(n, ﬁ—;, S),
where S is area of the contact zone;  — viscosity; ﬁ—)”c— velocity gradient.

Usually, the surfaces are covered with various types of natural and artificial
coatings, which represent the components of the third body in the contact zone of
the interacting surfaces, are subjected to heavy power and thermal loads. This
causes deformations of these coatings, their destruction, activation of the physical
and chemical processes proceeding between them and the surfaces and generation
of new coatings. Thus, during the interaction of surfaces, the processes of the third
body destruction and restoration takes place in the contact zone continuously.
When the intensity of destruction of the third body is greater than the intensity of
its restoration, the amount of the micro-asperities coming into direct interaction
leads to seizure and the wear rate increase because of various kinds of surface
damage.

A part of micro-asperities of the heavy loaded interacting surfaces are in direct
contact with each other causing their seizure and the remaining part interact with
each other through the third body that is schematically shown in Figure 1.

For heavy loaded interacting surfaces is typical seizure. This can happen when
continuity of the third body is disrupted in individual places; the parts of the direct
contact are cleansed from various coatings and boundary layers and are approached
to each other at the distance of several atom diameters. As molecular dynamics [27]
and atom microscope [28] show, in such conditions they will attract each other
generating electron-pair bindings.

Adhesive approach to the friction means invasion of micro-asperities into each
other in the contact zone, their close contact without the third body and adhesive
scuffing of micro-asperities. The thermal effects accompanying the process have
direct influence on the deformation area and value, volume of the deformed
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Boundary layvers

,_,—-—‘—'————\_*
Friction modifier

Figure 1.
Types of interaction of the surfaces.

material, variation of the surface structure and physical and mechanical character-
istics and damage of various types proceeding simultaneously.

The friction forces between interacting surfaces (at lack of the third body in the
places of actual contact) depend on the total area of the actual contacts Ff = y
(>_tAasp) [24], where 1 is effective strength on shear of the actual contact area of
interacting surfaces; Aasp - seizure area of the actual contact that depends on the
thermal load of the contact zone, thickness of the heated up layer, properties of the
surfaces and environment of individual micro-asperities etc.

Hence, the friction forces depend on the contact area in both cases, when the
surfaces are separated from each other by the third body fully or partially.

The surfaces are the weakest places of the rigid body from which their destruc-
tion begins [29]. Displacement of the coupled places of surfaces relative to each
other causes sharp increase of the shear stresses and corresponding deformations,
value and instability of the friction forces and rupture of the coupled places. It is
possible in this case transfer of the pulled out material from on surface on the other,
sharp change of roughness of these surfaces and development of the process of
catastrophic wear — scuffing. The shear deformation generated on the surface
sharply decreases towards the depth and multiple repetition of such processes
results in superficial plastic deformations, lamination and fatigue damage
(Figure 2) [30, 31].

The damage scales and dominant types in such cases depend on the working
conditions. Thus, for providing the interacting surfaces with due tribological
properties, their separation from each other by the continuous third body with
corresponding properties is necessary.

It should be noted that various types of surface take place simultaneously and
proceed with various intensity and a dominant type of damage ascertained visually.
The experimental researches have shown that damage intensity and type, of

Direction of longitudinal

creep forees applie
rail by wheels
Flakes/Cracks

Figure 2.
The scheme of the surface plastic deformation (a); appearance of cracks and lamination (b); appearance of
fatigue pits (c).
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interacting surfaces are especially sensitive to the relative sliding velocity and shear
stresses. Thereat, at low total and relative sliding velocities of the surfaces, when
power of the thermal action, velocity and resistance of the shear deformation in the
contact zone are comparatively small, stability of the third body and its resistance to
scuffing are high and a main type of damage is fatigue wear [4]. With increase of
the total and relative sliding velocities of surfaces, thermal load of the actual contact
zone and destruction intensity of the third body increases. However, time of action
of this load, thickness of the heated up layer and sizes of micro-asperities generated
because of the scuffing and subsequent rupture of the seized places, decrease. Such
phenomena take place on tread surfaces of the train wheel, near the pitch point of
the gear drives, in the rolling bearings etc. (Figure 3). At increase of the relative
sliding velocity, share of the adhesive wear and scuffing increases and it often
becomes a dominant type of damage. For example, a steering surface of the train
wheel, places of tooth profile of the gear drive distant from the pitch point, cam
mechanisms etc.

For avoiding the above-mentioned non-desirable phenomena, providing the
contact zone with the third body having due properties, its protection against
destruction and control of the friction coefficient are necessary. However, despite
the great number of scientific works this direction could not attract due attention of
the scientists until today.

Variation of tribological properties of the surfaces is a result of various mechan-
ical, physical and chemical processes proceeding simultaneously in the contact zone
whose essence and mechanism of action are not properly studied [20-22]. This
complicates control of the mentioned processes that needs consideration of many
factors acting simultaneously. Such factors are:

* Initial tribological properties of the third body and surfaces; influence of
interaction of the friction modifier and other materials existent in the contact
zone and the surfaces on the properties and stability of the third body and
surfaces.

* Structural, physical and mechanical peculiarities and tendency to scuffing of
the clean (juvenile) surfaces in the places of the third body destruction;
destruction peculiarities of the seized places;

* Influence of the contact zone working conditions on the wear type and rate,
variation of the micro- and macro-geometry etc.

Scuffing on tooth addendum
CROX 7703 K2 v -

Figure 3.

The damage types: (a) train wheel with fatigue damage of the tread suvface and adhesive wear (scuffing) of the
flange; (b) gear wheel with the traces of scuffing on the tooth face; (c) inner ring of the rolling bearing with the
traces of fatigue damage.
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Various interacting surfaces of machines should have different tribological
properties: tooth gear drives, cam mechanisms, guides of various types etc., should
have stable and as small as possible friction coefficient (< 0.1) and friction clutch
and brakes — comparatively high and stable friction coefficient (0.25-0.4).

Especially should be noted operational peculiarities of the wheel and rail
interacting surfaces. The existent profiles of wheels and rails can be divided into the
tread surfaces (which take part in the “free” rolling, traction and braking) and
steering surfaces (the wheel flange and rail gauge, which take part in the steering
mainly in curves and prevent the wheel-set from derailment). The flange root can
roll on the rail corner, and it can take part in traction, braking and steering
(Figure 4).

But traction (braking) and steering require mutually excluding properties and
the “ideal” value of the friction coefficient (p < 0,1) in the contact zone of the
flange root and the rail corner is not acceptable for both cases.

As it is seen from Figure 5, the power and thermal loads of tread surfaces are
relatively low. At working of wheels in the modes of traction and braking, the
lateral displacement, rotation about vertical axis and skidding, sliding velocity and
distance increase. The flange root and rail corner in the contact zone are character-
ized by the increased creeping, that at destruction of the third body results in the
increased shearing stresses and temperatures.

For interacting surfaces of some mechanisms, such as tooth gear drives, cam
mechanisms, wheel and rail etc., the main types of wear are adhesive wear (and its
heavy form - scuffing, whose nature is not studied sufficiently and under heavy
working conditions it is followed by sharp increase of the friction coefficient
instability and wear rate or catastrophic wear) and fatigue wear, that proceed
simultaneously and are quite different processes.

steering
surfaces surfaces

Figure 4.
Components of the wheel and rail interacting surfaces.

0.25<p<0.4
the temperature

‘ is lower than 400° C
sliding velMd the

contact stress was never
bove 0.1 m/s and 1.5 GP

" the temperature

exceeds800°C  0,25< u<0.4

sliding velocities

can reach 0.9 m/s.
contact stress was
observed up to 2.7 GPa

Outer rail
(high rail)

Inner rail
(low rail)

Figure 5.
The ideal values of the friction coefficients and stress distribution in the contact zone of the wheel and rail
according to [32] and the thermal loads.
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For revealing the factors influencing tribological properties of the interacting
surfaces, the experimental researches were carried out on the high-speed and serial
twin-disk machines.

2. The experimental researches into variation of tribological properties
of the interacting surfaces

2.1 Research into tribological properties on the high-speed twin disk machine

A great number of scientific works are devoted to ascertainment of laws of
variation of tribological properties of the interacting surfaces and with perfection of
machines, actuality of such works increases. Despite the considerable quantity of
works in this direction, the expected results are not obtained yet. The unexpected
and catastrophic failure, unlike fatigue, corrosion and other slowly progressing
wear types, are subjected some heavy loaded interacting surfaces of gear teeth,
cams and followers, sleeve bearings etc. The wheel and rail contact zone is charac-
terized by heavy operational conditions [33] (direct impact of the environmental
conditions, high relative sliding and contact stresses) that enhances adhesive and
fatigue processes. The wheel and rail contact zone is characterized by the heavy
operational conditions (direct impact of the environmental conditions, high relative
sliding and contact stresses) that enhances adhesive and fatigue processes raise the
problems to be solved for many-sided study of these processes.

For some heavy loaded interacting surfaces of machines are typical
unpredictable change of tribological properties and sharp increase of the friction
coefficient and wear intensity, so called catastrophic wear. As main cause of the
latter is considered the heaviest form of the adhesive wear - scuffing [4] that is not
properly studied yet [34] and whose signs are appearance of pits and scratches on
the surfaces and transfer of the material from one surface on the other. The various
aspects of the complex physical, tribo-chemical and mechanical processes proceed-
ing in the contact zone are not properly studied yet that is accordingly reflected on
the operation quality and resource. As an example can be cited interaction of the
wheel and rail that occurs on: the tread surfaces during rolling, traction and braking;
steering surfaces mainly in curves; flange root and rail corner at rolling, traction,
braking and steering. The friction coefficient for wheel-rail interaction can vary in
the range 0.05 - 0.8. The values of the friction coefficient for the tread and steering
surfaces must be correspondingly in the ranges of 0.25-0.4 and <0.1 [32]. The
optimal value of the friction factor for tread surfaces is 0.35 [32] and for steering
surfaces - as low as possible. The scuffing on the wheel and rail steering surfaces
causes rise of the friction coefficient, energy consumed on rolling, vibrations, nose,
wear intensity and probability of derailment.

For more detailed study of the properties and state of the third body in the
contact zone we performed the experimental researches on the twin disk machine
MT — 1 (Figure 6) with the use of existing lubricants and ecologically friendly
friction modifiers, developed by us.

The tests were performed at single application of the friction modifier on
the rolling surface of the roller. After certain number of revolutions, a thin layer
of the friction modifier was destroyed that was revealed by sharp increase of the
friction moment and initial signs of scuffing on the surfaces. Without repeated
feeding the friction modifier, the damage process was progressed. The rollers
with various degree of damage are shown in Figure 7: (a) with initial signs of
damage; (b) damage in the form of a narrow strip; (c) damage on the whole
contacting area.
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Figure 6.
The twin disk machine model MT1 and measuring means: 1 - twin disk machine, 2 - tribo-elements, 3 - the
wear products, 4 - tester, 5 - personal computer, 6 — vibrometer.

Experimental research was performed at rolling of discs with up to 20% of
sliding. The rollers had diameters of 40 mm and widths of 10 and 12 mm. The tests
were performed at single application of the friction modifier on the interacting
surface of the rollers. After certain number of revolutions, a thin layer of the
friction modifier (FM) was destroyed that was revealed by sharp increase of the
friction moment and initial signs of scuffing on the surfaces. Without repeated
feeding of the friction modifier the damage process were progressed. The rollers
with various degrees of damage are shown in Figure 7: (a) with initial signs of
damage; (b) damage in the form of a narrow strip; (c) damage of the whole
contacting area.

The graphs of dependences of the friction coefficient and number of revolutions
of rollers until appearance of the first signs of scuffing on the contact stress for
initial linear contact of disks are shown in Figure 8. It is seen from these graphs that
for the initial linear contact, when the contact stress is in the range of 0.65-0.77 GPa
increase of the contact stress leads to decrease of the friction coefficient. It can also
be seen that increase of the contact stress leads to decrease of number of revolutions
until the destruction of the third body and onset of scuffing.

The graphs of dependences of the friction coefficient and number of revolutions
of rollers until appearance of the first signs of scuffing on the contact stress for
initial point contact of disks and anti-frictional friction modifiers are shown in
Figure 9.

a b C
Figure 7.

The stages of damage of the interacting surfaces: (a) damage in the separate points; (b) damage in the form of
the narrow strip; (c) damage on the whole area of the contacting surfaces.
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Dependences of friction coefficients (a) and numbers of revolutions (b) until appearance of the first signs of
destruction of the third body (first signs of scuffing) on the contact stress for initial point contact of disks and
three different frictional FM-s.

When the contact stress is in the range of 2.42-3.96 GPa the friction coefficient
increases with increase of the contact stress. It can also be seen that increase of the
contact stress leads to decrease of the number of revolutions until the destruction of
the third body and onset of scuffing more intensive than in the previous case.

2.2 Research into tribological properties on the high-speed twin disk machine

At high working velocities, the maximal power and thermal stresses approach to
the surfaces and intensity of the third body destruction/restoration and sensitivity
of the contact zone tribological properties to working conditions, increase. To
promote the mentioned problem, the experimental researches were carried out on
the high-speed twin disk machine with independent drive of rollers (Figure 10).

During experiments were studied the character of the wear process of working
surfaces, influence of various parameters on the lubricant film thickness and
friction coefficient at the use of popular mineral lubricants. The researches were
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Figure 10.
High speed twin disk machine (a), experimental pieces (b) and a working surface of the roller with traces of
scuffing (c) at total speed of volling 7 m/s, sliding speeds of 3 m/s, linear load 100 N/m.

executed with the use of the high-speed roller machine with independent drive of
rollers. Conditions of the experiments and measured sizes were:

* Rolling speed — up to 70 m/s;

¢ Diameters of rollers 183 mm and 143,3 mm; width of rollers 12 mm and 17 mm;
* Sliding velocity- up to 35 m/s;

* Contact pressure — 5 x 105 -2 x 106 N/m;

* Dynamic viscosity 49-140 mNs/m?;

During experiments at the given loading and rolling velocity, the friction torque,
sliding velocity and lubricant film thickness were measured. For measurement of
speeds of rotation was utilized magnetic pickups, for measurement of the friction
torque was utilized the strain gage transducer and contactless skate. The lubricant
film thickness was measured by capacitance method [35]. The beginning of scuffing
was revealed by the surges of the friction moment. Development of the friction
process was accompanied by sharp rise of temperature and characteristic noise.
Results of experimental research are shown in Figure 11.

The studies have shown that with increase of the rolling speed, the thickness of
the lubricating film initially increases (in our case up to 14 m/s) and then decreases
slightly.

With increase of the sliding velocity, sharp decrease of the lubricated film
thickness is observed. Though measurement of the particularly thin film (boundary
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Figure 11.

Deil(lmdence of relative lubricant film thickness (h/R), linear scuffing load (Pys.) and coefficient of friction (f)
until the appearance of the first signs of scuffing from rolling speed (V) and sliding velocity (V) at various
viscosities (v) of lubricants: (1) h/R = ¢(V,), Py = 10% H/m; v =157 cSt, (2) h/R = p(Vy), Py = 2 X 10° H/m,
v=157cSt, V, = 50m/s, (3) Puse = p(V), v = 49 ¢St, V, = 50 m/s, (4) Pyse = p(V3), v = 157 ¢St, Vg = 22 m/s,
(5)f=@(Vy), Py=1.5 x 10° H/m, v = 49 ¢St; V, = 50 m/s, 6)f=9(V,),Py= 10° H/m, v = 157 ¢St.
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film) is technically difficult, its presence in the contact zone is indicated by the
magnitude and stability of the friction coefficient. Further worsening of the work-
ing conditions leads to destruction of the third body in individual places of
interacting surfaces.

A particular instability of the friction coefficient was observed at low velocities
and high loads: intensive impulses of low frequency were marked and the scuffing
marks of significant sizes — scratches and pits were noticed on the rollers surfaces.
With increase of the velocity, the time of dwelling of the surfaces in the real contact
zone and duration of the thermal impact, values of the amplitude of the friction
force variable component decrease; the frequency increases and the individual
impulses turn into noise. With further increase of the velocity the friction
process is progressed, the temperature on the actual contact area of the
interacting surfaces reaches the metal melting point, tonality of the noise rises
and turns into whistle and when the frequency exceeds 20 KHz it becomes
imperceptible for man.

3. Analysis of results of the experimental researches

The complex physical, mechanical and tribo-chemical processes proceeding in
the contact zone of interacting surfaces at direct impact of the environmental
conditions raise the problems whose solution demands many-sided approach to
these processes. There are many works devoted to these problems [36-38] but they
are not solved properly yet. Namely, prediction of the friction coefficient in the
contact zone, its control and character of influence of many parameters on its
variation are still problematic.

At heavy working conditions, when destruction of the third body is irreversible
and scuffing is spread over the factual contact area of the whole surface relative
displacement of the surfaces causes sharp increase of the shear stresses,
corresponding deformations, values and instability of the friction forces and rup-
ture of the seized places. Strength of the seized places may exceed the strength of
the interacting bodies because of which the material pulled out from one surface
can form a wear product or can be transferred on the other surface and attached to
it that is followed by development of the scuffing process.

Multiple repetition of the shear deformation generated on the surfaces (that
sharply decreases towards the depth) causes appearance of cracks on the surfaces,
their development and fatigue damage, superficial plastic deformations and lami-
nation. The area of each seized place in the contact zone depends on its power and
thermal load; initial micro-geometry of the surfaces; value, velocity and resistance
of the deformation etc. Therefore, various working conditions are characterized by
corresponding variation of the tribological parameters, namely friction forces,
amplitude and frequency of their variable component, wear intensity and rough-
ness of the surfaces. Development of these processes leads to the catastrophic wear
due to scuffing.

At low velocities of interacting surfaces, the thermal load of the factual contact
zone, velocity of the surface and environment tribo-chemical reaction and resis-
tance of deformation decrease and time of the thermal action and thickness of the
superficial heated up layer increase. In such conditions, at destruction of the third
body, due to rupture of the seized places, the jerks of low frequency and high
amplitudes and sharp instability of the friction coefficient take place and relatively
large-size asperities (pits, scratches, asperities, cracks and layers) appear on the
surfaces. This is correspondingly reflected on the damage type and roughness of the
surfaces.
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At high velocities of interacting surfaces, despite several works in this area
[39-43], some problems have not yet been resolved. The thermal load of the factual
contact zone, velocity of the surface, tribo-chemical reaction of the environment
and resistance of deformation increase, whereas time of the thermal action and
thickness of the superficial heated up layer decrease. In such conditions, at destruc-
tion of the third body, due to rupture of the seized places, the jerks of high fre-
quency and comparatively low amplitudes and instability of the friction coefficient
take place and relatively small-size asperities (pits, scratches, asperities, cracks and
layers) appear on the surfaces. This is correspondingly reflected on the damage type
and roughness of the surfaces. Under the conditions of our experiments at a high
rolling speed (more than 40 m/s), traces of fatigue damage and scuffing are not
visually observed, however, a high wear rate remains.

Thus, destruction of the third body causes sharp worsening of tribological
properties of the interacting surfaces and necessary condition of its avoidance is
separation of these surfaces from each other by continuous third body with due
properties.

It was ascertained by the experimental researches that destruction of the third
body begins in individual points of the factual contact zone that is revealed by
appearance of signs of the scuffing in these points. Restoration of the individual
damaged points was often observed at unchanged operational conditions but at
worsening, the operational conditions the superficial damage quantity increased
and multiple damages appeared. At further worsening the operational conditions, a
narrow strip of damage is generated spreading afterwards over the whole surface
that causes worsening of the tribological parameters and catastrophic wear. The
above-mentioned damage stages of the third body are shown in Figure 12.

Usually the friction process proceeds at presence of the continuous or discon-
tinuous (restorable or progressively destructible) third body stipulating the charac-
ter of variation of the friction coefficient. Experimentally it was revealed that to
negative friction corresponds the continuous or discontinuous but restorable third
body; to neutral friction — multiple seizures of the interacting surfaces and to
positive friction — increasing scuffing process that is spread on the whole surface. In
Figure 13 is shown variation of the tractive (friction) force with creep [37].

As it were shown by our experimental researches, at presence of the continuous
third body increase of the relative sliding velocity leads to increase of the friction
power and contact temperature; decrease of the lubricant viscosity, film thickness
and friction force (Figure 13, “negative friction”), stable (or smoothly variable)
friction torque and low destruction rate of the surfaces. Worsening of the working
conditions caused by the partial, non-progressive damage of the third body in the
separate unit places corresponds to the separate small impulses of the friction
moment. Destruction of the third body in the multiple places leads to the multiple
damage of the third body, multiple adhesive junctions of micro-asperities, disrup-
tion of these junctions, and a bit little increased impulses of the friction torque and
to “neutral friction.”

o P - -

Figure 12.
The damage stages of the intevacting surfaces. (a) Unit seizures; (b) multiple seizures; (c) seizures on the
narrow strip; (d) seizures on the whole area.
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At progressive damage of the third body, the friction torque increases and
corresponds to positive friction. Our experimental researches have shown that in
other equal conditions the variation of the friction coefficient mainly depends on
degree of destruction of the third body. Therefore, preservation of the third body
between interacting surfaces and avoidance the scuffing, has a crucial importance
for decrease of the friction coefficient, wear rate, etc. This issue became burning
especially for wheels and rails in the last 50 years and many works appeared that are
devoted to enhancing stability of the wheel flanges against the operational impacts.

In Figure 14 are shown dependences of the friction factor and various damage
types on relative sliding velocity (a) and of the wear rate (types) on slip (b) [32].

Three zones can be distinguished in Figure 14a. The low relative sliding veloc-
ity, full separation of the interacting surfaces and continuous third body provide
high wear resistance of the interacting surfaces and relatively stable friction coeffi-
cient (zone 1, Figure 14a) that corresponds to “mild” [32] wear rate (Figure 14b).
In such conditions, the main damage types are the fatigue and plastic deformations.

Small increase of the sliding velocity leads to appearance of small damage
sources in multiple places and emergence of small surges of the friction torque
(zone 2, Figure 14a). The rise of the third body destruction, as well as the magni-
tude of the friction coefficient and its instability, are clearly reflected in the
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Dependences of the friction factor and various damage types on relative sliding velocity (a) and of the wear vate
(types) on slip (b).
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oscillogram of the friction torque and may be predicted on the base of results of the
experimental researches. The typical damage types of this zone are fatigue, plastic
deformation, adhesive wear and limited rate of scuffing and correspond to “severe”
wear rate (Figure 14b).

At further increase of the relative sliding velocity, destruction of the third body
becomes irreversible and extending and multiple seizures becomes uninterrupted
(causing scuffing) and they propagate on the whole width of the interacting sur-
faces. The typical damage types of this zone are scuffing, plastic deformation and
fatigue (zone 3, Figure 14a, and “catastrophic” wear rate Figure 14b). In this case,
the scuffing can be avalanche in nature that quickly disables the machine.

Destruction of the third body makes especially heavy the working conditions of
the interacting surfaces and is characterized by increased instability, high wear rate
(‘catastrophic wear”), vibrations and noise, change of structure and micro-
geometry of the surfaces at operation etc.

At low velocities, time of dwelling of individual places of the surfaces in the
contact zone and power and thermal actions, variable components of the friction
torque and scales of the superficial damage increase and inversely, decrease with
increasing speed, although the high wear rate is maintained.

For each operational mode and frictional pairs, this stipulates corresponding
micro-geometry and tribological properties.

The methods of calculation of the contact zone power and thermal loads, friction
coefficient, wear rate etc., are characterized by low informativeness and precision.
This complicates prediction and realization of proper tribological properties of
surfaces at various working conditions that prevents machines from reliable and
effective operation.

For heavy loaded interacting surfaces are typical destruction of the third body,
direct contact of the surfaces and cohesion. The shearing forces, rate of the adhesive
and fatigue wear rise sharply in the contact zone at such conditions and friction
forces become instable causing the vibrations and noise.

The mentioned types of wear in the contact zone are the results of quite differ-
ent processes proceeding simultaneously. Besides, identification of the wear type
according to the wear signs is often ambiguous that hinders selection of methods for
its decrease.

Dependence of tribological properties of the interacting surfaces on the proper-
ties of the third body and degree of its destruction were ascertained on the base of
results of the experimental researches.

At existence of a continuous third body between interacting surfaces, tribologi-
cal properties of the contact zone are stipulated by the properties of the third body
and at existence of a discontinuous third body, tribological properties of the contact
zone are mainly stipulated by the properties of the third body and degree of its
destruction.

The signs of onset and development of the third body destruction and a criterion
of its destruction are given there. The reasons of the negative, neutral and positive
friction, mild, severe and catastrophic wear and types of surface damage at various
relative sliding velocities are revealed.

4. Estimation of stability of the third body on the base of EHD theory of
lubrication

The most complete mathematical model of lubrication is the elastohy-

drodynamic (EHD) theory of lubrication [44]. The effectiveness of the EHD theory
of lubrication is described by ratio A or film parameter [45], which is the ratio of
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film minimum thickness at the Hertzian contact zone to the r.m.s. of the rolling
element surface finish:

hmin
\/Re, RS,

where Ra; and Ra, are the mean roughnesses of the surfaces.

Below are given the integro-differential equations of EHD theory of lubrication
with the consideration of the thermal processes that take place in the lubricant film
and on the boundaries of surfaces, and the corresponding boundary conditions:
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where p is pressure; V; and V, — peripheral speeds; 4 — dynamic viscosity of
lubricant oil in normal conditions; /& — clearance; %y — minimum clearance;

R - radius of curvature; E; and E, — modulus of elasticity; v — Poisson’s ratio of body
materials; ¢ — temperature; p, ¢, {, p1, €1, { 1, P2, €2, { 2 — correspondingly density,
specific heat capacity and thermal conductivity of lubricant and interacting
surfaces; po — dynamic viscosity of the lubricant; § — piezo coefficient of lubricant
viscosity; { — lubricant thermal conductivity; a — thermal coefficient of lubricant
viscosity; £ € — complementary variables; x( — abscissa in the place of lubricant
outlet from the gap.

Calculation of the oil film thickness, which separates the bodies, is the main
problem of the EHD lubrication theory and there are numerous literature sources
about it (Dowson, 1995; Ham rock and Dowson, 1981, etc.). There are various
formulas for isothermal and anisothermal solutions for EHD problems describing
the behavior of oil film thickness with various accuracies.

The modern friction modifiers contain tribochemically active products that have
great influence on their operational properties. The various aspects of properties of
these components are not sufficiently studied and they cannot be expressed math-
ematically. EHD theory of lubrication only considers the mechanical phenomena
proceeding in the lubricant film of the contact zone, ignoring other layers.

The thickness of the rough surface boundary layers cannot be measured with the
use of the modern methods of measurement of the oil layer thickness. Information
about destruction of the boundary layers (and about onset of scuffing as well) can
be obtained by sharp increase of the friction torque on the oscillogram. Therefore,
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onset of the friction torque sharp increase is considered as beginning of the third
body destruction.

On the base of system of equations of EHD, theory of lubrication and results of
experimental researches considering formula (1), criterion of the third body
destruction was developed that has a form:

R Vo\ 07 /p gy 06 e
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As it follows from the formula (2), a criterion of the third body destruction
depends on the mechanical and thermo-physical characteristics of interacting sur-
faces, geometric and kinematic parameters, thermo-physical and tribological
parameters of the third body. The properties and stability of the boundary layers are
revealed in values of coefficient K and exponent e. The researches have also shown
special sensitivity of the third body stability to thermal loads and relative sliding
velocities, which must be taken into account to improve working conditions.

The criterion of the third body destruction that is developed on the base of EHD
theory of lubrication and results of experimental researches considering stability of
the boundary layers has the form:

f o
CK-Vzka-Vslb-PucOpod-Rl'(y/Rﬁl—kRiz) epBelleniedl e EN<1  (4)

where Vyy is a total rolling velocity; V - sliding velocity; Py — linear load; p -
dynamic viscosity of the lubricant; R - reduced radius of curvature of the surfaces;
Ral and Ra2- average standard deviation of the interacting surfaces; p — piezo
coefficient of the lubricant viscosity; (- the lubricant thermal conductivity; o —
thermal coefficient of the lubricant viscosity; a — thermal diffusivity; The exponents
a, b, ¢, ..., nand coefficient K are specified on the base of the experimental data
obtained by T.I. Fowle, Y.N. Drozdov, Vellawer, G. Niemann, A.I. Petrusevich, L.I.
Sokolov, K. Shawerhammer, G. Tumanishvili and are given in the Table 1.

As it is seen from the Table 1, destruction of the third body is especially
sensitive to the degree b of sliding velocity. It follows from formulae (2) and (3)
that with increase of the rolling velocity, radius of curvature, piezo-coefficient of
viscosity, heat conductivity factor, thermal diffusivity and coefficient of elasticity,
the stability of the third body increases and with increase of the sliding velocity,
linear loading, roughness of surfaces and thermal coefficient of viscosity it
decreases.

As it was already mentioned, one of the indicators of the third body destruction
(scuffing) is appearance of signs of scuffing on the surfaces. According to criteria of
destruction of the third body, its destruction is supposed when values of the
corresponding criteria are less than 1. K. Schauerhammer experimentally ascertains
the conditions of the third body destruction (scuffing) for the gear drive on the gear
drive test bench TUME 11 [46]. To predict the destruction of the third body

a b c d 1 f g h i j n

0.37 (-036)to (—0.15)to 0.04 0.25to —1 0.6 0.18to (—0.18)to 0.09to 0.045to

to 0.7 (-1.32) (—=0.265) t00.52 0.36 0.66 (—0.66) 0.33 0.165
Table 1.

The exponents of formula (3).
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Figure 16.

Dependences of the fields of deviations of the temperature criterion (6, 1) of H. block, criterion (SF, 2) of G.
Niman and Saitzinger and offered criterion (C, 3) of destruction of the third body, on the gear wheels circular
velocity.

(scuffing), we used the well-known Dowson and Higginson formulas to determine
the lubricating layer parameter (\) [44, 45] and the criterion C developed by us at
the values of the coefficient K = 2.7 and the exponent e = 0.336 in formula (3).
Dependences of the fields of deviations of the values of these criteria on the gear
wheels circular velocity are shown in Figure 15.

As it is seen from the graphs, deviations of the criterion C of destruction of the
third body developed by us, are small and constant, while deviations of the param-
eter A and its values increase with increase of the gear wheels velocity.

Figure 16 shows the results of similar calculations using the C criterion with the
values of the coefficient K = 1.55 and the exponent e = 0.29 in formula (3) and the
formulas of H. Block [47] and Niemann G. and Saitzinger K. [48]. The studies were
carried out on gear drive test bench FZG for transmissions A, L, N 141, 142, 143,
201, 202, and 203 with lubricant k1.

It is seen from the graphs that deviations of the offered criterion C of destruction
of the third body little differ from the unit in the whole range of variation of the
circular velocity, while deviations of other criteria significantly differ from the unit
and they increase with increase of the circular velocity.

5. Conclusions
* Tribological properties of the interacting surfaces mainly depend on

tribological properties of the third body, degree of its destruction, disposition
of the surfaces to seizure etc. The researches have shown that the continuous or

146



A New Concept of the Mechanism of Variation of Tribological Properties of the Machine...
DOI: http://dx.doi.org/10.5772 /intechopen.93825

discontinuous but restorable third body at the initial stage of destruction and
progressively destructing third body have quite different properties. In the first
case the said properties are stable and depend on the properties of the third
body and in the second case, these properties are instable and worsened that
are characterized by increasing friction coefficient, catastrophic wear and
typical noise.

* Prediction of destruction of the third body is possible in the laboratory
conditions by estimation of the friction torque variation and with the use of the
criterion of destruction of the third body, with ascertained beforehand values
of the experimental coefficients;

* The friction coefficient (negative, neutral and positive), wear rate of the
interacting surfaces (mild, severe and catastrophic), damage types (scuffing,
fatigue, plastic deformation, adhesive wear) and vibrations and noise
generated in the contact zone depend on tribological properties of the third
body, its degree of destruction and area of the factual contact zone seized
places;

* For the improvement of tribological properties of the interacting surfaces, it is
necessary to provide the contact zone with continuous or restorable third body
having due tribological properties at the initial stage of destruction.
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The Effect of Elemental
Composition and Nanostructure of
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Their Tribological Properties at
Elevated Temperatures
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Mars Migranov, Nikolay Sitnikov, Filipp Milovich,
Nikolay Andreev and Caterine Sotova

Abstract

The chapter discusses the tribological properties of samples with multilayer
composite nanostructured Ti-TiN-(Ti,Cr,AlSi)N, Zr-ZrN-(Nb,Zr,Cr,Al)N, and Zr-
ZrN-(Zr,AlSi)N coatings, as well as Ti-TiN-(Ti,Al,Cr)N, with different values of
the nanolayer period A. The relationship between tribological parameters, a tem-
perature varying within a range of 20-1000°C, and A was investigated. The studies
have found that the adhesion component of the coefficient of friction (COF) varies
nonlinearly with a pronounced extremum depending on temperature. The value of
A has a noticeable influence on the tribological properties of the coatings, and the
nature of the mentioned influence depends on temperature. The tests found that for
the coatings with all studied values of A, an increase in temperature first caused an
increase and then a decrease in COF.

Keywords: physical vapor deposition (PVD) coatings, coefficient of friction,
tool life, thermo stability, nanolayers

1. Introduction

The tribological properties are among the most important mechanical charac-
teristics of the coatings, affecting their performance parameters and working effi-
ciency of products. Due to the fact that the coating characteristics vary noticeably
with an increase in temperature and often differ radically from the parameters
measured at room temperature [1-4], the investigation of the tribological properties
at temperatures corresponding to the operating temperature (for example, a tem-
perature in the cutting area during the study of the properties of coatings for cutting
tools) is essential. The modern trends in improving the coating properties largely
imply more complicated architecture and elemental composition [3-8].
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Coatings are being developed with a nanolayer architecture, characterized by a
number of significant advantages compared to traditional monolithic coatings
[3, 6-8]. In particular, the studies detect improved crack and impact resistance of
the coatings with a nanolayer architecture [9-13]. The influence of a nanolayer
structure of the coating on its tribological properties is of great importance. The
studies have found that the coatings with a nanolayer structure are characterized by
a reduced COF, high hardness, and a low level of residual stresses [6], while with
a decrease in a thickness of the binary nanolayer 2, the COF decreases and the
wear resistance increases [8]. The investigation has also demonstrated that a
decrease in the nanolayer period A leads to an increase in hardness, a decrease in the
COF, and an improvement in the resistance to the failure of cohesive bonds
between nanolayers [14-17]. In particular, in [15], the studies of the TiAICN/VCN
nanostructured coating with A = 2.2 nm have found that for this coating, the COF
grows with an increase in temperature up to 200°C, but begins to decrease at
temperatures above 650°C. The experiments found a decrease in the COF for the
CrAIYN/CrN nanolayer coating with A = 4.2 nm with an increase in temperature up
to 650°C [16]. The study of the Ti/TiAIN/TiAICN nanolayer coating detected its low
COF and high wear resistance [17]. The tribological properties of the TiAIN/CNx
nanostructured coating with A = 7 nm were considered in [18]. The tests have found
that the TiAIN/CNx nanostructured coating is characterized by small grain sizes
and lower surface roughness in comparison with a monolithic coating of a similar
composition and also by a lower COF and higher wear resistance.

The influence of the elemental composition of the coatings on their tribological
properties was also investigated. The experiments revealed the COF value at room
temperature for the coatings of TiN (0.55), TiCN (0.40), TiAIN (0.50), AITiN
(0.7), as well as AITiN/Si3N, consisting of AITiN nanoparticles embedded into
amorphous Si3N, matrix (0.45) [19]. During the studies focused on the TiAICrN/
TiAlYN and TiAIN/VN coatings, Hovsepian et al. [20] found that the introduction
of Y in the coating composition led to a decrease in the COF from 0.9 up to 0.65
during the tests conducted at temperatures ranging from 850 to 950°C. For the
TiAICrN coating, the COF was 1.1-1.6 (at temperatures of 600-900°C), while for
the TiAIN/VN coating, the COF was 0.5 (at 700°C). Mo et al. [21] found that the
COF of the AICrN and TiAIN coatings was 0.75 and 0.85, respectively. With an
increase in the Cr content in the CrAIN coating, a slight increase in the COF was
detected [22]. Nohava et al. [23] studied the properties of the AICrN, AICrON, and
a-(AlCr),03 coatings in comparison with the properties of the TiN-AITiN refer-
ence coating at temperatures of 24, 600, and 800°C. The maximum value of the
COF was detected at a temperature of 600°C for all the studied samples, while at a
temperature of 800°C, there was a significant decrease in the COF (to 0.6-0.8) to
the values lower than those detected at a room temperature (0.3-0.5). Bao et al.
[24] found that for the TiCN/TiC/TiN coating, the COF was 0.4-0.5 at a room
temperature and 0.6-0.7 — at a temperature of 550°C.

Thus, it can be asserted that:

* for coated products, the COF varies significantly with an increasing
temperature;

* in general, the above variation of the COF is initially characterized by its
gradual increase with a growth of temperature and then by its more significant

decrease with a further increase in temperature;

* the parameters of the nanolayer structure (in particular, the value of the
nanolayer period A) have a noticeable influence on the COF variation.
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2. Experimental
2.1 Coating deposition

Coatings were deposited through the filtered cathodic vacuum arc deposition
(FCVAD) [5, 7, 25-29] technology. The experiments were carried out using a unit
VIT-2, (IDTI RAS — MSTU STANKIN, Russia) with two arc evaporators with a
pulsed magnetic field and one arc evaporator with filtering the vapor-ion flow.
Furthermore, the complex also included a source of pulsed bias voltage supply to a
substrate, a dynamic gas mixing system for reaction gases, a system to control
automatically the chamber pressure and a process temperature control system, and
a system for stepless adjustment of planetary gear rotation.

Two groups of samples were manufactured:

Group I included samples with three coatings of various compositions, i.e. I-a —
Ti-TiN-(Ti,Cr,Al,Si)N coating; I-b — Zr-ZrN-(Nb,Zr,Cr,Al)N coating; I-c — Zr-ZrN-
(Zr,ALSi)N coating.

Group II included samples with the Ti-TiN-(Ti,Al,Cr)N coatings with different
values of the nanolayer period A, formed through varying the turntable rotation
frequency n (see Table 1).

2.2 Measurement of tribological parameters

During the friction process, a complex system is formed in the actual contact
areas. This system possesses a number of specific properties which differ from the
properties of the contacting body materials when considered separately, without
contact during friction. Apparently, to obtain reliable data correlating with the main
factors of friction and wear, it is necessary to assess the properties of the contact
area directly. However, there are several reasons which make it difficult to measure
the tribological parameters directly during the operation of actual products at ele-
vated temperature of the contact forces. Some specific features of the above-
mentioned reasons are as follows:

* forces and temperatures on the contact area are distributed unevenly,

e there is a difficulty in determining the actual contact loads due to the
differences in chemical purity and discreteness of contact of the contacting
surfaces.

It should be noted that while two surfaces are sliding, the tangential contact
force is being affected not only by shear strength of adhesive bonds, but also the
deformation component of the friction force [30]. The contacting surfaces (espe-
cially those subject to wear) can have significant roughness and be heterogeneous in
their physical and mechanical properties due to the polycrystalline structure. Thus,
the deformation component of the tangential contact force can have a significant
influence on the tribological properties of products, but its direct determination in

Sample II-a II-b II-c II-d II-e

Turntable rotation frequency #, min~? 0.25 1 1.5 5 7

Nanolayer period A, nm 302 70 53 16 10
Table 1.

The samples depending on the turntable rotation frequency.
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the friction process is associated with significant difficulties [30]. It is practically
impossible to separate the deformation component from the total tangential forces
and thus obtain an adhesion component, especially at an elevated contact tempera-
ture, and that fact makes it almost impossible to determine the strength of adhesive
bonds immediately during the process of metal cutting [31].

Based on the above, it is physical modeling, which makes it possible to deter-
mine the tribological characteristics under conditions most closely simulating the
conditions of the cutting area, is the most accurate and effective way to find the
indicators of the adhesive interaction between the tool and the material being
machined.

The proposed method is based on a physical model [25] (Figure 1), which
reflects with sufficient accuracy the actual conditions of friction and wear at a local
contact in the cutting area. In accordance with this model, a spherical indenter 2
made of a coated tool material (imitating an individual asperity of a contact spot of
solids subject to friction), compressed by two plane-parallel counterbodies 1 made
of the material being machined (with high precision and cleanliness of the
contacting surfaces) rotates under load around its own axis. The force F.,,, spent on
the rotation of the indenter and applied to the cable 3, laid in a groove of the disk 4,
is mainly related to the shear strength tnn of adhesive bonds.

The shear strength t,, of adhesive bonds is found as follows:

o EF exp Rexp

= 1
4 r V?nd @

Tn

where F,,, is the circumferential force on the disc, rotating the indenter;

Ry is the radius of the disk in which the indenter is fixed; and.

Vina is the radius of the indent on the samples.

Due to the small dimension of the indenter, it possible to make an assumption
about the normal stresses acting on the sphere surface as constant and equal in the
entire indentation area (a purely plastic contact).

The above normal stresses are determined as follows:

N

P, = (2)

- 2
7 Vind

Figure 1.
Friction contact model considered by [3, 4, 25, 31]. 1 — Two plane-parallel counterbodies; 2 — Spherical
indenter; 3 — Cable; 4 — Disk; 5 — Copper plates; 6 — Thermal pads; N — Load applied.
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The COF consists of two components, i.e. an adhesion component, which results
from the solid body molecular interaction in the actual contact area, and a defor-
mation component, which result from the surface layer deformation on solid bodies
during the friction process [31]. In [25], the proposed model demonstrated that the
forces to rotate the indenter were mainly related to the shear stress of the adhesive
(interatomic and intermolecular) bonds, while in this case, no deformation compo-
nent of the tangential forces was actually detected. Under the conditions of seizure,
no deformation or fracture occur on the contact surface during the sliding, while
the detected maximum tangential stresses reflect the hardness of near-surface layer
of the softest body out of all the contacting bodies. In case when no seizure occurs,
the above stresses are related to the dissipation of energy expended to break the
bonds formed during the contact of the bodies.

The adhesion (molecular) component of the COF may be defined as follows:

fup=2= 3wt 3)
adh _pn - 4 N 7y

where N is the load applied (N).

To apply the above method under the conditions of elevated temperatures, a
special adhesiometer was developed, which allowed heating the contact area to a
temperature of up to 1100°C and providing the typical temperature distribution
over the depth of the contacting bodies [25]. Certain shortcomings of the above
method include the relatively low rates of deformation and relative sliding.
However, in terms of temperature, load, and contact cleanliness, this method is
able to simulate well enough the actual conditions of friction and adhesion in the
cutting area.

The indenter is a double-sided spherical cylinder with the radius of 2.5 mm and
the height of 25 mm made of tool material (carbide).

After the counterbody and the indenter have been installed, the contact area is
heated up to the operating temperature, and then the load N is applied, under the
influence of which the indenter with the radius sphere r; penetrates into the
counterbody surface to the depth 4. Thus, the plastic contact takes place, and
external friction is detected during the punch rotation [31].

The accepted loads in combination with low roughness of the contacting sur-
faces provide both the required area of actual contact between the indenter and the
counterbody and the elimination of the formed oxide and sorbed films and the
contacting of metal surfaces close to juvenile. At the same time, the oxygen pene-
tration into the contact area is minimized due to the high density of the contact
between the indenter and the counterbody. The experiments were carried out at
different values of the contact temperature . Thus, the relationships of 7, = f (p,)
are obtained for different values of 0. The data on the value of t,, were obtained
after the experiment had been repeated three times, with the probable deviation not
exceeding 5%.

3. Results and discussion

The microstructures of the coated samples, including I-a — Ti-TiN-(Ti,Cr,AlSi)N;
I-b — Zr-ZrN-(Nb,Zr,Cr,Al)N; and I-c — Zr-ZrN-(Zr,Al,Si)N, are shown in Figure 2.
The coatings are nanostructured, the thicknesses of the nanolayers are 30-80 nm, and
the total coating thickness reaches about 3 pm.

The microstructures of the coated samples under the study are depicted in
Figure 2 [3].
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Figure 2.

The structure of the coated samples under the study. a — Ti-TiN-(Ti,Cr,ALSi)N coating; b — Zr-ZrN-(Nb,Zr,
Cr,Al)N coating; c — Zr-ZrN-(Zr,ALSi)N coating [3]; I-c — Zr-ZvrN-(Zr,ALSi)N coating. 1 ~-WC-Co
substrate; 2 — adhesion sublayer; 3 — transitional layer; 4 — internal zone of wear-resistant layer; 5 —
intermediate sublayer; 6 — external zone of wear-vesistant layer.

The results of the studies of the nanolayer coating Ti-TiN-(Ti,Al,Cr)N structure
(samples of Group II) are presented in Figure 3 [4].

As seen from Figure 3, all the coatings under study have a nanolayer structure.
The experiments found the nanolayer thicknesses, which ranged from 10 nm to
302 nm, depending on the coating type. The earlier studies [4,34,35] revealed that
each nanolayer of the II-a coating had a complex structure, formed due to the
planetary rotation of the toolset during the deposition process [4, 25, 32]. In [4, 25],
it is also found that the coatings with the nanolayer thicknesses of 70-10 nm also
have a similar complex structure. At the same time, the nanolayers of the II-a and
II-c coatings affect the formation of the crystalline structure, and the growth of
crystals during the deposition is limited by the boundaries of one nanolayer. The II-
d and II-e coatings demonstrate the growth of crystals, which is not limited by the
nanolayer boundaries.

The experiments have been conducted at temperatures ranging from 20 to 550°C
to investigate the influence of temperature on the tribotechnical properties of
tribopairs in the “the material being machined—carbide with wear-resistant com-
plex” interface (shear strength tnn of adhesive bond, normal stress on contact P,,,
and relation 3%, actually representing the adhesion component of the COF, on which

500 hm

1I-a 1I-b II-c 1I-d II-e

Figure 3.
The nanolayer structure of coatings on samples (TEM) [4]. a — 1 = 304 nm, b - A = 70 nm, ¢ - A = 53 nm,
d-A=10nm.
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the deeper deformation of contact layers depends [F1, F2]). Figures 4 and 5 exhibit
curves reflecting the relationship between 7,,, P,,, I%Z’ and temperature. The above
relationships demonstrate that the shear stresses 7, first increase for all the samples
under study and then decrease with an increasing temperature. At the same time,
for the sample with the Zr-ZrN-(Nb,Zr,Cr,Al)N coating, the shear stresses 7,
initially grow noticeably with an increase in temperature, but when the temperature
exceeds 400°C, they begin to decrease, while the process intensity grows with an
increase in temperature. In particular, the conducted experiments found that at
temperature of 400°C, for samples of carbide WC-Co, the parameter of 7, was
significantly (almost by 2 times) higher for a sample with the Zr-ZrN-(Nb,Zr,Cr,
AN coating compared to uncoated samples, but at temperature above 400°C, an
uncoated sample demonstrated higher tnn. The samples with the Ti-TiN-(Ti,Cr,Al,
Si)N coating demonstrated the lowest relationship between tnn and temperature
among all the samples under the study. With an increasing temperature, tnn first
increases slightly; however, when at temperatures exceeding 300°C, the parameter
of tnn starts decreasing with an increase in temperature. It should be noted that at
the maximum temperature of 550°C, tnn is approximately equal to Tnn at room
temperature.

Figure 4.

Influence of temperature on tribotechnical properties of tribopair in the “steel AISI 321~carbide (WC-Co) with
coating” interface [3]. 1 — Uncoated sample; 2 — Zr-ZrN-(Zr,Al)N coating; 3 -Ti-TiN-(Ti,Cr,ALSi)N
coating; 4 —~Zr-ZrN-(Nb,Zr,Cr,Al)N coating.
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Figure 5.

Influence of temperature on tribotechnical properties of tribopair in the “steel S31600-carbide (WC-Co) with
coating” interface [3]. 1 — Uncoated; 2 — Zr-ZrN-(Zr,Al)N coating; 3 — Ti-TiN-(Ti,Cr,ALSi)N coating;

4 — Zr-ZrN-(Nb,Zr,Cr,Al)N coating.
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The specific features of the variation of the adhesion (molecular) component
faan of the COF with an increase in temperature were considered. Coated samples
demonstrated noticeably lower values of f,;, compared to an uncoated sample, at all
temperatures and for all types of carbides. Meanwhile, f,, 4, reaches its maximum at
temperature of about 400-450°C, and after that, f,4, begins to decrease. The sample
with the Ti-TiN-(Ti,Cr,AlLSi)N coating demonstrated the lowest value of the adhe-
sion (molecular) component fadh of the COF. However, when the limit tempera-
ture of 550°C is reached, fadh decreases sharply for the sample with the Zr-ZrN-
(Nb,Zr,Cr,Al)N coating. Thus, at temperature of 550°C, the samples with the both
coatings under consideration demonstrate approximately the same values of f, 4,
while the substantially lower value of f,;;, was detected for the uncoated sample.
The conducted experiments make it possible to predict that with a further increase
in temperature, the sample with the Zr-ZrN-(Nb,Zr,Cr,Al)N coating will demon-
strate the minimum value of f,,,.

While studying the variation of f,,;, upon the contact with the counterbody
made of S31600 steel (Figure 5), it is possible to notice that the dynamics of the
change inf,,, is similar for all the samples under consideration: the value of f,;, first
increases, but begins to decrease after a certain temperature is reached. However,
for different samples, the value of f,, begins to fall at different temperatures. In
particular, for the sample with the ZrN-(Nb,Zr,Cr,Al)N coating, fadh begins to
decrease when the temperature reaches 750°C, while for the sample with the Ti-
TiN-(Ti,Cr,ALSi)N coating — at temperature of 850°C. If upon the contact with the
counterbody made of American Iron and Steel Institute (AISI) 321 steel, the sample
with the Ti-TiN-(Ti,Cr,AlSi)N coating exhibits the minimum value of f,4, in a
range from 300 to 550°C, then upon the contact with the counterbody made of
S31600 steel, the sample with the Ti-TiN-(Ti,Cr,Al,Si)N coating demonstrates the
highest value of fadh among all the samples under consideration. Meanwhile, the
remaining samples showed largely the same dynamics of the variation in f,, for
counterbodies made of the both materials under consideration.

The results of the investigation into the tribological parameters of the samples
II-a — II-e are presented in Figure 6.

The investigation of the relationship between the tribological properties and
temperature for samples with various coatings demonstrated that with an increase
in temperature, the value of f,, varies nonmonotonically and is of extreme nature.
Within a temperature range from 500 to 800°C, an increase in the parameters of
the fictional contact is related to an increase in the adhesive interaction on the
contact surface. At 800°C, the adhesion on the contacting surface of friction is
maximum, which can negatively affect the wear resistance of the product. The
sample with the II-e coating demonstrates the higher value of f,4,, which begins to
decrease at elevated temperatures. This phenomenon can relate to the formation of
tribological oxide films (titanium and aluminum oxides), while the thicknesses of
the coating layers are of key importance.

The sample with the II-d coating demonstrated the most favorable value off,,;, as
well as the lowest shear strength 7, of adhesive bonds. The advantages of this coating
are especially clearly demonstrated at temperatures above 600°C. It is important to
note that for the samples with the minimum nanolayer thicknesses (II-d and II-e), the
value of f,,4, continuously increases up to the temperature of 800°C and then begins
to noticeably decrease, and such a decline is especially clear for the II-e coating). For
the coatings with large values of the nanolayer period A (II-a, II-b, and II-c), a
decrease of f,;, is observed at temperatures above 700°C, and such a decline inten-
sifies with a decrease in A. Such a decrease is least pronounced in the II-a coatings
with the maximum nanolayer period A. Thus, it can be assumed that for the coatings
with the minimum value of A (II-d and II-e), the active oxidation begins at
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Figure 6.

The results of the investigation into the tribological properties of the samples 1I in the “steel AISI 1045—carbide
(WC-Co) with coating” interface [4]: A — Normal stresses Pry; b — Strengths on cut ty; ¢ — Coefficient of friction
fadh = Tn/P me

temperatures above 800°C, while for the coatings with larger values of A (II-a, II-b,
and II-c), the oxidation processes start already at a temperature of 700°C. Thus, it can
be concluded that a smaller value of A provides better resistance to thermal oxidation,
due to an increased number of interlayer interfaces inhibiting the processes of ther-
mal destruction of the surface layer of the coating [4, 11].

There is a significant difference between the tribological characteristics of the II-d
and II-e samples. In particular, when the value of A decreases from 16 nm (II-d) to
10 nm (II-e), the value of f, 4, increases significantly, and the most significant differ-
ence in f,4, is demonstrated by the II-d and II-e samples in the temperature range from
800 to 900°C. When the above temperatures are reached, the spinodal decomposition
of the (Ti,AL,Cr)N phase begins, accompanied by the formation of a soft hexagonal
AIN phase and also a release of pure Ti,Al and Cr [4, 11]. The interlayer interfaces can
slow down the formation of the decomposition zone, although, if the value of X is too
small, this effect becomes significantly weaker, and as a result, more intense spinodal
decomposition is detected for the II-e sample and less intense — for the II-d sample.

Figure 7 depicts the influence of A on the adhesion component f, of the COF.
Based on the obtained approximating curves, it is possible to distinguish two dis-
tinct extrema of f,,4,, including the maximum in a range of A = 70-53 nm and the
minimum in a range of A = 16-10 nm. A decrease in the value of A from 16 to 10 nm
leads to a noticeable increase in f,4, at all the temperatures under consideration.

Temperature has a significant influence on the value of f, 4, and the nature of its
variation depending on the value of A. Based on the data presented in Figure 7,
three temperature ranges can be distinguished, characterized by the different
influence of the nanolayer period A on the adhesion component f,;, of the COF.

When temperatures are within a range from 500 to 600°C, the influence of A on
faan is not significant, and the maximum values of f,,4, are typical for coatings with
the maximum (302 nm) and minimum (10 nm) values of A.

At temperatures of 700-900°C, the influence of A on fadh enhances noticeably.
There is a significant decline in the value of f,,;, with a decrease in A from 53 to
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Relationship between the adhesion component f,qy, of the COF and the nanolayer period 1 at different
temperatures [4].

16 nm, and equally significant growth is detected with a further decrease in A from
16 to 10 nm. At a temperature of 1000°C, a decrease in A from 302 to 16 nm leads to
a continuous decrease in f;, and then to a noticeable increase at A = 10 nm.

The specified temperature ranges can be related to the temperature in the cut-
ting area under various conditions of machining. In particular, temperatures within
a range from 500 to 800°C are usually detected at relatively low cutting speeds v,,
when the mechanisms of adhesive and abrasive wear play a key role, while oxida-
tion and diffusion processes are relatively weakly expressed [33-35]. A range of
temperatures within 800-900°C is typical for significantly high cutting speeds,
when oxidation and diffusion processes begin to play an important role, and the
destruction of the external layers of the coating begins due to spinodal decomposi-
tion [11, 36-38]. At the same time, such elevated temperatures trigger the formation
of protective oxide films, which have a positive influence on the tribological
parameters of the cutting process. A range of temperatures within 900-1000°C is
typical during dry cutting at the highest possible cutting speed. At the temperatures
within the above range, the oxidation and diffusion processes prevail, and a coating
can fail as a result of active oxidation and spinodal decomposition [11, 33-35].

Thus, at relatively low cutting speeds, the best cutting properties can be dem-
onstrated by a tool with the II-d coating, characterized by the minimal tendency to
adhesion to the material being machined in combination with the significantly high
hardness, which provides good resistance to both adhesive and abrasive wear.
During the cutting at high cutting speeds (and, accordingly, elevated temperatures
in the cutting area), the best cutting properties can be expected from a cutting tool
with the II-e coating, characterized by better resistance to oxidation and propaga-
tion of spinodal decomposition due to the maximum number of interlayer inter-
faces that restrain the indicated phenomena. The II-e coating is also characterized
by the highest hardness. Meanwhile, a significantly high value of the adhesion
component of the COF for the II-e coating can even play a positive role in the
turning of difficult-to-cut materials. This effect can be associated with a decrease in
the contact stresses due to an increase in the contact area of the chips with the rake
face of the tool at a significantly lower intensity of the increase in the normal forces,
acting on the contact area of the rake face, which in turn reduces cracking and
brittle fracture in the coated tool [39]. The above assumptions were confirmed by
the conducted cutting tests [3, 4]. The processes occurring in the surface layers of
the coatings under the simultaneous action of elevated temperature, oxidation, and
diffusion were considered in detail using the example of coating I-a — Ti-TiN-(Ti,
Cr,ALSi)N (Figure 8) [39]. The formation of a layer with signs of active oxidation
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Figure 8.
Structure of the surface layers in I-a — Ti-TiN-(Ti,Cr,ALSi)N coating at the boundary with the steel adherent
(TEM) [39].

can be noticed in the interface area between the steel adherent and the coating. This
layer is also characterized by the phenomenon of spinodal decomposition and active
diffusion of Fe. The nanolayer structure of the coating was completely destroyed in
this area. Below the mentioned layer there is a layer characterized by active growth
of coating grains under the influence of the elevated temperature. This layer also
contains signs of diffusion of O and Fe, but in much smaller volumes. Finally, below
there is an area of the coating with the preserved nanostructure. The area demon-
strates no presence of diffused Fe and O.

The study focused on the distribution of chemical elements in the area of the
“coating — steel adherent” finds (see Figure 9) the presence of diffusing Fe in the
surface layers of the coating at a depth not exceeding 200 nm and diffusing O at a
depth not exceeding 300 nm from the coating surface. There is also a diffusion of Ti
from the coating into the steel adherent to a depth not exceeding 100 nm. Thus,
under the influence of such factors as temperature, oxidation, and diffusion of Fe, a

100 k

Element content, at%

Measurement area

Figure 9.
Study of the oxidation layer. (a) Diagram of research aveas (TEM), and (b) distribution of chemical elements
by areas.
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surface layer with new special properties, influencing, among other phenomena, a
decrease in the value of fadh is being formed in the coating.

4, Conclusions

The processes that take place in the cutting area are very complex and difficult
for modeling. Till present, there is no any ideal model (both mathematical and
mechanical), which would take into account all the factors involved in the cutting
process (stresses, temperature, diffusion and chemical processes, etc.), and such a
model is unlikely to be created in the near future. Accordingly, an entirely adequate
assessment of the working efficiency of a coating can be made only in the course of
cutting tests. At the same time, there are several techniques, including those con-
sidered in this chapter, which make it possible to predict the performance proper-
ties of the coatings with a fairly high probability.

The conducted experiments found the following:

1.For the coatings under study, the adhesion (molecular) component f,, of the
coefficient of friction (COF) first grows with an increase in temperature and
then begins to decrease noticeably with a further increase in temperature.

2.The temperature at which fadh begins to decrease depends not only on the
coating material, but also on the counterbody material. In particular, for AISI
321 steel, the above temperature is 400-450°C, while for AISI 1045 and
$31600 steels, it stays within a range of 800-850°C.

3.The samples with the Ti-TiN-(Ti,Cr,AlSi)N coating showed the smallest value
of f,a, in the temperature range under study (despite the fact that at room
temperature, this value differed little from the data of other samples). The
smallest change in f,,4, at varying temperature was also detected for the samples
with the Ti-TiN-(Ti,Cr,ALSi)N coating. Meanwhile, the presence of Si in the
coating composition does not have a noticeable influence onf,,, because the Ti-
TiN-(Ti,ALCr)N coating demonstrated a result similar to the results obtained
during the study focused on the Ti-TiN-(Ti,Cr,ALSi)N coating.

4.The experiments detected the influence of the nanolayer period A of the Ti-
TiN-(Ti,AlCr)N coating on its tribological properties. The tests found that for
the coatings with all studied values of A, an increase in temperature first caused
an increase and then a decrease in f, .

5.Three temperature ranges, characterized by different influence of A onf,,,, are
detected. In the temperature range of 500-600°C, the influence of A onf,,, is
insignificant. In the temperature range of 700-800°C, the influence of A onf,
grows noticeably, and there is a gradual increase of f,,;, with a decrease in A
from 302 to 53 nm, then noticeable decrease in f,,;, follows a decrease in A from
53 to 16 nm, and, again, there is a noticeable increase in fadh with a further
decrease in A from 16 to 10 nm. At temperatures of 900-1000°C, there is an
almost continuous decrease in f,,;; with a decrease in A from 302 to 16 nm, and
then a noticeable increase in f,,;, with a further decrease in A from 16 to 10 nm.

6.Under the simultaneous action of elevated temperature, oxidation processes, and

diffusion of Fe from the steel counterbody, a surface layer with new properties is
being formed in the coating, with a positive effect on the decrease in f;,.
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Chapter 9

Lubricant and Lubricant Additives

Debashis Puhan

Abstract

Lubricants have been used by humans for thousands of years in their simple
machines such as wheel-axle bearings and sledges. Modern machines are much
more complicated and are composed of many different machine elements which are
in relative motion under varying loads, speeds and temperatures. Industrial lubri-
cants are significant for all kinds of industries whether machine building, chemical,
textile, wood, food-processing, automotive, or wind power. Today’s lubricants have
evolved to a complex mixture of chemical structures that ensure not only lower
friction but also provide various other functionality such as lower wear, improved
heat transfer, sealing, as well as control of soot, impurities, sludge and deposit
formation in the mechanical equipment. Lubricant research and development has
become indispensable in automotive engines and drive trains as these have been
rapidly advancing towards smaller sizes, increased power, better fuel economy and
lesser emissions. Development of lubricant additives and lubricant formulation has
led to extended service intervals, enhanced fuel efficiency and improved machine
durability. Future trends of lubricant development and use in the Industry 4.0 era
and rise of electric vehicles look promising where several stakeholders already have
taken their first steps.

Keywords: lubricant, lubrication, lubricant additives, base oil, greases,
solid lubricant

1. Introduction

Lubricants have been in use for hundreds of centuries and are essential to our
survival. Natural lubricants such as saliva and synovial fluid lubricate the food
for easy mastication and reduce wear and tear of our joints respectively. Cooking
oils prevent sticking of food onto frying pans and baking trays at the same time as
conducting heat. Ancient Egyptians used lubricants to slide large stone blocks for
building the great pyramids while the Romans used lubricant on the axles of their
chariots [1]. Ancient lubricants were plant and animal based natural oils. With
the onset of industrial revolution and our reliance on metal-based machinery and
engines, petroleum-based lubricants witnessed a growth.

Modern lubricants are far more complex and perform various other functions in
addition to lubricating such as cleaning, cooling, and sealing. The primary func-
tion of most lubricants is to reduce friction and this property is known as lubricity.
A lubricant can be used in solid form, semi-solid, liquid form or gaseous form.
Examples of solid lubricants are graphite and Molybdenum disulphide (MoS,),
semi-solid lubricants are greases, and liquid are automobile engine oil. Depending
on the requirements of a said application, the physical state of lubricant is chosen.
For example, in space environments where liquid lubrication is not feasible due to
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vacuum, solid lubricants are chosen. Air bearing are preferred in applications in
machine tool applications where precision is of primary importance such as cut-
ting and finishing of optical lenses. Greases are used where a liquid oil would not
remain in position due to its tendency to flow or when a sealing action is needed to
prevent water-ingress in addition to lubrication. Today’s lubricants are designed
and packaged to meet specific requirements for specific applications by lubricant
formulators. The lubricant for automobile transmission and drive train has different
requirements to satisfy compared to lubricant for an internal combustion engine or
turbines. Further depending upon the type of turbines viz. gas, steam or hydraulic,
the lubricant needs to be designed.

2. Lubricant composition

Typically, industrial lubricants contain 70-90% base oils and the rest is addi-
tives [2]. Base oils impart primary vital properties of the lubricant such as viscosity,
viscosity stability, thermal stability, solvency, low temperature flow and volatility,
oxidation stability. Additives have been used in lubricating oil since the 1920s and
the demand for lubrication has resulted in continuous growth in the size of the
market (USD 14.35 billion in 2015) with huge investments in research and develop-
ment to design and formulate superior lubricants that meets present and future
environmental regulations and consumer expectations. Despite this, lubricant
formulation has mostly remained an art. This is because blending a new formula-
tion for optimizing viscosity and obtaining optimum performance through perfor-
mance tests for friction and emissions is much easier than testing for parameters,
such as impact on engine wear, sludge build-up and piston cleanliness which require
long duration engine tests. For example, during the development of Castrol’s engine
oil, ‘Edge with Titanium Fluid Strength Technology’, over 2400 unique formulations
were engine-tested for an equivalent of 1.9 million miles.

To understand the need for additives, one must understand the implication of the
Stribeck curve shown in Figure 1. Machine elements such as engine bearings work
in hydrodynamic lubrication regime where the major function of the lubricant is to
maintain its viscosity at all temperatures while ensuring a thick fluid film to keep the
two contacting surfaces in relative motion separated at all loads and speeds. Rolling
element bearings work on elasto-hydrodynamic lubrication (EHL) where the con-
tacting surfaces deform elastically and there is a very thin film separation. Cams and
tappets work in the boundary lubrication regime where there is substantial metal to
metal contact. And in the reciprocating motion of engine piston rings, all four kinds
of lubrication regime occur.

Classical lubrication theory assumes that a lubricating oil is a Newtonian fluid with
a fixed viscosity and the contacting surfaces to be rigid. George Osborne Reynolds
approached the fluid film hydrodynamic lubrication using mathematical and physical
approach (1886) to predict friction, film thickness and load carrying capacity [3]. In
the real world, oils undergo shear thinning and behave as a non-Newtonian fluid due
to heat and pressure developed at the contact. Furthermore, real surfaces are rough
and can undergo elastic as well as local plastic deformation under fluid pressure. The
EHL theory was developed by H.M. Martin (in 1916) and later by Ertel (in 1939) and
Grubin (in 1949), Petrusevich (in 1951), Dowson and Higginson (in 1959), Dowson
and Hamrock (in 1977) for predicting traction, load carrying capacity and film thick-
ness in heavily loaded contacts [4]. The non-Newtonian behavior of thin films under
high pressure and lower rolling speeds has guided lubricant formulators to consider
the shear-stress/shear-strain behavior, pressure-viscosity dependence of the lubricant
as these are closely linked to the molecular properties of the oil composition. On the
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Stribeck curve.

Stribeck curve, when the speed is very low, the friction is governed by the chemistry of
the lubricant molecules i.e. the molecular structure and orientation. It was W. B. Hardy
(in 1920), who coined the term boundary lubrication and later with Ida Doubleday (in
1922) established the basic concepts of boundary lubrication theory [5]. The bound-
ary lubrication properties such as friction and film thickness at the interface of two
surfaces are affected by the force fields of molecules in relation to their structure and
polarity. Hence, formulators add boundary film additives to reduce friction in this
regime [6]. Additives must also reduce wear, as in this regime, the two surfaces in
relative motion are in contact hence prone to significant wear. Furthermore, addi-
tives need to counter the side effects of continuous as well as intermittent use of the
lubricant such as they need to control heat, deposit formation, prevent foam forma-
tion, prevent fouling and corrosion due to water ingress, prevent wear, increase film
strength under concentrated contacts, control greenhouse gas emissions. Therefore,
as high as 30% content of modern automotive lubricants are chemical additives
while some industrial oils may only contain 1% or less.

2.1Base oil

A typical petroleum-based oil with no additive is called a base oil or base stock
[7]. The generation of base stock starts with the identification and selection of a
good petroleum crude followed by atmospheric distillation, vacuum distillation and
solvent processing. Solvent processing has two processes viz. solvent extraction, and
solvent dewaxing where undesirable molecules are separated where as in hydropro-
cessing undesirable molecules are converted to desirable ones. Hydroprocessing a
general term for conversion of less desirable crude fractions into good quality feed-
stock using catalyst and hydrogen at high temperature and pressure. This can be cat-
egorized as hydrofinishing, hydrotreating and hydrocracking according to increasing
order of severity. Another process called hydrodewaxing is required to remove long
chain linear paraffins, isomerize straight chains to branched chains which improves
the pour point. Only 10 % of crudes are converted to base stocks for lubricants,
hence the refinery owners call the shots regarding the choice of crudes to be con-
verted to base oils while balancing the cost, yield and demand relative to all the other
refinery products. However, to satisfy lubricant performance demands under severe
operating conditions, high quality base stocks are needed. The lubricant manufac-
tures (refinery owner can also be lube manufacturer) buy these base stocks and
other chemical compounds and formulate their lubricant for example SAE15W40 or
ILSAC GF-5, meeting standards set by Original Equipment Manufacturers (OEMs),
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professional bodies, and international institutions like American Petroleum Institute
(API), International Lubricant Standardization and Approval Committee (ILSAC),
Society of Automotive Engineers (SAE) to name a few.

Owing their origin to petroleum crudes, lubricant base stocks are also mix-
tures of long chain hydrocarbons containing three types of chemical groups. i.e.
paraffins, naphthenes and aromatics. The paraffins can be further classified into
branched or straight chains. The chain length and branching affects the melting
point and crystallization temperature of the paraffins. During the production
of lube base stock, most of the unsaturated bonds, paraffin wax and sulfur con-
tent are removed, however depending on the severity of hydroprocessing, some
wax, unsaturates and sulfur may remain. Base Stocks have been classified into 5
categories by the API according to the presence of saturates, sulfur content and
viscosity as shown in Table 1. Group I, IT and III are derived from petroleum crude
while Group IV is reserved for Polyalphaolefins (PAO) which are synthesized from
gaseous hydrocarbons. Group V is for all other base stocks that are not included in
other four groups such as mineral based napthenics, synthetic esters, polyglycols,
silicones, polybutenes, phosphate esters etc. These oils are designed for severe
performance requirements.

2.1.1 Application based on properties of base oil

Group I base oils are processed by solvent processing in which wax and
multiring aromatics are removed while some sulfur and aromatics remain. These
base oils are typically used in marine and diesel engine oils, heat transfer oils,
hydraulic oils, conventional greases, industrial gear oils, and machine tool oils.
These oils have high solvency, very high viscosity but poor viscosity index. The
maximum operating temperature is 93°C.

Group II base stocks have undergone catalytic conversion to remove wax,
aromatics and sulfur compounds. These base oils are used as automotive engine oil,
automatic transmission fluid, gear oils and turbine oils. The maximum operating
temperature of these base stocks is 121°C.

Group III base oils are similar to Group II oils but have a higher viscosity index.
The severity of hydroprocessing removes any ring structures, as a result, its solvency
is poor. These base oils are used in premium passenger vehicles, automatic transmis-
sion fluids, and food grade lubricants. The maximum operating temperature is 121°C.

Group IV oils are synthetically produced Polyalphaolefins from low molecular
weight organic material. They have uniform molecular structures. They provide
excellent high temperature performance and oxidation stability and therefore
used in high performance engine and gear applications, heavy duty industrial

Type Saturates (%) Sulfur (%) Viscosity
index
GroupI Solvent refined <90 >0.03 80 to <120
Group II Hydrofinished 290 <0.03 80 to <120
Group III Hydrocracked 290 <0.03 2120
Group IV Polyalphaolefins — — —
GroupV Synthetics and naphthenics and — — —

other stocks not included in Group
LIL Il or IV

Table 1.
API base stock classification.
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compressor, power transmission fluid, hydraulic fluid, heat transfer fluid and

in bearings as greases or liquid or lubricants. A wide range of viscosity grades of
PAOs can be produced by varying the number of olefin molecules linked together.
PAOs have a maximum operating temperature of 132°C.

Group V base stocks can be either naphthenic or synthetic in origin. The
naphthenics provide very good low temperature performance and hence are used in
applications which operate in a narrow temperature range such as transformer oil,
process oils, grease. These oils have high solubility and available in a wide range of
viscosities. The synthetics on the other side vary widely in their types and proper-
ties. These include polyglycols, silicones, polybutenes, organic esters, phosphate
esters and they are used as compressor oils, brake fluids, heat transfer oils, aviation
engine oil. Their maximum operating temperature is dependent on the nature of
their molecular structure. Silicon oils are known to have a maximum operating
temperature of 232°C.

Finally, Group II+ and Group III+ are two types of base stocks that are not
included in the original API classification. The plus refers to increase in viscosity
index (VI) in the higher limit of the API specification. Group II+ has VI minimum
between 110 and 115 and Group III+ has minimum VI somewhere between 130
and 140.

As mentioned previously, mineral oils are mixtures of hydrocarbons containing
paraffins, naphthenics and aromatics of various structures and carbon numbers
ranging between 20 to 40+, at varying amounts depending on their degree of
refining and processing. Typical composition of various API groups have been
identified, but their exact structures are still not known. There is a considerable
variability in the performance among the mineral origin base oils owing to the
source of the crude. Therefore, lubricant manufactures conduct performance tests
on their formulations to ascertain satisfactory performance with any new base
stock in the same API category.

2.2 Lubricant additives

The primary function of Lubricant additives is to improve the properties of the
base stock under different operating conditions and the high performance require-
ments of any machinery. Lubricant additives are chemical components that need
to blend well with the base oil to function as a single fluid. Additive manufactures
often sell several additives combined into an additive package and diluted with
a base oil at a higher concentration. The additive package is then dosed into the
lubricant blend by the lubricant manufacturer at an appropriate treat rate to give
the desired performance. The concentration of various additives is constrained by
various factors such as their primary function (for example dispersancy, wear pro-
tection and so on), their synergetic or antagonistic behaviour with other additives,
and regulations set by industry bodies.

In a nutshell, lubricant additives can be categorized into various kinds based on
their general roles of performance improvement and service life extension. First
category are additives that impart new properties to the lubricant also known as
surface protective additives. Examples include antiwear additives, extreme pres-
sure additives, corrosion inhibitors, detergents and dispersants. The second kind
of additives enhance the existing properties already present in the lubricant hence
known as performance additives. Viscosity index improvers, viscosity modifiers,
friction modifiers, pour point depressants belong to this type. The third type of
additives known as lubricant protective additives, are the ones that counteract the
negative effects or changes that take place during the service life of the lubricant.
These include antifoamants and, antioxidants. In this chapter only the major types
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of lubricant additives are discussed. Other additives such as demulsifiers, emulsi-
fier, biocides may be added depending on the intended applications.

2.2.1 Types of lubricant additives
2.2.1.1 Pour point depressants

As the name indicates, these are additives that reduce the pour point of the
lubricant, i.e. the lubricant remains in liquid state and maintains its fluidity (pour-
ability) at lower temperatures than without these additives. Usually as temperature
decreases, paraffin molecules in the oil start to crystallize as wax (below 50°C) and
the oil loses its ability to flow by gravity or to be pumped under pressure. This also
affects the viscosity of the oil. Additives such as alkylaromatic polymers and poly-
methacrylates prevent wax crystal growth by modifying the interface between the
wax and the oil molecules, to a certain extent thus lowering the pour point by about
20-30°F (11-17°C). These are present up to a fraction of a percent in all paraffin-
based lubricants that lubricate machine elements such as bearings, gears exposed
to cold start and cold (winter) operating temperatures. Modern multi-grade engine
oils/motor oils composed of partly synthetic oil and partly mineral oil along with
these additives, have pourpoints as low as -32°C.

2.2.1.2 Viscosity index improvers

Viscosity index improvers (VII) also known as viscosity modifiers are addi-
tives that prevent the oil from losing its viscosity at high temperatures which is
a natural tendency of any liquid. These additives are available in all shapes and
sizes and quality [8]. Polymethylmethacrylates, olefin copolymers, hydrogenated
poly(styrene-co-butadiene or isoprene), esterified polystyrene-co-maleic anhydride
are commonly used VIIs. The large oil soluble flexible polymer molecules uncoil
and spread out as temperature increases thereby increasing the viscosity as shown
in Figure 2. Furthermore, their numerous branches entangle with those of other
neighboring molecules. By doing this, these macromolecular structures can trap and
control smaller oil molecules, thus increasing the viscosity of the lubricant.
Permanent and temporary shear thinning of VII-thickened formulations can
also occur depending upon the quality of the VII. In heavy duty application, due
to the large compressive pressure between the two mating surfaces, VII polymer
molecules, tend to align with each other and get “squashed” or even get chopped
to small pieces under high shear conditions. When the polymer coils elongate and
become aligned in the direction of the flow the viscosity temporarily drops result-
ing in reduced oil film thickness. After the lubricant leaves the contact between

Increasing Temperature

oo at

Compact and folded

unfolding entangling

Figure 2.
Mechanism of VIL
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the mating parts, the polymer coils return to their original shape and the viscosity
of the lubricant returns to normal. This phenomenon is referred to as temporary
shear-thinning. However, under further high shear rates, the long and flexible
polymer chains can be cut or ruptured or pulled and ripped apart into smaller chains
by molecular scission. Unfortunately, once this has occurred, the broken polymer
chains cannot re-form into the single large chain and this causes the oil to perma-
nently lose viscosity leading to a reduction in oil film thickness, oil film failure and
an increase in wear. This phenomenon is referred to as permanent shear-thinning.

2.2.1.3 Anti-wear agent

Anti-wear additives are additives that prevent two-body wear of the metallic
countersurfaces in the boundary lubrication regime where the film thickness is
small and there is asperity - asperity contact. These additives are polar in nature
which enables them to attach to the metallic surfaces followed by tribochemical
or mechanochemical reactions to form an anti-wear film. This newly formed film
undergoes wear and formation at the top layers thus protecting the underlying
metallic surface. As these additives form films by chemical reactions, they get used
up and the amount of antiwear additives present in the lubricant reduces with time.
These are typically phosphorous compounds. Zinc dialkyldithiophosphate (ZDDP)
is the most common, the most researched and has been used since the 1940s [9].

Its use has been reduced in passenger vehicles in the last decade due to zinc metal
causing poisoning of the catalyst in the exhaust gas catalytic convertor. ZDDP also
provide antioxidant and corrosion-inhibition properties to the lubricant. Owing

to the multi functionality of ZDDP, finding its replacement has been challenging
because molybdenum-based additive such MoDTC (molybdenum dithiocarbamate)
or MoDDP (molybdenum dithiophosphate) molecules cannot work as antioxidant.
On the other hand, ash-less antiwear additives such as hindered phenols and amines
are very expensive and are required in larger quantities. Till date, ZDDP is consid-
ered as the most cost-effective antioxidant and antiwear additive available, and the
alternatives are currently very expensive.

2.2.1.4 Antioxidants

Antioxidants or oxidation inhibitors prevent the oxidation of the components of
the base oil there by increasing the life of the lubricant. Oxidation of the lubricant
molecules occur at all temperatures but at higher temperatures, it is accelerated. The
presence of wear particles, water, and other contaminants also promote Oxidation
of the lubricant molecules which then leads to formation of acids and sludge. The
acids may further cause corrosion in the metallic parts while the sludge formation
increases the viscosity of the lubricant. Almost every lubricating oil and grease
contains antioxidants and examples include Zincdialkyldithiophosphates, hindered
phenols, sulphurized phenols, and aromatic amines. These compounds decompose
peroxides and terminate free-radical reactions that occur in the lubricant. These are
sacrificial in nature hence their quantity gets reduced with time.

2.2.1.5 Defoamants

Defoamants or antifoaming agents are additives that prevent the lubricant from
forming a foam and speed up the collapse of the foam if it does form. Foaming occurs
because of constant mixing of the oil with air or other gases leading to air entrapment.
Foam disrupts cooling of parts as it is not a good conductor of heat. It reduces the load
carrying capacity and the lubricant flow leading to excessive engine wear. Silicone
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polymers such as polymethylsiloxane at a few parts per million and organic copo-
lymers such as alkoxy aliphatic acids, polyalkoxyamines, polyethylene glycols, and
branched polyvinyl ethers, at higher concentration are widely used in mineral oils.
The antifoaming agents are essentially insoluble in the lubricant hence they need to be
finely dispersed in the lubricant. These droplets attach themselves to the entrapped air
bubbles and aid in forming bigger bubbles (via coalesce). The larger bubbles rise read-
ily to the surface followed by bursting to release the trapped air. Bursting occurs by
thinning of the air bubble film as the additive spreads due to its low surface tension.

2.2.1.6 Friction modifiers

Friction modifiers are used in engine oil and transmission oil to alter the coef-
ficient of friction that would be experienced between the sliding parts when only
the base oil is present. Friction reduction results in improved fuel economy. Organic
and sulfurised fatty acids, amines, amides, imides, high molecular weight organic
phosphorus and phosphoric acid esters are added to the range between 0.1 and 1.5%
in finished lubricants as friction modifiers. Glyceryl monooleates and Molybdenum
compounds such as MoDTC and MoDTP also function as friction modifiers. They
preferentially adsorb very strongly on to the metallic surface. The head of the
friction modifier is attracted to the metal surface and the long tail with at least 10
carbon atoms remains solubilized in the oil as shown in Figure 3 [10]. The chemical
structure and the polarity of the molecules play a major role in the friction reduc-
tion. Ionic lubricants [11], a class of ionic liquids that are room-temperature molten
salts consisting of cations and anions are also very good surface additives. The
polarity of head group provides for strong surface adsorption. The physical, chemi-
cal and tribological properties of ionic liquids can be tailored to suit a wide variety
of applications ranging from its use as polymer brushes in biological application, or
as water soluble or oil soluble lubricant additive.

2.2.1.7 Detergents

Detergents keep surfaces free of deposits and neutralize corrosive acids formed due
to oxidation. These molecules are chemical bases consisting of a polar substrate and
a metal oxide or hydroxide [12]. Metallo-organic compounds of calcium and magne-
sium phenolates, phosphates, salicylate and sulfonates are recommended. Overbased
detergents are used in marine engine lubricants to neutralize large amounts of acidic
components produced by fuel combustion or oil oxidation. Ash (burning of organo-
metallic species) and soot particles (largely carbon with sulfur adsorbed) is formed
by burning of the oil in internal combustion engines. Ash can then form unwanted
residues at high temperatures or simply deposit on surfaces. The deposit precursors
particles are insoluble in the oil and have greater affinity for detergent molecules. The
additive molecules cling to the surface of the particle and envelop it thereby also acting
as dispersants and prevent those particles to agglomerate and to later settle as deposits.
A detergent additive is normally used in conjunction with a dispersant additive.

2.2.1.8 Dispersants

Dispersants are used mainly in engine oil along with detergents to keep engines
surfaces clean and free of deposits [12]. Dispersants keep the insoluble soot particles
and the precursors of deposits in the internal combustion engine finely dispersed
or suspended in the lubricant even at high temperatures. These suspended particles
are subsequently removed by oil filtration or oil change. Thus, dispersants minimize
damage to engine surfaces and formation of high temperature deposits. Generally,
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Adsorption of polar headgroups onto metallic surface.

polymeric and ashless dispersants are used today such as polymeric alkylthiophos-
phonates, alkylsuccinimides, succinic acid esters/amides, and their borated deriva-
tives as well as organic complexes containing nitrogen compounds.

2.2.1.9 Corrosion and rust inhibitor

Corrosion and rust inhibitors are additives that reduce or eliminate rust
(corrosion of iron and steel) and corrosion by neutralizing acids and forming
a protective film, either adsorbed or chemically bonded on the metal surfaces.
Preferential adsorption of polar constituent on metal surface forms the protective
film that prevents corrosive materials such as organic acids from reaching and
attacking the metal. These are usually compounds having a high polar attraction
towards metal surfaces such as succinates, alkyl earth sulfonates, metal pheno-
lates, fatty acids, amines as well as zincdithiophosphates. Some of these inhibitors
are specific to protecting certain metals. Hence, an oil may contain several types
of corrosion inhibitors.

2.2.1.10 Extreme pressure (EP) additives

Extreme Pressure additives are required to reduce friction, control wear and
prevent severe surface damage in heavy duty application of gears and bearings at
high temperatures and pressures. They are also known as antiscuffing additives. They
react chemically with metallic surfaces to form a sacrificial surface film that prevents
the welding and subsequent seizure of asperities at the metal-to-metal contact.
Additionally, they contribute to smoothing of the surfaces as these are formed at con-
tact asperities and the load is then distributed uniformly over a greater contact area,
thus reducing the severity of wear and ensuring effective lubrication. Effectiveness
of EP additives relies on their reactivity and their ability to readily form thick surface
films at high loads and high contact temperatures that are created at the mechanical
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contacts. These additives usually contain sulfur and phosphorus compounds and
chlorine or boron compounds. Ashless EP additives such as dithiocarbamates, dithio-
phospates, thiolesters, phosphorothioates, thiadiazoles, aminephosphates, phosphites
may be preferred in some applications where chlorine may cause corrosion.

Other additives such as demulsifiers, emulsifier, biocides are added to meet
specific requirements. Emulsifiers are used as a binder between oil and water
molecules in oil-water-based metal-working fluids to help create a stable oil-water
emulsion. Without the emulsifier, oil and water will separate out from each other
due to differences in specific gravity and interfacial tension. On the other hand,
demulsifiers are used to separate oil-water emulsions. Demulsification and removal
of the aqueous phase from the oil-based lubricant minimizes harmful effects such as
corrosion, foaming and cavitation from occurring. Biocides may be added to water-
based lubricants to control the bacterial growth.

2.3 Greases

Lubricating grease are a class of lubricant that do not flow like a fluid but bleed
(release oil) when squeezed between contacting surfaces. They have a gel like con-
sistency and can be described as a solid or semifluid like material and in some cases
can be used in vertical or overhead applications because they can have good drip
resistance due to their Non-Newtonian rheological properties. They are particularly
useful in applications that are sealed for life; for example bearings and remote
gearboxes. Functionality of greases include sealing out contamination and water
ingress, prevent corrosion, compatible with polymers and elastomers, provide
antiwear and extreme pressure load protection while reducing friction. Greases
have three main components: fluid, thickener and additives [13].

A typical grease consists of 75-95% fluid base stock, 2-25% thickener and 0-25%
additives. The base stock is chosen based on the required applications. Hence,
the fluid can be petroleum based for most automotive and industrial application,
synthetic based for low and high temperature application or may be wax based
(no flow) for high load caring capacity. The thickeners are metal soaps which are
created using the fundamental reaction of an acid and a base. Calcium based soaps
have been the simplest and earliest used thickeners with a maximum operating
temperature between 60 and 70°C. In the last decade, calcium sulfonate greases,
polyurea greases, aluminum complex greases, lithium complex greases, sodium
complex greases, and clay-based greases have received general acceptance due to
their higher service temperatures of more than 150°C. However, each having their
own set of pros and cons. For example, calcium-based greases do not perform well
over a wide range of temperature, sodium based have deteriorated performance in
the presence of water. Clay and polyurea based greases are used for high temperature
(service temperatures of 190-220°C) and application that have limited relubrication
access. The third component of greases are additives. Commonly used additives are
listed below.

e Antiwear additives

e Antioxidants

e Extreme Pressure additives
e Friction Modifier

¢ Rust and corrosion inhibitor
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* Tackifiers (adhesive agents)
* Odorants (perfumes)
* Dyes

Tackifiers are additives that increase the adhesive property of the grease or the
lubricant. They prevent the lubricant from flinging off the metal surface during
rotational movement. To be acceptable to the manufacturers and the end users the
greases must be free of offensive odor and have a desirable color. Therefore, odor-
ants and dyes are added to the grease. Although these have little effect on the grease
performance, their appeal to senses has an impact on the product selection.

Greases have the unique ability to incorporate liquid as well solid additives. Solid
additives such as molybdenum disulphide (MoS,), graphite, hexaboron nitride
and polytetrafluoroethylene (PTFE) in the form of fine dispersed powder (nano
and micro particles) have been used in lubricants and greases to provide ultralow
friction and wear protection. Solid additives provide a physical separation between
two contacting surfaces when fluid is unable to provide load support. The lattice
structure of these solid lubricants plays an important role in transferring a thin low
shear layer on the metal surfaces especially where load is high, and speed is low.

2.4 Solid lubricants

Solid lubricants on their own are vital to niche applications such as space mis-
sions, satellites release and deployment mechanisms. Vacuum and microgravity of
space eliminates the use of liquid lubricants. The importance of a thin film of solid
lubricant can be emphasized on the fact that the success of an entire mission can
be compromised if the, receiver and transmitter antennas or solar arrays packed
securely during launch fail to release smoothly with precision due to extreme fric-
tion of a deployment mechanism. Solid lubricants can be used at low temperatures
as well as at high temperatures where the liquid lubricant may solidify or vaporize
respectively. Even at extreme pressures where liquid lubricant will be squeezed
out, solid lubricants are used. However, solid lubricants are not limited to extreme
conditions [14]. A wide variety of low friction coatings are used in various
engineering applications that require high electrical and thermal conductivities,
low wear rates and high lubricity at all operating temperatures. Newer engineered
coatings have increased complexity and have transitioned from single or multi
component structures to nanostructured and functional gradient structures.

2.4.1 PTFE

The most recognized polytetrafluoroethylene (PTFE) coating is Teflon® discov-
ered in 1938 at DuPont. These are highly linear fluorocarbon molecules. They offer
a low friction surface with moderate wear. They have low chemical reactivity and
low surface energy. PTFE on its own performs best at low loads and wears rapidly at
higher loads; hence they need reinforcements to increase strength and load bearing
capacity. Such materials are called composite materials.

2.4.2 Carbon based materials
Carbon based materials such as graphite in both micro and nano forms is

a popular solid lubricant additive whereas diamondlike carbon (DLC) makes
excellent low friction coatings. However, they have different mechanisms of
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friction reduction. Graphite has hexagonal crystal structure which has the intrinsic
property of easy shear. DLC exhibits high hardness and low friction due to an
amorphous structure that combines graphitic and diamond phases. They can be
doped with hydrogen or nitrogen for achieving desirable properties. Recently, a

series of patents on superlubricity of nano-diamonds and graphene films have
been filled [15].

2.4.3 MoS,

Molybdenum disulphide are transition-metal dichalcogenides like Tungsten
disulphide (WS,) work on the mechanism of interlamellar shear between covalently
bonded hexagonal basal planes like that of graphite. Their performance is affected
by moisture content [16].

Apart from the advantages mentioned earlier, solid lubricants also have a few
disadvantages. They have less ability to carry away heat and contaminants away
from the contact. They have poor self-healing properties, and they are not easily
entrained into tribological contacts.

3. Application methods

After the selection of a suitable lubricant, its application method i.e. its delivery
to the mechanical components such as gears, bearings, cams, tappets, chains,
guideways and couplings of a machine or engine in correct quantity is considered.
Liquid lubricants are applied to the machine elements by two methods. First type
is called ‘all loss method’ while second type is called ‘reuse method’ [2]. In all loss
method a small quantity of lubricant is applied periodically and the lubricant after
use, gradually leaks away to waste. In reuse method, elaborate lubricating systems
are designed to feed the required quantity of lubricant to various machine elements
of the system. The lubricant after leaving the machine components is collected,
cooled then filtered and recirculated to lubricate the machine components again.
Most open gears, ropes, guideways, chains and rolling element bearings (except
sealed for life rolling element bearings) are lubricated by all loss method. Nearly all
grease lubricated elements also are lubricated by this method. Some devices used
for all loss lubrication method include hand-held oiling device, grease gun, drop
feed cups, wick feed cups, wick oilers, pad oilers, mechanical force feed lubricators,
airline oilers and automatic or semiautomatic spray units. Reuse method of lubri-
cant application has the oil circulating through a network of pipes that is pressur-
ized by a pump or aided by gravity. However, closed oil sump systems employ splash
oiling, bath oiling or ring oiling methods. Centralized lubricant application systems
can reduce the quantity of lubricant usage as well as labour costs. Automobiles
use an oil mist lubrication system to lubricate various machine elements of the
engine and drive train. Considerations with regards to the lubricant characteristics
and composition are required while designing a compatible system. Oil condition
monitoring and routine checks are vital for the longevity of the machine elements
lubricated by any method.

Solid lubricants on the other hand are applied as powder dispersed in a liquid
lubricant or in a solid phase matrix. They can be also applied as a thin film coating.
The coatings are made by various methods such as dip coating, thermal spraying,
and cold. More robust ways of coating includes chemical vapor deposition or physi-
cal vapor deposition methods. Electrochemical processes are used for producing
coatings of polymer-based solid lubricants and their composites.
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Physical and chemical Performance test Engine test evaluation

characteristics evaluation

Color Oxidation Tests Oxidation stability and bearing corrosion

protection

Density and API gravity Thermal Stability Single cylinder high Temperature tests

Carbon Residue Foaming Tests Multi cylinder high temperature tests

Flash point Corrosion and Rust Multi cylinder low temperature tests
Protection Test

Neutralization Number EP and Antiwear Test Rust and corrosion protection tests

Total Acid Number Emulsion and Demulsibility Qil Consumption rates and volatility
Test

Total Base Number Emission and protection of emission

control systems

Pour Point Fuel Economy

Sulphated Ash

Viscosity

Volatility

Table 2.
Evaluation techniques and testing.

4. Lubricant analysis

Lubricant analysis primarily refers to the characterization and evaluation of the
lubricant for various physical, chemical and performance properties in all stages
of its life cycle. For solid lubricants and coatings, the analysis includes determining
the composition and structure by using a range of spectroscopic and microscopic
observation methods as well as measuring the coating consistency and thickness
applying non-destructive evaluation techniques. Standardized tribological lab tests
are used to evaluate their performance. Once a candidate material is identified,
larger-scale bench testing, such as engine tests, are conducted.

For liquid lubricants, characterization is done to a much larger extent due to the
large variety of applications and the implication of chemistry of the formulated oils
on the machine elements performance and the overall performance of the entire
equipment/machine or engine. The lubricant analysis can be classified as physical
and chemical characteristics evaluation, Performance test evaluation and Engine
Test evaluation as summarized in Table 2 [2]. Additionally, end users also develop
their in-house in-service lubricant analysis to monitor and maintain the condition
of the lubricant. The objective of such analysis is to ensure optimum performance,
achieve expected life of the equipment as well as the lubricant flowing through it.

5. Future trends

Current automotive lubricants are optimized for internal combustion engines and
drive trains. Electric vehicles (EVs) which use electric motors possess new challenges
of lubrication such as high-power density of the small gear box which require efficient
cooling. Hydro lubricants and synthetic gear oils are excellent candidates for such
application but may pose sealing issues which requires innovative solutions. Lubricants
are also required in the rolling element bearings of EVs that must stop electro-erosion
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caused by high frequency high energy discharges by being conductive. Ionic liquids are
having shown good performance in preventing built up of potential [17].

The future for lubricants formulation, manufacturing and end-use is oriented
towards efficiency in terms of cost and time, customized and optimized for each
individual tribo-system and run reliably for even longer drain interval time. New
industrial lubricants must meet stringent regulations and guarantee ecological
sustainability, and climate change actions. Hence, new lubricants will contribute to
‘Green Tribology”

Tribology of lubricants plays a significant role in technology and economics of
industrial development. As the fourth industrial revolution ‘Industry 4.0’ (com-
bines automation with the internet of things) is in progress, several concepts can
be extended to lubricant and lubricant additive development and evaluation. For
example new electronic smart sensors can be used for lubricant analysis and condi-
tion monitoring. The information of various performance parameters can be stored
as data and transferred to the stakeholders and decision-making points using the
information and communication technologies involved in Industry 4.0. such as
internet and wireless connections to and via several electronic devices. Continuous
monitoring can also aid in corrective measures. In-service lubricant performance
testing and evaluation generates big quantities of data from various equipment
and sensors. Therefore, ‘Big Data’ concepts can be applied in several ways. One
such example can be combining lubricant data with machine data, another can
be correlation study of amount of soot produced, change in oil viscosity, friction,
wear of an engine. The benefits of Industry 4.0 include shorter lubricant develop-
ment time, reduced number of trials, lubricant performance prediction through
chemical and physical modeling and simulations. This will transform product
development process from being empirically driven to using data and simulation
driven approach.

6. Conclusion

Lubricants are vital for the tribological life of the machine elements. As modern
machine elements are required to perform in heavy-duty applications in a wide
range of environments, newer, better and environmentally sustainable lubricants
are required to be designed. Lubricant additives are therefore considered as lubrica-
tion engineering design components. Lubricant additives are designed and opti-
mized to meet the performance requirements of the equipment or engine. Various
types of lubricant additives and their functional properties were discussed. They
are designed to provide oxidation resistance, high temperature viscosity, energy
and fuel efficiency among others. Lubricant or grease therefore are a complex
mixture of several components blended carefully together to meet the performance
requirements. The different components can have synergistic or antagonistic
effects due to chemical interactions or competition at the metal surface or among
themselves. Therefore, formulation of lubricants requires considerable expertise
and expensive performance testing. Green Tribology and Industry 4.0 era will steer
the lubricant development, use and disposal.
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Chapter 10
Friction, Lubrication, and Wear

Natavajan Jeyaprakash and Che-Hua Yang

Abstract

The surface properties of a bulk material are not accepted totally and indepen-
dently. The tribology is the most important field that comprises the component
design with static and dynamic relations for a reliability and performance. Hence,
it is believed that the surface contacts, atmosphere, and lubrication significantly
change the wear resistance of the material surface. However, the wear process is
more complicated, in that a surface wear properties based on many tribological fac-
tors namely sliding type, mode of loading and working atmosphere. In this chapter,
will explore the tribology fundamental, friction, various lubrication, wear types
and mechanism on the wear process.

Keywords: tribology, friction, lubrication, wear, mechanism, wear resistance

1. Introduction

Tribology is defined as the science of sliding two surfaces in relative motion. It
comprises the investigation and application of the wear, friction and lubrication.
The term called tribology has been realized for thousands of years. In the year of
1966, the well-known ‘Jost Report’ was released to the government of British. Since,
the term called ‘tribology’ has been broadly used and the investigation on this topic
has been highly explored. This is an interdisciplinary area and related with materi-
als, wear, friction, surface analysis, wear mechanism and working atmosphere [1].
Also, the surface properties of the base material cannot be measured totally as inde-
pendent. It involves the component shape with contact types i.e., static or dynamic
for the essential performance and reliability. The wear resistance of the material is
mainly depending on the loading type, sliding and working environment. However,
the phenomena are more complicated, in that a surface wear properties based
on many tribological factors namely sliding type, mode of loading and working
atmosphere [2]. Further, the wear behavior examination includes wear rate, coef-
ficient of friction, volume loss, worn-out morphologies examination and studies
of the mechanical properties and microstructure. Jeyaprakash et al. performed the
laser coating and studied the wear resistance, friction behavior and various wear
mechanisms [3]. Jin et al. performed high entropy alloy coating and studied the
mechanical and wear properties [4]. Si et al. produced the Fe-Mo-Cr-Co coating
and studied the wear resistance and corrosion resistance properties [5]. From the
above literature, it has been recognized the importance of tribological properties.
The main objective of this chapter is to study the tribology fundamental, friction,
lubrication, wear, mechanism.
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2. Fundamentals of tribology
2.1 Surfaces in contact

The friction and wear are mainly dependent on the characteristics of two
sliding surfaces. The difficulty to predict and to clarify with more accuracy such
phenomena reveals the complex nature of the surfaces, which can be evaluated
through material properties such as microstructure, presence of organic molecules
and oxides, water vapor, geometrical irregularities and other impurities which can
be adsorbed from the atmosphere. Hence, while the two bodies are coming in to
closer contact, the significant features of their sliding surfaces define the nature of
the interaction, which includes mechanical character, with the development of a
stress-strain on the sliding area, with the strong establishment of physical or chemi-
cal bonds [6]. To calculate the contact stresses, the smooth surface concept can be
introduced, i.e., the surfaces are free from geometrical irregularities. Generally, the
formation of smooth surfaces is difficult at a molecular level. The relation for con-
tact stresses and deformations can be obtained through theoretical analysis which
is developed by Hertz for linear elastic bodies. This can be employed while the two
bodies are in frictional or elastic contact, with the assumption that the contact body
radius is higher while compared with contact zone size.

2.1.1 Elastic contact

The viewpoint of geometrical, the contact between two solid bodies can be
classified in to conformal or nonconformal as shown in Figure 1. From the Figure 1
(a), it can be observed that the conformal contact happens while mating surfaces
fit closely together. This kind of contact can be seen while bearing sliding on shafts
and between wire and tool in drawing processes. The Figure 1 (b) shows the contact
between two bodies which is nonconformal and this can be theoretically occurred.
For example, with the presence of point contact in rolling bearing (between seat and
ball), whereas a line contact happens in gears (between tooth and tooth). In another
case, the contact area has a limited extension and it can be easily determined.

2.1.2 Viscoelastic contact
In the case of polymers, the deformation behavior can be occurred that is
affected by plastic, elastic and viscoelastic processes. For example, the polypropyl-

ene (PP) sphere hard pressed on the transparent plane with the function of contact
deformation displacement () and time. In polymer plate the viscosity influence is

(a)

Figure 1.
The conformal contact between a plane and the base of a cylinder (a) and nonconformal contact between a
plane and sphere (b).
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mainly noticeable while holding the amorphous phase and the heat may be higher
than glass transition temperature. Further, the loss of energy is related to the
viscoelastic loading and unloading processes. This energy dissipation may create
the temperature on the material due to lesser thermal conductivity of material.
However, the creation of plastic deformation is stable. Besides, the plastic processes
and viscoelastic are based on the temperature and while increasing the temperature
their intensity also increased [7]. Figure 2 shows the various loads displacement
and time while polypropylene sliding on a plane.

2.1.3 Elastic and plastic contacts

The material behaves with ductile way; the provided contact load can be induced
the plastic deformation. At the same time, the equivalent stress at the critical point
influence the material uniaxial yield stress. In this case, the material is not as elastic
stage; however, it must be an elastic-plastic condition [8].

Figure 3 illuminates the elastic-plastic contact in detail with sphere and plane
contact. In this case, the sphere has a higher hardness while compared with plane. If
the applied load is increases, the plastic zone size can be increased. The applied load
is taken out while the contact pressure with the below specific limit, then with the
same magnitude of additional load, which are applied possibly, results the increase
in elastic deformation only.

2.2 Friction

The frictional forces can be recognized as good or bad, without this friction,
there is no possibility to use vehicle tires on a road, walking on the road or pickup
objects. In some cases, such as machine application like clutches, vehicle brakes and
transmission of power (belt drives), friction is increased. But, in many cases like
rotating and sliding components such as seals and bearings, friction is unwanted.
The higher friction makes more material loss (i.e., wear rate) and energy loss. In
these kinds of working atmosphere, the friction is reduced [9].

The term friction is called as the force resisting the relative motion of two mat-
ing surfaces in contact with a fluid. The two sliding surfaces move relative to each
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Figure 2.
Polypropylene sphere sliding on a plane with respect to load displacement and time.
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Figure 3.
Elasto-plastic (a) complete plastic, (b) brittle-type contact, and (c) between plane and a sphere.

other, the friction between the mating surfaces converts the kinetic energy in to
heat or thermal energy. Generally, the term used to describe the friction is the coef-
ficient of friction. It is denoted with dimensionless scalar value (p) and explaining
the ratio of the friction between two mating surfaces (F) and the applied force on
them (F,). Itis described in Eq. (1):

F=p(F,) (1)

In a sliding condition, it is normally required to monitor or calculate the fric-
tional behavior during the experiment. The changes in friction with wear data nor-
mally offer the beneficial data regarding modeling and mechanisms. The friction is
generally classified as two categories: (a) static friction and (b) dynamic friction. In
the case of two objects is not sliding each other is called as static friction. In another
hand, both the mating objects sliding relatively to each other is called as dynamic
friction [10]. Table 1 shows the required parameters which need to be considered
while performing wear experiments.

2.2.1 Metal surfaces

Generally, the asperities contact in metal surfaces is normally plastic. The
metals such as titanium, cobalt, magnesium with hcp (hexagonal closed packed)
crystal lattice provides the coefficient of friction nearly 0.5 while sliding against
themselves. In addition to that the hcp metals possess a reduced ability to deform

Parameter/condition Example

Material Nonmetal: composites, polymers, ceramics and bio glass
Metal: Nickel alloy, iron, stainless steel, cobalt alloy and titanium alloy

Lubrication Oil, saliva, synovial fluid and blood

Geometry ball-on-socket, plane-on-plane and point-on-plane

Motion type Rotation motion, unidirectional, freeing, multidirectional

Loading type Cyclic loading, constant loading, etc.

Atmosphere Room temperature, high temperature and corrosive medium
Table 1.

Necessary input parameters to be considered for wear experiment.
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plastically with relatively lower temperature. Hence, while sliding the asperity junc-
tions deform with lesser intensity and the adhesion forces is not developed at the
junctions [11]. While sliding between two metal alloys, the coefficient of friction

is to be lesser than in the corresponding pure metals. In the case of bronze material
(Cu-8% Sn), while sliding in dry condition, the coefficient of friction is around

0.6 while the typical value of 1 was recorded for the Cu/Cu pair. In the case of steel,
the coefficient of friction value is around 0.6-0.8 while using two steel alloys, i.e.,
which is lesser than the pure steel-steel pairs.

2.2.2 Ceramic surfaces

In ceramics material the contact at the asperities is normally mixed. This may be
fully in elastic while the surface roughness shows with less [6]. Else, if the surface
roughness is high, it may be shows with plastic stage. Generally, the coefficient of fric-
tion must be independent for the normal applied load in elastic contacts. For example,
the alumina balls sliding on the alumina surface and the friction showed around 0.4.
It can be noted that the friction coefficient in ceramics material with dry atmosphere
is lesser around 0.3-0.7 while applying the minimum load with less than 200°C
temperature. The obtained frictional values are relatively similar to metal alloys and
this may seem to be quite surprise. In case, the ceramics material is characterized with
higher hardness and elastic modulus, and lesser values of the surface energy [12].

Besides, the surface energy of ceramics material is reduced through the surface
reactions with water vapor and the presence of other substances on the working
atmosphere. Hence, the lesser frictional force can be expected from the sliding wear
experiment. Though, while continuous sliding with real contact area is notably
increases with increase in friction. Further, the applied load is considered as major
input parameter in the ceramic material. If the applied load is increased, the brittle
contact may establish, and this will increase the coefficient of friction as much as
high around 0.8. Specifically, the brittle contact can be occurred while the tangen-
tial stresses owing to higher friction due to the occurrence of critical microcracks on
the surfaces. This type of microcracks can be seen on the ceramics surfaces nor-
mally and producing the defects such as porosity, flaws and inclusions. The cracks
can be initiated from the development of asperity because of continuous applied
load during the tribological study. Figure 4 represents the coefficient of friction
and applied load for alumina sliding on the alumina.

2.2.3 Polymer surfaces

The polymer like polytetrafluoroethilene (PTFE) is produces very low friction
around below 0.1 while sliding on the same material or other metals. Thus, this
material behaves as solid lubricant while sliding with counterpart [13]. Generally,
most of the polymer material friction coefficient ranges from 0.2 to 1 while sliding
in dry condition. In the case of the work of adhesion in polymer was lesser than in
ceramics and metals. However, their stiffness and hardness of the material is lesser,
and these two effects are nearly proportional.

Figure 5 indicates the correlation between adhesion and coefficient of friction
for various polymers sliding against PA. These experiments were conducted on flat
to flat surface contacts with lower sliding speed of 0.24 pm/s. So that the thermal
effects on the polymers can be avoided [14]. It can be observed that the coefficient
of friction was increased with the work of adhesion. In this kind of working condi-
tion, the adhesion was considered as a most important factor in friction determina-
tion. In the case of point or line interactions, the produced deformations may be
higher and therefore the effect of viscoelastic can play a major role.
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Coefficient of friction and applied load for alumina sliding on the alumina.
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2.3 Lubrication

Two solid components/parts are sliding between surfaces is normally considered
through a maximum coefficient of friction and higher wear rate because of the
surface properties such as reactivity, lesser hardness, mutual solubility and higher
surface energy. The clean surfaces without any rust is freely adsorb traces of other
substances from the atmosphere. In addition, the newly manufactured surfaces
normally produce the lesser wear and coefficient of friction while compared with
clean surfaces. However, there may be chances of external material on the interface
of bulk material which can increase the coefficient of friction during continuous
sliding process. Hence, the lubricants can be applied to reduce the wear rate and
coefficient of friction [8]. The term called lubrication can be applied to two various
conditions: namely solid lubrication and fluid film lubrication (liquid or gaseous).
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In any kind of material, the solid lubricant such as solid film and powder was
used to protect the sliding surface from the unexpected damages during the sliding
process and reduce the wear rate and coefficient of friction. The solid lubricants
were used in sliding applications. For example, the bearing was operated with low
speeds and higher loads, and the hydrodynamically lubricated bearings demanding
the start and stop processes. The solid lubricant holds the higher variety of material
which can produce the lower wear rate and coefficient of friction [15]. In addition to
that the hard materials also were used as lubricant to reduce the friction and wear in
extreme working atmosphere.

2.3.1 Fluid film lubrication regimes

A thick film of lubrication was maintained in the region between two solid
surfaces with no relative motion or lesser motion through an external pumping
agency is called as hydrostatic lubrication [16]. The lubrication regimes which are
noticed in fluid lubrication with self-acting can be recognized in the Stribeck curve
as shown in Figure 6. This graph provides the hypothetical fluid-lubricated bearing
structure with coefficient of friction as a function of the rotational speed (N) and
absolute viscosity (n) divided by the applied load (P). This curve has a lowest with
providing the recommendation that higher than one lubrication system is pre-
sented. In some cases, the lubrication regimes can be recognized through lubricant
film parameter [17].

2.3.1.1 Hydvostatic lubrication

In hydrostatic bearings, the supporting load on the thicker film provided from
an external source, a pump, which can induce the fluid pressure toward the film.
Based on this reason, those kinds of bearings are called externally pressurized.
Generally, the hydrostatic bearings are considered for usage in compressible and
incompressible fluids. Subsequently, the hydrostatic bearings are no need of any
relative motion on the surface of bearings to create the load supporting pressures
as it essential in the hydrostatic bearings [18]. Further, this type of hydrostatic
bearings is used in application with no relative motion or lesser motion between the
sliding surfaces. Besides, the hydrostatic bearings offer great stiffness though, this
type of lubrication needed the high-pressure equipment and pumps for the cleaning
of fluid, which is occupying more space with higher cost.

2.3.1.2 Hydrodynamic lubrication

The hydrodynamic lubrication is called as thick film or fluid film lubrication. The
convergent type of bearings starts to move in the direction of longitudinal from the
initial position, a less thickness of layer is pulled due to viscous entrainment. Further,
it is compressed between the two bearing surfaces and generating the necessary
pressure to support the load with no other external devices as indicates in Figure 6.
This hydrodynamic lubrication mechanism is necessary for the effective working of
the hydrodynamic journal and the thrust bearings are extensively used in the modern
manufacturing industry [19, 20].

In addition, the hydrodynamic lubrication films thickness is ranging from 5 to
500 pm and referred as the ideal lubricated contact condition. Also, the friction
coefficient of the hydrodynamic contacts is as lesser as 0.001 which represents the
Figure 6. Sometimes the frictional force can be increased slightly while increase
in sliding speed due to the viscous drag. Generally, the physical interaction can be
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Figure 6.

Coefficient of friction and lubricant film parameter as a function of Stribeck curve showing various
lubrication regimes observed in fluid lubrication without an external pumping agency.

occurred while starting and ending up with lesser sliding speeds. The behavior of
the interaction is directed through the lubricant bulk properties i.e., viscosity, and
the frictional force can be developed based on the shearing of the viscous lubricant.
Besides, the corrosive wear can be occurred on the bearing surfaces due to the pres-
ence of lubrication. The adhesive wear also was possible while initial and ending up
the processes. The corrosive wear can be reduced through lubricant precipitation
and formation of film on the bearing surface.
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2.3.2 Boundary lubrication

While increasing the load, the fluid viscosity or speed is decreased in the
Stribeck graph as shown in Figure 6. In this situation, the friction coefficient can be
increased as high as 0.1 or higher than this. This situation may also arise in a starved
contact. When the solid surfaces are nearby that surface contact between the multi-
molecular or monomolecular films of gases or liquids and the dense solid asperities
may rule the contact. For more understanding, the cross section of the films and the
asperity area contacts is shown in Figure 6 [21]. Further, with the absence of gases
and boundary lubricants (without oxide films), the produced frictional forces may
be higher than one. In case with failure in boundary lubrication, causes corrosive
and adhesive wear. Generally, the boundary lubricants can easily form the sheared
film on the bearing surfaces. Therefore, this formed shear film can be reduced the
corrosive and adhesive wear. The major physical properties of the films are hard-
ness, melting point and shear strength. The other properties are cohesion, tenacity
or adhesion and formation rates. Also, the viscosity of the lubricant can show a
minor impact on the wear and friction behavior [22, 23].

2.3.3 Mixed lubrication

The transition between the boundary lubrication and the hydrodynamic regimes
is a gray zone known as mixed lubrication. In this regime, the both mechanisms
such as boundary lubrication and hydrodynamic lubrication may be in opera-
tional condition. There might be possible for the higher solid contacts, however,

a minimum portion of the bearing surface leftover through partial hydrodynamic
film. The hard solid interaction between the new metal surfaces can cause to a
wear debris formation, adhesion of particle with counterpart, metal transfer from
bulk to counterpart and eventual seizure. But, in the case of liquid condition, the
chemically formed films protect the surfaces from adhesion during the sliding
experiment. This mixed regime is called as thin film lubrication, partial fluid and
quasi-hydrodynamic lubrication [21].

2.4 Wear
2.4.1 Introduction

Generally, the term wear is defined as material removal or surface damage on the
one or two surfaces while rolling, sliding or impact motion relative to one another.
Particularly, the wear happens through surface interactions at asperities. While
two objects/components in relative motion, the material can be displaced from the
interacting surfaces. Consequently, the properties of the material may be changed
at least or interface region. But, there is a possibility for less or no material losses.
Then, the displaced material can be removed from the interacting surfaces and may
cause the material transfer to the counterpart surface or may break as small wear
debris. When material transfer from bulk to counterpart, the net mass or volume
loss of the interacting surface is zero while the bulk material surface is worn. The
wear loss leads the real material loss, and this may occur sometimes independently.

Generally, the wear is a system output and it is not a material property. In addi-
tion to that the working atmosphere affect the interface wear. In some cases, mis-
takenly assumed that the higher frictional force displays the increase in wear rate.
For example, the polymers and solid lubricant interfaces showed with higher wear
and lesser friction, whereas ceramic material showed the lower wear but moderate
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frictional force. In all the dynamic machine components such as cams, bearings and
seals, the wear is almost undesirable one. Those components or machines need to be
replaced after a small damage or material loss or if the surface showed with higher
roughness. If the system is well defined in tribology, the material removal will be
very slow and at the same time it must be continuous with steady process.

2.4.2 Classification of wear mechanism

The wear occurs chemically or mechanically means and is normally induced
through frictional heat. Mainly, the wear contains six principal quite distinct
phenomena that have only one thing in common; the removal of material from
the rubbing interface [24, 25]. The wear can be classified as follows: (1) abrasive;
(2) adhesive; (3) fatigue; (4) impact by erosion; (5) corrosive; (6) electrical-arc-
induced wear. The other commonly raised wear is fretting corrosion and fretting.
However, the wear such as abrasive, adhesive and corrosive are the major combina-
tions of wear. Based on the previously encountered issues, the abrasive and adhe-
sives are the major wear mechanisms in the industry.

2.4.2.1 Abrasive wear

The abrasive wear happens while asperities of a rough and hard particles slides
on the softer surface and remove the softer material and finally damages the surface
through fracture or plastic deformation. Most of the ceramic and metallic materials
with high toughness and hard particles result in the plastic stage of the soft mate-
rial. Even the metal interfaces will deform plastically while applying higher loads.
The abrasive wear can be occurred generally in two different situations as shown in
Figure 7. In the beginning, the hard surface is the harder of two rubbing surfaces
like two body abrasion. For example, in cutting, grinding and machining. In another
case, the hard surface is the third body. Particularly, this must be small abrasive
particle, identified in between the other two surfaces and this may be sufficiently
harder. This may be able to scratch either one or both the sliding surfaces.

Rough hard surface ;

Figure 7.
(a) Schematics of hard rough surface mounted with abrasive grits sliding on a softer surface and (b) free
abrasive grits caught between the two surfaces.

194



Friction, Lubrication, and Wear
DOI: http://dx.doi.org/10.5772/intechopen.93796

In most of the cases, the adhesive is the begging mechanism of wear on the
sliding surface and this wear debris get trapped into interfaces of mating surfaces,
subsequently resulting the three-body abrasive wear [26]. Further, the scratch-
ing can be observed in many cases as a continuous groove which is parallel to the
sliding direction. The worn-out surface of steel against hardened steel disc with dry
condition is shown in Figure 8. From the scanning electron micrograph (SEM), the
continuous scratching is visible parallel to the sliding direction.

2.4.2.2 Adhesive wear

Generally, the adhesive wear can be occurred while two solid body sliding on
the flat surfaces with dry or lubrication. The bonding of metals is happening at
the asperity contacts at the interface, and these contacts is sheared through sliding
process, which may produce the plowing of material from softer surface to harder
surface. With continuous sliding process, the transferred wear debris is stop on the
transferred surface and the same debris may return to original surface or else this
may be loose as wear debris particle. In some cases, the debris may have fractured
through fatigue process with continuous loading and unloading process and causes
with loose particle formation.

There is some mechanism was explained for the fragment detachment of a mate-
rial. However, still the well identified mechanism for adhesion is shearing of the two
solid bodies or the weakest surface from one of the two surface [27]. The schematic
representing the two possible way of metal breaking through shearing process as
shown in Figure 9. Normally, the interface adhesion strength is assumed to be lesser
while compared with breaking strength of nearby regions; hence, the break through
shearing arise at the interface regions (path 1) in many cases and there will be no
material loss happen during these sliding process. In another case, with lesser frac-
tion of contacts, break may happen in any one of the two solid bodies (path 2) and a
minor piece of material (the blue dotted semi-circle) can be attached to the harder
other surface.

The SEM picture (Figure 10) shows the steel worn out surface with adhesion
wear. From the Figure 10, it can be seen clearly that the adhesive debris pullout from
the softer surface. During the sliding process, the surface asperities severely suffer
from fracture or plastic deformation. Further, the subsurface also underwent strain
hardening and plastic deformation. The SEM micrograph of worn-out surface shows
the severe pull out material with plastic deformation. In the picture, the yellow

o

Deep grooves

Wear debris minor grooves

M N

10um NTUT B/1/2019

SEI SEM WD 10.4mm 12:53:04

Figure 8.
SEM picture of steel surface after abrasive wear with dry condition.
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Figure 9.
Schematic representing the two possible ways of metal breaking through the shearing process.

Figure 10.
SEM picture of steel surface after adhesive wear under dry condition.

dotted semi-circle indicates the extensive structural changes by adhesive wear. In
addition to that severe type of adhesion wear is called as smearing, galling and scuff-
ing and also this terms are used to describe other type of wear in sometimes.

2.4.2.3 Fatigue wear

Generally, the fatigue wear on surface and subsurface level can be noticed
through continuous sliding and rolling atmosphere. The continuous loading and
unloading processes, which will induce the surface and subsurface to form the
cracks after critical repeated cycles. Then, the surface of the material will breakup
into lager fragments and producing the larger pits on the softer surface. However,
the material removed through fatigue wear is not considered as major parameter.
There are much relevant is the beneficial life in terms of time or revolutions prior
occur the fatigue wear.

2.4.2.4 Erosive wear

The erosive wear can be occurred due to impingement of solid hard particle with
high velocity on the specimen surface. Figure 11 (a, b) shows that the hard particle
impinging toward the specimen surface and removes the material from the top sur-
face of the specimen. The contact stresses produce from the particle kinetic energy
in liquid or air stream as it meets the surface. In erosive wear, the impingement

196



Friction, Lubrication, and Wear
DOI: http://dx.doi.org/10.5772/intechopen.93796

The hard abrasive particle hitting
[>d on the specimen surface
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Figure 11.

Schematic of evosive wear with havd particle hitting on the surface; (a) hard abrasive particle hitting the
surface, (b) material removed by hard particle.

(a

angle and particle velocity combined with abrasive sizes and provide the measure of
kinetic energy for the impinging particle. The wear particles/debris are formed in
erosion arises as an outcome of repetitive impacts [28].

2.4.2.5 Corrosive wear

The corrosive or chemical wear happens while sliding takes place in a chemical
atmosphere. The oxygen is considered as a most dominant corrosive medium in
air atmosphere. So that the corrosive wear in air atmosphere is normally called as
oxidative wear. The corrosive wear is significant in many factories such as slurry
handling, chemical processing, mining and mineral processing. The chemical wear
can arise due to the electrochemical or chemical interaction of the surfaces with
the atmosphere. However, the chemical corrosive wear occurs in extremely high
corrosive atmosphere and in high humidity and high temperature atmosphere. The
electrochemical corrosive wear can occur with chemical reaction accompanied of
an electric current. The potential variations can be observed between those two
regions. The high potential region and low potential region is known as cathode and
anode, respectively. There will be a current flow between the cathode and anode
over an electrolyte conductive medium, the metal dissolve at the anode side in the
form of liberates electrons and ions [29].

While conducting the experiment, the electron transfers via metal to the cath-
ode and minimize the oxygen or ions. After corrosion test, these surfaces changes to
some other appearance with corroded region. Further, the electrochemical cor-
rosion is influenced through the electro potential. The aqueous is a most common
liquid environment in corrosion atmosphere. In this working atmosphere, the less
amount of gases may dissolve, normally carbon dioxide or oxygen may influence
the corrosion. Figure 12 indicates the electrochemical corrosion testing setup and
corroded micrograph with layer formation.

2.4.2.6 Electrical arc-induced wear
While the presence of higher potential on the thin air film during the sliding

condition, a dielectric breakdown gives that leads to arcing. The higher power
density can be produced with short time during the arcing period. The produced
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Figure 12.
Macropicture of electrochemical corrosion testing setup (a) and corroded micrograph with layer formation (b).

heating results in extensive melting, solidification, surface corrosion, phase
changes and hardness changes, and sometimes ablation of metal can be occurred.
This arcing creates the higher craters and after sliding either fracture or shears

the material lip, causing the three-body abrasion, surface fatigue, corrosion and
fretting. Arcing may create the many type of wear mode and resulting catastrophic
failure in the electrical equipment’s [30].
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3. Conclusion

In this chapter, the fundamentals of tribology, friction, lubrication, and types
of wear and mechanism are briefly described. The friction and wear are mainly
dependent on the characteristics of two sliding surfaces. The metals such as tita-
nium, cobalt, and magnesium with an hcp (hexagonal closed packed) crystal lattice
provide the coefficient of friction of nearly 0.5, while sliding against themselves. In
the case of steel, the coefficient of friction value is around 0.6-0.8 while using two
steel alloys, i.e., which is lesser than that of the pure steel-steel pairs. Further, the
alumina balls sliding on the alumina surface and the friction showed around 0.4.
The friction coefficient in ceramics material with dry atmosphere is lesser around
0.3 to 0.7 while applying the minimum load with less than 200°C temperature. The
polymer material friction coefficient ranges from 0.2 to 1 while sliding in dry condi-
tion. Besides, the solid lubricant, such as solid film and powder, was used to protect
the sliding surface from the unexpected damages during the sliding process and
reduce the wear rate and coefficient of friction. Wear is defined as material removal
or surface damage on the one or two surfaces while rolling, sliding or impact motion
relative to one another. Particularly, the wear happens through surface interactions
at asperities. Therefore, the wear characteristic must be taken into account while
performing the sliding wear processes in mechanical components.
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Abstract

Recent researches focus on the development of lubricants from non-edible
vegetable oil which are environment friendly and renewable. In the current work,
an industrial lubricant is formulated from a non-edible vegetable oil viz. pongamia
oil (PO) by blending it suitable additives. The additives such as silicon dioxide
(Si0,) nanoparticles, tert-butylhydroquinone (TBHQ) and styrene butadiene rub-
ber (SBR) were selected as antiwear, antioxidant and viscosity improver additives
respectively for the study. Various lubricant properties of the formulated oil (FO)
are studied and comparisons were made against neat PO and popularly available
mineral oil lubricant viz. SAE 20W40. It is found that the FO possesses superior
viscosity index, and lower coefficient of friction than the commercial SAE 20WA40.
Moreover, the viscosity range, oxidative stability and the wear scar diameter of the
FO is also in the range of SAE 20W40. This work is done with an aim of promoting
Pongamia agriculture and reducing soil pollution.

Keywords: biolubricant, pongamia oil, agriculture, nanoparticle, viscosity improver,
tribology

1. Introduction

The technique or process of using a material to reduce friction and wear between
contact surfaces, which are in relative motion, is known as lubrication. It also helps
in force transmission, foreign particle transportation and heat transfer. Lubricity is
the property of a lubricant to reduce the friction. Lubricants are classified into solid
lubricants (e.g.: graphite), semi-solid lubricants (e.g.: grease), liquid lubricants
(e.g.: mineral oils based) and gaseous lubricants (e.g.: air). Liquid lubricants are
further classified into fixed oil based, mineral oil based and synthetic oil based
lubricants on basis of lubricant base stock [1].

Evidences for usage of lubricants for thousands of years have been found.
Several methods were adopted by human race from time to time to solve the issues
regarding friction and wear. Egyptians used animal fats in ball bearings for lubrica-
tion back in 1000 B.C. Oil-impregnated lumber were used to slide building stones
in the time of the pyramids and on the axles of chariots dated to 1400 BC, calcium
soaps have been found [2]. Romans used thrust bearing and lubricants having
rapeseed and olive oil as well as animal fat as base back in 40 A.D. Mineral oil
based lubricants were widely used since 1850, but they are non-biodegradable, fast
depleting and also have adverse effects on the environment [3, 4]. Nowadays, syn-
thetic oil is considered as a better alternative to these mineral oil based lubricants.
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However, these synthetic oil based lubricants are much expensive than the mineral
oil based lubricants [5]. The improper after-use disposals of the available lubri-
cants are creating severe environmental issues by polluting the water bodies [6].
Developing an efficient lubricant from a non-edible plant oil base stock is an effec-
tive solution to the above issues, as they are biodegradable, renewable and environ-
ment friendly [7]. Vegetable oil base stocks also possess high thermal stability, low
volatility, good biodegradability, non-toxicity and good lubrication properties in
comparison to mineral oil base stocks [8].

The present article aims at developing a lubricant from a non-edible vegetable
oil. In the current work, pongamia oil (PO) is selected as the base stock due to its
high oleic acid content and non-edible nature [9-14]. Formulated oil (FO) is devel-
oped by blending suitable additives in PO. Rheological, oxidative and tribological
properties of PO and FO are evaluated and compared against the properties of a
commercially available lubricant SAE20W40. Hence the primary objectives of the
current work are to:

* To develop a suitable bio-lubricant from a non-edible vegetable oil viz. PO.
* To add suitable additives to PO and enhance its various properties.

* To compare the FO with a commercially available lubricant viz. SAE20W40.

2. Methodology

Rheological properties, oxidative stability and tribological properties of the PO
with and without the addition of suitable additives are studied. Various PO blends
with the additives are prepared using a magnetic stirrer. Rheological properties
(dynamic viscosity, kinematic viscosity and viscosity index) of the oil blends are
evaluated by using a rheometer (Anton Par MCR 102) having parallel plate geometry
and redwood viscometer. Oxidation stability of the sample is determined using hot
oil oxidation test (HOOT) in a dark oven. Tribological properties viz. wear scar diam-
eter (WSD) and coefficient of friction (COF) are acquired with the help of a four-ball
tester apparatus. Worn-out portions of the ball specimens are examined initially
using an optical microscope and later by a scanning electron microscope (SEM).
Chemical properties of the PO such as total acid number, total base number, iodine
value, saponification value are also analyzed as per ASTM Standards (Table1).

2.1 Materials and methods
2.2 Experimental procedure

a.BLENDING OF POLYMERIC ADDITIVES TO PO: In the present study SBR
and EVA were selected as the viscosity improver additives. The PO is blended
with these polymer additives to enhance the rheological properties. The
samples of 0.5, 1.5 and 2.5 SBR and EVA in PO are prepared separately with the
help of a magnetic stirrer having hot plate.

b.BLENDING OF ANTIOXIDANT ADDITION TO PO: The PO is blended with
TBHQ to enhance the oxidative stability. 0.5, 1.5 and 2.5 wt% of antioxidant
TBHAQ is blended with PO respectively. The blends are prepared using a
magnetic stirrer.
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Materials

Category Item

Base oil Pongamia oil
Commercial oil SAE20W40

Viscosity improver Styrene butadiene rubber (SBR) & ethylene-vinyl acetate (EVA)
additive

Antioxidant additive Tert-butylhydroquinone (TBHQ)

Antiwear additive SiO, nanoparticle

Instruments

Device Description

Magnetic Stirrer with hot
plate

Used to blend additives in oil sample

Rheometer (Anton Par
MCR 102)

Itis a device used to measure the dynamic viscosity of oil samples

Redwood viscometer

Itis a device used to measure the kinematic viscosity of oil samples

Hot air oven

Used for hot oil oxidation test of oil samples

Four ball tester

Device used to study the tribological properties of oil samples

Thermo gravimetric
analyzer (TGA)

It is used to continuously measure mass while the temperature of a sample is
changed over time

Differential scanning
calorimetry (DSC)

It is used to measure the difference in the amount of heat required to increase
the temperature of a sample and reference is measured as a function of
temperature

Table 1.
Materials and instruments used for the analysis.

c.BLENDING OF ANTIWEAR ADDITIVES TO PO: The PO is blended with
nanoparticles of SiO, (Particle Size: 15-40 nm) to improve its tribological
properties viz. wear scar diameter and coefficient of friction. The blend is
prepared by adding SiO, in 0.6, 0.8 and 1.0 wt% respectively to PO using a

magnetic stirrer.

2.3 Tests conducted

a.TOTAL ACID NUMBER (TAN): The TAN of the PO is obtained by titration
method. It is a measure of acidity of the oil that is done by dissolving the PO in
toluene and then titrating it against potassium hydroxide (KOH) using phenol-
phthalein as indicator. ASTM D664 standard was used for calculations.

b.TOTAL BASE NUMBER: The TBN of the PO is obtained by titration method.
It is a measure of basicity of the oil done by dissolving PO in chlorobenzene
and then titrating it against hydrochloric acid (HCI) using phenolphthalein as
indicator. ASTM D2896 standard was used for calculations.

c.SAPONIFICATION VALUE: Saponification value denotes the number of
milligrams of potassium hydroxide needed to saponify 1 gof fat according to
the conditions specified. It is a calculation of the average molecular weight (or
chain length) of all the fatty acids present. ASTM D5558-95 standard was used

for calculations.
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d.IODINE VALUE: The iodine value (or iodine adsorption value or iodine
number or iodine index) is the mass of iodine in grams that is consumed by
100 g of a chemical substance. Iodine numbers are used to find the quantity of
unsaturation in fatty acids. ASTM D1959 standard was used for calculations.

e. DYNAMIC VISCOSITY ANALYSIS: The dynamic viscosity is measured using
Anton Par Rheometer MCR 102 in rotation mode having parallel plate geom-
etry. Dynamic (absolute) viscosity is the tangential force per unit area required
to move one horizontal plane with respect to another plane, at a unit velocity,
while maintaining a unit distance apart in the fluid.

f. KINEMATIC VISCOSITY ANALYSIS: Kinematic viscosity is the ratio of
absolute (or dynamic) viscosity to density. Force is not involved in this quan-
tity. Kinematic viscosity can be found out by dividing the absolute viscosity of
a fluid with the fluid mass density. The kinematic viscosity is measured using
Redwood viscometer for PO from 40-100°C.

g.WEAR SCAR DIAMETER ANALYSIS: Four ball testing of the oil is done in
a four ball tester apparatus, with the sample, given a load of 40 kg at 75°C.
The ball is then analyzed using a scanning electron microscope and wear scar
diameter is recorded.

h.COEFFICIENT OF FRICTION ANALYSIS: Four ball testing of the oil is done
in a four ball tester apparatus, with the sample, given a load of 40 kg at 75°C.
Calculations were done as per ASTM D 5183-05 standard to test COF.

i. HOT OIL OXIDATION TEST: The quickened aging of vegetable oil and PO
added with antioxidant are stimulated with HOOT. This is done to find the
oxidation stability.

j- THERMOGRAVIMETRIC ANALYSIS: The thermal stability of antioxidant
selected and that of the formulated oil (FO) are evaluated using the thermo-
analytical curves obtained from TGA, Q50 equipment, TA-Instruments.

3. Results
3.1 Preliminary analysis and enhancement of properties of PO

A series of experiments have been conducted as per standards and results are
taken as an average of 3 readings having standard deviation of the sample as the
error bar. The experimental data are given in the graphs and tables. Table 2 repre-
sents the physicochemical properties of PO and compared with two widely studied
bases stock viz. sesame oil and coconut oil.

The density of PO is found to be 0.92 g/cm’ using a pycnometer, which is lower
than that of water. It is found that the acid number of PO is slightly higher than
that of the sesame oil and coconut oil. However, for lubricant TAN value should be
low as possible [15]. PO has the least saponification value among the three. Low SV
indicates long fatty acid chain, which helps in the formation of thick tribolayer [16].
Iodine value of a triglyceride indirectly shows the amount of unsaturation present
in it [17]. From the iodine value, it is clear that unsaturation in PO lies between
sesame oil and coconut oil. Thus, it is clear from the evaluation of physicochemical
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Sl.no Analysis Pongamia oil Sesame o0il [9] Coconut o0il [9]

1 Iodine value (g 12/100 g) 88.18 £+ 0.19 1051 9

2 Saponification value (mg KOH/g) 168.75 + 3.72 191 261

3 Total acid number (mg KOH/g) 394+ 0.14 318 0.56

4 Total base number (mg KOH/g) 0.37+0.01 0.41 0.16

5 Density (g/cm®) 0.92 0.9216 0.92429
Table 2.

Physiochemical properties of PO, sesame oil, and coconut oil.

properties of PO that most of the chemical properties are well suited to the desir-
able properties of a base stock, which can lead to the development of an eco-
friendly lubricant.

The temperature below which the liquid loses its flow characteristics is known
as pour point of aliquid [18]. Figure 1 represents the pour point of PO, which is
evaluated from differential scanning calorimetry (DSC). The pour point of PO was
found as 6.29°C. The pour point of PO is found to be lower than that of coconut oil
[9] due to the presence of more unsaturated fatty acids. Pour point of the lubricants
can be reduced using a suitable pour point depressant.

The thermal stability of PO is studied using TGA [19]. From the TGA results
(Figure 2), the onset temperature of PO for thermal degradation of 98% is found
out as 197.6°C. The weight percentage reduction 2% of PO was done by assuming

Heat flow (w/g)

6.29546

50 100
Temperature (°C)

Figure 1.
Differential scanning calorimetry (DSC) curve of PO.

197.6

Weight Percentage

Temperature (°C)

Figure 2.
TGA of PO.
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the loss of moisture content and volatile components from it [19]. Thus, by observ-
ing the TGA, it is evident that PO is a well suited environment-friendly base stock
for a wide range of temperatures. The thermal compared to SAE20W40 which have
thermal degradation of at 204.39°C [9].

Table 3 shows the fatty acid profile of PO, compared with that of sesame oil and
coconut oil. High amount of oleic acid present in the PO can improve the tribologi-
cal properties [10]. A larger proportion of saturated fatty acids can adversely affect
the pour point of the lubricants.

3.1.1 Analysis of vheological properties

It is clear from Figures 3 and 4 that the dynamic viscosities of PO at various tem-
perature range is inferior w.r.t commercially available SAE 20W40 (Figures 3 and 4).
Hence, the dynamic viscosity of PO is enhanced using different weight percentages of
EVA and SBR polymers. The variation of viscosity is studied from 25-100°C [20-22].

From Figure 3, it is observed that the plain PO is having the lowest viscosity both
at lower as well as higher temperatures. The viscosity is found to be improving on
addition of EVA in different weight percentages to PO. PO with 2.5% w.t. EVA has
shown the highest change in viscosity both at lower as well as higher temperatures.

From Figure 4, it is found that SBR tends to show better improvements in
viscosity than EVA at different weight percentages. The curve of SBR at 2.5% wt.
in PO is found to be close enough to reference oil SAE20W40. However, from the
results obtained from Figures 3 and 4, at equal weight percentages of the additives
PO + SBR combinations have shown higher viscosity enhancements. Hence, SBR
has been selected as the viscosity enhancer in the current study.

Constituent Pongamia oil [10] Sesame oil [9] Coconut o0il [9]

Oleic acid 62.98% 42% 5%

Linoleic acid 16.84% 38% 1%

Palmetic acid 9.1% 13% 7.5%
Table 3.

Fatty acid profile of PO and sesame oil.

Figure 3.
Dynamic viscosity v/s temperature curve for PO with EVA compared against SAE20W40.
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200

Dynamicviscosity (mPa-s)

Temperature (°C)

Figure 4.
Dynamic viscosity v/s temperature curve for PO with SBR compared against SAE20W40.

3.1.2 Analysis of oxidation stability

High oxidation stability of TBHQ is because of the longer alkyl chains present
in it [23]. Oxidation stability of the oil samples are estimated by measuring the
change in viscosity at 40°C after hot oil oxidation test (HOOT) from the fresh
sample without subjected to HOOT [24]. Change in dynamic viscosity of neat
PO, PO oil samples blended with different weight percentages of TBHQ and
SAE20W40 at 40°C are calculated and plotted as shown in Figure 5. From the
analysis of different oil samples blended with different weight percentages of
TBHQ, PO + 2.5% TBHQ showed the least change in viscosity. It is observed that
for the weight percentage of TBHQ beyond 2.5%, it is difficult to dissolve in PO.
The change in viscosity at 40°C of PO + 2.5% TBHQ is found to be very lesser
than neat PO comparable with that of SAE20W40. Thus PO + 2.5% TBHQ have
excellent oxidation stability.

50

as

40

35

m PO
30
Change in
dynamic W PO+1.5% TBHQ
viscosity
t 40°C
a 20 ® PO +2.5% TBHQ
15
W SAE20W40
10
5
5
0 .
Oil samples
Figures.

Change in dynamic viscosities of oil samples at 40°C after HOOT.
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3.1.3 Analysis of tribological properties

Tribological properties were evaluated with the help of a four ball tester equip-
ment [25]. Coefficient of friction (COF) and wear scar diameter (WSD) are the
parameters used to evaluate tribological properties. From Figure 6, it is noted that
with the addition of nanoparticles, the WSD is reduced [26-29]. The WSD is found
to be decreased by 18.31% with the blending of 0.85% weight percentage of SiO,.
The small size of SiO, makes improvement in the tribological properties by reduc-
ing friction and wear by rolling, mending, and protective film formation [30].

From Figure 7, it is noted that with the addition of nanoparticles, the COF is
increasing for PO blends with SiO,. However, in comparison with SAE20WA40, the
COF value of PO blends is considerably low.

3.2 Formulated oil results

Based on the tests conducted, the formulated oil (FO) is PO + 2.5 wt% SBR+
2.5 wt% TBHQ +0.85 wt% SiO..

07 q

o
,E W SAE20W40
'g =PO
A m PO +0.6% Si0,
g ® PO +0.85% Si0,
s PO +1.0% Si0,
2z
Blended oil samples
Figure 6.

Variation in WSD with the blending of different weight percentages of SiO, with PO.

WSAE20W40
=mPO

_ mPO+0.6% Si0,
= PO +0.85% Si0,
=PO+1.0% S0,

Coefficient of Friction (COF)

Blended oil Samples

Figure 7.
Variation in COF with the blending of different weight percentages of SiO, with PO.
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Figure 8.

Dynamic viscosity v/s temperature curve comparison of formulated oil and SAE 20W4o0.

Properties FO SAE20W40 [9]

COF 0.092 0.107

Wear scar diameter 0.48 mm 0.47 mm

Viscosity index 2274 135.57

Increase in dynamic viscosity after HOOT at 40°C 54 cP 3cP
Table 4.

Evaluated properties and results of the FO compared with SAE20W40.

Figure 8 represents the dynamic viscosity v/s temperature curve of the formu-
lated oil and was found to be comparable with that of reference oil SAE 20WA40.

The evaluated properties and results of FO compared with SAE20WA40 is as
shown in Table 4. The COF of FO is found to be comparatively lower than that of
SAE20W40. This implies that the frictional effect produced by FO will be much
lower than the latter. The viscosity index of the FO shows much improved results
than that of SAE20W40. This ensures the use of FO at wide range of temperatures.
The WSD of the FO is much closer to that of SAE20WA40. Therefore, the FO has
almost similar anti-wear effects as that of SAE20W40. Increase in dynamic viscosity
after HOOT at 40°C indicates that the oxidation stability of the FO is superior that
PO and is comparable with that of SAE20W40.

4, Conclusion

The project was aimed on formulating a bio-lubricant from a non-edible
vegetable oil as base stock. In addition to non-edible nature, pongamia oil (PO)
was chosen as the base oil due to its high oleic acid content. SBR, TBHQ and SiO,
nanoparticle additives are added to PO for improving its viscosity, oxidation stabil-
ity and antiwear properties respectively. The final base oil and additive combination
of the formulated oil (FO) is PO + 2.5 wt% SBR + 2.5 wt% TBHQ +0.85 wt% SiO,.
Rheological studies show that the performance of the FO is identical to the dynamic
viscosity trend of SAE20W40 and possess a superior viscosity index than SAE
20 W40. HOOT indicates that the oxidation stability of FO is much closer to that of
SAE20W40. Tribological studies indicate that FO possess identical WSD and lower
COF than SAE20W40.
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Pongamia (milletia) is a genus of legume plant family. It is distributed in tropi-
cal and subtropical regions of the world. It is easily cultivable [31] and can grow
in semi-arid conditions [32]. The cultivation of these trees has increased due to its
recent interests in the field of bio-fuels and lubricants. This project is based on the
enhancement of pongamia oil (PO) to a bio-lubricant, the cultivation of these trees
will be promoted to a great extend thereby improving the agricultural sector.
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Chapter 12

Nonlinear Frictional Dynamics on
Rolling Contact

Yasunori Sakai

Abstract

The rolling machine element is indispensable for realizing high-precision and
high-speed relative motion. In addition, its positioning accuracy is approaching the
nanometer order, and its importance is expected to increase in the future. However,
since the rolling elements and the raceways are mechanically in contact, various
nonlinear phenomena occur. This complicated phenomenon must be clear by theo-
retically and experimentally. This chapter describes the nonlinear friction behavior
occurred with rolling contact condition and its effect on the dynamics of bearings.
First, the characteristics of the non-linear friction caused by rolling machine ele-
ments and the nonlinear friction modeling method using the Masing rule are
described. From the numerical analysis using the friction model, it is clarified that
the motion accuracy decreases due to sudden velocity variation caused by nonlinear
friction. Also, the author show that the resonance phenomenon and force depen-
dency of the dynamic characteristics of rolling machine element due to the
nonlinear friction. Finally, the author indicates nonlinear friction influences on the
dynamic characteristics in the directions other than the feed direction.

Keywords: nonlinear dynamics, friction, rolling machine element, elastic contact,
bearing

1. Introduction

Rolling machine elements such as linear rolling bearings and rotational bearings
are used in various industrial fields because they realize high precision relative
motion at high speed. In addition, since the fluctuation of friction force is small,
self-excited vibration called stick-slip is less likely to occur. Though rolling elements
such as balls and rollers are always in point or line contact with the raceway,
resulting in high surface pressure. The rolling contact condition complicates tribo-
logical phenomena such as friction and wear, and dynamic behavior of rolling
machine elements.

Linear rolling bearings are widely used in semiconductor manufacturing equip-
ment, ultra-precision positioning systems for machine tool, robots, and other
equipment. Conventionally, it was necessary to use non-contact bearings such as
hydrostatic linear guideways to achieve positioning with nanometer accuracy.
However, it has become possible to achieve nanometer positioning accuracy even in
rolling bearings by optimizing the rolling contact condition.

On the other hand, since rolling elements and raceways are in rolling contact
with each other, the damping capacity of bearing is much lower than other guide-
ways such as hydrostatic guides and sliding guides. In addition, the non-linear
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behavior of contact friction produces resonance and displacement-amplitude
dependency in the dynamics of bearings.

The resonance phenomenon of the bearing and the amplitude dependency of the
dynamics lead to instability of the positioning control system and the deterioration
of positioning accuracy [1-6]. In order to develop more accurate positioning control
system and damping element for precision positioning system, it is important to
clarify and model the effects of the nonlinear friction behavior on the dynamics of
bearings.

This chapter describes the nonlinear friction behavior occurred with rolling
contact condition and its effect on the dynamics of bearings. Section 2 explains the
nonlinear spring behavior (NSB) depending on displacement, as well as the model-
ing method of the nonlinear frictional behavior. Section 3 describes the influence of
nonlinear friction on the dynamics of the bearing with some numerical and exper-
imental results. Section 4 shows the influence of nonlinear friction on the dynamics
in directions other than the feed direction of the bearing. Section 5 concludes the
chapter and gives the future interest of the research related to rolling friction
behavior.

2. Nonlinear friction behavior in microscopic displacement regime
2.1 Displacement dependent nonlinearity

Figure 1 shows the relationship between the friction force F of the sliding object
and its translational displacement x [7]. After the mass is starting motion, the
friction force increases as the displacement increases. When the friction force is
saturated with the steady state friction force Fi, it is constant until the mass reaches
the reversal point A. After reversing the direction of motion at point A, the friction
force changes along the outer hysteresis curve ABA. If the motion is reversed at
arbitrary point a on the outer hysteresis curve, the friction force will change along
the inner hysteresis curve aba starting at point a. When the internal hysteresis curve
is closed, the frictional force changes along ABA again. This hysteresis rule is known
as the non-local memory NSB [8]. The NSB is caused by elastic deformation of the
contact surface asperities [9], microslip [10], and elastic hysteresis loss [11]. In this
chapter, the curve OA is called a virgin loading curve, the displacement region
where the friction depends on the displacement is called the pre-rolling region, and
the displacement region where the friction force is constant is called the rolling

X

Non-local
memory

Figure 1.
The relationship between the friction force F and the displacement x.
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2

O Motion reversal point

Figure 2.
The relationship between the sinusoidal excitation force P and the displacement x.

region. Furthermore, the boundary displacement between the pre-rolling region
and the rolling region is called the starting rolling displacement.

Now, the sinusoidal excitation force P(t) = P, sinwt acting on the mass where P,
is the amplitude and  is the excitation angular frequency. Figure 2 shows the
relationship between sinusoidal excitation force P and displacement x [7]. If the
force amplitude Py is greater than the static friction force F;, the displacement will
change significantly (such as an arc within P > F). This suggests that the rolling
element initiates a rolling movement. F; can be determined as P at the motion
reversal point [12].

2.2 Nonlinear friction modeling

The friction model proposed based on the Masing rule can describe the NSB and
hysteresis behavior of friction in non-local memory. The Masing rule simply
describes a hysteresis curve from the virgin loading curve. Therefore, it is widely
used in the basic model of seismic response analysis [13] and the hysteresis model
[14]. The Masing rule is formulated as follows:

{f (x) (x>0)
F= (1)
f(x) (x<0)
() ()
= (2)

ro(-5) (<o)

where f(x) is the virgin loading curve. F; and x, are the friction force and
displacement at the motion reversal point. The hysteresis curve is determined by
the geometrically similar curve of the virgin loading curve with a similarity ratio
A =2.1If 1 # 2, the hysteresis curve does not become axisymmetric. In the friction
model, 1 = 2.

Figure 3 shows the procedure for calculating the friction force [7]. First, the
friction force is calculated by Eq. (1) until reaching the motion reversal point A.
After reversing the direction of motion at point A, calculate the friction force using
Eq. (2). At this time, the values of x, and F, are replaced by the displacement and
frictional force at point A. Furthermore, the friction force can be calculated as well
when the motion is reversed at the point B or C. The friction force after closing the
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Figure 3.
The relation between friction force F and displacement x calculated by Masing rule.

internal hysteresis curve aba is calculated with Eq. (2) by replacing the values of x,
and f to the displacement and friction at point A.

The hysteresis characteristics of non-local memory can be explained by above
mentioned calculations. If x is greater than the maximum displacement value at the
previous motion reversal point, the frictional force is calculated by Eq. (1) again.

This model has fewer parameters than previous friction models such as the
bristle model [15] and the generalized Maxwell slip (GMS) model [16].

The friction model based on the Masing rule can describe the effect of NSB on
the dynamic characteristics by simplifying the friction behavior. Al-Bender uses the
exponential and irrational functions as the virgin loading curves to calculate the
friction force [17]. However, the rolling region and the starting rolling displacement
x5 do not consider. The resonances caused by NSB are depended on x; [18]. There-
fore, the starting rolling displacement and steady-state friction force in the rolling
region should be introduced into the friction model.

The virgin loading curve is described by Eq. (3) proposed in this study:

_ [A(x+Bx") = fi(x) (x<x)
fx) = {FS = f,(x) ' (5 > x;) 3)
n=0 p=05
/ ,

o
|
|

I

|

!
Thnzw

Rolling region

~ e >~
< g

re-rolling region

Virgin loading curve f

I
I
|
I
I
|
I
I
I
I
I
1.

i)

o

0 X,
Displacement x

Figure 4.
The proposed virgin loading curve f for different shape factor n.
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where A and B are constants determined by the continuity condition as below:

falxe) = fo(x) 4)
df(x) _ df,(x)
dx |,  dx o )

This virgin loading curve has only three parameters: steady-state friction force
F;, starting rolling displacement x, and shape factor z. The shape factor # represents
the rate of change in friction of the pre-rolling region and is the most important
parameter in this model [19]. These parameters determine the characteristics of the
NSB. The proposed virgin loading curves for different # are shown in Figure 4 [7].

In this model, # # 1 is always satisfied. Because # = 1 means that the friction does
not have hysteretic behavior, it is uncommon in the friction characteristics of a
rolling bearing.

3. Resonance phenomenon caused by nonlinear frictional behavior

In this section, the frictional effect of NSB on the dynamic characteristics of the
sliding object is discussed. The frequency response of the sliding object is an
important consideration for developing a highly accurate feed drive system in
machine tool and precision machines using friction compensators.

3.1 Numerical analysis of dynamics considering nonlinear friction

Figure 5 shows an analytical model for calculating the dynamics in the feed
direction [7]. The equation of motion is as follows:

mi = —F(x) + P(¢) (6)

where m is the mass of sliding object; ¢ is the time; [-] = d/dt; P(t) is the exciting
force acting on the mass; F (x) is the friction force calculated from Egs. (1)-(3).

The equation of motion can be expressed by Eq. (7) considering the sinusoidal
excitation force P (t) = Posinwt acting on the mass.

mx = —F(x) + Po sin ot @
By introducing the dimensionless parameters K; = Fg/x,, w? = KJdm, u = x/x,,

Yo = Po/Fs, 7 = wt, p = w/ws and [‘] = d/dz into the Eq. (7), the dimensionless equation
of motion is described as Eq. (8).

. Displacement x
Excitation —
force P(f)

Flx)

Mass m

Friction force F(x)

Figure 5.
The analytical model of the volling guideway for calculating the dynamic characteristics in the feed direction in
consideration of the nonlinear spring behavior of friction.
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fru = — Fu) +yosint (8)
F

As shown in Eq. (8), the motion of the sliding object is governed by the ampli-
tude of the dimensionless excitation force ¢, the dimensionless excitation fre-
quency f, and the dimensionless friction force F/F;. F/F is a function of shape
factor n. Ultimately, the motion of the sliding object is described by determining yo,
p, and n. Eq. (8) is solved by the fourth-order Runge-Kutta method with
nondimensional time derivative dz = 7/10000. The frequency response function
(FRF) G () is calculated by Eq. (9).

Uuo (umax - umin)
G = =
(8) 7o e 9)

where u, is the displacement amplitude in the steady-state response, %, and
Umin are the maximum and minimum displacements in the steady-state response,
respectively.

Figure 6 shows an FRF with dimensionless excitation force amplitude yo = 0.6
forn = 0.5and 1.5 [7]. As shown in Figure 6, the FRF shape and resonant frequency
change by #. It means that the NSB affects the dynamic characteristics of the sliding
object. There are additional small resonant peaks in the FRF. The small resonance
peaks are superharmonic resonances, which are typical phenomenon of nonlinear
vibration caused by the nonlinearity of restoring forces [20]. Because the proposed
friction model does not take into account the difference between static and dynamic
friction, these resonances does not induced by the stick-slip phenomena which is
occurred by the negative damping due to the difference between static and dynamic
friction forces. In the following, the main resonance peaks are called harmonic
resonances and the other resonances are called superharmonic resonances.

By calculating the steady-state response of a specific excitation frequency, the
effect of the excitation frequency on the steady-state motion in the feed direction is
clarified. Figures 7-9 show the phase planes of the limit cycles of # = 0.5 and 1.5 at
frequencies A, B, and C shown in Figure 6, respectively [7]. Frequency A is lower
than the frequency of the superharmonic resonance of the adjacent harmonic reso-
nance. Frequency B lies between the harmonic resonance and its adjacent
superharmonic resonance. Finally, frequency C is higher than the frequency of
harmonic resonance.

According to the results as shown in Figure 7, when a sliding object is excited by
a sinusoidal force of frequency A, velocity reduction and recovery (VRAR) occurs

T T T T T T
A B (&
A B c

© ¢

g 100 =1 g 10°—

E- Harmonic E.‘-

5 resonance S
Super harmonic resonance
resonance : J | ;

10-} | 1 1 10-
0 0.5 1.0 1.5 2 0 0.5 1.0 15 2
Frequency S Frequency S
(a) (b)
Figure 6.

The frequency response functions in the feed divection with the non-dimensional excitation force amplitude
Yo = 0.6 for different shape factor n. (a) n=o0.5. (b) n=1.5.
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Figure 7.
The phase plane at frequency of A. (a) n = 0.5, p=0.54. (b) n=1.5, p = 0.45.

after reversing the direction of movement. When the sliding object is excited at
frequency B, VRAR does not occur after reversing the direction of movement, as
shown in Figure 8. However, the shape of the phase plane is distorted. On the other
hand, as shown in Figure 9, when the sliding object is excited at frequency C, the
phase plane becomes circular. If the sliding object is excited by a force with a
frequency higher than the harmonic resonance, the non-linearity due to NSB is
negligible.

Next, the effect of excitation and friction conditions on the time history of
steady-state motion is examined. Figures 10 and 11 show the dimensionless
acceleration # , dimensionless velocity «’, dimensionless displacement #, and
dimensionless friction force F/F; at frequencies A and B with # = 0.5 and 1.5,
respectively [7].

Comparing Figures 10 and 11, the variation of acceleration direction (VOAD)
unrelated to sinusoidal displacement motion with the excitation frequency and
VRAR are clear when excited with frequency A. Hence, the VOAD causes VRAR.
The displacement spike is clearly observed in Figure 10, but it does not observe in
Figure 11. Thus, the displacement spike is caused by the VOAD. Furthermore, the
displacement spike sharpens when the VOAD is caused discontinuously. On the
other hand, it loosens when the VOAD is caused continuously. The VOAD is
affected by NSB of friction and becomes discontinuous when 7 is small.

Displacement spikes, known as quadrant glitches, are one of the causes of poor
feed drive operation accuracy. Previous studies have concluded that quadrant
glitches are produced due to motion delays caused by the difference between static
and dynamic friction [21]. The results of this study show that displacement spikes
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Figure 8.
The phase plane at frequency of B. (a) n = 0.5, = 0.90. (b) n=1.5, p=0.71.

(quadrant glitches) are generated without modeling the difference between static
and dynamic frictional forces. It means that the quadrant glitches are caused not
only by the difference between static and dynamic friction, but also by NSB friction.
Also, as shown in Figure 10, the quadrant glitches occur even at zero speed.
Previous studies have concluded that quadrant glitches are produced by reduced
acceleration [22]. These conclusions correspond to our result that quadrant glitches
are caused by VOAD.

Figure 12 shows the FRF for #» = 0.5 and 1.5. The figure also contains the results
of various dimensionless excitation force amplitudes y, [7]. As shown in Figure 12,
as yo increases, the resonant frequency decreases. Furthermore, resonance does not
occur even if yo increases. The compliance at frequencies of superharmonic and
harmonic resonance increases with higher values of #. For small #, not only the
nonlinearity but also the damping increases. Therefore, when # is small, the com-
pliance at resonance is not high than the case with large #.

Then, the results of the proposed friction model are compared with the experi-
mental results using commercially available roller guideways for verifying the
validity.

Figure 13 shows the relationship between the excitation force amplitude and the
frequency and compliance at the harmonic resonance [7]. Figure 13 shows the
measurement results of the compliance in the feed direction of the linear rolling
bearing obtained in the vibration test conducted under the same conditions as the
numerical analysis. The analytical results for # = 1.5 conform well to the experi-
mental results. The comparison results prove that the proposed simple analytical
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Relationship between the non-dimensional excitation force amplitude y, and the resonance frequency and
compliance at the harmonic resonance. (a) Harmonic resonance frequency. (b) Compliance at the harmonic
resonance.

model can qualitatively predict the force dependency of the dynamic characteristics
of a rolling bearing in the feed direction.

4. Nonlinear behavior of rotational direction induced by friction
4.1 Experiment for evaluating the dynamics of linear rolling bearing

In a previous study, Yi et al. evaluated the vibration characteristics of a carriage
with a steel block (additional mass). Feed, lateral, and vertical response accelera-
tions were measured using a 3-axis accelerometer when the steel block was excited
by the shaker [23]. Ota et al. measured the vibration of the carriage moving at a
constant speed in the feed direction. They also identified key vibrational compo-
nents by frequency spectrum analysis of the detected response sounds and acceler-
ations [24]. Through the impulse hammering test, Rahman et al. evaluated the
natural frequencies and damping ratios of machine tool tables supported by linear
rolling bearings. The natural frequency and damping ratio were identified based on
the frequency response function [25].

In contrast, the author measured the acceleration of a carriage carrying a column
which is imitated the long workpiece. The vibration measuring system for evaluat-
ing the dynamic characteristics of the linear rolling bearing is shown in Figure 14
[26]. The system comprises a rail, a carriage, a column made of S50C steel, an
electrodynamic shaker, and a stinger made of S45C. The column was fixed on the
carriage with bolts. The rail was fixed on the stone surface plate through the steel
base. The shaker was supported with cloth belt to obtain a free boundary condition.
The stinger has a circular cross-sectional shape. One of stinger ends was screwed to
the free end of the column through the impedance head, and the other one was
screwed to the shaker.

The column was used as a pseudo workpiece to satisfy the condition that the
center of gravity is higher than the upper surface of the carriage. This condition is
often observed in the general usage of linear rolling bearings, such as in the feed
drive mechanism of a machine tool. The excitation force in the feed direction was
applied to the free end of the column.
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Figure 14.
Experimental setup for evaluating the vibvation characteristics.

The sinusoidal excitation signal generated using the function generator was
input to the shaker via a power amplifier. The excitation and acceleration signals
detected at the free end of the column were amplified by a charge amplifier and
analyzed using a digital spectrum analyzer. In addition, at the same time as the
excitation, the eddy current displacement sensor was used to detect the response
displacement of the carriage in the feed direction.

In the general case, forces with different amplitudes and frequencies act on the
linear rolling guide. For example, in the case of a machine tool, cutting force acts on
the rolling guide via the workpiece and table. Its frequency and amplitude vary
widely depending on machining conditions such as depth of cut and spindle speed.
Micro cutting exerts a force of several millinewtons, and heavy cutting exerts a
force of hundreds of newtons. Therefore, the exciting force changed from 0.1 N to
100 N in half amplitude and up to 1000 Hz in frequency.

The lubricant (mineral oil) weighed by syringe was manually applied to the
raceways (5 ml per raceway). When changing the lubricant oil, the all components
of the linear rolling bearing were washed with kerosene and alcohol for degreasing.

4.2 Influence of excitation force in rotational direction

Figure 15 shows the FRF when excited in the feed direction. Two resonance
peaks were observed in the FRF [26]. The vibration modes at these resonance
frequencies were measured by experimental modal analysis. Figure 16 shows the
mode shapes of the carriage and column at the two resonances [26]. At the lower
resonance frequency, the carriage and column vibrate in the feed direction without
any elastic deformation. It was caused by the nonlinear spring behavior of friction
in the microscopic region discussed in the previous chapters. At the higher reso-
nance frequency, the carriage and column vibrated in the pitch direction. This
natural vibration is caused by the elastic deformation of the contact part between
the raceways and the rollers. Since the center of gravity is higher than the upper
surface of the carriage, not only the pitching motion but also the translational
motion in the feed direction is occurred at the same time. In followings, these
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vibration modes are called “feed mode” and “pitching mode” in order from low
frequency.

Figure 15 also shows the FRFs for different excitation force amplitude. As shown
in figure, the dynamic characteristics of the linear rolling bearing change depending
on the exciting force. In feed mode, the resonance frequency decreased as the
excitation force amplitude increased. Eventually, the feeding mode became
unobservable as the excitation force became large. The resonant peak due to the
pitching mode has the same tendency as the feed mode for the excitation force
amplitude. However, even if the exciting force became large, the resonance peak
did not disappear.

Pitching mode is the natural vibration by the rigid body motion of the carriage
due to elastic deformation at the contact point between the roller and the raceway.

In the previous study, Ota et al. used a single carriage model to analyze the
resonant frequency in pitching mode [27]. In their case, the center of gravity was
close to the center of the rail cross section, and the natural vibration characteristics
were determined based on the stiffness of the contact parts. However, under actual
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usage conditions of linear rolling bearings, the center of gravity is higher than the
top surface of the carriage. As a result, the natural vibration characteristics are
affected by nonlinear friction. The carriage rotates around the center of gravity like
a cradle and moves slightly in the feed direction.

In this state, the natural vibration characteristics of the pitching mode depend
on the exciting force as shown in Figure 16, which is due to the influence of the
nonlinear spring behavior.

As shown in the Figure 17, the resonance frequency of the pitching mode
becomes high when the excitation force is small [26]. This indicates that frictional
stiffness affects the pitching mode as “additional spring.” Considering the feed
mode, the resonance peak disappeared because of an increase in the excitation force
amplitude. It indicates that the influence of the nonlinear spring behavior of friction
decreases as the response displacement amplitude increases. Thus, the influence of
nonlinear friction on the dynamic characteristics of pitching mode becomes small.
In addition, the damping ratio was constant in the small excitation force range up to

- VG688 - VG220 - VG500

™

Pl

o

Damping ratio %
—
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Figure 17.
Influence of oil specification on the nonlinearity of natural vibvation characteristics in the pitching mode.
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Figure 18.
Influence of excitation force amplitude on the nonlinearity of natural vibration characteristics in the volling
mode. (a) Rolling mode. (b) Dynamic characteristics of rolling mode.
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about 10 N, but it decreased in the large excitation force range. According to our
previous research, the damping ratio of the linear rolling guideway estimated by the
impulse test with 2000 N in the excitation force was about 0.5% with a
nonlubricated condition [28]. Thus, the damping ratio converged to about 0.5%
when the excitation force increased further.

Figure 17 also shows the results when three types of oils with different kine-
matic viscosities are used. If the higher kinematic viscosity oil was used, the reso-
nance frequency became higher. The frictional stiffness is high when oil with a high
kinematic viscosity is used. These results indicate the difference in the resonance
frequency of the pitching mode caused by frictional effect. The damping ratio tends
to be higher when oil with higher kinematic viscosity is used. This means that the
viscous damping due to the oil film was dominant in the pitching mode.

On the other hand, when the column is excited in the lateral direction, the
rolling mode which the carriage and column vibrate around feed axis as shown in
Figure 18 was occurred. However, the excitation force dependence seen in the
pitching mode does not occur. This is because the rolling mode is not affected by the
additional spring due to non-linear friction.

5. Conclusions

The rolling machine element is indispensable for realizing high-precision and
high-speed relative motion. In addition, its positioning accuracy is approaching the
nanometer order, and its importance is expected to increase in the future.

However, since the rolling elements and the raceways are mechanically in con-
tact, various non-linear phenomena occur. This complicated phenomenon has to be
clear by theoretically and experimentally. In this chapter, the author explained the
nonlinear spring behavior of friction that occurs in the rolling contact state and its
modeling method. Furthermore, the effect of nonlinear friction on the dynamic
characteristics of sliding objects was analyzed numerically. The validity of the
model was verified by comparing with the experimental results using the rolling
guide.

Finally, it was experimentally shown that the nonlinearity of rolling friction
affects the motion in directions other than the feed direction. It is known that
rolling friction has velocity dependence and acceleration dependence in addition to
the nonlinear spring behavior described in this chapter.
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Nomenclature

A, B constants

f virgin loading curve

fi proposed virgin loading curve in the pre-rolling region
fa proposed virgin loading curve in the rolling region

F friction force

F, friction force at the arbitrary motion reversal point

F, steady-state friction force
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G nondimensional compliance, #o/yo

K stiffness at the starting rolling displacement, Fy/x,

m mass of a carriage

n change rate of the friction in the pre-rolling region

P excitation force acting on the carriage

Py sinusoidal excitation force amplitude

t time

u nondimensional displacement, x/x

Umax maximum nondimensional displacement in the steady-state response
Umin minimum non-dimensional displacement in the steady-state response
Uo nondimensional displacement amplitude in the steady-state response
x displacement of the carriage in the feed direction

Xy displacement at the arbitrary motion reversal point

Xs starting rolling displacement

p nondimensional frequency, o/

dt time differential

dr nondimensional time differential

Yo nondimensional amplitude of the sinusoidal excitation force

A similarity ratio

® sinusoidal excitation force frequency

s natural angular frequency at the starting rolling displacement, K /m
T nondimensional time, wt

['] differential operator with respect to time ¢, d/dt

[1 differential operator with respect to nondimensional time 7, d/dz
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Wear Protective Effects of
Tribolayer Formation for Copper
Based Alloys in Sliding Contacts:
Alloy Dependent Sliding Surfaces
and Their Effects on Wear and
Friction

Ulrike Cihak-Bayr, Robin Jisa and Friedrich Franek

Abstract

High sliding wear resistance is generally attributed to high hardness and high
mechanical strength. Novel near net shape process technologies such as metal
injection moulding (MIM) or lost foam casting (LF) lack forming processes that
typically increase strength. Consequently, the materials exhibit large-grained
microstructures with low defect densities. Commercial copper alloys (CuSn8,
CuNi9Sn6, CuSn12Ni2) well known for good sliding properties were produced
using MIM and LF and characterised in the current study. Their wear and fric-
tion behaviour was compared to conventionally produced variants in a lubricated,
reciprocating sliding test against steel. The results showed an equal or superior wear
resistance and lower friction levels for large-grained microstructures evolving in
MIM and LF. SEM, FIB and EBSD studies revealed a tribolayer on the surface and
a tribologically transformed layer (TTL), composed of a nano-crystalline zone or
partially rotated grains, and selective hardening of grains. The extent of the TTL
was different for alloys that were chemically identical but exhibited different initial
microstructures. Innovative production routes investigated here showed no tribo-
logical drawbacks, but present the potential to increase lifetime, as nano-crystalline
zones may render the sample more prone to wear. We present a hypothesis on the
cause for these behaviours.

Keywords: Cu-alloys, net-shape forming processes, wear behaviour, tribologically
transformed layers, nano-crystalline zone, deformation induced processes
1. Introduction

Innovative technologies that enable production of new materials and complex
composites unfortunately do not find their way into engineering application. This

is due to a widespread, fundamental lack of trust in new materials or materials
produced via non-conventional production processes [1]. With growing awareness
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for limited energy and environmental resources, paired with cost aspects, innova-
tive near net shape technologies gain interest [2]. The effects of these processing
technologies on microstructural details and furthermore on friction and wear are
not sufficiently understood to predict material behaviour in a sliding contact to
regulate wear rates and or frictional levels. Apart from classical structural mechani-
cal properties, these tribological characteristics have to be known for a proper
design with a new material.

In the present chapter two alternative production routes are evaluated for
three copper based alloys. The near net shape technologies metal (powder) injec-
tion moulding (MIM) and lost foam casting (LF) are described in part 2, both
are known for steel [3] and aluminium [4] but have not been commercialised for
copper-based alloys and lack substantial basic knowledge in published literature.
Yet, near net shape technologies are especially interesting for copper-based alloys
due to the high raw metal costs. Here, a special focus is put on the characterisation
of wear and friction in a lubricated sliding contact of representative alloys shown in
part 3.1. The chosen experimental set-up is depicted in part 3.2 and their tribologi-
cal and analytical results in part 4. Based on the observations of a formed tribolayer
and the nano-crystalline zones forming a tribologically transformed layer (TTL) as
described in part 4. Part 5 forms the discussion that links the findings to literature
and suggests a hypothesis for the formation of tribolayer and TTL and their effect
on wear and friction levels. Finally, the chapter finishes with a conclusion in part 6.

2. Copper-based alloys as tribomaterials

Copper alloys are materials with a good track record for tribological applica-
tions comprising pronounced sliding. However, the demand of alloys is limited by
high raw material costs and traditional energy intensive production routes; such
as melt metallurgy, casting, hot and/or cold forming; the subsequent machining
processes lead to large amounts of chips that have to be collected and re-melted to
be recycled. As consequence, the production of components made of copper-based
alloys demand excessive energy and consequently result in high ecological impact
and costs.

Energy-efficient technologies offer economical production methods and addi-
tionally large options for complex component shapes. Currently, additive manufac-
turing and near net shape manufacturing are the main avenues towards achieving
these goals. Figure 1 depicts a schematic of the processes involved: MIM and LF
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Figure 1.

Technological paths of the analysed materials.
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production technologies; the basic principles are described in [5]. Such innovative
production technologies usually result in different material properties compared

to traditional production methods; the functionality of the component produced
by alternative processes are often perceived to be inferior. For a more widespread
application of new production technologies, a prediction of the target properties
would be necessary. Since a correlation between the material structure and the
resulting properties are not trivial, the material selection process is still mainly
based on empirical knowledge of engineers. For tribologically loaded components
the material selection usually relays on bulk material properties and the assumption
that the harder material is the more wear resistant, which is conformed in many
cases. This material rating is based on the well-known Archard’s wear law [6], which
correlates wear volume inversely with hardness.

Tribological studies in the nineties, have revealed that ductile alloys form an
altered, fine-grained microstructure in the volume just beneath the sliding contact
area as published by Rigney in [7]. Following classical approaches of material hard-
ening, the material increases in strength as the grain size decreases and according to
Archard’s wear law this results in lower wear.

Most published tribological sliding experiments studying material changes were
carried out on pure metals, such as Au or Cu, in a ball on plate configuration in dry
contact [8-10]. They show the formation of a microstructure with much finer grain
sizes compared to the initial grain size, which is only preserved in the bulk. Some
studies can be found on alloys, e.g. steel [11, 12] or Co-based alloys [13, 14], which
revealed grain refinement beneath the surface, too. Recent tribological studies
focus on the evolution of microstructural changes such as [9, 13], but correlations
of grain-size to properties e. g. strength or work-hardening are treated by material
science studies: Studies on work-hardening behaviour due to grain size changes, as
described for copper by [15], do not deal with grain refinement processes exhibited
by tribological contacts. Besides, the strength increasing effect of refinement
according to Hall-Petch relations was reported to apply until a gain size of approxi-
mately 10 nm is reached for copper [16].

Usually, superior wear resistance is attributed to those newly formed structures
[13, 14], but often no explicit correlation to wear or friction is given [9]. Thus, the
effect of microstructural changes in subsurface regions in a sliding contact on wear
and also friction levels is not really understood and often underrated. Classical
material selection strategies follow the idea that material with higher strength
exhibit higher wear resistance.

3. Experimental
3.1Investigated material

The current study compares three copper-based alloys, each produced via two
different process technologies — one conventional technology route via casting,
forming and machining and a near net shape new technology. The alloys are listed
in Table 1 together with their hardness values and the range of grain sizes observed
in the cross sections. The microstructures resulting from different production
routes are shown in Figure 2. The wrought alloys CuSn8 and CuNi9Sn6 are typi-
cally continuously cast, followed by forming (pressing, drawing, rolling) and,
for CuNi9Sn6, heat treatment through spinodal decomposition [17]. Apart from
the spinodally forming precipitations, which cannot be observed in SEM images,
this alloy also forms y precipitations (in different crystallographic structures as
described in [18]) that are several pm large and are visible in SEM pictures. In light
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Material Technological route Grain size Hardness
CuSnS conv. Continuous cast, drawing, heat <20 pm 238 HV1
treatment, chipping
CuSn8 MIM Injection moulding, 100-150 pm 70 HV10
debindering, sintering
CuNi9Sn6 conv. Continuous cast, rolling, heat ~50/150 pm 180 HV1
treatment, chipping
CuNi9Sn6 MIM Injection moulding, ~200 pm 171 HV10
debindering, sintering
CuNiSn6 MIM, heat Injection moulding, ~200 pm 266 HV1
treated 1 h@450°C debindering, sintering, heat
treatment
CuSn12Ni2 conv. Continuous cast, chipping ~50 pm 115HB30 2.5
Cunil2Ni2 LF Lost foam cast, chipping Dendrite 90 HB30 2.5
length > 500 pm
Table 1.

Characterised copper-based alloys and the grain sizes and havdness for different production routes of nominal
identical alloys.

Figure 2.
Microstructures of studied alloys: Conventional: a) CuSn8 ¢) CuNigSn6 e) CuSn12Ni2; MIM: b) CuSn8, d)
CuNi9SN6; LF: f) CuSN12Ni2.

microscopy images, their effects on the microstructure can be observed by grain
boundary faceting as well as formation of violet lamellar phases during annealing.
Alternatively, these two alloys can be produced by a metal injection moulding
(MIM) process from pre-alloyed feedstocks. The MIM production route inherently
lacks a forming step and thus any possibility for grain refinement. As a result, the

238



Wear Protective Effects of Tribolayer Formation for Copper Based Alloys in Sliding Contacts...
DOI: http://dx.doi.org/10.5772/intechopen.94210

average grain size of the materials produced through MIM is much coarser than the
one obtained via conventional routes. Figure 2 shows representative microstruc-
tures of all studied materials. The MIM version of CuNi9SN6 can be heat treated

in the same way as the conventional version in order to increase the mechanical
strength by precipitation hardening.

Continuous casting (CC) followed by machining is a typical production route for
the cast alloy CuSn12Ni2. An alternative, innovative production route, which can
help to save energy is a sand casting process called lost foam (LF) casting [4]. The
dendritic structure resulting from LF casting is pronouncedly coarser than the CC
variant as it is basically a sand-casting process with correspondingly long cooling
times and lacking deformation during solidification.

All production variants of the advanced technologies, MIM and LF, lead to larger
grain sizes with hardly any defects such as twins. Therefore, these material variants
are significantly softer than their counterparts from the conventional production
route. As often higher wear resistance is associated with high mechanical strength,
the small-grained, conventionally produced alloys are expected to exhibit better
wear resistance. This assumption, which is a commonly used basis for design and
material choices in mechanical engineering, is verified in the current study for three
alloys and two innovative production routes.

3.2 Experimental tests - tribological characterisation

Samples of the different alloy variants were studied in a lubricated reciprocal
sliding contact with a modified SRV® test rig. The setup is described in more detail
in [19-21]. Table 2 summarises the main test conditions. Each set of parameters
was repeated at least twice. The base oil SN150 was used for CuSn8 and CuNi9Sn6,
for CuSn12Ni2 a fully formulated mineral oil, a commercial gear oil, was applied.
Thus, one has to be aware of the effect of different viscosities. In order to increase
wear of the fully formulated system, CuSn12Ni2 was also examined at a normal load
of 240 N. These external conditions differ because the potential applications of the
two technologies are different.

The friction coefficients were continuously recorded at a rate of 1 Hz and the
data of individual test runs were averaged. Wear scars were characterised after
the tests by topographic analysis using confocal microscopy with a Leica DCM3D
at 20x magnification, which allowed the measurement of the wear track width.
Afterwards, the wear volume was calculated as described in [20].

A wear map is used to illustrate the performance of the individual materials
and their variants. It shows the wear volume measured at the end of the test run
versus the coefficient of friction at a test time of 90 min, which corresponds to SRV
standards [22]. This kind of diagram enables a simple but informative tribological
rating, as both friction and wear behaviour are usually relevant. The desired low
friction sliding material with a high lifetime can be found in the left lower corner.

3.3 Microstructure analysis

In order to understand modification processes deriving from tribological inter-
actions selected samples were investigated further with light microscopy, nanoin-
dentation, scanning electron microscopy (SEM) and focused ion beam (FIB) cross
sections or electron back scatter diffraction (EBSD). EBSD was performed on cross
sections normal to the sliding plane with a Zeiss Supra 40VP instrument equipped
with an EBSD system from EDAX. The samples were chemically etched prior
to the scan. The step sizes (0.20 pm for CuSn8 MIM; 0.10 pm for conventional
CuSn8) and the scan areas (100 x 250 pm/19 x 30 pm) were adapted to the grain
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sizes of the respective samples. Scan sizes of 200 nm were chosen for CuSn8 MIM
and 100 nm for conventional CuSn8. The position of the scan along the contact
area was pre-selected in SEM images. Three scans were performed on a total area
large enough to be representative for the largest grain sizes found in CuSn8 MIM.
For microstructures like the conventionally produced CuSn8 a scan directly at the
surface was not possible due to the high local deformation. A sufficient Kikuchi
pattern quality was only detectable in a depth of 1 pm below the surface. The scans
were analyses based on pattern quality images overlaid with the small (SAGB) and
large angle grain boundaries (LAGB) as well as on the inverse pole figure (IPF)
pictures with the projection direction <100>, which is the surface-normal direc-
tion to the plane of the cross section. Numerous precipitations in the MIM version
of CuNi9Sn6 complicated the pattern recognition and therefore EBSD scans

were omitted. FIB cuts were employed for the deeper analysis of the cast alloy
CuSn12Ni2. The FIB cuts were oriented normal to the sliding direction as a cut in
the sliding direction would either be located on top or at the bottom of a groove
produced by wear debris.

4. Tribological behaviour

Figures 3 and 4 show the frictional behaviour over test time for all studied
materials. All friction coefficient curves — except CuSn8 - are at their maximum
during running-in, which ranges from 5 to 30 min. All curves end in an almost
constant steady level for the chosen test duration and have thus reached steady-state
conditions.

The observed friction coefficient values lie between 0.20 and 0.42. These values
represent the arithmetic mean of the friction coefficients of different test runs. The
data of each run was averaged for each recorded friction value, these mean values
are shown as the friction curves in Figures 3 and 4. In order to add the information
of the scattering of the individual runs for a better interpretation of the friction
behaviour, the standard deviation of the friction signal of each run was calculated.
The error bars in Figures 3 and 4 represent the mean standard deviations of
individual test runs with the same material, shown only every 5 min for the sake of
readability,

The levels of the friction coefficients as well as the friction behaviour differ
distinctly for the two materials CuSn8 and CuNi9Sn6. Their sensitivity to variations
in the process route seems to be pronouncedly different, as well.

For both materials, MIM manufacturing leads to lower friction coefficients after
the run-in phase. For CuSn8 the reduction is roughly 0.08, for CuNi9Sné6 it is less
pronounced, namely 0.02-0.03. A heat treatment, which increases the structural
strength of the CuNi9Sn6 MIM variant, further reduces the friction coefficient by
about 0.07 compared to the conventionally produced CuNi9Sn6.

The MIM variant of CuSn8 shows a high variability throughout the whole test
time and after an initial increase to 0.40 smoothly decreases to 0.30 between 30 min
and 100 min. The values of the conventional CuSn8 lie within the variability of the
MIM variant, but do not show the same characteristics over time. After an initial
increase, the friction reaches an almost constant level at 0.40, which is on the upper
bound of the scatter of the CuSn8 MIM data. As, the noise of conventional CuSn8 is
much smaller than the MIM sample, the different levels of friction of the two CuSn8
variants are regarded as significant.

The error bars largely overlap for the conventional and the MIM version of
CuNi9Sn6, indicating just a small tendency for higher average friction levels for
the conventional variant. However, the run-in period is distinctly different with
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Friction coefficient of CuSn12Ni2 produced via conventional casting (CC) and via lost foam cast (LF) for
100 N and 240 N normal load.

a pronounced increase for the MIM version, but lasting only 30 min, whereas the
conventional material increases and decreases smoothly, reaching a steady state
level just before the test ends. The characteristics of the friction curve over time
seems to be unaffected by the microstructural changes during heat treatment, as
there is again a steep but short increase during run-in. However, the scatter of the
friction data is reduced by the heat treatment.

The averaged friction values at a test time of 90 min are depicted in Figure 5
together with the averaged wear volume at the end of the test in a wear map. The
error bars of the coefficient of friction are equivalent to those in the friction curves
(Figure 3), the uncertainty of the wear volume is the standard deviation of the wear
volume at the end of the test. The measured uncertainty is in some cases so small
that it is nearly invisible in an appropriately scaled wear map.

The results illustrate a pronounced decrease of wear when the CuSn8 is pro-
duced via MIM instead of conventionally. There is also a reduction in wear for
CuNi9Sn6 when comparing conventional to MIM in the heat-treated condition, but
this decrease is far less pronounced. Between MIM and conventional samples there
is no significant change in wear results.
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For CuSn12Ni2 the friction coefficient levels are lower, ranging between 0.11
and 0.14 (Figure 4). This can mainly be attributed to the fully formulated gear oil
used in this study, which was chosen because the tribosystem should be as close
to the real application as possible. Therefore, a direct comparison between all the
materials discussed before is not permissible. The differences in terms of friction
between continuous and lost foam cast variant are little and judged to be irrelevant
for applications. Still, the level of coefficient of friction is significantly lower for LF
if the contact pressures are increased. Nevertheless, none of the two variants seems
to be more sensitive to normal pressure changes than the other. More pronounced
differences can be observed in the wear behaviour (Figure 6) of CuSn12Ni2, where
the LF microstructure shows significantly lower wear volume.

For all investigated materials, the innovative production routes lead to lower
wear despite weaker mechanical properties, certainly the degree of improvement
depends on the alloy, Figures 5 and 6. There are large differences in the final wear
volume between the two production routes for CuSn8, which exceeds by far the
measurement uncertainty of wear. For CuNi9Sn6 the effect of the production route
is much smaller but the heat-treated MIM version shows a distinct wear reduction
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compared to the conventionally produced sample. Consequently, the increase in
mechanical strength due to precipitations does not impair the tribological perfor-
mance, as it does reduce wear and friction levels. Heat treatment reduced the scatter
of the observed friction coefficient level. The results of other samples treated at
other temperatures or for different times are not shown here as the wear and fric-
tion results nearly coincide for all established heat treatment cycles. In any case, the
heat-treated MIM CuNi9Sn6 version offers the lowest wear and friction among the
investigated materials lubricated with mineral base oil. The initial microstructure
affects the measured wear volume even within systems using additivated oils, which
reduces the measured wear volumes due to a tribolayer, forming also in bronze
surfaces. Again, the new casting technology (LF) variant of CuSn12Ni2 shows a
better performance than the continuous cast one. The effect of different material
structures becomes more pronounced for higher normal loads as can be seen in
Figure 6 for 100 N and 240 N. The effects on friction levels are lower than for the
systems shown in Figure 3, but interestingly the noisiness of the friction coefficient
reduces if the structure gets coarse and more dendritic. The latter observation seems
to be independent of the applied normal load.

4.1 Tribologically induced changes in the microstructure

The higher wear resistance of softer variants of the respective alloys was initially
not expected as hardness is often associated with wear resistance. As the testing
conditions were identical, we investigated the microstructure in order to examine
the different wear behaviour observed. The idea was that the grain and/or defect
structure evolving during the sliding contact is different for these samples. As
all other factors were identical, the near surface microstructure behaviour can
potentially explain the differences in the macroscopic wear behaviour as well as the
observed frictional levels. The light microscopy images in Figure 7 reveal that no
resolvable changes in the microstructure beneath the contact surface occur. Only

Figure 7.

Light microscopy images of cvoss sections of the cylindrical samples normal to the sliding divection. a) CuSn8
conventional b) CuSn8 MIM c¢) CuNi9Sn6 conventional d) CuNi9Sn6 MIM; the 50 pm scale applies to a) and
b), the 100 pm scale to c) and d).
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the MIM CuSn8 sample exhibits local increase of twins and shear bands in the first
layer of grains up to a depth of 20 pm beneath the contact plane.

The LF cast structure does show defects in the light microscopy images (Figure 8),
such as bent slip lines as well as deformation twins, which are bent additionally. The
deformation is very inhomogeneous and many dendrites show no or hardly any changes
visible in light microscopy images. The details in Figure 8b illustrate pronounced effects
in the vicinity of pores. If features of plastic deformation can be observed by light
microscopy images, they will reach up to depths of at least 50 pm.

The higher resolution SEM images of the cross sections shown in Figure 7 are
given in Figure 9a and b for the conventional variants and in Figure 9c and d for the
MIM samples. The CuSn8 is highly twinned and some twins are bent in sliding direc-
tion. This occurs not only in the surface grains but also in grains located in deeper
zones. Still, the SEM picture is not sufficient to be able to judge if these features are
caused by the sliding contact as the initial structure is highly twinned already. In the
higher alloyed CuNi9Sn6 the grains are larger compared to CuSn8 conventional and
no features indicating deformation close to the surface are visible. The edge is very
rounded due to polishing and etching prior to EBSD measurements.

In contrast to the two conventionally produced samples, both MIM alloys
revealed the formation of a layer on top of the initial microstructure with a

50 um

Figure 8.

Light microscopy images of cross sections of the cylindrical CuSni2Ni2 LF samples normal to the sliding
direction a) and b) show two position within the same sample, in a) slip lines and in b) deformation twins in
the first row of grains are visible.
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Figure 9.

SE%VI image of the edge zone on cross-sections oriented parallel to the sliding direction: a) CuSn8 conventional,
b) CuNigSné conventional, c) CuSn8 MIM (mechanically mixed layer, 2 visible nano-indenter marks),
CuNigSn6MIM (mechanically mixed layer lying and facetted grain boundary with y precipitations is vertically
inclined on the left side of the image).

thickness up to 2-3 pm. This feature was only observed on the MIM microstructures
of the studied alloys.

The observed layer seemed to have a patch-like structure as it did not cover
the whole length of the cross section. On top views of the contact area these layers
were not clearly distinguishable from the rest of the microstructure, thus their size
and extent of coverage cannot be given. The EDX measurements (Table 3) shows
increased contents of oxygen and carbon and some iron. This indicates a mixture
with debris from the counter-body, even though the structure appears amorphous
or extremely fine-grained. However, no grain structure was resolvable with SEM.
What is observable in the SEM images are pores within this layer, which are more
pronounced for the layer observed on CuNi9Sn6. In the following, we refer to it asa
mechanically mixed layer in order to distinguish it from the TTL, a zone comprising
of defects like the slip lines and deformation twins extending over up to 20 pm as
seen in Figure 7c.

4.2 EBSD as a tool to reveal tribologically induced changes in the microstructure

With the EBSD technique grain orientations and local misorientations can be
revealed. Thus, microstructural defects like internal stresses stored in grains or the
formation of subgrains and local misorientations can be detected, which cannot
be observed with SEM images [23, 24]. As the changes in wear volume were most
pronounced for CuSn8, the EBSD analysis focused on this alloy.

For the conventionally produced CuSn8 the forming in the production pro-
cess resulted in a highly deformed and small-grained structure and any further
deformation caused due to the tribological contact is not clearly visible in the SEM

246



Wear Protective Effects of Tribolayer Formation for Copper Based Alloys in Sliding Contacts...
DOI: http://dx.doi.org/10.5772/intechopen.g4210

images. The pattern quality picture and the IPF picture of an EBSD scan with 1 pm
distance to the surface are given in Figure 10, with the upper edge of the scan in
sliding direction. The quantitative analysis of the grain boundary lengths of large
angle grain boundaries (LAGB) and small angle grain boundaries (SAGB) overlaid
onto the pattern quality image indicate no increase closer to the surface and so
they are not shown. However, the twin density within the first 15-20 pm appears
to be higher as numerous micro-twins form. Especially in the first 5 pm, the grains
are strongly elongated parallel to the sliding direction. Generally, the grain size is
easier to see in IPF images and they reveal high intragranular strains by different
shades of colours in nearly all grains, independently of their location with respect
to the surface. Hence, internal lattice rotations do not seem to increase close to the
contact but are a result of the high deformation during production. Comparing the
IPF image of the initial structure to the one at the surface indicates a tendency to
slightly smaller grains sizes in the first 15 pm. However, the change in size is far less
pronounced than the change in shape.

Thus, the microstructure of conventional CuSn8 can hardly adapt to the stresses
accumulated during sliding and has little work-hardening capability. So presumably
the microstructure is just worn off soon after the initial contact during the sliding
process and cannot form a wear resistant subsurface zone.

The MIM version of CuSn8 was very large grained and therefore investigated
by two closely situated EBSD scans situated close together, shown in Figure 11.

C o Si S Sn Fe Ni Cu

At % 54.58 6.16 1.07 1.90 0.62 0.31 333 32.03

Table 3.
EDX analysis of the layer observed on CulNigSn6 in the MIM version as shown in Figure 9c.

Figure 10.

CuSn8 conventional samples with the sliding direction is parallel to the upper edge. EBSD scan at a depth of
1000 pm beneath the surface: a) pattern quality image with LAGB in blue, SAGB in ved and b) IPF image
EBSD scan at a depth of 1 ym beneath the surface: ¢) pattern quality image with LAGB in blue, SAGB in red
d) IPF image.
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Figure 11.
CuSn8 MIM EBSD scan.

The initially undeformed MIM structure of CuSn8 shows some grains like the
green coloured ones the left with no deformation features, but the grain on the
right changes its orientation from yellow to pink which indicates a partial lattice
rotation and an internal stress field. The respective stress field does not extend over
the whole grain but is localised in the first 20 pm beneath the contact and does not
affect the twin. In the middle, there is a pore close to the surface and the remaining
grain located above this pore seems to be most suitable for storing plastic strain
generated by the tribological sliding process. It has various shades of pink and is not
as uniformly coloured as non-affected grains. The analysis of small- and large-angle
grain boundaries showed no additional information and a figure was therefore
omitted. Based on our observations there is no indication for an interrelationship
between local lattice rotations and the position of the mechanically mixed layer
lying on top of the tribo-contact area.

In addition to SEM and EBSD scans, some apparently affected grains were
investigated with nanoindentation, the results of which are given in Figure 12. The
defect structure shows a high local concentration of defects that lead to an increase
in hardness by 1-1.5 GPa over the first 20 pm beneath the surface. However, grains
that show no orientation changes in the EBSD scan also showed no hardening in the
nanoindenter measurement.

The modulus of elasticity was quantified during nanoindentation and turned
out not to vary with distance from the contact surface and is thus not given in
Figure 12. Altogether, the results of the MIM sample suggest that if grains are
modified due to the sliding process they have to be located directly at the surface,
grains further away from the contact are unaffected in any case, but even at the
surface many grains do not adapt by e.g. lattice rotations.

The cast alloy CuSn12Ni2, though tested with additivated oil, showed smaller
but significant differences in the wear volumes of CC and LF cast samples. The
tribo-surfaces had different characteristics, which are illustrated in Figure 13a and
b. The surface exhibits grooves, presumably formed by wear debris, but resembles a
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Figure 12.
Location and gradient of the nano-hardness measurements performed on the MIM version of CuSn8.
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Figure 13.

Wear tracks on CuSna2Niz: Top view SEM image - sliding divection going pavallel to the vertical image edge
a) conventional sample, b) LF sample; sub-surface microstructure in field ion image mode - sliding direction
normal to the FIB cutting plane, c) conventional sample d) LF sample.

metallographic cross-section as it clearly reveals all phases. The LF surface appears
even smoother than the CC surface. As the conventional cross sections indicated
some edge effects, but did not enable a proper identification of the structure, only
the respective FIB cuts, normal to the sliding direction, are given in Figure 13c and d.
Here samples tested at a normal load of 240 N are examined as the wear volume dif-
ferences are larger than for 100 N normal load. Both samples form a nanocrystalline
layer during the sliding process. However, the thickness of this layer is clearly larger
for the CC version with about 8 pm compared to 1.2 pm for LF. As the CC samples
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had higher wear volumes, this layer does not seem to have wear protective effect, at
least under the conditions investigated here. The nanocrystalline layer is not homo-
geneously thick, but rather shows a wavy interface in both studied cast structures.
The average grain size within the nanocrystalline layer with about 250 nm seems to
be constant over the thickness and in both samples. Potentially there are even smaller
grains, but they cannot properly be resolved in SEM pictures.

5. Discussion

In lubricated reciprocating sliding contacts, all the studied copper alloy variants
exhibited different tribological performance, if the microstructure was modified by
changes in the production route. For the chosen loading conditions, the coarser and
softer microstructures showed superior tribological performance compared to the finer
grained and harder materials. Wear was pronouncedly reduced and friction coefficient
levels of the run-in friction pairs were lower too for the softer variants of each alloy. This
basic finding applies to dendritic cast structures as well as to globular structures.

In this study we compare the production routes MIM versus continuous cast-
ing followed by a massive forming step and lost foam casting versus continuous
casting. MIM and LF both result in microstructures that are significantly coarser
than the ones obtained through conventional processes. Thus these larger grained
microstructures exhibit lower mechanical strength. Nevertheless, they showed to be
more wear resistant than their smaller grained version from conventional processes.
The effect was most pronounced for CuSn8 lubricated with non-additivated base oil
SN150. This observation does not follow the conventional assumption that harder
materials result in higher wear resistance, which follows the most common wear law
of Archard and relates wear volume inversely proportional to macroscopic hardness
[6]. As a consequence, small grained microstructures which result in higher tensile
strength according to the Hall-Petch relation [16] are usually expected to be more
wear resistant. Typically, only the initial or bulk material properties and micro-
structures are measured and taken into account [1].

In the present sliding systems, the detected wear volume of the initially coarse-
grained structure and thus softer version of the alloy was significantly lower for
both studied alloys and differed by factor of 2 for CuNi9Sn6 and by a factor of 2.5
for CuSn8. For the dendritic cast structures of the alloy CuSn12Ni2 the same effects
on wear could be observed, but reduction was less pronounced. This can be attrib-
uted mainly to the use of additivated oil in order to be closer to the real application,
yet, additives may contribute to a formation of a chemical wear protective tribofilm.

The analysis of the near-surface zones revealed the formation of a tribologically
transformed layer and a mechanical mixed layer lying on top of the contact surface.
Such a behaviour is well-known in tribology, but phenomenological descriptions
of such microstructural changes often prevail [7, 25]. Few studies treat the effect of
these layers on wear [26], or friction [27] More recent studies focus on the internal
structure of the subsurface zone like the formation of a fibre texture [27] and/or the
development of multiple grain structures, which split up in nano and micrometre
sized grains [28]. Kapoor et al. [26] attribute the modified wear rates observed for
different loading conditions to the different mechanical properties of these layers,
independent of their genesis. Following Hall-Petch and Archard, a formation of a
more fine-grained microstructure in the subsurface zone is expected to lead to local
hardening and consequently to an increase of wear resistance.

However, the current study showed that the samples forming a thicker and more
pronounced fine-grained zone exhibited higher wear than their chemically identi-
cal equivalents produced by MIM and LF, respectively. Typically, literature does
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not cover the role of the material itself or different initial microstructures on wear
and friction. As the most prominent difference between the chemically identical
samples characterised here can be seen in the initial grain sizes, it was presumed to
be a key influencing factor.

For the MIM version of CuSn8 the EBSD scans showed that the large grains
react individually to the stress imposed during sliding and some accumulate plastic
strain by an extremely localised work hardening processes. The local extension of
the hardening is below or equal the single grain size. According to the EBSD results,
the lattice orientation of grains exhibiting hardening is substantially different
from neighbouring orientations. Thus, the number of their potential gliding planes
with low Schmidt factors [29] differs a lot. The number of available slip planes is
regarded as the main reason for the inhomogeneity of strain accumulation along the
contact surface. Grains showing internal strains in the EBSD scans are assumed to
have offered more slip systems with low Schmidt factors, with respect to the sliding
direction, than the grains showing no enhanced defect density. If dislocation gliding
is possible, the crystallographic lattice can take up strain and will partially rotate. If
not, parts of the grain will be abraded directly with hardly any defect formation. The
resulting enhanced hardening over a depth of 20 pm below the surface reaching up
to 1.5 GPa was proven with nano-indentation measurements (Figure 12) for CuSn8.
The EBSD scan illustrates that some grains take up plastic strain via local lattice
rotations but form no new grain boundary. Quantitative analysis of SAGB or kernel
average misorientation (KAM) are not depicted, because the large grains result-
ing from the MIM process revealed no substructure formation during sliding. The
mechanically mixed layer found in patch-like structures on the surface could not be
studied by EBSD as the misorientation was too high to identify grain structures. The
nature of this layer would have to be verified in detailed TEM analyses in the future.

The TTL and the mechanically mixed patches are considered as two indepen-
dently forming features (Figure 14), which both have the capability to reduce wear.
The mechanically mixed layer presumably distributes the normal load and thus
reduces the contact stress. The local hardening — though inhomogeneous — may
postpone the detachment of wear particles as described in [30]. Surprisingly, we
found no mechanical mixed layer on the small-grained structures with high initial
twin densities (Figure 9a) after identical loading.

In contrast to the MIM version the initial grain structure of the conventional
CuSn8 was fine-grained and exhibits very high twin densities. Such a highly
deformed microstructure can hardly take up further plastic strain and the local
work-hardening potential is low. Consequently, no TTL could be observed in the
EBSD scans and the microstructure does not appear to adapt during sliding, but
seems to be worn off immediately during sliding.

The dendritic cast alloy CuSn12Ni2 forms a nanocrystalline surface layer,
which is similar to the ultra-nanocrystalline layer described for a Ni-alloy by [27].

a)  partial lattice  patches of
rotation /mlxed material b) nano crystalline grains

sy “T=..

unaffected
volume

large and soft
grains

naffected volume

Figure 14.

Principal sketch of tribologically transformed zone beneath the surface a) partial grain rotation and tribolayer
patches of mixed material b) formation of a thin layer of nanocrystalline grains accompanied by slip lines

and twins, c) thicker nanocrystalline zone in vortex shape together with higher density of slip lines and twins
formed also in larger depths.

251



Tribology in Materials and Manufacturing - Weay, Friction and Lubrication

We again refer to it as TTL. However, under loading conditions as those in the
present study, this nanocrystalline layer was thicker for the finer structure result-
ing from continuous casting and very thin for the softer LF structure with large
dendrites ranging over several hundred pm. Therefore, the nanocrystalline layer
appears to be not beneficial for higher wear resistance.

Based on these observations we set up the following hypothesis for increased
wear resistance of chemically equal, but softer, microstructures. Large grains
without or with low initial defect densities can work-harden if the surface grains
are appropriately oriented, i.e. so that the Schmidt factor of easy slip planes is low —
(111) in the cubic systems of the study. For increased wear resistance, a near-surface
layer has to take up plastic strains originating from the external stress state during
the sliding process. This layer can form through local rotation of surface grains, as
illustrated in Figure 14. For large grains, such as in the present study, where the
grains have an average equivalent diameter of up to 250 pm, only partial rotation of
grains occurs. Although the local grain rotations are rather inhomogeneous over the
contact area, as many grains do not participate in local lattice rotations, this zone is
relevant for the macroscopically observed wear volume and thus referred to as TTL.
If the individual grains are saturated in defect densities, the surface near zone cannot
work-harden and, as a consequence, the critical stresses for delamination or detach-
ment of wear particles are much lower, wear occurs earlier and wear rates are higher.

Classical hardening through annealing processes and spinodal precipitations,
which are found in CuNi9Sn6 can further reduce the wear volume compared to the
non-hardenable CuSn8 as well as compared to the MIM version as shown in Figure 5.
In the MIM version, the grain boundaries are facetted due to y precipitation of
length up to 2 pm at the grain boundaries, which is accompanied with a matrix
depletion in the vicinity of the boundary. During heat treatment these precipita-
tions at the boundaries dissolve and only lamellar phases within the grains and
small intragranular precipitates form evenly distributed in the grains. The wear and
friction result indicate that the latter structure is superior to adapt to the sliding
process. Yet, the precipitation structure and distribution within the grains proved to
be irrelevant for wear as well as friction. This indicates that the matrix composition
and its element distribution determine the ability of a material to resist abrasion.

In the case of dendritic structures, the TTL comprises a nanocrystalline zone
(Figure 14) with grain sizes ranging from 100 nm to 300 nm. Again, the thickness
of this zone is inhomogeneous with “pockets” of nanocrystalline zones with an
extension of about 20 pm below the surface (Figure 13c and d). As this character-
istic is the same for the large grained LF and the finer grained CC sample, the wavy
interface could be either a result of the large dendrite thickness and coarse grains or
an effect of a periodic pattern of the contact stress state.

Still the differences of the respective maximum thicknesses are significantly
different with 8 pm for CC and 1.2 pm for LF. The formation mechanism of such
nanocrystalline grains is not entirely clear. [27, 30] compare the sliding process to
rolling and torsion processes and claim that the near-surface textures are typical
rolling textures. As the matrix of the MIM CuSn8 as well as the CuSn12Ni2 matrix,
are both bronze metal matrix lattices, the local rotation found in CuSn8 could be an
early status followed by formation of nanocrystalline grains.

The nanocrystalline layer found in LF samples resembles the non-continuous
layer described in [28], referred to as nanostructured mixing layer (NML) and
dynamic recrystallised layer. They show that these small grains form during the
sliding contact and that the kinetics are different for different initial microstruc-
tures. The coarse-grained structures show higher wear rates which is not in line
with our results on copper-based alloys. We found that the nanocrystalline layer
is thicker for smaller-grained initial structures. However, the idea that not the
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hardness of the initial microstructure determines wear resistance, but the ease
with which the nanocrystalline layer can be peeled-off during sliding, seems to be
an appropriate explanation for the wear behaviour of the conventional CuSn12Ni2
version forming thick nanocrystalline layers.

6. Conclusions

Innovative material production processes are usually associated with lower
mechanical strength and with inferior performance. They lack trust by designers
as they suffer comprehensive characterisation, especially tribological performance
properties. In the current study, the technology route metal-injection moulding
(MIM) and lost foam casting (LF) are applied to well-known commercial bronze
alloys. The alternative routes resulted in more ductile and softer materials, but
proved to be superior in terms of wear and even showed tendencies for lower fric-
tion levels under equal configurations and loadings.

A detailed characterisation executed using SEM, nanointendation as well as EBSD
techniques revealed that all samples formed a tribologically transformed layer (TTL)
beneath the contact surface, but that the extent of this layer was pronouncedly differ-
ent. The following observations can be summarised for the current study:

* The thickness of the formed nanocrystalline layer depends on the material
production route

* Thicker nanocrystalline layers do not enhance wear, but increase wear.

* Thus, grain refinement as a hardening mechanism does not go along with clas-
sical Archard approaches for increasing wear resistance via increasing hard-
ness. The found nanocrystalline layer requires lower shear forces on the grains
to be removed and this results in decreased macroscopic friction coefficients.

* The tribolayer, which showed to be a presumable amorphous mechanically
mixed layer, forms independently of the TTL on MIM samples and was
observed on samples showing lower wear than equivalently loaded convention-
ally produced variants.

* Large grained initial microstructures, produced by e. g. MIM, exhibit partial
lattice grain rotation, which increases hardness very locally and were only
observed on samples with lower wear.

Finally, we present a hypothesis for the formation timeline of nanocrystalline
zones. Starting with local lattice grain rotation, followed by a monolayer on nano-
crystalline grain layer accompanied with slip band and twin formation beneath and
finally a thick nanocrystalline layer with a vortex structure. Based on the observa-
tion, we postulate that higher alloyed materials are more prone to local lattice
rotation and defect formations such as twins and thus form a nanocrystalline zone
more easily and quicker under the same loading conditions.
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Chapter 14

Characteristic Aspects of Metal
Wear: Wear-Induced Wear
Transition and Characteristics of
Wear Track Profiles

Naofumi Hivaoka

Abstract

This chapter describes two characteristic phenomena of metal wear that are
usually not often considered but are related to the basic aspects of wear. The first
is a mild-to-severe wear transition caused by the wear itself. Convex sliding pairs
are usually accompanied by rolling sliding motion, but rolling sliding motion
sometimes produces a peculiar wear profile, leading to high contact pressure. When
the contact pressure exceeds a certain value that depends on the material, the wear
mode changes to severe wear. This is a common wear transition for convex sliding
pairs, but it can also occur for other pairs. The second is the similar appearance of
wear tracks on various friction pairs. Rubbing metal under relatively severe condi-
tions creates streaked wear tracks. We found the width and depth of these streaks,
that is, wear track profiles are similar regardless of the sliding conditions and the
material, which leads to similar appearance of the wear tracks. This suggests the
existence of a general mechanism for producing wear tracks.

Keywords: wear track, roughness, profile, appearance, wavelet analysis, power
spectrum density

1. Introduction

Two characteristic phenomena of metal wear are described in this chapter.

The first is mild-to-severe wear transition [1, 2]. Severe-to-mild wear transition is
usually observed in the running-in process. The transition is believed to be due to

a smoothing of roughness [3], an increase in morphological conformity of sliding
pairs due to wear [4], and/or oxide formation in the wear scars [5-8]. Mild-to-severe
wear transition is sometimes observed in friction parts used for a long time. There
are various causes of this transition. One of the simple causes is deterioration or
depletion of lubricant [9]. Fatigue of the sliding surface or temperature increase
[10] is also a possible reason.

We have found that convex sliding pairs, such as those used in some latch
mechanisms or sliding electrical contacts, often cause the mild-to-severe wear
transitions. This wear transition was found to be caused by an increase in contact
pressure between the sliding pairs due to an increase in the wear shape inconformity
of the sliding pairs. This wear shape inconformity was caused by the rolling-sliding
motion of the convex sliding pair.
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The second one is about wear track profiles [11, 12]. When metal sliding pairs
are rubbed under relatively severe conditions, streaked wear tracks are generated
in many cases. By observing the wear tracks of wear specimens which we have
obtained for various test purposes and those of several published papers, we noticed
that the appearance of many streaked wear tracks is similar. In other words, the
width of the streaks does not change much regardless of the sliding material and
wear conditions. We thought this suggests the existence of a general mechanism
for producing wear tracks that can suggest the way to prevent severe damage
from wear.

Though some researchers seemed to have been aware of this feature, few studies
were found that focused on the wear track profile characterization [13], though
many studies have been conducted on the wear scar or wear track morphology
(e.g., [14]).

These two issues are often overlooked but we think they can be one of the key
aspects of wear.

2. Wear-induced mild-to-severe wear transition
2.1 Experimental procedure

Figure 1 shows a schematic of the test rig. Semi-cylindrical upper specimen
oscillatorily slides on the cylindrical specimen immersed in mineral oil [1, 2]. The
lubrication condition is supposed to be boundary lubrication. This sliding motion is
apparently a pure sliding but actually a rolling-sliding motion. Figure 2 illustrates
the specimen motion. The upper specimen rolls an angle of 0, while it slides a
distance of R 0 on the lower specimen. Note that usually the sliding direction is the
same as the rolling direction in the rolling-sliding motion of a gear surface or a trac-
tion drive, but this rolling-sliding motion is opposite. Since both contact points of
the upper and lower specimens move during sliding, it is more difficult to conform
the sliding surface than pure sliding.

Test materials and test conditions are shown in Tables 1 and 2, respectively.

The lower specimen was silver-plated in order to prevent the initial large contact

Upper specimen

Coil spring
Lower Oil ‘ =, S
0

specimen

Clamper | =
Crank

Load mechanism
cell .
Coil
. - spring
N\
Oil/ Linear
bath bearing

Figure 1.
Schematic of wear test rig [1].
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Upper specimen

Lower specimen

Figure 2.
Rolling-sliding motion of specimens [2].

Upper specimen Radius; 3 mm, Width; 2 mm
Material; 99.9% Cu (JIS C1100H, Hy ~100)

Lower specimen Radius: 10 mm and width: 10 mm
Material: 50 pm silver electroplated 99.9% Cu (JIS C1100H, Hy ~100)

oil Mineral and synthesized mixed insulating oil
Kinetic viscosity: 5.2 ¢St (40°C)

Table 1.
Test materials [1].

Motion Oscillation
Atmosphere Laboratory air (20 ~ 25°C, RH 40 ~ 60%)
Load (N) 39, 69, 83, 98
Frequency (Hz) 2
Stroke (mm) 10
Table 2.

Test conditions [1].

pressure due to misalignment. The load was applied by the coil spring. Loads shown
in Table 2 were those when the upper specimen was on top of the lower specimen.
Therefore, the load varied during sliding by about 0 ~ —8% due to the vertical
movement of the upper specimen. The horizontal force, that was the sum of the
horizontal components of the friction and the load, was measured by the load cell
to monitor the wear conditions.

2.2 Experimental results

Figure 3 shows the time evolution of horizontal forces. The forces shown were
those of the maximum values for one oscillation. All forces indicated sudden increase
except for the 39-N load. Figure 4 indicates the trends of horizontal forces of the
69-N and the 98-N loads obtained from the tests of some oscillation numbers ((a))
and the wear depth at the center of the lower specimen wear scar of them ((b)).
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Time evolution of horizontal forces for the loads tested [1].
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Figure 4.
(a) Trends of horizontal forces of the 69-N (empty symbols) and the 98-N loads (filled symbols) and (b) wear
depth of lower specimen wear scar [1].

The wear depth gradually increased and then suddenly and rapidly increased at the
oscillation numbers of sudden increase of horizontal forces (points G and D).

Figure 5 shows the microscope images of the wear scars of the lower specimens
of B and D in Figure 4. From Figure 5(b), the wear scar was rough and indicated
the traces of hard adhesion, whereas that appeared relatively smooth in Figure 5(a).
From the wear depth progress in Figure 4(b) and wear scar appearances in Figure 5,
the wear can be referred to as mild wear and severe wear before and after the sudden
increase of the horizontal force, respectively. Thus, mild-to-severe wear transition
occurred above a certain load.

Traces of silver-plating were not observed in Figure 5. Figure 6 indicates the
Auger electron energy intensity measured in the wear scars of the lower specimen
of the tests stopped before (15,600 oscillations) and after (18,600 oscillations) the
point C in Figure 4 of 69-N load. No silver was detected in Figure 6 which indicates
that the silver-plating was depleted in the early stage of wear and was not related
to the wear transition. The intensity of oxygen (O1) was almost the same for two
specimens in Figure 6. This suggests that surface products of oxide were also not
related to the wear transition.

Figure 7 shows the relations between the loads and the oscillation numbers of
mild-to-severe wear transition points. It looks like the S-N curve for metal fatigue,
indicating the possibility of fatigue as the cause of the wear transition. However,
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(a) (b)

Figures.
Optical microscope images of wears of lower specimens: (a) B and (b) D in Figure 4 [1].
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Figure 6.
Auger electron energy intensity in wear scars of lower specimen for 69-N load [1].
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Figure 7.
Relations between loads and oscillation numbers of mild to severe wear transition points [1].

when pure sliding tests of 98-N load were carried out using the same upper speci-
mens and the flat plates, the result is shown in Figure 3, no wear transition was
observed. The Hertzian contact pressure calculated without considering the silver
plate for the flat plate was 529 MPa, which was larger than that for cylindrical
lower specimen of 69-N load: 504 MPa. The tests were conducted twice and almost
the same results were obtained. This suggests that the fatigue was not the case for
cylindrical sliding pairs.

Figure 8 indicates the temperature trend of the upper specimen under 69-N
load. The temperature was measured with a thermocouple 1 mm above the contact
point. The temperature was almost constant at around 25°C and was not the cause
of the wear transition.
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2.3 Discussion

The experimental results above indicate that the mild-to-severe wear transition
was not due to the lubricant depletion, fatigue, or temperature rise. Figure 9 shows
the wear shapes of the upper and the lower specimens of 69-N load and 18,600
oscillations, measured along the circumferential direction at the center of the wear
scar. The trapezoidal wear shape was generated by wear from the original circum-
ferential shape. This peculiar wear shape was probably due to the rolling-sliding
motion of the specimens, which made a contact shape inconformity and generated a
large contact pressure.

To investigate the generation process of the peculiar wear shape and its effects
on the contact pressure, wear simulations were conducted. Calculation model
is shown in Figure 10. The contact pressure was approximated by the Hertzian
contact pressure: P(x). The contact area was divided into discrete slices of Ax width
and the upper specimen moved byAx in one calculation step. The wear depth was
calculated by KP(x) Ax, where K was a virtual specific wear rate, and the new wear
shape was obtained by smoothing the calculated discrete wear shape. The detail of
the simulation was described in Refs. [1, 15-18].

The results of the simulations are shown in Figure 11. Calculation conditions
are listed in Table 3. Materials for both specimens were supposed to be Cu with
Young’s modulus of 100 GPa and Poisson’s ratio of 0.3. As shown in Figure 11(a),
the calculated wear shape reproduced the experimental result of the trapezoidal
wear shape showing that the simulation can fairly simulate the wear phenomenon.
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Figure 8.
Temperature trend of upper specimen under 69-N load [1].
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Figure 9.

Wear shapes of upper and lower specimens of 69-N load and 18,600 oscillations: (a) lower specimen and
(b) upper specimen [1].
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Figure 10.
Calculation model for wear simulation: (a) the whole of the model and (b) schematic of the contact area [1].
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120

Results of wear simulation for 69-N and 39-N loads: (a) specimen’s shape change, (b) wear depth, (c) contact
pressure on the lower specimen, and (d) time trends of the contact pressures (Pmax: maximum contact

pressure, Pmean: mean contact pressure, for one oscillation) [1]. The length and the contact pressure were

normalized by the upper specimen radius and hardness of the upper specimen material. Numbers corvespond
to the oscillation numbers.
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Note that the numbers shown in the figures correspond to oscillation numbers in
the calculation, not the actual ones.

Figure 11(c) shows the calculated largest dimensionless contact pressure for
each position on the lower specimen in one oscillation of the upper specimen. The
contact pressure was normalized by the specimen material hardness, which means
the dimensionless contact pressure indicated 1 when the contact pressure reached
the specimen material hardness. The contact pressure was “M”-shaped, and as a
result, the wear depth was “W”-shaped as shown in Figure 11(b). The peak contact
pressure of “M”-shape increased with the number of oscillations. Figure 11(d)
shows the time trend of the maximum and mean contact pressure. The maximum
dimensionless contact pressure of 69-N load exceeded the value 1 as the oscillation
number increased, while that of 39-N load never did. The mean contact pressure of
both loads gradually decreased.

Since the excess of the contact pressure over the material hardness or a measure
of material strength could cause the wear transition [19], the wear transition of
69-N load occurred when the maximum dimensionless contact pressure exceeded 1.

Figure 12 shows the calculated dimensionless equivalent contact radius, normal-
ized by the upper specimen radius, at each position on the upper specimen in one
stroke. The contact point moved from the right to the left in the figure as the upper
specimen moved to the right. The contact radius of the rightmost and leftmost parts
of the upper specimen decreased as the number of the strokes increased, indicating

Specimen radius Upper specimen 3 mm
Lower specimen 10 mm

Specific wear rate 10" mm*/Nm

Line load 34.5N/mm

Stroke 10 mm

Ax 0.02 mm

Number of points in moving average 17

Table 3.

Calculation conditions [2].
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Figure 12.
Calculated dimensionless equivalent contact radius [1].
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Simulation results for a pure sliding pair of cylindrical upper specimen and flat plate lower specimen of 98-N
load: (a) specimen’s shape change, (b) contact pressure on the lower specimen, and (c) time trends of the
contact pressure (symbols correspond to Figure 11) [1].
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Figure 14.
Motion and contact pressures for arc-concave lower specimen: (a) motion, (b) contact pressure (with symbols
corvesponding to Figure 11); concave vadius: 10 mm (other conditions were the same as listed in Table 1.) [2].

significantly smaller value than 1. This suggests that large contact pressure was
generated by increasing inconformity of the contact surface shape.

As described in Section 2.1, the rolling-sliding motion of the sliding pairs in
these experiments was the opposite of that often seen on machines, that is, the
direction of the rolling and that of the sliding were opposite. In this rolling-sliding
motion, a part that has once worn due to sliding may be returned to the contact por-
tion again during one stroke due to the rolling motion. Perhaps this feature causes
the inconformity of wear shapes leading to wear transition.

What about other shaped specimens? Figure 13 shows the simulation results for
a pure sliding pair of cylindrical upper specimen and flat plate lower specimen of
98-N load [1]. Dimensionless contact pressure exceeded 1, but its position was the
end of the stroke. Therefore, the large contact pressure would have little effect for
wear and caused no wear transition as shown in Figure 2.

Figure 14 indicates the simulation results for the cylindrical upper specimen
and the arc-concave lower specimen of 34.5 N/mm line load (corresponding to 69-N
load in Figure 2) [2]. As the direction of the rolling and that of the sliding was the
same in the rolling-sliding motion for this sliding pair, the recontact of worn portion
did not occur leading to lower contact pressure.

3. Characteristics of wear track profiles
3.1 Experimental

Pin-on-disk wear tests were carried out for some materials and under several
conditions to obtain wear tracks to be compared and analyzed [11, 12]. The lower
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part of the vertical set disk was immersed in mineral oil and the contact point with
the pin was wetted along with the rotation of the disk. The pin had a flat surface of

8 mm diameter. The pin and the disk surface had a roughness of Ra ~0.3 micrometer.
Test conditions and materials are shown in Table 4.

Figure 15 shows the wear track photos for the stainless and the brass disks
tested in wet condition. Both indicated the streaked wear track and were difficult to
discern visually, despite the different materials and test conditions. The wear tracks
of the other specimens also showed the similar appearances. Figure 16 indicates the
examples of the wear track profiles. The valleys with 200-500 micrometer width
and 20-70 micrometer depth were prominent and these similar dimensions of the
valleys may bring the visual similarity of the wear tracks.

3.2 Characterization of wear track profiles

To evaluate the geometric similarity between the wear tracks quantitatively,
frequency analysis was applied to the wear track profiles. Since the characteristics
of the profile shape curve seems incidental rather than periodic, discrete wavelet
transform (DWT) was applied. Details of the analysis were described in Ref. [11].

Figure 17 indicates the power spectral density (PSD) of DWT with regard to
the wavelength of the roughness. Although there are some deviations, the PSD
curves in the figure had almost the same shapes, that is, they had similar slopes and
bended at about the same point, showing the geometrical similarity of the profiles.
The profile shape curve of the wavelength at the bending point determines the rms

Pin material Disk material (o)1 Sliding velocity Load Sliding
(m/s) (N) duration (h)
a JIS S45C JIS SUS304 Wet 0.02 118 1.68,2, 8, 40,
steel stainless steel 80
b JIS C3604 JIS C3604 54,78, 20
brass brass 118
c JIS S45C JIS SUS304 Dry 54,78 2
steel stainless steel
JIS S45C JIS SUS304 118 1,2,4,6
steel stainless steel

Table 4.
Test conditions and materials [11].

(b)

Figure 15.
Photos of typical wear tracks on disks: (a) SUS304 versus S45C, 118-N load, 8-h sliding and (b) C3604 versus
C3604, 54 N, 20-h sliding [11].
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Figure 16.
Examples of combined wear track profiles for disks and pins: (a) S45C versus SUS304, 118-N load, 8 h, wet;

(b) C3604 versus C3604, 54-N load, 20 h, wet; and (c) S45C versus SUS304, 118-N load, 4 h, dry [11].

roughness [20] and was visually conspicuous because valleys (or mountains) of the
roughness larger than this wavelength had comparatively small depth to their width

and were recognized as waviness.
In order to indicate the bending points explicitly, PSD ratios:
In{P, (4,)/Py(4,,)}>where B, (4,) denotes the PSD at nth wavelength in Figure 17,
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Figure 17.

Power spectral density (PSD) of DWT: (a) S45C versus SUS304, wet; (b) C3604 versus C3604, wet; and (c)
S45C versus SUS304, dry, (—1) disks, (—2) pins [11]. Test conditions in (a) ~ (c) correspond to those of a ~ ¢ in
Table 4.

were calculated and shown in Figure 18. The PSD ratios showed sharp drops at the
wavelength of 0.2-0.5 mm indicating the bending points. The PSD values at these
wavelength were 10~°~10"* mm” smm that were approximately equivalent to the
valley depth of 30-80 micrometers. These results supported the above observations
of valleys of the roughness that characterized the wear tracks.

3.3 Mechanism of generating wear track profiles

Pin-on-disk tests were used to capture the moment of the streak formation. The
tester used was as the same as above. JIS S45C steel pins and JIS SUS304 stainless
steel disks with surface roughness of Ra ~ 0.3 micrometer are used under 118-N
load and wet conditions. The pin-disk assembly is shown in Figure 19(a).

The disk rotation started slowly and then maintained a rotational speed of
12-13 rpm (sliding speed of ~0.03 m/s) to observe the wear track generation
process. No signs of wear or damage were observed on the disk on the first few
rotations, after which a groove appeared suddenly. As soon as the groove was found,
the disk rotation was stopped. Other tests continued rotating after the first groove
appeared. In each test, initially only one groove appeared, and after several rota-
tions, the second groove appeared adjacent to the first groove, and so on, and the
streak pattern was generated (sometimes, new groove generated at the other place
to become another core of the streak).

Figure 19(b) and (c) shows the SEM images of the pin surfaces after testing.
Transfer particles [21, 22] of about the same size were found on the pin surfaces
that matched the number of grooves on the disks. Obviously, these transfer particles
plowed the disk surface and generated the grooves of nearly the same size. The
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PSD ratios [11]. Notations (a-1)—(c-2) correspond to those in Figure 17.

transfer particles included Cr, Ni and Fe according to the energy-dispersive X-ray
spectroscopy analysis, suggesting that they originated in a mixture of both the pin
and the disk materials and grew to and stopped growing at that size in that place.

Figure 20 shows the surface profiles of the tested pin and the disk. The measuring
directions on the pin surfaces were shown in Figure 19. As seen in the SEM images,
the sizes of transfer particles and naturally those of the grooves were similar and
were in the range of the characteristic sizes above. This caused the similar appear-
ances of the wear tracks.

Why were the transfer particles (and their resulting grooves) about the same
size? From Figure 20, all grooves on the disks were found to have the ridges along
their sides that dug into the pin surfaces. These ridges were also found for brass
material [11]. These ridges digging into the mating surfaces enclosed the transfer
particles and could be assumed to terminate their growth. Also, these ridges digging
into the mating disk surface seems to generate the “counter” ridges on the disk and
the counter ridges grew to dig into the pin surface generating a new seed of the
transfer particle, as shown in Figure 20(b).

3.4 Ridge formation conditions

We assumed that the ridges along the sides of the grooves have a key role to
determine the characteristic scales of the wear track streaks and conducted the
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Figure 19.
Perspective of pin-disk assembly and SEM images of pin surfaces after the tests: (a) pin-disk assembly and
(b-1) and (b-2) one and 2 transfer particles adhering to pin surfaces, vespectively [12].

ridge formation tests. Figure 21 shows the schematic of the test rig. Two metal
plates sandwiched three hard balls and were pressed. Then one plate was rotated at
an angle of 90°generating three grooves on the plate. The ball materials and the test
conditions are listed in Table 5. Plate materials were JIS SUS304 stainless steel and
JIS C3604 brass. Some tests were under oil-wetted conditions. The balls were fixed
to one plate to prevent rolling in some cases.

Figure 22 shows the examples of groove profiles generated in the tests. You can
see the groove with and without the ridge in the figure. Figure 23 illustrates the
groove profile. We designate 2d/), in Figure 23 as the “degree of penetration or D,,.”
The degree of penetration was originally defined as y/a in Figure 24 for the wear
map [23] and is approximately equivalent to 2d/A; in Figure 23. Figure 25 shows the
relations between D, and h/d. In Figure 25, h/d is 0, that is, no ridge, for small Dj,.
h/d increased sharply when D, exceeded about 0.05-0.1 regardless of the materials.
This means that the valleys with higher aspect ratio (larger Dp) had higher ridges
on their sides.

From the slopes of PSD curves in Figure 17, PSD values were proportional to
about the third power of wavelength. This relation is replaced with the relation of
(depth)x(width)" in the valley profiles. Suppose the grooves grew during sliding
maintaining this relation and “depth” and “width” were equivalent to d + hand A,,
the relation of d + h = 50 x (1,/400)"° holds, when the typical value of d + h = 50
micrometer and); = 400 micrometer were used. The solid curve in Figure 26
indicates this relation. The groove can be considered to grow along this curve.
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Figure 20.
Surface profiles of pins and disks [12]. Measuring directions of (a) and (b) correspond to those in Figure 1
(b-1) and (b-2), respectively.

If the ridges began to form at Dy, = 0.1, then d = 0.05). The dashed line in Figure 26
indicates this relation. The intersecting point of the two lines indicates the time when
the ridge began to form, the groove width at that time could be read as about 70
micrometers. The time when the ridge grew and dug into the mating surface was after
this. Probably the groove width grew to a few 100 micrometers at that time, which was
the characteristic scale of the grooves in the streaked wear track. We, therefore, con-
sider this mechanism causes the wear track appearance similarity.

4, Conclusion

In this chapter, we have described two characteristic wear phenomena that are
usually less noticeable, but we believe they characterize some aspects of wear and
can serve as a background for examining various wear phenomena.

Mild-to-severe wear transition could occur for convex-shaped sliding pair due to
their rolling-sliding motion which generates peculiar wear shapes leading to large con-
tact pressure. Streaked wear track were shown to have a similar profile consisting of
grooves with 200-500 micrometer width and 20-70 micrometer regardless of friction
materials and conditions. This is because the transfer particles that plow the surface
and produce grooves grow with sliding, but stop at about the same size, regardless of
friction material and conditions.

272



Characteristic Aspects of Metal Wear: Wear-Induced Wear Transition and Characteristics...
DOI: http://dx.doi.org/10.5772/intechopen.93789

Load

Metallic plates

—
® /6‘__,|_,— Small Hard Ball

Generated grooves

N~11 mm, /-

)
. M \ 1 ! .
. \ T
N v oy ¢
. .~ -

(b) (c)

Figure 21.
Figure 3 Schematic of ridge generating rig: (a) side view, (b) top view, and (c) generated groove
trajectories [12].

Ball material Ball diameter (mm) Load for 3 balls (N)
ZrO, 01 15
0.2 8,30, 50
0.5 100
1 200
JIS SUS440C stainless steel 0.3 4,15, 60, 100
JIS SUJ2 bearing steel 03 15, 60, 100
0.5 60, 200, 300, 500
1 20, 60, 200
1.5 500
2 500
Table 5.

Ball materials and test conditions [12].

Though we have not actually verified, we can consider the methods to prevent
these wear damages. One of the methods to prevent the wear-induced mild-to-severe
wear transition is, for example, to reduce the curvature of the surface to reduce the
rolling-sliding motion and the contact pressure. One method to prevent the wear
track generation is to prevent the transfer particle generation by effective lubrication
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Figure 22.
Examples of measured groove profiles generated with ((a)) and without ((b)) ridges: (a) 0.3 mm in dia. SUJ-2

ball, 5 N/3 balls and (b) 2 mm in dia. SUJ-2 ball, 500 N/3 balls [12].

Figure 23.
Illustrated groove profile and notations of dimensions of groove and ridges [12].
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Relations between Dp and ridge height vate h/d: (a) SUS304 plate and (b) C3604 plate [12]. Numbers, “FIX,”
“OIL” in boxes indicate ball diameter, using fixed ball, oil wetted conditions, respectively.
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Figure 26.
Relations between calculated width and depth of groove [12].
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(e.g., adding effective lubricant additives). These sounds obvious, but these may not

have been understood well without understanding the phenomena above.
Considering these mechanisms above would offer some suggestions for reducing

wear damages, however, the applicability of these mechanisms (such as for non-

metallic materials) further need to be verified.

Notes

Most of the content of this chapter is based on Refs. [1, 2, 11, 12].

Author details

Naofumi Hiraoka
Institute of Technologists, Saitama, Japan

*Address all correspondence to: hiraoka@iot.acjp

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

276



Characteristic Aspects of Metal Wear: Wear-Induced Wear Transition and Characteristics...

DOI: http://dx.doi.org/10.5772/intechopen.93789

References

[1] Hiraoka N. Time-dependent mild

to severe wear transition in oscillation
motion of cylindrical sliding pairs under
boundary lubrication. Transactions

of ASME, Journal of Tribology.
2002;124:822-828

[2] Hiraoka N. A study on mild-to-severe
wear transition due to inconformity

of wear-induced shape. Wear.
2005;258:1531-1535

[3] Hanief M. Effect of surface
roughness on wear rate during
running-in of En31-steel: Model and
experimental validation. Materials
Letters. 2016;176:91-93

[4] HuY, Meng X, XieY.

A computationally efficient mass-
conservation-based, two-scale approach
to modeling cylinder liner topography
changes during running-in. Wear.
2017;386-387:139-156

[5] SMITH AF. The influence of surface
oxidation and sliding speed on the
unlubricated wear of 316 stainless steel
at low load. Wear. 1985;105(2):91-107

[6] Garbar II. Gradation of oxidational
wear of metals. Tribology International.
2002;35(11):749-755

[7]1 Korkut MH. Microstructure

and wear behavior of A12024\

SiFe and Al2024\SiFe\AlI203
composites. Tribology International.
2003;36(3):169-180

(8] Feser T, Stoyanov P, Mohr F,
Dienwiebel M. The running-in
mechanisms of binary brass studied
by in-situ topography measurements.
Wear. 2013;303(1-2):465-472

[9] Perez E, Tanaka M, Jibiki T.
Wear of stainless steels—Cause and
transition of wear of martensitic

stainless steel. Marine Engineering.
2013;48(5):662-669

277

[10] Hayashi K, Hirasata K, Kamenaka,
Augita K. Friction and wear of cast

iron under high sliding speed and

high contact pressure. 2nd report. The
condition of the transition from mild
wear to severe wear. Transactions of
JSME C. 1997;63(616):4322-4327

[11] Hiraoka N, Matsumoto H.
Characteristic scales of wear track
profiles generated by pin-on-disk
wear tests. Tribology Online.
2008;3(3):205-210

[12] Hiraoka N, Yamane E. A study on
the mechanism of generating wear

track grooves. Tribology Letters.
2011;41:479-484

[13] Nakano T, Hiratsuka K, Sasada T.
Fractal analysis of worn surface and
wear particles. Journal of

Analytical Science and Technology.
1990;35:151-154

[14] lliuc I. Plate-like wear particle
formation in a lubricated ball-on-plate
friction pair. Tribology International.
1985;18:215-221

[15] Flodin A, Andersson S. Simulation
of mild wear in helical gears. Wear.
2000;241:123-128

[16] Olofsson U, Andersson S. Simulation
of mild wear in boundary lubricated
spherical roller thrust bearings. Wear.
2000;241:180-185

[17] Ovist M. Numerical simulations of
mild wear using updated geometry with
different step size approaches. Wear.
2001;249:6-11

[18] Flodin A, Andersson S. A simplified
model for wear prediction in helical
gears. Wear. 2001;249:282-285

[19] Samuels B, Richards MN. The
transition between mild to severe
wear for boundary-lubricated steels.



Tribology in Materials and Manufacturing - Weay, Friction and Lubrication

Transactions of the ASME, Journal of
Tribology. 1991;113:65-72

[20] Persson BN, Tartaglino U,
Volokitin Al, Albohr O, Tosatt E. On
the nature of surface roughness with
application to contact mechanics,
sealing, rubber friction and adhesion.
Journal of Physics. Condensed Matter.
2005;17:R1-R62

[21] Sasada T, Norose S, Tomaru M,
Mishina H. The intermittent transversal
movement of the rubbing surfaces by
interposed wear particles. Junkatsu.

1978;23:519-526

[22] Norose S, Sasada T. The mutual
transfer of rubbing materials and the
mixing structure of wear particles

formed in lubricating oil. Junkatsu.
1979;24:226-230

[23] Hokkirigawa K, Kato K.

An experimental and theoretical
investigation of ploughing, cutting and
wedge formation during abrasive wear.
Tribology International. 1988;21:51-57

278



Chapter 15

Wear: A Serious Problem in
Industry

Biswajit Swain, Subrat Bhuyan, Rameswar Behera,
Soumya Sanjeeb Mohapatra and Ajit Behera

Abstract

Wear is the damaging, gradual removal or deformation of material at solid
surfaces. Causes of wear can be mechanical or chemical. The study of wear and
related processes is known as tribology. Abrasive wear alone has been estimated to
cost 1-4% of the gross national product of industrialized nations. The current chap-
ter focuses on types of wear phenomena observed in the industries (such as abrasive
wear, adhesive wear, fretting wear, fatigue wear, erosive wear and corrosive wear),
their mechanisms, application of surface coating for the protection of the surface
from the industrial wear, types of surface coatings, thermal spray coating, types
of thermal spray coating and its application in industry to protect the surface from
wear. The detail information about the wear phenomena will help the industries to
minimize their maintenance cost of the parts.

Keywords: wear, type of wear, tribology, surface coating, thermal spray coating

1. Introduction

Wear is the damaging, gradual removal or deformation of material at solid
surfaces. Causes of wear can be mechanical also called as erosion or chemical also
called as corrosion. Wear of metals occurs by plastic displacement of surface and
near-surface material and by detachment of particles that form wear debris. In
material science, wear is the erosion of material from a solid surface by the action of
another solid. The study of the process of wear is the part of the theory of tribology.
Wear in machine components, along with different cycles, for example, fatigue
and creep, makes surfaces deteriorate, in the end prompting material degradation
or loss of applicability. Subsequently, wear has enormous monetary significance as
first mentioned in the Jost Report. Abrasive wear alone has been assessed to cost
1-4% of the gross national product of industrialized countries. Wear of metals hap-
pens by plastic dislodging of surface and close to surface material and by separation
of particles that produce wear debris. The molecule size may change from millime-
ters to nanometers. This cycle may happen by contact with different metals, nonme-
tallic solids, streaming fluids, solid particles or fluid beads entrained in streaming
gasses. The wear rate is influenced by components, for example, sort of stacking
(e.g., stationary and active), kind of movement (e.g., gliding and continuing), sur-
rounding temperature, and lubrication, specifically by the cycle of deposition and
deterioration of the boundary lubrication layer. Contingent upon the tribosystem,
diverse wear types and wear systems can be watched.
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2. Industrial wear problems

The Table 1 represents the various wear problems occur in the industries.

Slno. Industrial wear problems Significant characteristic Examples

1 The wear of surfaces by Erosion with one supply of Valves controlling flow of
hard particles in a stream erodent being continuously crude oil laden with sand Gas
of fluid renewed in a gas or fluid pumping equipment

2. The wear of surfaces Abrasion, with supply Digger teeth. Rotors of
by hard particlesina of abrasive continuously powder mixes. Extrusion dies
compliant bed of material renewed by movement of bed for bricks and tiles

of material

3 Wear of metal surfaces in Three body abrasion (solid Pivot pins in construction
mutual rubbing contact, abrasive-solid) with an machinery. Scraper blades
with abrasive particles ongoing supply of new in plaster mixing machines.
present abrasive particles Shaft seals for fluids

containing abrasives

4. The wear of metal Adhesive wear and abrasion, Tools used in manufacture,
components in rubbing but with one component such as punching and
contact with a sequence of in the wear process being pressing tools, sintering dies
other solid components continuously renewed and cutter blades

5. The wear of pairs of metal Adhesive wear, but with a Piston rings and cylinder
components in mutual and wear rate that can be very liners. Coupling teeth and
repeated rubbing contact variable depending on the splines. Fretting between

detailed operating conditions machine components

6. Component wear from Adhesive wear between two Brakes and clutches. Dry
rubbing contact between consistent components rubbing bearings. Artificial
metals and non metals hip joints

Table 1.

Examples of industrial wear problems.

3. Types of wear

3.1 Abrasive Wear

Removal of material by the mechanical action of an abrasive is known as abra-
sive wear (Figure1). Abrasives are substances which are usually harder than the
abraded surface and have an angular profile. Examples: sand particles between
contact surfaces, the damage of crankshaft journals in reciprocating compressors.
Abrasive wear is ordinarily ordered by the kind of contact and the contact condi-
tion. The sort of contact decides the method of abrasive wear. The two methods
of abrasive wear are known as two-body and three-body abrasive wear. Two-body
wear happens when the sand or hard particles eliminate material from the contrary
surface. The basic similarity is that of material being eliminated or dislodged by a
cutting or plowing activity. Three-body wear happens when the particles are not
constrained, and are allowed to roll and slide down a surface. The contact condition
decides if the wear is delegated open or shut. An open contact condition happens
when the surfaces are adequately uprooted to be free of each other. There are vari-
ous components which influence abrasive wear and therefore the way of material
removal. A small number of unique components have been proposed to illustrate
the way where the outer material is eliminated.

280



Wear: A Serious Problem in Industry
DOI: http://dx.doi.org/10.5772/intechopen.94211

Figure 1.
Abrasive wear of industrial parts.

Figure 2.
SEM image of worn surface after abrasive wear test of (a) neat epoxy, (b) 0.5 wt% CNF, (c) 1.0 wt% CNE,
(d) 1.5 wt% CNE (e) 2.0 wt% CNF and (f) 2.5 wt% CNF [1].

Khanam et al. [1] investigated about the abrasive wear resistance of CNF
enforced epoxy nanocomposites at different percentage of CNF concentration. It
has been observed (Figure 2) that the neat epoxy composite revealed deep plowing
line, many microcracks and surface covered with wear debris of detached matrix
over the entire worn surface.

3.2 Adhesive wear

When one surface slides over the other interaction between the high spots
produces occasional particles of wear debris. Mild adhesion is the expulsion of
films, for example, oxides at a lower rate. Severe adhesion is the evacuation of metal
because of tearing, breaking, and liquefying of metallic intersections (Figure 3).
This prompts scraping or annoying of the surfaces and even seizure.

Adhesive wear can be found between surfaces during frictional contact and by
and large alludes to undesirable dislodging and connection of wear debris and mate-
rial mixes starting with one surface then onto the next. Two glue wear types can be
recognized.
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1. Adhesive wear is brought about by relative movement, “direct contact” and
plastic deformation which make wear debris and material transfer starting
with one surface then onto the next.

2. Cohesive adhesive load, holds two surfaces together despite the fact that they are
isolated by a quantifiable separation, with or with no real exchange of material.
By and large, glue wear happens when two bodies slide over or are squeezed into
one another, which advance material exchange. This can be depicted as plastic
distortion of little pieces inside the surface layers. The asperity or minute high fo-
cuses (surface roughness) found on each surface influence the seriousness of how
sections of oxides are pulled off and added to the next surface, mostly because
of solid adhesive force between atoms [2] yet in addition because of collection of
vitality in the plastic zone between the severities during relative movement.

Yunxia et al. [3] investigated about the adhesive wear phenomena of aero-hydraulic
spool valves and the investigation revealed the trimming and transformation of outer
material due to the shear fracture of the bonded areas (Figure 4). It has been also
claimed that the above mentioned work is an evidence of the adhesion wear process
between spool and valve sleeve.

3.3 Fatigue wear

Surfaces can wear by fatigue when they are subject to fluctuating loads. High
surface stresses cause cracks to spread into the material, and when two or more

Adhesive wear in
industrial parts

Figure 3.
Adhesive wear in industries.

Figure 4.
SEM morphology of adhesive wear surface of spool shoulder [3].
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of these cracks become joined together large loose particles are formed. Thermal
Surface Fatigue occurs when high repetitive stresses are generated through the heat-
ing caused by the contact of the two contacting components which result in crack-
ing of the surface and the loss of small chunks of material. Surface fatigue is a cycle
where the outside of a material is debilitated by cyclic stacking, which is one sort

of broad material weariness (Figure 5). Fatigue wear is developed when the wear
particles are confined by cyclic split development of microcracks on a superficial
level. These microcracks are either shallow splits or subsurface breaks.

Mao et al. [4] investigated the fatigue wear phenomena of the gear and in his
investigation he found out that the main reason of fatigue wear is the high stress
concentration. The pitting failure due to the stress concentration is illustrated in
Figure 5.

3.4 Fretting wear

Fretting occurs where two contacting surfaces, often nominally at rest, undergo
minute oscillatory tangential relative motion (Figure 6). Small particles of metal
are removed from the surface and then oxidized. Typically occurs in bearings
although the surfaces are hardened to compensate this problem and also can occur
with cracks in the surface (fretting fatigue). This carries the higher risk of the two
as can lead to failure of the bearings. Fretting wear is the rehashed recurrent scour-
ing between two surfaces. Over some stretch of time fretting this will eliminate
material from one or the two planes in contact. It happens normally in orientation,
albeit most headers have their surfaces hardened to oppose the issue. Another issue
happens when splits in either surface are made, known as fretting fatigue. It is the
more genuine of the two marvels since it can prompt disastrous disappointment
of the bearing. A related issue happens when the little particles eliminated by wear
are oxidized in air. The oxides are generally harder than the fundamental metal,
so wear quickens as the harder particles rub the metal surfaces further. Fretting
corrosion acts similarly, particularly when water is available. Unprotected bearings
on enormous structures like bridges can endure genuine debasement in conduct,
particularly when salt is utilized during winter to deice the highways conveyed by
the bridges. The issue of fretting corrosion was associated with the Silver Bridge
misfortune and the Mianus River Bridge mishap.

Figure 5.
Fatigue and pitting wear in industrial parts.
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Figure 6.
Fretting wear in industrial parts.

Akhtar et al. [5] revealed in his research that the surface after 300 N testing have
very heavy plowing of the steel matrix (Figure 6). At higher loads microplowing
is very severe and causes the rapid removal of the material from the surface of the
composite.

3.5 Erosive wear

Erosive wear is loss of material from a solid surface due to relative motion in
contact with a fluid which contains solid particles impingement by a flow of sand, or
collapsing vapor bubbles (Figure 7). Erosive wear closely depends on the material
properties of the particles, such as hardness, impact velocity, shape and impinge-
ment angle. Example: A common example is the erosive wear associated with the
movement of slurries through piping and pumping equipment. Erosive wear can be
characterized as an amazingly short sliding movement and is executed inside a brief
timeframe stretch. Erosive wear is brought about by the effect of particles of solid or
fluid against the surface. The affecting particles steadily eliminate material from the
surface through rehashed deformation and cutting mechanisms. It is a broadly expe-
rienced system in industry. Because of the idea of the passing on measure, funneling
frameworks are inclined to wear when rough particles must be moved. The pace of
erosive wear depends upon various elements. The material qualities of the particles,
for example, their shape, hardness, impact speed and impingement edge are essential
factors alongside the properties of the surface being disintegrated. The impingement
point is one of the most significant factors. For ductile materials, the greatest wear rate
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Gas turbine blade surface
eroded by solid particle
erosion wear

Figure 7.
Erosion of compressor blades in gas turbine engine.

is discovered roughly at 30° impingement angle, while for brittle materials the most
extreme wear rate happens when the impingement angle is normal to the surface.

Swain et al. [6] investigated about the erosion behavior of the plasma sprayed
NITINOL coating. In this work, the surface was eroded by 45 and 90° impingement
angle of erodent. The wear mechanisms can be observed from the Figure 8. The
surface impinged at 45° impingement angle (Figure 8(a)—(c)) having crater forma-
tion, chip formation and cutting grooves mechanisms. Whereas, the eroded surface
at 90° impingement angle (Figure 8(d)—(f)) having crater formation, plastic
deformation and lip formation mechanisms.

3.6 Corrosive and oxidation wear

Corrosion and oxidation wear happens both in oily and dry contacts (Figure 9).
The essential reason are chemical reactions between weared surface and the eroding
medium. Wear brought about by a synergistic activity of tribological stresses and

‘Cuttirfg grooves

‘e by repéated
Crater '+ Y58

Cutting grooves
by repeated _
impingement

Crater

¥

Figure 8.
SEM morphologies of eroded surface at (a), (b), (c) 45° and (d), (e), (f) 90° impingement angle [6].
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Surface damage due to
corrosion and oxidation

Figure 9.
Corrosive and oxidation wear of structural members of industries.

consumption is likewise called tribocorrosion. Corrosive wear is otherwise called
chemical wear. Corrosive wear is an assault on a material surface inside its condition.
Corrosive wear can be either is wet or dry, contingent upon the sort of condition
present for a specific response. Generally, wet erosion happens in an answer, for
example, water, with some disintegrated species in it, which makes an acidic situa-
tion and response over the surface. Dry erosion is predominantly obstructed by the
presence of dry gases, for example, characteristic air and nitrogen, etc. Since nature
assumes an enormous function in corrosion wear, material choice is fundamental and
ought to be the concentration before planning a segment. In erosion wear, corrosion
and wear are two free instruments; if the demonstrations happen independently, the
condition might be more basic than the consolidated impact of both. In presence of
oil on a superficial level, consumption will be uniform all through the surface. On
the off chance that limits of precious stone materials are defenseless to consumption
rather than inside material, it is known as intergranular erosion. Pitting brought
about by impingement of particles on the material surfaces produces pits and open-
ings on the surfaces, which is difficult to perceive on a superficial level. Subsurface
corrosion is disconnected particles that exist underneath the eroding material,
essentially because of the response of constituents with the defused medium.

Wear track

Figure 10.
SEM images of the wear track on an unprotected sample in the NaCl solution: (a) wear track, (b) a closer view
at the wear track.
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Wear track

Figure 11.
SEM images of the wear track on a cathodically protected (—o.50 V) sample in the NaCl solution: (a) wear
track, (b) a closer view at the wear track [7].

Akonko et al. [7] investigated the corrosive wear phenomena on both the pro-
tected and unprotected samples in the NaCl solution under a force of 5 N and found
that the worn surface of a non-protected sample (Figure 10) indicated less cracks
than those of cathodically protected (Figure 11). This indicates that the cathodic
protection caused hydrogen embrittlement, and this has further boosted by stress,
therefore caused more wear.

4, Wear mechanisms
4.1 Adhesive wear

The sort of mechanism (Figure 12) and the abundancy of surface fascination
fluctuates between various materials yet are enhanced by an expansion in the thick-
ness of “surface energy”. Most solids will stick on contact somewhat. Nonetheless,
oxidation films, oils and contaminants normally happening for the most part stifle
attachment, and unconstrained exothermic chemical reactions between surfaces by
and large produce a substance with low vitality status in the retained species.

Adhesive wear can prompt an expansion in harshness and the production of
projections (i.e., protuberances) over the first surface. In modern assembling, this
is alluded to as irking, which inevitably penetrates the oxidized surface layer and

Adhesive wear

Local
welding

Figure 12.
Adhesive wear mechanism.
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interfaces with the fundamental mass material, improving the opportunities for a
more grounded bond and plastic flow around the knot.
A model for the wear volume for cement wear, V, can be portrayed by:

V=K xWL/Hv

Where, ‘W’ represents load, ‘K” is the wear coefficient, ‘L’ represents the sliding
distance, and ‘Hv’ is the hardness.

4.2 Abrasive wear

The system of material expulsion in abrasive wear is essentially equivalent to
machining and grinding during an assembling cycle (Figure 13). At the beginning
of wear, the hard severities or particles enter into the milder surface under the typi-
cal contact tension. The wear trash regularly has a type of micro cutting chips.

A few methods have been suggested to foresee the volume misfortune in abrasive
wear. A least difficult one includes the scratching of materials by angular shaped hard
particles (indenter). Under an applied heap of P, the hard molecule enters the mate-
rial surface to a profundity of h which is straightly relative to the applied burden (P)
and conversely corresponding to the hardness (H) of the surface being scraped. As
sliding happens, the molecule will furrow (cut) the surface delivering a depression,
with the material initially ready being eliminated as wear flotsam and jetsam. On the
off chance that the sliding distance (L) and the wear volume (V) can be written as:

vkl
H

Here, ‘K’ is wear coefficient partially reflecting the effects of geometries, and
properties of the particles (or asperities), and partly reflecting the influences of
additional factors such as sliding speed, and lubrication environments.

4.3 Fatigue wear
Two mechanisms (Figure 14) of fatigue wear are recognized: high-and low-

cycle fatigue. In high-cycle fatigue, the quantity of cycles before fatigue is high,

Abrasive wear

(Two-body wear)

Figure 13.
Abrasive wear mechanism.

288



Wear: A Serious Problem in Industry
DOI: http://dx.doi.org/10.5772/intechopen.94211

Fatigue wear

1

——

Figure 14.
Fatigue wear mechanism.

so the part life is generally long. The splits for this situation are created because of
prior miniature imperfections in the material, near which the nearby pressure may
surpass the yield esteem, despite the fact that ostensibly the naturally visible con-
tact is in the flexible system. Gathering of plastic strain around inhomogeneities is
an antecedent for commencement of a split. In the low-cycle fatigue, the quantity of
cycles before disappointment is low, so the part bombs quick. In this mode, pliancy
is prompted each cycle and the wear molecule is produced throughout aggregated
cycles. The wear garbage is not produced at the principal cycles, yet just the shal-
low furrows because of plastic misshapening are framed, as talked about in. After
a basic number of cycles, the plastic strain surpasses a basic worth and the crack
happens. There are the three phases in break proliferation: split inception, develop-
ment and post-basic stage, when the calamitous disappointment happens. The vast
majority of the lifetime of the part is involved by the primary stage, with the spans
of introductory splits around 2-3 pm and lower.

4.4 Fretting wear

Cyclic motion between contacting surfaces is the essential ingredient in all types
of fretting wear. It is a combination process that requires interaction of two sur-
faces, and exposed to minor amplitude of oscillations.

According to the material properties of surfaces, adhesive, two-body abrasion
and/or solid particles may produce wear debris. Wear particles detach and
become comminuted (crushed) and the wear mechanism (Figure 15) changes
to three-body abrasion when the work-hardened debris starts removing metal
from the surfaces.

Fretting wear

lF:l ipa F Q Fﬂ

&%%;

_ Stick zone
(\\1,,) @) Micro-slip
Tangential fretting  Radial fretting Rotational fretting Torsional fremné"“"

Figure 15.
Fretting wear mechanism.
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Fretting wear arises as a result of the following order of events:

* The normal load causes asperities to stick and the tangential oscillatory motion
shaves the asperities and produces wear debris that stores.

* The surviving (harder) asperities eventually act on the smooth surfaces
causing them to undergo plastic deformation, create voids, propagate cracks
and shear off sheets of particles which also gather in depressed areas of the
surfaces.

* Once the particles have accumulated sufficiently to span the gap among the
surfaces, abrasion wear follows and the wear zone extents laterally.

* Asadhesion, delamination, and abrasion wear lasts, wear debris can no longer
be contained in the primary zone and it outflows into surrounding valleys.

* Because the maximum stress is at the center, the geometry becomes curved,
micropits form and these coalesce into larger and deeper pits. Finally, depend-
ing on the displacement of the tangential motion, worm tracks or even big
cracks can be produced in one or both surfaces.

4.5 Corrosive and oxidation wear

Metal surface is normally covered with a layer of oxide, which could restrict
metal-to-metal interaction, and therefore evading the development of adhesion
and reducing the tendency of adhesive wear. In this connection, oxide is a favorable
factor in reducing wear rate of metallic materials. However, whether such beneficial
effect can be realized or not, is intensely reliant on the material properties and on
contact conditions. When the hardness of the metal underlying an oxide layer is
low, or when the contact load is relatively higher, the metal beneath the oxide layer
will deform plastically, and asperities in the rigid surface will penetrate through
the thin oxide layer, leading to the normal metal-to-metal contact. In such case,
wear by abrasion or adhesion will occur depending on the mechanical properties
and chemical properties of the contacting metals. The beneficial effect of oxide is
minimal and wear rate is generally high. On the other hand, when the underlying
metal is hard enough to support the oxide film, such as on a surface engineered hard
surface, a process known as oxidation wear (Figure 16) will occur.

It needs to be mentioned that during sliding, the increased surface temperature
promoted by frictional heating, and the less activation energy of oxide formation
caused by plastic deformation, can increase the oxidation rate. Thus, rapid oxida-
tion can be achieved, and the oxide layer can grow thicker during sliding than that

Corrosive wear

Surface
corrosion

Figure 16.
Corrosive wear mechanism.
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under static conditions. This ensures the fresh metal is rapidly covered with a new
layer of oxide after the original oxide film was worn away. Oxidation wear will

not happen in vacuum or in inert atmosphere, since re-oxidation is not possible.
Oxidation is a minor form of wear. When the predominant wear mechanism is
changed from abrasive or adhesive to oxidation wear, degree of wear can be reduced
by some orders of magnitude.

5. Use of surface coating for the protection from wear

Aswear is a surface or near surface phenomenon it has long been realized that
the wear resistance of a component can be improved by providing a surface of
different composition from the bulk material. After a brief introductory chapter
wear phenomena and the properties required from a coating are addressed. Coating
processes provide protection to a specific part or area of a structure exposed to
harsh and corrosive environments in different fields ranging from aerospace and the
automotive industry to tiny biomedical devices and implants inside the human body.

6. Types of surface coating
6.1 Physical vapor deposition (PVD) coating

PVD process is well-known for offering corrosion, wear resistance, and thin
protective films on the surface of the materials that are exposed to corrosive media,
and its applications range from decorative objects to industrial parts. The benefit of
this technique is that the mechanical, corrosion, and esthetic properties of the coat-
ing layers could be adjusted on demand. Generally, PVD is a method that occursina
high vacuum, and the solid/liquid materials transfer to a vapor phase followed by a
metal vapor condensation, which creates a solid and thick film. The common types
of PVD methods are sputtering and evaporation. Since the coating layers created by
PVD are thin in nature, there is always a need for multilayered coatings while the
materials selection should be considered carefully.

6.2 Chemical vapor deposition (CVD) coating

Another type of vapor deposition is called CVD. This process undergoes a high
vacuum and is widely used in the semiconductors industry providing a solid, high
quality, and a high resistance coating layer on any substrate. CVD can be used for
mechanical parts in continuous interaction, which need protection for corrosion
and wear. In this method, the substrate, known as a wafer, would be exposed to a
set of volatile material precursors where a chemical reaction creates a deposition
layer on the surface of the material. However, some by products of these chemical
reactions, which are removed by continuous airflow of the vacuum pump, can stay
in the chamber.

6.3 Micro-arc oxidation (MAO) coating

MAO method is known as a flexible method of coating concerning the composi-
tion of coatings. In general, MAO utilizes a high voltage difference between anode
and cathode to generate micro-arcs as plasma channels. When these arcs hit the sub-
strate, they melt a portion of the surface, depending on the intensity of the micro-
arcs. Simultaneously, plasma networks discharge their pressure, which supports the

291



Tribology in Materials and Manufacturing - Weay, Friction and Lubrication

deposition of coating materials in the working electrolyte on the substrate surface.
The existing oxygen in the electrolyte causes a chemical reaction resulting oxidation
and the oxides gets deposited on the surface of the substrate. The adaptability of
this process lies in the flexibility of combining preferred elements and compounds
as a solute in the working electrolyte. With MAO, the most common substrate
materials are Al, Mg, Ti, and their alloys.

6.4 Electro deposition coating

Electro deposition of materials is considered a type of protection utilizing the
deposition of metallic ions on a coating substrate. In this method, a difference in
potential between anode and cathode poles causes an ion transfer in the unit cell.
After a while, a coating layer forms on the submerged sample by getting ions from
the other electrode. The common group of metals that have been intensively studied
includes, but is not limited to, Ni-P, Ag/Pd, Cu/Ag, Cu/Ni, and Co/Pt.

6.5 Sol-gel coating

Sol-gel synthesis is used to obtain coatings that can modify the surfaces of met-
als to avoid corrosion or to enhance the biocompatibility and bioactivity of metals
and their alloys that are of biomedical interest. Anticorrosion coatings composed of
smart coatings and self-healing coatings will be described.

6.6 Thermal spray coating

Thermal spray coating is a general term for a series of processes that utilize a
plasma, electric, or chemical combustion heat source to melt a set of designed mate-
rials and spray the melt on the surface in order to produce a protective layer. These
are reliable types of corrosion- and wear-resistant coatings. In this process, a heat
source or plasma, heats up the coating materials to a fully molten or semi-molten
phase and sprays them on the substrate material with a high velocity jet.

Thermal spraying dates back to the early 1900s when Dr. Schoop [1] first carried
out experiments in which molten metal were atomized by a stream of high-pressure
gas and propelled on to a surface. The Schoop process consisted of a crucible filled
with molten metal while the propellant, hot compressed air, provided enough
pressure to break up the molten metal, creating a spray jet. This system was quite
rudimentary and inefficient. Following Schoop’s work some improvements to the
process were introduced. But the disadvantages of the process is that, it was only
useful for low-melting-temperature metals, that the molten metal caused severe
corrosion and that it was not possible to establish a continuous process, were
enough to stop further progress.

Schoop then focused his efforts in another direction and in 1912 the first device
for spraying metal wires was produced. The principle of this process is simple; a
wire was fed into a combustion flame which melted the tip of the wire and then
compressed air surrounding the flame atomized the molten metal and drove the
tiny droplets on to a substrate to form a coating. In addition to improvements to
nozzle and gun design along with the wire feed drive rolls, the basic principle of the
process is the same today. This procedure is called flame spraying (FS) and covers
an enormous group of thermal spray techniques which use powder, wires or rods.

A completely new concept in thermal spraying was introduced by Schoop in
1914 when he used electricity to melt the feedstock material. The most advanced
equipment made by Schoop was quite similar to current electric arc spraying.

This method is based on producing an electric arc among two wires of conducting
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materials, which are fed together inside the gun. This arc is created at the tip of the
wires and a jet of compressed air propels the molten metal to the substrate.

The concept of powder FS was introduced by F. Schori in the early 1930s, when
a metallic powder was fed into a flame by the Venturi effect. The coating powder
was heated in the nozzle and the exhaust gases (oxygen and acetylene) propelled
the droplets. Improvements to the process incorporated in modern guns include an
inert compressed gas that pressurizes the combustion chamber and results in rise in
particle velocity.

The main problem associated with these early techniques was feedstock material.
They all used a low-melting-point material, which leads to limited applications.
Years passed, and the demand for high-temperature-resistant materials increased,
until in the 1950s new systems that would boost the thermal spray market appeared.
Firstly a modification of wire FS, the ceramic rod FS technique, which could use
stabilized zirconias and aluminas appeared. However, it was the development, in
about 1955, of the detonation gun (D-Gun) and atmospheric plasma spraying (APS)
in about 1960 that proved to be the watershed as regards thermal spray applications.

The thickness achieved in thermal spray coating techniques can range from
20 micron to several milli meters which are significantly higher than the thickness
offered by electroplating, CVD, or PVD processes. In addition, the materials that
can be used as feedstock of thermal spray coatings range from refractory metals and
metallic alloys to ceramics, plastics, and composites and can easily cover a relatively
high surface area of a substrate. Therefore the current chapter will mostly focus on
this coating process.

7. Types of thermal spray processes

There are various types of thermal spray coating processes introduced by the
researchers (Figure 17).

7.1 Powder flame spraying

In powder flame spraying, the feedstock material is injected to the plume for
heating and melted by the heating zone. After melting the molten particles are
propagated towards the substrate surface. Then the molten particles are deposited
on the substrate surface or pre-deposited splat to form a coating (Figure 18). The
molten particles are ejected by the flame spray gun. The only difference between
powder flame spraying and wire flame spraying is the feedstock material.

ST

Figure 17.
Classification of thermal spray coating process.
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Figure 18.
Powder flame spray technology.

7.2 Wire or rod flame spraying

In rod type flame spray, the rod or wire is allowed to the heating zone where
it melts and propagated by the plume towards the substrate to form coating
(Figure 19). The feedstock rod may be a conventional rod or wire or manufactured
by powder metallurgy process (sintering or binding). The melted particles are pro-
pelled towards the substrate, strike the surface at high velocity and flatten and form
coating with a high adhesion strength with previously formed splat and substrate.

7.3 Detonation flame spraying

By the term “detonation” is meant a very rapid combustion in which the
flame front moves at velocities higher than the velocity of sound in the unburned
gases, and therefore characterized as supersonic velocities. A precisely measured
quantity of the combustion mixture consisting of oxygen and acetylene is fed
through a tubular barrel closed at one end. In order to prevent the possible back
firing a blanket of nitrogen gas is allowed to cover the gas inlets. Simultaneously,
a predetermined quantity of the coating powder is injected into the combustion
chamber. The gas mixture inside the chamber is ignited by a simple spark plug. The
gas mixture combustion generates plume which melt the particles to form coating
(Figure 20).

7.4 High velocity oxy-fuel spraying

High velocity powder flame spraying was developed about 1981 and comprises
a continuous combustion procedure that produces exit gas velocities estimated to
be 4000-5000 feet per second. This is accomplished by burning a fuel gas (usually
propylene) with oxygen under high pressure (60-90 psi) in an internal combustion
chamber. Hot exhaust gases are discharged from the combustion chamber through
exhaust ports and thereafter expanded into an extending nozzle. Powder is fed
axially into this nozzle and confined by the exhaust gas stream until it exits in a thin
high speed jet to produce coatings which are much denser than those produced with
conventional or standard powder flame spraying techniques (Figure 21).

Powder feed Coating

g Substrate
Spray wire m—) A 9y i
Figure 19.

Flame wire spray technology.
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Figure 20.

Detonation flame spray technology.
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Figure 21.
HVOF spray technology.

7.5 Wire arc spraying

Twin wire arc spraying is the most economical thermal spraying process. In
this type of spraying process the heating and melting occur when two oppositely
charged wires are fed together in a way that arc is generated at their intersection
(Figure 22). Once struck, the arc continuously melts the wires, and compressed
air blown directly behind the point of contact, atomizes and projects the molten
droplets, which sticks to the substrate to form a coating. Arc fluctuations due to
periodic removal of molten droplets from the electrode tips have strong effects
on melting and coating properties such as porosity, microstructure and oxide
content.

7.6 Plasma spraying process

Plasma spraying is a flexible and low-cost method to manufacture coating and
bulk materials. The first idea of a plasma spray process was patented in 1909 in
Germany, and the first structural plasma installation appeared in the 19607, as the
product of two American companies Plasmadyne and Union Carbide. A gas, usually
argon, but occasionally including nitrogen, hydrogen, or helium, is allowed to flow
between a tungsten cathode and a water-cooled copper anode. The cathode is placed
in the cylindrical nozzle and the cylindrical nozzle is the anode. An electric arc is
initiated between the two electrodes using a high frequency discharge and then

Powder feed Coating

\ Substrate

Wire and power
supply

)
Compressed air rc wire spray (s
Control power
cable

Figure 22.
Wire arc spray technology.
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Figure 23.
Plasma spray coating technology.

sustained using dc power. The plasma is generated by the ionization of gas by the
arc. The feedstock materials injected through the gun nozzle into the plasma plume,
where it is melted and propagated to the substrates (Figure 23) [2, 6, 8-12].

8. Application of thermal spray technology for the protection from wear

A large range of industrial parts get advantage from thermal spraying, whether
it is a portion of the manufacturing processes or as reclamations or re-engineering
techniques. Some materials are used for minute role applications and others are
sprayed by the tonne. Every application utilizes an amalgamation of procedure and
material to give in the desired profit.

Reclamation and re-engineering of a wide range of rotating and moving parts
from machines of all kinds, including: vehicles of both railways and highways,
ships, aerospace, printing industries, paper industries, chemical industries, food
industries, mining, earthmovers, machine tools, landing gear (chrome replace-
ment) and any apparatus which is subject to wear, erosion or corrosion. This is done
using either arc spray, flame spray or HVOF systems to spray steels, nickel alloys,
carbides, stainless alloys, bronzes, copper and many other materials. New compo-
nents which benefit from the enhanced surface properties that thermal spraying
provides, include: Gate and ball valves, rock drilling bits, and down hole tools,
print rollers, fluid seals, aerospace combustion chambers, turbine blades. Thermal
sprayed coatings are used on a vast range of components which operate in harsh
surroundings where, erosion, wear, corrosion or high temperature reduce part life.
Part life is significantly prolonged due to thermal spray processes.

9. Conclusions

» Wear kinds of adhesive, abrasive, fatigue, and tribochemical wear are
presented and their wear instruments are clarified with wear models in this
chapter. In real wear of triboelements, a portion of these wear types are
included simultaneously, and significant wear type changes at times starting
with one then onto the next during running because of wear itself.

* Then again, wear is delicate to the difference in different framework boundar-
ies, for example, mass, shape, stiffness, material properties, and condition. In
light of such multiparameter affectability of wear, quantitative expectation of
wear rate is still a long way from the real world.

* It gets significant, thusly, to perceive the significant wear type and its ordinary
wear mechanisms according to framework boundaries.
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* Surface covering improves the life of the segment and lessens the expense of
substitution. The motivation behind surface innovation is to deliver practically
compelling surfaces. A wide scope of coatings can improve the consumption,
disintegration and wear obstruction of materials.

* We can reason that thermal spray coating is one of the most significant
strategies of the surface change strategy. This examination was a push to give
essential data with respect to a portion of the fundamental thermal spray
strategies among which HVOF covering measure is most appropriate.

* By utilizing HVOF spray method uniform covering thickness, nonstop
layer of covering and high hardness can be acquired. It has more favorable

circumstances over the high quality, hardness, porosity, wear and erosion when
contrasted with different cycle.
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Chapter 16

Atomistic Simulation of Severely
Adhesive Wear on a Rough
Aluminum Substrate

Jun Zhong

Abstract

In this Chapter, a severely adhesive wear on a rough aluminum (Al) substrate is
simulated by molecular dynamics (MD) under a high velocity impact of a hard-
asperity (a hard-tip) with the Al-asperity. Multiple simulations include effects of
four factors: the inter-asperity bonding, the geometry overlap between two asperi-
ties, the impact velocity between two asperities and the starting temperature of the
Al-substrate. It is observed that the deformation mechanism on the Al-substrate
would involve a local melting (from 1200 to 2500 K) which forms liquid type layers
(amorphous textures) in the contact area between two asperities. Also, temperature
profiles on the hard-tip and the Al-substrate is depicted. Moreover, a method in
the Design of Experiments (DOE) is employed to interpret above all simulations.
The DOE results indicate that the inter-asperity bonding and the geometry overlap
between two asperities would substantially increase the wear rate (for about 53.56%
and 67.29% contributions), while the starting temperature of the Al-substrate and
the impact velocity between two asperities would play less important roles (about
10.30% and 6.61%) in raising the wear rate.

Keywords: the wear rate, molecular dynamics, the EAM potential, the
Lennard-Jones potential, the design of experiment

1. Introduction

Surface wear of metals is very important to many industries such as automobile
and aerospace etc. The wear rate often limits the lifetime and the durability of
machinery parts, and thus leads to major economic losses. Wear phenomenon often
involves the contacts between two or among more asperities on material surfaces,
resulting in breaking old and forming new atomic bonds and plastic deformation in
the contact areas. At the atomic scale, if only a few asperities come into contacts, the
actual contact areas are very small when comparing with the macroscopic contact
size. Thus local stresses in these areas can be exceptionally high, leading to high
degrees of localized plastic deformation and heat generation, and even possibly
local melting among asperities. In adhesive wear, aluminum (Al) wear is especially
important because the Al is a relatively soft metal which is highly reactive with
oxygen. Generally, a fresh (newly-formed) aluminum surface has little or no pro-
tection from oxides, and is less stable than the alumina (Al,O5). Therefore, exces-
sive stresses and temperatures in the Al contact areas can provide an activation
energy to initiate extremely exothermic reactions of fresh Al surfaces with oxides.
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For example, during the rolling of an aluminum sheet by a steel roller, if excessive
stresses are applied onto the sheet surface without lubricant coverings, the newly-
formed (fresh) Al surface may easily react with oxides on the steel roller, resulting
in the local melting of aluminum to bond onto the roller surface, a so-called severely
adhesive wear which causes the catastrophic breakage of the steel roller.

During past six decades, studies on the Al wear under a dry-sliding (no lubri-
cants) constraint have revealed that the large plastic strain would occur near sub-
surfaces on the Al-substrate when the wear process took place. Some experimental
observations suggested that the Al wear rate be inversely proportional to the Al
hardness because the higher Al hardness usually led to less plastic deformation on
the Al-substrate [1]. Therefore, the understandings of the wear process may provide
some valuable information for mechanisms of friction, lubrication and adhesion at
the nano-scale [2-7]. Even if, during asperity contacts at the atomic-scale, it was
still difficult to observe wear mechanisms in nano-seconds.

In theoretical study, molecular dynamics (MD) may simulate the nano-scale
phenomena in a very short time. Thus during past four decades, advances in the MD
simulations have helped researchers understand atomic mechanisms which brought
two kinds of materials into contact. For examples, Landman et al used the MD
simulations to observe the hard-tip (Ni) jump-to-contact, the plastic yielding, the
adhesion to induce the atomic flow and the slip generation in the Au-substrate
[8, 9]. Plimpton et al used the MD simulations to observe the nucleation of partial
dislocation loops occurring within the contact areas where a displacement-
controlled hard sphere indented into a gold (Au) substrate surface. They found that
the dislocation loops would grow rapidly into the substrate, but emerge at the
surface edges, and then dislocation slips may produce complicated structures in the
substrate [10-12]. Tanaka et al ran the MD simulations to observe that, during the
two—/three-body sliding contacts, an amorphous phase transformation would take
place on the silicon substrate, i.e., the deformation on the silicon substrate would
fall into adhering and plowing, but no wear regimes [13, 14]. Mendelev et al
employed the MD simulations to observe that, during a flat ruthenium (Ru) slab
downward into a gold (Au) substrate with a single asperity, the Au was very ductile
at 150 and 300 K, while the Ru showed the considerably less plasticity at 300 and
600 K [15]. In our former works, we have ran several MD simulations on the Al
deformation at the nano-scale, including the wear [16] and the nano-indentation on
the Al-substrates [17]. However, our these studies adopted a very low strength of
inter-asperity bonding between the Al-substrate and a hard-tip, in which we found
that, even if there was a large plastic deformation on the Al-substrate, no Al atoms
were removed from the Al-substrate if the inter-asperity bonding was below a
critical value.

To summarize, although many interesting MD simulations for deformation and
wear on metal surfaces have been discussed at the atomic scale, there have not yet
any MD simulations to focus on investigating a severely adhesive wear between two
sliding surfaces. In the actual manufacturing, this kind of wear would occur during
the rolling of aluminum sheet and many other forming processes. So in this chapter,
such the wear will be discussed by the MD simulations to find out what may occur
when a soft Al-asperity on an Al slab is contacted by another asperity on a hard tool
surface when these two surfaces are sliding relative to another. In our MD investi-
gation, multiple MD simulations were conducted by varying some constraint fac-
tors: the inter-asperity bonding, the geometry overlap between two asperities, the
relative impact velocity between two asperities and the starting temperature of the
Al-substrate etc. In details, the Al-substrate was simulated by an EAM potential
[18-20], while the hard-asperity was simulated by a strong Lennard-Jones (L-])
potential which may serve as a model for hard tool surfaces (with their oxides).
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Moreover, different L-J potentials from weak to strong values may describe the
bonding strength between the Al- and the hard-asperities, which may reveal an
effect of the inter-asperity interactions on the severely adhesive wear. In Section 2,
we describe our methodology. In Section 3, we list the simulation procedures. In
Section 4, we assess the results of our MD simulations. Finally, in Section 5, we
summarize the results.

2. Methodology
2.1 Molecular dynamics

Molecular dynamics (MD) is a methodology which depicts motions of a many-
particle system using classical Newton’s equations. It has been over 40 years since
the first MD’s application to a hard sphere system by Alder and Wainwright
[21, 22]. The MD method is particularly useful for studying dynamical properties of
materials, and help researchers extract physical-insights from the modeling works.

In the MD simulations, for a finite size system, classical trajectories of particles
in real space are traced by solving the Lagrange equations numerically: when
choosing the Cartesian coordinates, these equations would become Newton’s
equations

Wi

mit; =F; =P = —— "=,
1

1)

where V,,, is the total potential energy of the system, m; is the mass of particle 7,
P; is the momentum of particle i, and F; is the total inter-particle force acting on
particle 7, and the “®” denotes the first order of the time derivative. In practice, the
convenience of using the MD simulation would mainly depend upon some particu-
larly arithmetic algorithms to solve Eq. (1).

2.2 Algorithms and statistical ensembles

A standard way to solve Eq. (1) was the finite-difference method: given a
configuration of a system (positions and velocities of all particles) and other
dynamical information at time ¢, the numerical integration would determine the
new configuration of the system at a later time ¢ + At (At is the time step). Com-
monly used methods in the MD simulations were the Verlet algorithm [23], the
Leapfrog algorithm [24], and the Gear predictor—corrector (GPC) algorithm [25]. An
ideal algorithm should be simple, run fast, require little memory and permit using a
long time step At to hold the whole system trajectories as true as possible, and
preserve conservation laws of momentum and energy. According to these, the
Verlet algorithm can be regarded as the most widely used algorithm. The leapfrog
algorithm was essentially identical to the Verlet algorithm. The GPC method was
usually more accurate as well as more complicated than others.

Commonly used statistical ensembles in the MD simulations were the
microcanonical ensemble (NVE), the canonical ensemble (NVT), the isothermal-isobaric
ensemble (NPT) and the grand canonical ensemble (uVT). Please note, thermody-
namic variables in parenthesis for each ensemble were fixed during the MD simu-
lations. Usually, the (NVE) ensemble was most convenient to realize since all
equations of motion conserve the total energy E and the particle number N, and the
constant volume V was fixed by using periodic boundary conditions. The (NVT)
ensemble was very commonly used for practical calculations. However, it needed to
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control the temperature: T. So, there were a number of ways to realize it: (1) the
simplest one was the velocity scaling method, which was simple but crude in the
MD simulations [26]. (2) the Nosé-Hoover’s method was more conceptually funda-
mental, but had an adjustable parameter of thermal inertia in practice [27]. For the
(NPT) ensemble, Anderson [28] proposed an extended system method for a con-
stant pressure MD. In this method, a term of “external piston” was added into the
Lagrange functional for adjusting the value of external pressure. In another way,
Parrinello and Rahman [29] proposed “a variable cell constant MD scheme” which
allowed the simulation box to change its shape as well as its size. This method, so
far, is the most general constant pressure method in the MD simulations. The (xVT)
is very useful for an open system: in this ensemble, the total number of particles: N
will not be conserved. Regarding this, see Ref. [30] for details.

2.3 Inter-particle potentials

Traditionally, the total potential energy of a system V,,, in the MD simulations was
calculated using empirical potentials. There have been many kinds of models like
pair-wise potentials: Lennard-Jones or Morse potentials; multi-body interactions [26],
etc. In early 1980s, M.S. Daw and M.I. Baskes [18, 19] proposed a model for semi-
empirical potential: the embedded-atom method (EAM) which reflected the many-
body effect in materials. Generally, this model was written as two following terms

Eo =Y Fip) +5 3 o), @

i,j(#4)

where 7;; is the distance between atoms i and ;. In Eq. (2), on the right-hand side, the
first term reflects a many-body effect in nature, meaning to embed ionic-cores into
electron gas, so the F;(p;) was termed the embedding function; the second term repre-
sents the screening Coulombic repulsion among ionic-cores, which is a sum of pair-wise
interactions. The total atomic-charge density p; at the position 7; can be expressed as

pi=> (i) (3)
J(#)

where the p; was approximate to a sum of individual atomic-charge density f;
around site 7 neighbors, which was opposed to true charge distributions that
resulted from the self-consistent ab-initio calculations. During past four decades,
there have been several fitting techniques to successfully constitute the EAM model,
among which a particularly reliable method created by Adams et al was developed
by fitting to a large database of density functional calculated forces and experimen-
tal data, a so-called “the force-matching method,” see Ref. [20].

In this work, since we were primarily interested in the wear deformation on an
Al-substrate, we chose a reliable aluminum EAM potential developed by Liu,
Ercolessi and Adams through the force-matching method [31]. This potential has
proven reliable for many types of bulk and surface simulations [20, 31, 32]. Also,
since little deformation was assumed to occur in the contact tool surface (steel roller
surface), we used a simple L-J potential with a very high bond strength to describe
the hard-tip (the LJ-tip, hard-asperity). Similarly, another simple L-J potential was
applied to the interaction between an Al-asperity and the hard-tip, in which the
strength of inter-asperity bonding would vary from weak to strong in order, so as to
simulate a wide range of generic systems. The L-J potential was adopted in a simple
pair-wise formula as shown below
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Bond strength e (A) o (A)
LJ-tip 1.10 2.85
an Al-saperity with a LJ-tip 0.20 (weak) 2.85
0.65 (medium) 2.85
1.00 (strong) 2.85

Table 1.

Parameters of the Lennard-Jones potentials for interactions between an Al-asperity and a hard-tip (L]-tip).

vor =4[~ ()]

where 7 was the distance between two atoms, ¢ and ¢ were parameters
corresponding to the bond strength and the bond length between two atoms,
respectively. Table 1 provides relevant fitting parameters of those L-J potentials.

2.4 An implement simulation package: LAMMPS

The Large-scale Atomic/Molecular Massively Parallel Simulator (The LAMMPS) is
a molecular dynamics package from the Sandia National Laboratories (see http://la
mmps.sandia.gov/), to make use of the MPI for parallel communication. The paral-
lel algorithm for the LAMMPS was a force-decomposition method in which a subset
of pair-wise force computations was assigned to each processor. To improve the
computational efficiency, the LAMMPS used neighbor lists to keep tracking parti-
cles nearby, which were optimized for systems with particles that were repulsive at
short distances, so that the local density of particles never became too dense. The
LAMMPS is a free software with open-source, distributed under the terms of the
GNU General Public License. Till now, the LAMMPS is particularly efficient (in a
parallel computing sense) to systems whose particles fill a 3D rectangular box with
approximately uniform density.

3. Simulation procedures
3.1 Geometry constructions

Figure 1 shows schematic models for the MD simulations. They consisted of a
hemispherical hard-tip (the LJ-tip) with 4440 L-J atoms, plus one slab with a
sinusoidal asperity totally with 45,299 Al atoms (the Al-substrate). Table 2 provides
the geometric information for the Al-substrate and the hard-tip at 0 K, both of
which were perfect FCC single crystals.

3.2 Constraints in the MD simulations

These MD simulations were carried out through the LAMMPS which may apply
the EAM and the L-] potentials to pure and alloy metal systems [10]. In each of
these simulations, the lattice constant (ay) of the Al bulk was determined at each
desired temperature by the Hoover’s thermostat method [30]. And then, the simu-
lation system was constructed by an appropriate a4 equilibrated for approximately
20,000 time steps (a time step = 0.001 ps) at one desired temperature. Bottom edge
layers of the Al-substrate were fixed to prevent motions of the substrate during the
whole MD simulations. Uppermost layer of the LJ-tip was constrained to move at a
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Figure 1.
The MD simulation models for the Al-substvate and the L]-tip.

Component Shape Orientation Lattice (0 K, A) Atom numbers

the LJ-tip Hemisphere FCC 4.009 4440

the Al-asperity Sinusoid FCC 4.032 4299

the Al-slab Cubic FCC 4.032 41,000
Table 2.

Geometric information in the MD simulations.

constant velocity along the x-direction (translational motion parallel to the Al slab
surface), with no forces acting on this layer. All the MD simulations of asperity-
asperity shear were performed at the constant energy (except for the fixed atoms),
which allowed natural and realistic heat generation and diffusion due to formation
of adhesive bonding and mechanical deformation in the contact area between two
asperities.

3.3 Factors selected for design of experiments

Design of experiments (DOE) is a method which may be applied to analyses for
experimental data, so that the relations of different selected factors (such as the
strength of asperity-asperity bond) with response variables (such as the wear rate)
can be determined. This method is widely applied in different fields to help
researchers understand the factors which impact experimental processes most, so as
to improve the desired experimental results [33].

During the MD simulations, the wear rate of aluminum was defined as the
number of aluminum atoms removed from the Al-substrate, and was dependent
upon many possibly significant factors. In order to get a better understanding of the
wear process, some initial screening simulations were fulfilled to determine the
most important factors and the range of these factors for investigation. Based upon
the screening results, four factors were believed the most important ones: the inter-
asperity bonding (D), the impact velocity (V) of the LJ-tip toward the Al-asperity
along x-direction, the starting temperature of the MD system (T7), and the geome-
try overlap between two asperities (O), see Table 3. The selected design technique
was a so-called “The 2 full factorial design” with one central point for each factor
(the mid-point of the range) in the Design Of Experiment (DOE). In this design, we

304



Atomistic Simulation of Severely Adhesive Wear on a Rough Aluminum Substrate
DOI: http://dx.doi.org/10.5772 /intechopen.94025

Factor Variable Data type Low (—) Central (0) High (+)

A Ty (K) numerical 100 400 700

B V; (A/ps) numerical 1.00 5.50 10.00

C 0y (A) numerical 1.5a¢ 2.5a9 35a9

D Dy (eV) numerical 0.20 0.60 1.00
Table 3.

Four selected factors and their levels in the DOE analyses.

did not consider any other replicates or blocking because they would not offer
additionally valuable information due to the nature of computer simulations. So the
chosen factors, their levels and their central points are listed in Table 3. In this
Table, T} = 100 K, 400 K and 700 K; V; = 1.00 A/ps, 5.50 A/ps and 10.00 A/ps;
O1=15a9,25a¢and 3.5a¢; and D; = 0.20 eV, 0.65 eV and 1.10 eV. The velocities
(V1) were corresponding to 100 ~ 1000 m/s, which were relevant to the surface
edge of steel roller and some other forming processes; these high speeds were also
chosen because they were more computationally efficient to the MD simulations.
Factors that were held fixed in the DOE analyses: crystal defects (single crystals
with no defects), crystal orientations, the LJ-tip moving direction, the MD model
size and geometry, the L]-tip geometry, and the contact load, etc. So totally, 17 MD
simulations were carried out for different combinations of four selected factors, and
with combinations chosen through the software of DesignExpertTM Version 6 [33].

3.4 Wear rate as a response variable

Since the wear rate is defined as the loss of materials from a rough substrate
surface due to an interaction of the surface with its contacting environment,
according to this, we chose the total number of Al atoms removed from the
Al-asperity during asperity-asperity shear as the response variable.

4. Results and discussions
4.1 Wear rate

During a typical MD simulation of asperity-asperity shear, three different simu-
lation stages took place: contact of two asperities, plowing of the LJ-tip through the
Al-asperity, and final necking/fracture of the Al-asperity, as depicted in Figure 2.
At the first stage, top of the LJ-tip impacted the Al-asperity, leading to the local
heating, adhesion and plastic deformation at the contact area between two asperi-
ties, which was generally the region of maximum heat generation. At the second
stage, the LJ-tip plowed through the Al-substrate, forming an Al neck to glide along
a favorable slip system: . Finally, at the third stage, the Al neck was stretched and
fractured, resulting in some Al atoms being removed from the Al-substrate. The
extent of the Al necking was very sensitive to the V; and the T;. However, at the
third stage, if the D; reached below a critical value (approximately 0.04 eV), the
removed Al atoms would slip off the LJ-tip surface. And then they would return to
the Al residual substrate, resulting in no net removal of Al atoms [16].

Furthermore, occurrence of brittle or ductile fracture of the Al substrate during
the MD simulations was observed to depend primarily upon the Vjand the T;. That
was, if the V; was high but the T; was low, there was very little or no elongation
during the Al necking, and the final fracture of the Al neck was brittle. Conversely,
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(a) (b) (c)

Figure 2.
Three stages of MDD simulation for asperity-asperity shear: (a) the Lj-tip contact; (b) the L]-tip plowing; (c) the
Al necking and fracture.

if the V; was low while the T} was high, the Al neck would be deformed and
elongated more, and the final fracture of the Al neck was more ductile.

4.2 Effects of four selected factors

Outputs of the MD simulations indicated that the number of Al atoms removed
from the Al-substrate (wear rate) varied from 262 to 3144, depending upon differ-
ent factors in the MD simulations. Analyses for these data indicated that, increasing
the D; and the O; would increase the wear rate mostly, increasing the T} would just
slightly increase the wear rate, whereas raising the V; exhibited a weak inverse
correlation with the wear rate. In details, (1) if the D; became stronger, two asper-
ities would adhere together via solid-liquid welding in the contact area, and more
bonding states would occur along with more heat generation to increase tempera-
ture profiles in the contact area. So, a stronger D; may result in more removal of Al
atoms. Due to thermal diffusion, temperature profiles in other areas of two asperi-
ties were also increased; (2) if enlarging the O; which determined the contact area
and hence controlled the volume of Al atoms being plowed by the LJ-tip, the
deformation of the Al-substrate would increase. And then, it resulted in a higher
wear rate. Komanduri et al also reported similar results in their studies [9]; (3) if
increasing the T7, dislocations in the Al-substrate can move and glide more easily
through the elevated temperature region, resulting in large plastic deformation, i.e.,
the transformation from the brittle fracture (a small Al necking) at lower tempera-
tures to the ductile fracture at higher temperatures can be easily observed; (4) it has
found that the V; would play a minor inverse correlation role in the wear rate. This
could be due to the increase of strain rate along with the rise of the V;, which
decreased the ductility of materials so that the wear process on the Al-substrate may
undergo less plastic deformation before fracture. As discussed earlier, more plastic
deformation at the stage of the LJ-tip plowing may enlarge the area of adhesion.
Therefore, when less plastic deformation took place, fewer Al atoms were removed
by the LJ-tip. Similar experiments on dry-sliding wear of Al-Si alloys indicated that
the coefficient of wear in these alloy systems was highly dependent upon the disc
speed: at a faster disc speed (0.356 m/s), the wear rate was found to be low or
moderate; While at a slower speed (0.089 m/s), the wear rate increased dramati-
cally [34]. So, it should be noticed that, in experiments when the V; increased, more
asperity-asperity collisions could take place, whereas in our simulation, only two
single asperities were simulated. Thus when comparing with experimental observa-
tions, one would have to consider both the damage per asperity and the increased
number of two interacting asperities.
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4.3 Plastic deformation during asperity-asperity shear

It was well known that, during the wear process, severe temperature fluctua-
tions could result in major changes of mechanical properties. That was, during a
higher temperature region, moduli and yield strength of metals could usually
decrease, so the localized plasticity would increase and the welding could even
occur if a critical temperature was reached [35]. It was found that, near the contact
area of two asperities, the Al neck was deformed amorphously under very high
stresses and temperatures. In this area, linear motion of debris along the sliding
direction was transformed into thermally random atomic motions. Therefore, the
higher the V7, the much higher the temperature profiles in the contact area became,
so a thin and soft/liquid like layer may form. As a result, the deformed Al neck
would behave like a viscous liquid under very high temperatures and stresses [36].
When at a very high V; (= 10.0 A/ps), amorphous plasticity became the major
deformation mechanism. However, at a very low V; (= 1.00 A/ps) and other lower
Ty, Dy and Oy, in addition to amorphous deformation at the contact area, dislocation
cores were identified by using the evaluation of the centrosymmetry parameter
[10], so they were found to emit into the Al-substrate from the high temperature
region (amorphous deformation region) along a favorable system (111)[101], see
Figure 3.

4.4 Thermal analysis

Thermal distributions from four different MD simulations are shown in
Figures 4 and 5, which give insight into heat generation and heat transfer during
asperity-asperity shear. Temperature profiles of the Al-substrate were calculated by
using the following equation:

3 1
EnkBT,- = izk:mkvi, (5)

where m,,, T; and v, were mass, temperature, and velocity for atom i and &,
respectively. kg was the Boltzmann constant, and # was the number of atoms for the
Al substrate and the L]-tip within a sphere of about 27 A in diamond at a point i
considered [16]. For the moving LJ-tip and the Al atoms removed by the LJ-tip, the
temperature profiles were calculated by

Amorphous
deformation

dislocation
nucleation

Figure 3.
Amorphous deformation of the Al neck and emission of dislocation cores in the Al-substrate.
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(al (b)

Figure 4.

(a). side view of the L]-tip at the contact stage; (b) slide view of the L]-tip at the plowing stage; (c) temperature
profiles for a slice of the L]-tip at the final stretching stage. (T; = 700 K, O; = 3.5 a,, Dy = 0.20 ¢V and

Vi =10.0 A/ps).
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Figure 5.
Thermal analyses for two different MD simulations under Ty = 700 K, Or = 3.5 a,, Dy = 1.00 €V, and
(a) Vi=1.00 A/ps and (b) V= 10.0 A/ps.

;nkBTi = %zk:mk(vk -V (6)
where V; was the impact velocity of the LJ-tip along the x-direction.

For examples, Figure 4 shows three selected views of narrow slice for the LJ-tip
during the MD simulations along with relevant temperature profiles. In Figure 4(a)
and (b), atoms in the first layer on the Al-asperity were found to follow almost
same stacking sites as those L-J atoms being located at the top of the LJ-tip when
two asperities came into bond together. And then in Figure 4(c), the order of
subsequent layers in the Al-asperity became more random in high temperature
region (about 1200 ~ 1550 K): atoms in these layers moved randomly around the
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top of the Al-asperity (local melting) until they bonded to and transferred heat to
the cooler LJ-tip.

Figure 5 shows the temperature profiles for two selected systems: T; = 700 K,
Oy = 3.5a9, D; = 1.00 eV, and V; = 1.00 A/ps, 10.0 A/ps, respectively. Figure 6
shows the temperature profiles for two selected systems: T; = 100 K, O = 3.5 ao,
D;=1.00eV,and V; =10.0 A/ps, 1.00 A/ps, respectively. In these two Figures, (1)
at the contact stage of the LJ-tip, the local heating occurred as new atomic bonds
formed in the contact area between two asperities. Thus for the LJ-tip, the temper-
ature gradient was positive from the contact area to its top layers; while for the Al-
substrate, this positive gradient was found from the deformed Al neck to its far
ends; (2) at the plowing stage of the LJ-tip, the heat diffused into the LJ-tip bulk
from the contact area; while for the Al-asperity, the Al necking also produced more
heat in the remnant surface where the Al necking root glided, so the heat diffused
into the Al-substrate from the remnant surface, and hence increased the tempera-
ture profiles there.

In these two Figures, the maximum local temperature and the temperature
gradient were quite different: the heat generation was much faster than the heat
diffusion under a very high V7, so the V; seemed to play a major role in generating
the maximum local temperature. In addition, a higher local temperature may lead to
a larger local softening of the Al-substrate, so the deformation was mostly limited to
a narrow region, and hence materials were removed. It was noticed that the maxi-
mum local temperature was much higher than the starting temperature T7, so the T
seemed not to play a major role in removing the Al atoms. It should also be noticed
that the maximum local temperature can briefly exceed the boiling point of the Al,
and yet the local liquid was not boiling. The reason was that, the increase of
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Figure 6.
Thermal analyses for two different MD simulations under Ty = 100 K, Or = 3.52,, Dy = 1.00 €V, and
(a) Vi=1.00 A/ps and (b) V= 10.0 A/ps.
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temperature was very brief (about 10-100 ps), while the activation energy for
atoms to jump into the gas phase was much higher (approximately the cohesive
energy), so the kinetics prevented any significant amount of evaporation from
occurring.

4.5 Statistical analysis

Seventeen outputs for the MD simulations are listed in Table 4. The goal of the
statistical analysis by the DOE is to determine the “best fit” equation to describe the
wear rate as a function of four simulation variables (inter-asperity bonding, geom-
etry overlap, impact velocity and starting temperature). It was assumed that the
effect of each variable is additive, and there is no interaction between each of two
variables (no cross term). So, this simplest model may work very well for the DOE
analysis [16]. However, because the wear rate varied over a large range (the ratio of
wear rate from its maximum to minimum was about 12), the wear rate must by
transformed by using a natural log. Therefore, the equation for the wear rate in
terms of the selected four factors was expressed as follows

Wear = exp [5.08 + 0.000639 x A —0.03 xB+0.42x C+ 093 xD|, (7)

where the Wear (wear rate) was the number of Al atoms removed by the LJ-tip,
A was the starting temperature (K), B was the impact velocity (A/ps), C was the
geometry overlap (A), and D was the inter-asperity bonding (eV). Please note,
Eq. (7) applied an exponential formula to describing the wear rate because of the
large variation in the wear rate (see the detailed analyses of variance for the selected
factors in Table 5).

T; (K), A-term V; (A/ps), B-term O (A), C-term Dj (eV), D-term Wear rate (atom number)

100 1.00 1.50 ag 0.20 409
700 1.00 1.50 ag 0.20 453
100 10.0 1.50 ag 0.20 262
700 10.0 1.50 ag 0.20 292
100 1.00 3.50 ao 0.20 947
700 1.00 3.50 ao 0.20 1231
100 10.0 3.50 ao 0.20 842
700 10.0 3.50 ao 0.20 982
100 1.00 1.50 ag 1.00 711
700 1.00 1.50 ag 1.00 1433
100 10.0 1.50 ao 1.00 694
700 10.0 1.50 ao 1.00 933
100 1.00 3.50 ao 1.00 1346
700 1.00 3.50 ao 1.00 3144
100 10.0 3.50 ao 1.00 1402
700 10.0 3.50 ao 1.00 1855
400 5.00 2.50 ag 0.50 1244
Table 4.

Seventeen combinations of the MD simulations for the DOE analyses.
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Source Sum of square DF Mean square F values

Prob > F

Model 6.33 4 1.58 34.44 < 0.0001
A 0.47 1 0.47 10.30 0.0075
B 0.30 1 0.30 6.61 0.0245
C 3.09 1 3.09 67.29 < 0.0001
D 2.46 1 2.46 53.56 < 0.0001
Residual 0.55 12 0.046

Core Total 6.88 16

Please note: A— Ty; B— V; C— Oz D— Dy

Table 5.
ANOVA for those selected factorial models provided by the design expert™ software.

It is more useful to describe the wear rate using the normalized variables (vari-
ables are normalized to a scale from —1 to +1, the low and high levels for each
variable) because the magnitude of A, B, C and D coefficients allows one to easily
determine the relative importance of each variable.

Through using the normalized variables, Eq. (7) can be rewritten as follows

Wear = exp [6.80 + 0.19 x A — 0.12 x B+ 0.42 x C + 0.37 x D]. (8)

In Eq. (8), coefficient magnitudes of variables indicated that A (= +0.19) term
had a small effect, B (= —0.12) term had a minor inverse correlation, while C (=
+0.42) and D (= +0.37) terms had major effects on the wear rate. That was, the
inter-asperity bonding (D) and the geometry overlap (C) had much more effects on
the wear rate than the starting temperature (A) and the impact velocity (B).

5. Conclusions

In this work, a severely adhesive wear was investigated by simulating asperity-
asperity shear between a fast moving rigid LJ-tip toward an Al-asperity. Molecular
dynamics simulations were conducted for 17 different combinations of four vari-
ables: the starting temperature, the relative velocity, the geometry overlap and the
inter-asperity bonding between two asperities. It was found that the wear process
occurred in three stages: the contact, the plowing, and the necking/fracture on the
aluminum substrate. Thermal analyses indicated that the heat generated during the
MD simulations stemmed from the adhesive reaction in the contact area between
two asperities, and then in the remnant surface on the Al residual substrate where
the Al necking root glided. Bond formation and mechanical deformation during
asperity-asperity shear may result in large increases of local temperature in the
contact area (1200 ~ 2500 K), so the primary mechanism of deformation on the
Al-substrate was due to amorphous plasticity and local melting. Generations and
motions of dislocation cores were observed under milder conditions where little
melting occurred. A method: The 2 full factorial design in the Design Of Experiment
was adopted in analyzing effects of those four variables (factors) on the wear
process. Analysis results indicated that, the inter-asperity bonding and the geome-
try overlap between two asperities would play much more important roles in the
wear process than the starting temperature and the impact velocity.
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Chapter 17

Fretting Wear Performance
of PVD Thin Films

Brahim Tlili

Abstract

Nowadays, most surface treatments are realized through vapor deposition
techniques as thin hard coatings to guarantee high surface hardness, low friction
coefficient, and improve wear resistance. Several experimental investigations have
led to the development of multilayer coatings in preference to the traditional TiN
coating. In the current chapter, research was conducted on the fretting wear of
(TiAICN/TiAIN/TiAl) and (TiAlZrN/TiAIN/TiAl) multilayer coatings deposited
by reactive DC (magnetron sputtering) of Ti-Al and Ti-Al-Zr alloys on AISI4140
steel. Fretting wear tests (20,000 cycles at 5 Hz) were conducted in ambient condi-
tions, where the interaction between normal load and displacement amplitude
determined the fretting regime. The influence of the normal load and displacement
amplitude on the coefficients of instantaneous coefficient of friction and stabilized
coefficient of friction is different in the two multilayer, coated steels. The PVD
coating (TiAlZrN/TiAIN/TiAl) reduces the friction. The worn volume of coated
AISI4140 steel is sensitive to normal load and displacement amplitude. The relation
between worn volume and cumulative dissipated energy was established for the
two coated steels. The energetic fretting wear coefficients were also determined. A
multilayer (TiAlZrN/TiAIN/TiAl) coating has a low energetic wear coefficient.

Keywords: fretting, wear, PVD, coatings, hardness

1. Introduction

The hard coatings have been used extensively to increase the wear resistance
under loading conditions in fretting wear. Various methods of coating deposition
have found industrial application. One successful approach is the physical vapor
deposition (PVD) technique. Presently, development of TiAIN-based multilayer
and nanocomposite coatings are the most important trends in the hard coating
industry [1]. The ternary coating has better resistance to oxidation and poor adher-
ence [2]. In order to remedy these imperfections, additional constituents such as
carbon or zirconium are recommended. In order to characterize the quality of a
coating, evaluation of a number of properties is essential. Hardness, friction coef-
ficient, roughness, wears, and oxidation resistance have primary importance. The
addition of carbon to TiAIN provides a quaternary coating, TiAICN, which has bet-
ter resistance to oxidation, improved mechanical properties, and has good adher-
ence with high tribological capacities [3, 4]. However, the addition of zirconium to
TiAIN provides a quaternary coating, TiAlZrN. Although some studies are available
on TiAlZrN layers and their behavior in terms of wear [2], data on resistance to
fretting wear are not available. First, according to the intensity of the imposed
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parameters (normal force, amplitude of displacement, and frequency), fretting
maps were established to determine the sliding conditions and the type of damage
according to the fretting conditions. The running condition fretting maps indicate
when total or partial sliding conditions occur, and the material response fretting
maps quantify the damages (wear, cracking). Actually, the partial slip regime (PSR)
is associated with cracking as a result of a fatigue phenomenon, whereas the gross
slip regime (GSR) leads to wear by debris formation [5]. The mechanical models
of contact including elastoplasticity are used to delimit the boundary between the
partial slip and gross slip [6]. Crack propagation is studied using efficient fatigue
criteria [7, 8], while wear is studied by more or less empirical multiple quantitative
approaches [9]. Second, in this step, we have to determine the tribological proper-
ties of quaternary coatings and correlate the worn volume according to the param-
eters of loading in fretting wear. Finally, the comprehension of fretting behavior
remains sensitive as soon as the mechanical, thermal, and physical-chemical
interactions [occurring in a contact associated with the role played by the interfacial
layer generated by detachment of the particles during friction (third body)] need
to be taken into account; when wear particles have been liberated from the surface,
some of them may attach to the counterface to form a transfer layer and signifi-
cantly change the tribological properties of the counterface (like forming a new
counterface) [10-13]. The wear analysis performed with imposed displacements
or tangential forces is based on an energetic approach [6, 14]. The wear volume
increases linearly with the dissipated energy within the contact.

The PVD surface treatment process makes it possible to produce nanocomposite
coatings with a metal matrix. During this process, the particles are accelerated at
very high speed through a flow of inert propellant gas under pressure and are pre-
heated to a temperature below the melting temperature of the materials to be sprayed
[1-3]. Due to the very high speeds, the coatings thus formed are very dense [2].
Obtaining large thicknesses (several micrometers), accompanied or not by superfi-
cial oxidation, with densities close to the volume of base substrate have advantages
over deposits produced by other thermal processes. The cold spraying process is
also a repair method used either on new parts under development or on parts under
maintenance. Certain layers are also a means of protection against corrosion, for
example, for components of aeronautical parts. Reinforcement phases can be filled
layers, the composition of which also varies depending on the material of the matrix
[2, 4]. Solid lubricants can also be incorporated [5]. Coatings with solid lubricants
are used for technical parts such as bearings or rings to reduce friction.

The tribological circuit in general describes the different flow rates of the third
body capable of being activated in an elementary contact in two dimensions [6, 7].
The internal source flow corresponds to the detachment of particles, due to surface
tribological transformations (TTSs) [8, 9], cracking, and adhesion. It leads to the
formation of the third natural body. The external source flow comes from the
introduction of a third artificial body into the contact. The internal flow is the flow
of the third body which circulates between the first bodies. The external flow is the
flow of the third body which escapes from the contact. It is divided into a recircula-
tion flow and a wear flow. The recirculation flow consists of the third body which,
when reintroduced into contact, driven for example by one of the first bodies, will
again contribute to speed accommodation. On the other hand, the wear flow is
made up of the third body which, when definitively ejected from contact, will never
again participate in speed accommodation. The debits will be estimated on a relative
qualitative scale from very low (*) to very high (******).

The rheology of the third solid body is characterized relatively on the basis of its
cohesion and its ductility [7]. These two properties are determined from the mor-
phology and texture of the third body obtained by observations and analyses after
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tests. The cohesion translates a third body more or less compacted or pulverulent.
Ductility reflects the ease with which the third body spreads in contact.

In this chapter, the multilayer coatings’ behavior under various loading param-
eters in the fretting wear is presented.

2. Experimental procedures
2.1 Substrate

Specimens used in this work were machined from steel trade AISI4140 hardness
420 HV0.05, with surfaces of (10 x 10) mm? and (10 x 12) mm?. These samples
were divided into two sets; the first set was coated by TiAICN/TiAIN/TiAl and the
second round by TiAlZrN/TiAIN/TiAl. Before PVD treatment, all samples were
cleaned and polished with trichloroethylene, acetone, and alcohol in an ultrasonic
cleaner.

2.2 Deposition

The multilayer coatings were deposited on the steel AISI4140 by the process of
spraying DC magnetron mode, using target compounds TiAl (50°/°Ti, 50°/°Al) [3]
and Al-Ti-Zr (19°/°Ti, 21°/° to Al, 10°/°Zr, 50°/°N) of high purity (99.9999%).

The samples were mounted on a continued rotating satellite inside the vacuum
plasma chamber. The atmosphere was chosen to produce successively under a layer
of TiAl, a buffer layer of TiAIN, and then a layer of TiAICN or TiAlZrN. Indeed,
the thin films of TiAl and TiAIN aim to improve the adhesion layers TiAICN [2, 3]
and TiAlZrN [10] with steel. The optimum conditions for filing as the bias voltage
targets, temperature, and time of deposition were determined and optimized in
previous studies; Table 1 shows in detail the optimal conditions for verification.

In addition, Argon, acetylene, and nitrogen gas which are of very high purity
(99.999%) were introduced into the vacuum chamber. The basic pressure in the
room was 510 Pa, which grew to 0.1 Pa for the deposition of desired layers. The
distance between the target and the substrate surface was 35 mm. Before the deposi-
tion, the surface of the substrate was cleaned by argon ion bombardment at the end
to eliminate all these antagonists.

2.3 Characterization of the coatings

The multilayer coatings prepared in this work and their mechanical properties
are shown in Table 2.

Unit Traget Bias Temper Rotation Time Ar Gas flow CH,
power V) (°C) velocity (mn) N, SCCM
(Ky) (rpm)
TiAl 6 -300 250 0.7 22 400 - -
TiAIN 75 -200 150 0.6 17 770- 90-150 -
800
TiAICN 75 -200 100 0.6 42 950 150-135 20-135
TiAlZrN 75 -200 100 0.6 42 950 150-135 20-135
Table 1.

Deposition conditions.
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Hardness (GPa) Young’s modulus (GPa)
TiAICN/TiAIN/TiAl [3] 15 260
TiAlZrN/TiAIN/TiAl 28 310
AISI4140 steel 42 210

Table 2.
Mechanical properties of coating layer and substrate.

The fretting wear behavior of multilayer TIAICN/TiAIN/TiAl has been carried
out in previous studies [3]. Indeed, a special focus in this chapter was given to the
characterization and the study of the behavior of fretting wear coating of multi-
layer TiAlZrN/TiAIN/TiAl The total thickness of the coating is determined by the
electronic scanning microscope (SEM) after a major fracture in vertical section,
followed an analysis of the chemical composition by energy dispersive spectroscopy
(EDS). The morphology of the coating TiAlZrN is being reviewed by an atomic
force microscope (AFM). The microstructural characterization of this coating is
investigated by X-ray diffraction (Philips X'pert system). Scans were carried out
in the grazing angle mode with an incident beam angle of 3° and the normal 6-26
method classically used in the same situation. Young’s modulus and hardness were
measured by nanoindentation tests with a nanoindenter MTS-XP. The indenta-
tion was performed using a triangular Berkovich diamond pyramid. SEM and
AFM observations allowed determination of the global coating thickness and the
morphology of the surface, respectively. The multilayered TiAlZrN/TiAIN/TiAl
coatings had a mean thickness of 800 nm, distributed in three layers as shown in
Figure 1. The surface was globally uniform with some domes and tiny craters spread
all over the area Figure 2.

Dimensional measurements showed that the domes had a mean diameter of
about 25 nm and the craters a maximum depth of 16 nm. The crystallographic
structure and orientation of the coatings were determined by X-ray diffraction.
Phase identification for multilayer coatings TiAIZrN/TiAIN/TiAl revealed the
presence of reflection peaks corresponding to stripes (100) and exhibited a weak
intensity peak at 26 = 2.83° (44.74 A) (Figure 3). It can be seen that the as-coated
state already has a crystalline structure of AlZr;. The presence of crystallographic
structure is linked to the columnar morphology of the layers observed by SEM on a
cross section Figure 4. The chemical composition of multilayered coatings is shown
in Figure 5. The measurements of nanoindentation carried out on a depth exceed-
ing the thickness of the coating made it possible to determine the average hardness
and average Young modulus in this multilayer TiAlZrN/TiAIN/TiAl. The results are
presented in Table 2.

TiAIZrN (a)
(400nm) { 1m)
TiAIN (150nm) TiAIN (200nm)
TiAl (250nm) TiAl (400nm)
Substrate Substrate

Figure 1.
Distribution and thickness of the layers in the multilayers coating: (a) TiAlZrN/TiAIN/TiAl and (b) TiAICN/
TiAIN/TiAl
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Figure 2.
AFM morphologies of the surface layer of TiAlZrN.

30 35 40 45 50 55 &0
28 CuKa [7]

Figure 3.
XRD diffractogram of the TiAlZrN/TiAIN/TiAl multilayer.

2.4 Fretting tests

Fretting wear, which is considered a nuisance in several branches of industry
such as aeronautics, nuclear industry, etc., refers to the degradation of the con-
tact surface resulting from wear, which requires an overhaul or replacement of
the machine components. It is defined as the wear that takes place during a low
amplitude oscillatory movement between two apparently immobile solids under
aload normal to the contact surface. Such a phenomenon is observed especially
in assemblies subjected to vibrations. To simulate the industrial process, a test
bench was developed within the laboratory and subsequently installed on a fatigue
machine (MTS).

The fretting tests were carried out on an MTS tension compression hydraulic
machine. A sphere-on plane configuration was employed as shown in Figure 6(a).
The counter-body was a polycrystalline alumina ball with 24 mm diameter, a
Young’s modulus of 310 GPa, and a hardness of 2300 Hv0.05. The flat coating
alloy (10 mm x 10 mm x 12 mm) specimens were manufactured from a cast bar of
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H. Srm

Figure 4.

Scanning electron micrograph of a cross section of multilayered TiAlZrN/TiAIN/TiAl coating as made by
fractography.

Ti

o

5
Energy (keV)
Figures.

Energy dispersive spectroscopy (EDS) of multilayered TiAlZrN/TiAIN/TiAl coatings.

AISI4140 steel. During the test, the instantaneous displacement, the normal force,
and the tangential force were monitored and recorded for every cycle.

The fretting tests were conducted with displacement control, using an extensometer
as a displacement transducer. When it is possible to plot the hysteresis loops of the
fretting-wear stresses from the instantaneous measurement of the tangential force asa
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Figure 6.

Illustration of the experimental fretting wear approach: (a) fretting log of one fretting cycle and test bench,
(b) full slip fretting loop, and (c) 3D wear trace, obtained by optical profilometer.

function of the sliding distance for normal force values between 50 and 750 N and the
sliding ranges from + 20 ym to + 100 um [3, 5, 15-17]. The area of the fretting loop cor-
responds to the dissipated energy during the fretting cycle (Ed), whereas the residual
opening of the cycle (i.e., the residual displacement when Q = 0) is related to the full
sliding amplitude (8g) (Figure 6(b)). All tests were performed at 20 x 10° cycles and
the frequency was set at 5 Hz [3, 5, 15, 18].

The fretting tests were conducted in dry conditions at an ambient tem-
perature of 25°C and a relative humidity of 60%. Prior to the fretting test, the
specimen and counter-body were cleaned with acetone and alcohol. Hundred
to 2000 fretting cycles were performed. The tests were stopped in two different
ways: once the displacement was stopped abruptly after the last fretting cycle,
and once the displacement amplitude was reduced to zero during several cycles.
However, to quantify the wear volume, a specific 3D surface profilometry meth-
odology, fully developed in reference, [15] is applied. It consists of determining
the wear volume below the reference surface (V~) and the transfer volume
above the reference surface (V*). This analysis is performed both on sphere and
plane fretting scars. A system wear volume is then deduced from the following
relationship:

\Y/ =(V’ —V*)plane+(V’ —V*)orb (1)

system

However, other conditions have been tested to investigate the effect of certain
parameters suspected of having a dominant role in the wear mechanism. These con-
ditions will be given in due course. Furthermore, optical observations are coupled
with scanning electron microscopy to examine posttest fretting scars.
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3. Test results and discussion
3.1 Fretting wear

Preliminary work was carried out to determine the fretting running map of PVD
multilayered coatings in contact with alumina sphere. The tangential force (Q)
and displacement (8) amplitudes are determined for each cycle, and each sliding
rate is reported on a 2D map of the fretting displacement and friction force. After a
certain number of cycles, the partial slip regime (PSR) is manifested as a change in
the hysteresis loop form, whereas the gross slip regime (GSR) maintains the buckle
form with a variation of tangential force [3]. Running condition fretting maps
(RCFMs) can then be determined from this map [15]. Figure 7 shows the bound-
ary lines of both sliding rates for different multilayered TiAICN/TiAIN/TiAl and
TiAlZrN/TiAIN/TiAl coatings. It can be seen that the gross slip regime region of
the PVD-coated AISI4140 steel is enlarged due to the presence of the TiAlZrN, then
the TiAICN layers. From a phenomenological consideration, the gross slip regime
corresponds to wear, and in the partial slip regime, the wear is associated with
cracking, and the contribution of TiAlZrN/TiAIN/TiAl-reducing coatings should be
interpreted positively. Indeed, in such a situation, wear is favored with the crack-
ing of the covered part, which makes it possible to sacrifice the surface in order to
protect the volume of the part [3].

The TiAlZrN coating thus reduces the partial slip regime field, which is the
most detrimental for fretting. However, sliding amplitudes are rather large and
seen to be related more to the reciprocating condition. However, it is fundamental
to relate the displacement value to the contact dimension. The boundary between
the fretting and reciprocating conditions can be related to the ratio between the
displacement amplitude and the contact radius, e = d/a [19]. It transpires that
when e remains little than 1, a nonexposed surface exists and grosses slip fretting
conditions prevail, whereas if e is above 1, the whole surface is exposed to the

-
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Figure 7.
Effect of multilayered coatings (TiAlZyrN/TiAIN/TiAl) on the running condition.
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ambient and the contact is under reciprocating conditions [18]. The maximum e
value calculated for all performed test situations remains lower 0.5, which implies
gross slip fretting conditions.

3.2 Tribological properties

Figure 8 shows the evolution of the coefficient of friction as a function of the
total number of cycles for the two multilayered PVD coatings under same loading
parameters. The first cycle systematically presents a low friction coefficient around
0.11, and the incipient low friction coefficients can be explained by the presence
of surface oxides. During the test, the friction coefficient increases progressively
toward a level known as the stabilized friction coefficient. Such a difference of fric-
tion behavior between the two antagonists (TiAlZrN and TiAICN) is clearly illus-
trated in the graph of evolution of the friction versus the fretting cycles. It confirms
the previous fretting cycle analysis and outlines the difference of friction kinetics
between the two antagonists. The transition period is systematically longer in the
presence of the TiAlZrN coating. In the case of the PVD layer, De wit [20] showed
that the transition period corresponds to the formation of debris made of amor-
phous retiles and nanocrystallines. Beyond this transition, the amorphous phase is
transformed into a crystalline phase and contributes to further wear. Depending
on the loading condition, the film of TiAICN or TiAlZrN can be eliminated, thus
favoring a significant increase of the friction coefficient Figure 9. It explains the
influence of the pressure and displacement amplitude on the evolution of the fric-
tion coefficient on a coated specimen, taking into account a slight surface degrada-
tion at low friction, which must be introduced into the friction cycle [21, 22]. It can
be seen that by increasing the displacement amplitude or the pressure, the wear
depth will grow faster and the elimination of surface porosity will be accelerated. As
soon as the surface porosity and the aluminum oxide, which plays the role of a solid
lubricant, are removed, low friction conditions can no longer be maintained and
high metal/metal interactions with high friction coefficients in the range of 0.5-0.6
are observed, indicating that the PVD film has been breached. When a microarc
oxidation coating was used, the fretting friction coefficient of modified PVD coat-
ings alloy under higher loading condition remains as high as about 0.6; however,

0.5 4

0.45 -

0.4 : TiAICN TiAIN/TiAl
z 0.35 - ; :
Fhied I Tl W ——
5 024- / :. : TAIZIN/TIAIN/ TiAl
& 0.15 --'/ ' :
2 o1y : | Transition period
=~ 0.05 4 : <

0 — . : : .
0 5000 10000 15000 20000 25000
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Figure 8.
Evolution of the friction coefficient for the TiAlZrN/TiAIN/TiAl and the TiAlZyrN/TiAIN/TiAl (FN = 50 N,
8 = 20 um).
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Figure 9.
Stabilized friction coefficient as a function of normal load and slip amplitude of PVD multilayered coating.
(a) TiAICN/TiAIN/TiAl [3] and (b) TiAlZrN/TiAIN/TiAlL

the cracking domain and severe adhesive nature was limited. Under low loading
condition, the friction coefficient was significantly reduced and remained favorable
stable at 0.4-0.3 in the long term, which indicates that the multilayered coatings
lowered the shear and adhesive stresses between contact surfaces, consequently
alleviating the possibility of initiation and propagation of cracks in the inner layer
of multilayered coatings.

3.3 Wear properties

In every tribological application, the extent of the damage or surface deteriora-
tion is of interest. There are several methods of evaluating the wear volume/loss,
which can be roughly classified into three methods: weight measurement, topo-
graphical analysis, and 2D analysis by means of empirical equations. In tribological
research, where many specimens need to be analyzed, a simple and fast procedure
is desirable for wear volume/loss determination. Moreover, the effect of different
material combinations, slip amplitude, normal force, and the energy dissipated
during sliding are also presented.
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3.3.1 Prediction of the wear volume evolution

The linearity of the variation of fretting wear with normal load and displace-
ment obtained by the two multilayered TiAICN/TiAIN/TiAl- and TiAlZrN/TiAIN/
TiAl-coated specimens are used to impose the same definition as Archard’s equa-
tion, namely, a quasi-linear function. The wear volume evolution of the two coated
steels is shown in Figure 10, as a function of slip amplitude and normal force. For
all specimens, the beneficial effects of the coating on wear volume diminished with
the increasing normal force and fretting stroke. The latter observation is consistent
with the work of Santner et al. [23], who reported that TiN was much more effec-
tive at suppressing wear under sliding wear conditions. For the steel substrate,
the coating TiAICN or TiAlZrN had no good effect on the fretting wear for sliding
amplitudes larger than 50 pm, regardless of the applied normal forces out of 500 N.
The wear transition is attributed to the higher variation of both normal load and
sliding amplitude. However, for all fretting wear tests, the behavior evolution of
wear volume versus displacement is the same. This means in all tests, wear volumes
remain constant and are not greatly influenced by the low normal load or sliding
distance. In fact, it is only the wear amplitude which changes according to the
displacement and high normal load. In every case, there is a constant wear volume
which precedes the establishment of the high wear regime. Three suppositions can
be made to synthesize all the results presented above. Wear volumes are similar
for all loading conditions and consist of two phases. The first one corresponds to

the elimination of the contamination layer and the native oxides. Thus, alumina to
PVD coatings contact will be established. As a result, the adhesion phenomenon
is favored as regards the miscibility antagonists by plastic deformation, which
increases the micro-junction density by crushing asperities. Hence, adhesive wear
appears by creating transfer of the softer material (PVD coatings) on the harder

7 -~ g e ——— e,
) High wear % |
8 20 = b{ |
o= regime N
b = 00 :& |
551 B
' N
= 1 N
N
2 @ N |
*__-'-'- a3 \ u
© = :{\'\ ‘
\1
- N
= 4
0 100
0
oD
Normal load (N) X gmpe Slip
amplitude
(umm)
Figure 10.

Wear volume as a function of parameters loading multilayered coatings: (Zr) TiAlZrN/TiAIN/TiAl, (C)
TiAICN/TiAIN/TiAl
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material (alumina). This phase will be followed by a transitional stage: wear of
transferred PVD coatings. The second phase (high wear regime) happens as soon
as the trapped debris are oxidized. Gradually, wear is accentuated on both sides of
contact (on PVD coatings and alumina ball). For larger displacements (8 > 50 pm)
and a high normal load, fatigue wear induced by multicracks has been detected
Figure 11. One hypothesis is that the generated plastic strain leads to a brittle layer,
which can be associated to the tribologically transformed structure (TTS) [24, 25].
Enduring cyclic loading, multicracks are activated which induce debris formation
and wear. De Wit [16] showed that the transition period corresponds, in the case
of the PVD layer, to the formation of debris made up of amorphous rutiles and
nanocrystallines. Beyond this transition, the amorphous phase is transformed into
a crystalline phase and contributes to further wear. SEM observations showed that
the debris appeared on this TIAICN/TiAIN/TiAl multilayer coating during the first
cycles, in the form of particles less than 1 pm in size [3].

The main wear mechanism of the TiAlZrN-coated AISI4140 steel was the brittle
cracks of TiAlZrN, before destroying the coating. After destroying the TiAlZrN
coating, the main wear mechanism was cracks due to a low normal force and high
slip amplitude and cumulated plastic flow on the edge of the fretting scar and
adhesive and abrasive wear at high slip amplitude. Oxidation was observed on most
the worn surface.

Moreover, the effect of surface roughness before deposition on the wear
behavior of multilayer coatings deposited on an AISI 4041 steel substrate. After
deposition, the surface roughness of the coating was approximately half of the
original substrate surface roughness. While the frictional behavior was not appar-
ently affected, the wear rate of the coatings increased significantly with increase
in the substrate surface roughness. Wear rate increased rapidly when the substrate
surface roughness exceeded Ra 1 pm. Above this substrate roughness, the domi-
nant wear mechanism also changed from adhesion to chip/flake formation and
fragmentation of the coatings. Chipping/flaking of the coatings initially occurred
mainly at the tops of asperities of the surface texture. The Archard’s specific wear

Figure 11.
Fretting wear scar morphology of multilayered TiAlZrN/TiAIN/TiAl coating (gross slip vegime), FN = 200 N.
8 = +100 pum.
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rate increased with the increase in total load for coatings on the rough substrate
surfaces; however, this was almost invariant with the increase in load for coatings
on the smoother substrate surfaces, nominally following the Archard’s wear law.
Contact pressure distributions over the real area of contact between the ball and
the rough coating surfaces have been analyzed by applying the elastic foundation
model of contact mechanics. It has been shown that the contact pressures increase
significantly with the increase in surface roughness of the coatings. Plastic yield-
ing is highly possible in the coatings deposited on rough substrate surfaces above
Ra 1 um. The observed apparent effect of surface roughness on wear and wear
mechanism transitions of the multilayer coatings can be explained according to the
contact mechanics analysis results.

3.3.2 Prediction energy wear coefficient

Investigations at various loads and slip amplitudes confirm that there exists a cor-
relation between the wear volume extension of the TiAlIZrN/TiAIN/TiAl multilayer
coating and dissipated energy. For all the different loading conditions previously
defined in Section 2.4, Figure 12 shows the rates of the wear volume as a function of
the dissipated energy. The used volume is measured using a 3D optical profilometer,
and the dissipated energy is estimated directly by the area of the fretting loop for
each cycle. As a separate form of this behavior, when the energy approach is applied,
all of the test parameters are represented by the one and only linear equation from
which a single overall energy wear coefficient (a = slope of the curve ) can be
detreminated for each antagonist. In fact, the energy coefficient represents the slope
of the straight line which connects the lost volume and the energy dissipated by fric-
tion: Vi = aEq4. In the case under consideration, oz = 104 pm3 /], and TiAICN
coating provides an energetic wear coefficient of oriaicy = 23.103 pm3/] [3].
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Figure 12.
Fretting wear scar morphology of multilayer TiAlZrN/TiAIN/TiAl coating (partial slip vegime).
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This result shows that the TiAlZrN coating improves its higher capacity
to wear in fretting. The principal factors favoring this tendency are generally
related to the presence of compression residual stress, the decrease of friction
coefficient, the increase of superficial hardness, and the roughness effect of
the surface [20]. Without measuring the residual stress, the contribution of the
reduction of friction coefficient and the increase in hardness are confirmed in
this study. One can notice as in Figure 13 that hard coatings quickly give rise to
particle detachment and prevent the partial slip regime by accommodating the
displacement in the powder bed, and favor debris formation. A large amount
of debris has been observed during fretting tests, and coatings are damaged by
material transfer due to adhesion and/or abrasion. It can be seen that a small
amount of debris remains within the contact area, while a large amount of debris
is ejected outside and located near to the border of the fretting scar. However,
fretting scars have three characteristic regions, which are clearly visible for the
multilayered TiAlZrN/TiAIN/TiAl coating; central convex region with slight
abrasion traces, outer annular region covered with debris, and transition region
where the abrasion traces parallel to the sliding direction can be easily identified.
Figure 14 compares the energetic wear coefficients with those reported in the
literature [3, 20, 21]. Magnetron-sputtered TiAlZrN coatings in the as-deposited
condition possess a better fretting wear resistance (104 pm”/J) than TiAICN
coatings (23 pm?®/J) for tests performed in ambient air. According to energetic
considerations, the multilayered TiAlZrN coatings improve the resistance to
fretting wear by a factor 6.5, compared with non-coated steel [3]. But the TIAICN
multilayer has a lower performance as it improves the resistance only by a factor
of 2.8. This result is acceptable since the addition of Al, Zr forms stable oxides,
especially Zr, which forms a very thin oxide layer similar to ALO; [2, 21, 22, 26] that
strongly influences the energetic wear coefficient and provides good tribological
properties [2].
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Figure 13.
Wear volume as a function of cumulated dissipated energy.
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Energy wear vates of different substrates and hard coatings in fretting wear tests [27].

4, Conclusion

In this work, we reviewed the deposition parameters and properties of titanium
and titanium-aluminum-based quaternary coatings. It is found that the effect of the
individual as well as multiple alloying elements are manifested in further modifying
the properties of (Ti, Al) N coatings. Research and developments on simple binary
and ternary coatings in previous studies are discussed. This was followed by the
investigations on quaternary multicomponent coatings (TiAlZrN/TiAIN/TiAl and
TiAICN/TiAIN/TiAl); the behaviors in these coatings in fretting wear are com-
pared. The main conclusions are the following. The local card solicitation obtained
for the two layers of quaternary studied shows the delimitation of both sliding rates.
It is shown that the gross slip regime region (GSR) of the coated AISI4140 steel is
extended by the presence of the TiAlZrN layer in comparison with the TiAlZrN
layer. These results are being very useful in the tribology. Indeed, the GSR is always
associated to wear, but the partial slip regime (PSR) is accompanied to a crack that
can be disastrous and leads to the failure. To reduce the instantaneous friction coef-
ficient and stabilized friction coefficient, it is necessary to choose the coating-based
zirconium coating instead of the coating-based carbon. In general, the stability of
the coefficient of friction observed under the fretting conditions tested for a PVD
coating was linked to the presence of a third multilayer body: a first layer consisting
of particles mainly of submicron size; a second, discontinuous lamellar layer; and
a third layer consisting of particles having a microstructure with ultrafine grains
(refinement). In steady state, the third body formed easily remains trapped in
contact. The third body, less than 50 pm thick, protects the surface (reduced wear)
and is stable.

However, the gap between these two coatings is governed by the amplitude of
the loading parameters. The thin coatings formed by physical vapor deposition may
provide an initial friction reduction but it is not sufficiently durable for this applica-
tion. However, the beneficial effect of the PVD coatings on fretting wear diminishes
with increasing normal force and decreasing fretting stroke. In this chapter, the
worn volume of the two quaternary layers is very influenced by loading conditions.
Therefore, special attention should be given to better distinguish the effect of
zirconium. Adding Zr improves the wear resistance of Al-Ti-N coating. Zr stabilizes
Ti-Al-N lattice and also forms a very thin stable oxide layer similar to Al,O;. These
two effects together enhance the wear resistance of the Ti-Al-Zr-N coatings. The
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stability of the energy approach is used to predict the wear kinetics in a volume of
tribo-systems: Wv = o x Ed X, where, o is the energetic coefficient, Wv is the worn
volume, and Ed is the dissipated cumulated energy. The multilayered TiAlZrN/
TiAIN/TiAl coatings improve the resistance to the fretting wear of AISI4140 steel by
twice as much as the multilayered TiAICN/TiAIN/TiAl coatings.

In the light of various experimental investigations, the study of the wear mecha-
nisms of the different films was carried out. It follows that the advantages of a
multilayer coating over a single-layer coating are mainly presented in three points:

* multilayer coatings are multifunctional,
* good resistance to wear, and

e reduce friction.
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