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Message

President, Tribology Society of India & Director(R&D), Indian Oil

Dear TSI members and IndiaTrib-2019 delegates,

Gree�ngs to you all and Welcome to IndiaTrib-2019.

Indian Ins�tute of Science, Bangalore is organizing this Interna�onal 
Conference on Industrial Tribology - IndiaTrib-2019 under the aegis of 
Tribology Society of India focusing on the theme of “Tribology for Society”.

As you are all aware, innova�ve tribological design and services can significantly improve the 
produc�vity and thus the profitability of all sectors of industries. In these �mes where the use of 
energy has not just to be considered only in terms of cost savings, but also in terms of its overall 
impact on the environmental ecosystem and in improving the quality life of people in different 
strata of the socie�es across the world. Therefore, the theme of the present Conference 
“Tribology for Society” is not only apt, but also very �mely for addressing these issues.In 

Sanskrit, we describe as “ट� ाइबोलॉजीसकलजनिहताय - Tribology sakaljanhitaye (means 
“Tribology is for everyone's benefit”).

Tribology Society of India has been leading the way in organizing interna�onal conferences 
every two years with the sole objec�ve of providing a pla�orm to academicians, researchers and 
prac�cing engineers to showcase their work in form of technical papers and discuss the current 
trends and research in Tribology. IndiaTrib-2019 is the tenth in this series of interna�onal 
conferences which started with the inaugural edi�on in Kolkata in the year 1997. 

I wish that the three days of the conference will provide a great opportunity to discuss Tribology 
prac�ces with a special emphasis on understanding its societal impacts. Considering the 
overwhelming response in terms of papers received from India and around the world, I believe 
that this would be one of the largest gatherings in Tribology in India. 

While conveying my gree�ngs and best wishes for a successful organiza�on of IndiaTrib-2019, I 
am sure that infusion of new ideas, discussions and delibera�ons during the conference will play 
a vital role in furthering the body of knowledge of this mul� disciplinary science of Tribology.

With warm regards,

(Dr S S V Ramakumar)
President, TSI 
& Director R&D, Indian Oil Corpora�on Ltd
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Message 
Sa�sh V. Kailas, Vice President, Tribology Society of India

In the year 2006, we had a wonderful conference on Tribology at the Indian Ins�tute of 
Science in this very venue.  In this conference, several eminent tribologists from around the 
world gave Plenary, Keynote and Invited talks.  Thirteen years later we are conduc�ng this 
conference, IndiaTrib 2019.  Several eminent Plenary, Keynote and Invited speakers have 
come from around the world and India to give talks here.  I should thank them for having 
accepted the invita�on to come here without even having to send a second request.  This 
not only talks about their commitment toward Tribology, but also the faith that they have in 
the future of Tribology in India.  Their support and the support of other speakers have made 
this conference a really packed one. To make a conference such as this a success, it is 
important that the interac�on between the speakers and delegates are strong and healthy.  
Toward achieving this we have introduced an Oral (short) presenta�on, where the poster 
presenters will give a brief talk for about 4 minutes on their work.  This will be followed by 
what we call an “Interac�ve Session” where the Oral (Short) presenters will put up their 
posters and interested delegates will discuss with them in more detail on the results.   We 
are also having a special session where the delegates can discuss with the Editors of Journals 
on what is expected from the authors when sending papers for possible publica�on to these 
journals.  A�er the four days of this conference, we do hope all the par�cipants would have 
le� this conference with a feeling of contentment, having learned several new things about 
tribology and made new friends.  Your whole-hearted par�cipa�on in several ac�vi�es 
during this conference will make this happen.  

I am sure that there will be one man who will be watching us and telling me, the organizers, 
all the Plenary, Keynote, Invited speakers, Speakers, Delegates, Exhibitors, and Sponsors 
that we did a wonderful job.  The physical presence of Prof. Sanjay Kumar Biswas, who was 
the force behind the successful 2006 conference, will be missed.
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Message 

Dr Barun Chakrabar�, Vice President – TSI

I have great pleasure in welcoming all the authors, speakers, exhibitors and delegates from 

industry and academia to the IndiaTrib-2019 event. IndiaTrib-2019 is the first edi�on of the 

new series of interna�onal conferences by TSI, re-christened from the earlier ICIT events. 

While con�nuing the rich legacy of this flagship program, IndiaTrib-2019 aspires to rise to 

higher levels in terms of its contents, learning opportuni�es and industry-academia 

networking. We are also happy to have a very encouraging response from our colleagues 

from the  global Tribology Community.

IndiaTrib-2019 will be a packed event, complete with plenary and keynote lectures, invited 

talks, oral technical presenta�ons, business meet sessions and technical exhibi�on. My 

sincere compliments to the IndiaTrib-2019 organizing team at IISc – Bengaluru, which has 

been working �relessly for nearly a year under the able leadership of Prof. Sa�sh V Kailas, to 

uphold the rich tradi�on of TSI conferences and make this event a grand success.

This conference will offer a big opportunity for all of us to know one another, learn about the 

latest research and applica�ons, exchange ideas and enlarge our circle of acquaintances 

within the Tribology fraternity. I invite you to get fully engaged with the technical 

proceedings, have a look at the latest products and services on display in the exhibi�on, get 

enthralled by the cultural program and, last but not the least, enjoy the tradi�onal Indian 

hospitality. 

I am sure all of us would return from this event enriched, enlightened and with a sense of 

fulfilment.   
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IndiaTrib-2019
th10  Interna�onal Conference on Industrial Tribology

Dec 01-04, 2019, Indian Ins�tute of Science Bangalore

Plenary Talk

Prof. Nicholas D. Spencer,
ETH Zurich

BRUSHES ON GELS: CARTILAGE, CONTACTS AND CATHETERS

Our everyday lives involve the ar�cula�on of many joints in our bodies, and for the most part, these 

vital components last for many decades without need of repair. Great progress has been 

made in the replacement of load-bearing joints by engineering materials, but ul�mately 

be�er solu�ons would be either the growth of new, living sliding materials iden�cal to the 

car�lage that has worn out, or replacement of diseased and worn sliding components with 

ar�ficial materials with very similar proper�es to the natural car�lage. We are working on 

the early stages of the la�er approach, using what is known about the behavior and 

proper�es of living car�lage and a�emp�ng to imitate it by construc�ng systems consis�ng 

of hydrogels covered by polymer brushes. The knowledge gained from these efforts will 

hopefully lead eventually to novel implant materials, but in the mean�me, it will help us to 

test current theories of joint func�on, and to develop lubricious polymeric systems that 

could have applica�ons in other biomedical applica�ons such as contact lenses, intraocular 

inser�on devices, and catheters.

KEY WORDS: Polymer Brushes; Gels; Car�lage; Contact Lenses; Catheters; Lubrica�on
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Plenary Talk

Prof. Jianbin Luo
Tshingua University, China

THE NEW ADVANCES OF SUPER LUBRICITY

Super lubricity has developed very fast in recent years as a new and an important area in 

tribology. Many new phenomena, new materials, and new mechanism both in liquid and 

solid super lubricity have been obtained. In the liquid area, a new system of super lubricity 

liquids with new mechanism has been found, which exhibits very good proper�es of super 

lubricity under the higher pressure. In solid area, more materials in super lubricity have 

been observed both by experiment and the molecular dynamics simula�on (MDS), such as 

grapheme to grapheme surfaces, highly oriented pyroly�c graphite (HOPG) to grapheme 

etc. Mechanism for different tribo-systems has been discussed.
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Plenary Talk

CONTACT AND FRICTION ACROSS SCALES: HOW ELASTICITY DETERMINES 
THE REAL CONTACT AREA AND DESTROYS STRUCTURAL LUBRICITY

Joseph M. Mon�, Mark O. Robbins,
 Johns Hopkins University, Bal�more, MD 21218, USA Lars Pastewka Freiburg University, 

Freiburg, Germany.

Fric�on is determined by the real area of contact where atoms on opposing surfaces are 
close enough to repel. Calcula�ng this area is complicated because elas�c interac�ons are 
long-range, and surfaces are rough on a wide range of scales. In many cases they can be 
described as self-affine fractals from nanometer to millimeter scales. The talk will first 
describe recent results on the varia�on of contact area and geometry with load, roughness, 
plas�city and adhesion. Then the scale dependence of fric�on forces in contac�ng regions 
will be described. The fric�on between rigid surfaces rises sub linearly with area in large 
contacts, leading to structural lubricity. Elas�city allows surfaces to lock together in 
sufficiently large contacts, leading to a constant shear stress or local fric�on coefficient. 
Commensurate, incommensurate and amorphous surfaces have very different behavior in 
the rigid limit, but all have similar fric�on forces in large contacts. However, the fric�on 
decreases exponen�ally with the ra�o of substrate s�ffness to interfacial interac�ons in 3D 
and as a power law in 2D. Satura�on of the fric�on force occurs because elas�city allows 
different regions of the contact to advance independently, much like the mode 2 fracture 
observed in macroscopic contacts.

Prof. Mark Robbins
Johns Hopkins University, USA
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Plenary Talk

Prof. Umehara Noritsugu
Nagoya University, Japan

CLARIFICATION OF LOW FRICTION MECHANISM BETWEEN A-C:H COATINGS 
AND OXIDIZED SIC AT HIGH TEMPERATURE

1 1* 1 1K. Konishi , N. Umehara , M. Murashima  and T. Tokoroyama
1 Department of Mechanical Science and Engineering, Nagoya University, Furo-cho, Chikusa-ku, 

Nagoya 464-8603, Japan

Tribological proper�es of a-C:H coa�ngs has been inves�gated in various fric�on 

condi�ons. Temperature and ma�ng materials give effects on tribological proper�es. In this 

study, we especially focus on the effect of ma�ng material on its tribological proper�es of a-

C:H coa�ngs. Ball-on-disk fric�on test is conducted between a-C:H coa�ng and 5 kinds of 
o oma�ng material, which is SiC, SiC(O)_800 (SiC oxidized at 800 C), SiC(O)_1050 C, 

oSiC(O)_1300 C, and Quartz glass. It is found that a-C:H coa�ngs shows low fric�on 

coefficient and low specific wear rate when O/Si ra�o of the element content of ma�ng 

material is 2, in other words, ma�ng material is SiO . In the wear scar of a-C:H coa�ng a�er 2

fric�on test with SiC, severe damage was confirmed. It is considered that a-C:H coa�ng and 

SiO  show low adhesion even at high temperature, which leads low fric�on and wear. 2

Compared SiC(O) with Quartz, the fric�on coefficients with a-C:H coa�ngs are respec�vely 

0.013 and 0.038. Even though SiC(O) and Quartz are both SiO , the tribological proper�es 2

are different. On the wear track of SiC(O), transferred things from a-C:H coa�ng are 

confirmed. It is considered that this graphi�zed transferred thingmakes the fric�on 

coefficient lower by working as solid lubricant
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Plenary Talk

Prof. Michael M. Khonsari
Louisiana State University, USA

APPLICATION OF IRREVERSIBLE THERMODYNAMICS 
FOR ASSESSING DEGRADATION

Wear and fa�gue of materials involve a variety of complex and physically diverse 
phenomena that o�en occur in an inextricably intertwined fashion. Although o�en treated 
as separate phenomena, wear and fa�gue are manifesta�on of the same physics. Indeed, 
they are examples of dissipa�ve processes wherein the system's free energy, Y, responsible 
for doing useful work, decays with �me. That is, if Y , denotes the ini�al free energy of a i

pris�ne tribosystem, then a�er comple�on of the dissipa�ve process its free energy 
decreases to Y  such that Y <Y  . This decay in the free energy con�nues un�l the system f f i

a�ains a minimum at the equilibrium state in accordance with the principle of minimum 
free energy. Thus, the system's path to the minimum free-energy is always accompanied by 
increasing entropy un�l it reaches its peak value at the equilibrium state. The increase in 
entropy is a consequence of increasing disorder in the system with �me. Therefore, 
notwithstanding the mul�plicity of underlying dissipa�ve processes involved, they all share 
one unique feature: they all produce entropy. Therefore, thermodynamic entropy 
produc�on is believed to be a propi�ous measure for a systema�c study of wear and 
fric�on. In this workshop, I present results of a series of recent experimental and analy�cal 
development associated with surface degrada�on such as wear as well as fa�gue fracture 
within the framework of irreversible thermodynamics.  This view offers a poten�ally 
transforma�ve path forward for the development of predic�ve methodologies for variety 
of applica�ons.

KEY WORDS: Wear; fa�gue; degrada�on entropy theorem
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Plenary Talk

Prof. Hong Liang
Texas A&M University, USA

TRIBO-OXIDATION OF NON-EQUILIBRIUM OXIDES OF TANTALUM

Tribo-oxida�on has been widely reported in metallic systems involving rela�ve mo�on and 
mechanical contact in corrosive environments. However, the fundamental understanding in 
ini�a�on of oxida�on and the kine�cs of growth of passiva�on layers is far from being 
complete. One of the key challenges is the inability to detect the interfacial phenomenon. To 
address this issue, in this presenta�on, we will discuss about our combina�onal approaches 
to pin point tribochemical interac�ons at the interface of a noble metal tantalum under 
contact stress. Due to its chemically stable nature, tantalum is a good candidate for such 
study with iden�fiable phases.  Experimentally we developed combina�onal approaches to 
configure mechanical, electrochemical, and corrosion systems at various length scales. 
Using this approach, we were able to control the amount of mechanical and electrical 
energy in a designed chemical environment. Results enabled us to compare the equilibrium 
and non-equilibrium oxida�on processes and the states of oxida�on. The surface chemistry 
of the sliding surface was found modified by the electrolyte and mechanical force. The 
forma�on of non-equilibrium oxida�on states of tantalum can be controlled by tailing the 
oxida�on environment and the mechanical force. Subsequently, we conducted in situ 
characteriza�on to iden�fy and determine non-equilibrium phases existed under stress. 
Thermal energy analysis indicated that mechanical energy contributed to the instability of 
oxides and sub-oxides of tantalum and subsequently the phase transfer between the same. 
In other words, the mechanical energy induced the non-stable-state reac�ons leading to 
metastable oxida�on states of the metal. 
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Keynote Talk

Prof. Daniel Nélias
Univ Lyon, France

CONTACT ANALYSIS OF HOMOGENEOUS, LAYERED OR HETEROGENEOUS 
VISCOELASTIC MATERIALS

Steady-state or transient analysis of the contact between two materials when at least one of 

them behaves viscoelas�cally is a cri�cal step for a deep understanding of the physics involved. 

That concerns a wide spectrum of applica�ons. One may think first of the contact between �re 

and pavement [1], or shoes on floor. The viscoelas�c behavior can be also revealed in 

electromechanical systems when plas�c or other polymeric materials are used to translate or 

rotate axles or plates. Another example relates to composite materials when the matrix is 

viscoelas�c (VE).

The simplest situa�on corresponds to the steady-state rolling or sliding of a homogeneous VE 

material against a rigid or elas�c counter face [2]. One may also consider transient phases such 

as start and stop mo�on (or accelera�on and decelera�on). The fre�ng problem when s�ck and 

slip occurs simultaneously is a li�le more complex since it means transient analysis (oscilla�ng 

movement) which is strongly dependent on the frequency or �me response. 

In many applica�ons the VE material is not homogeneous anymore. Hard par�cles or voids and 

cavi�es may be distributed within the material [3,4], think about the complex structure of a �re, 

with cables or fibers at the macroscopic scale, and very �ny par�cles at the microscopic scale. 

Another applica�on is the contact between a composite blade and a metallic disk in an aircra� 

engine. A viscoelas�c layer may also be present on the top of a VE substrate. Both the thickness 

of the coa�ng and the ra�o between the characteris�c �me of the layer and the substrate will 

strongly affect the response (and dissipa�on) of the mechanical system.

A�er a brief summary of the mathema�cal background, the presenta�on will focus on some 

examples for academic configura�ons or more applied engineering situa�ons.

KEY WORDS: Contact Mechanics; viscoelas�c material; transient analysis; layered viscoelas�c 

material; heterogeneous viscoelas�c material.
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Keynote Talk

Prof. Julie�e Helene Cayer
École Centrale de Lyon France

TRANSIENT EFFECTS in LUBRICATION

Transient effects in lubrica�on can occur in steady-state regimes and/or in �me-varying condi�ons 
for all lubrica�on regimes. They can result in an evolu�on of the lubrica�ng film, of the fric�on 
response or both. Analyzing these effects give access to crucial informa�on about the buried 
interface and help one to understand the fric�on and lubrica�on mechanisms.

The strategy developed here to address this topic combined experimental, numerical and theore�cal 
approaches and covers all the lubrica�on regimes. The experimental approach was mainly based on 
the measurement of contact forces and simultaneous film thickness distribu�on for controlled 
contact kinema�cs. The numerical approach consisted in solving Reynolds equa�on, taking into 
account the transient term and the surface topography effect. Theore�cal predic�ons were made 
using sta�s�cal physics and addi�ve fric�on laws and solving Reynolds equa�on with the transient 
term in the case of �me-varying velocity condi�ons. 

Examples of transient effects in lubrica�on will be presented and discussed in this presenta�on. For 
instance, we will show:

- how oil supply of the contact can be controlled using textured surfaces 1, 

- how fric�on can be predicted even though aged lubricants were used 2-3,

- how fric�on can be governed in boundary regime by means of the molecular architecture of 
addi�ves 4-5,

- how decelera�on and squeeze modify the film thickness distribu�on and �me-evolu�on 6-7.

In conclusion, the analysis of the local and transient modifica�on of the film thickness and/or fric�on 
force allowed to demonstrate that coupled surface phenomena and interfacial rheology contribute 
to fric�on dissipa�on in all the lubrica�on regimes. The dynamics of contact spots that sta�s�cally 
undergo change state (pinned, depinned, dry, lubricated, …) is the key point in the lubrica�on regime 
transi�ons and in the fric�on level. In addi�on, considering the squeeze contribu�on and the 
transport effects in the lubricant flow is mandatory to predict the film thickness evolu�on.

KEY WORDS: Aged lubricant; Elastohydro dynamic lubrica�on; Lubrica�on regimes; Oil supply; 
Surface Force Apparatus; Squeeze.
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Keynote Talk

Prof. Ciulli Enrico 
University of Pisa Italy

INVESTIGATION ON NONLINEAR BEHAVIOUR OF 
TILTING PAD JOURNAL BEARINGS

1* 1 2Enrico Ciulli , Paola Forte  and Ma�eo Nu�
    1Dipar�mento di Ingegneria Civile e Industriale, University of Pisa, Largo Lazzarino, 56122 Pisa, Italy

2AM Tes�ng s.r.l., Pisa, Italy

Due to the today's increasing demand of higher efficiency for all machines, new lubricated bearings 
are facing extreme opera�ng condi�ons and their behaviour must be inves�gated. Til�ng pad journal 
bearings are widely used in turbomachinery. The bearing s�ffness and damping coefficients must be 
known for rotor dynamic analyses par�cularly at the design stage. The coefficients are 
experimentally iden�fied with linear models by applying dynamic loads to the bearing, measuring 
the rotor-stator rela�ve displacement. The mo�on about the sta�c equilibrium posi�on must be 
small enough to be consistent with the linearity assump�on but large enough to minimize the 
measurement error of the displacement sensors and to replicate the vibra�on amplitude in real 
opera�ng condi�ons.

Several tests were performed at the University of Pisa on a test bench specifically designed for large 
size journal bearings opera�ng at high peripheral speeds and sta�c loads [1]. The test rig is shown in 
Fig. 1.

Fig. 1: Schema�c drawing of the test rig.

Besides the classical procedures used for the iden�fica�on of the dynamic coefficients [1], a quasi-
sta�c procedure was developed to check possible presence of nonlineari�es. A slowly rota�ng force 
was applied to the floa�ng bearing stator in addi�on to the sta�c load and the rela�ve displacement 



between the stator and the rota�ng sha� was measured. Deformed orbits instead of the ellip�cal 
ones were observed increasing the ra�o between dynamic and sta�c load, sugges�ng the presence 
of nonlineari�es. Quite similar results were obtained with simple analy�cal models including linear 
and quadra�c s�ffness coefficients and assuming suitably tuned non-linear s�ffness terms [2].  

In this work more systema�c op�miza�on methodologies are used to obtain a be�er fit between 
experimental and numerical results. The first order s�ffness coefficients are also evaluated according 
to the nonlinear model. 

A sample comparison between the results obtained in [2] and the present op�mized ones is shown in 
Fig.2. Results refer to tests performed with a four-pad bearing with a rota�ng load 36% of the         
sta�c one.

Fig. 2. Experimental orbit and calculated ones with the non-linear s�ffness model [2] and the 
op�mized one.

Results show that agreement improves with the new methodology and that the linear terms of the 
nonlinear model differ from the linear ones of the linear model as displacement increases. 

In conclusion, the adopted quasi-sta�c procedure could be a convenient way to define the 
displacement range for the validity of the linear assump�on and of the linear dynamic coefficients at 
low frequency range.

36



37

IndiaTrib-2019
th10  Interna�onal Conference on Industrial Tribology

Dec 01-04, 2019 Indian Ins�tute of Science Bangalore

Keynote Talk

Prof. Sujeet K Sinha
IIT Delhi, India

SOFT POLYMERIC COATINGS – A NEW FRONTIER IN TRIBOLOGY

Whereas bulk polymeric composites have found many applica�ons in tribology, polymeric 

coa�ngs are s�ll under developmental stage in this regard. There have been few successes 

in applying polymeric coa�ngs to IC engine piston rings, journal bearings etc. Long-term 

wear durability is o�en the major challenge as the coa�ngs are subjected to thermal and 

fa�gue failures in addi�on to the abrasive and adhesive wear. The interfacial bonding 

proper�es between the coa�ng and the substrate is important, at the same �me, the 

surface proper�es of the coa�ng must provide op�mum fric�on and wear performances. 

Therefore, proper selec�on of the base polymer, the fillers, substrate prepara�on and the 

deposi�on procedure become very important in addi�on to some other factors. In this talk, 

the tribological performances of several polymeric composites will be presented. Examples 

are drawn from ultra-high molecular weight polyethylene (UHMWPE) and epoxy as the 

base polymers with fillers such as graphite, carbon nanotubes, graphene with liquid fillers 

of perfluoropolyether and base mineral oil. A preliminary effort will be made to present 

these data in the form of a performance map.   
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Keynote Talk

Prof. Denis Mazuyer
École Centrale de Lyon France

MICROSCOPIC and MACROSCOPIC ASPECTS OF LUBRICATION REGIMES 
TRANSITIONS 

By analogy with their we�ng capabili�es, the fric�on response of surfaces when involved in a 
lubricated contact, strongly depends on the complex coupling between their roughness and 
their chemistry. In this framework, the op�miza�on of these proper�es for fric�on monitoring 
from full-film lubrica�on to boundary lubrica�on needs to have in mind three main challenging 
features:

 The rheology of lubricants is highly non-linear and are driven by the confinement effects 
occurring in the contact;

 A wide range of �mes and lengths scales are coupled and must be iden�fied;

 The role of the molecular interfaces on the macroscopic tribological behaviour of the 
lubricated is usually unknown because of lack of in-situ measurements.

In this talk, we illustrate these points by analysing the mul�scale fric�onal response of two types 
of lubricated contacts thanks to a common Stribeck curves approach:

 A high-pressure lubricated contact between smooth surfaces in which the role of boundary 
layers of polymers or organic fric�on modifiers is inves�gated in all the lubrica�on regimes;

 A base oil-lubricated contact between random rough surfaces that shows the effec�ve 
wavelengths seen by the contact during sliding has a major effect on the ML/EHL transi�on.

A macroscopic fric�on model that weights the fluid-like and the solid-like contribu�ons 
according to the importance of these local surface phenomena (topography and/or chemistry) 
is proposed in each of these lubricated contacts.

KEY WORDS: Fric�on; Stribeck curves; Lubrica�on Regimes
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Keynote Talk

Prof. Jeng HaurHorng
Na�onal Formosa University, Taiwan

Three-BODY MIXED LUBRICATION MODEL AND ITS APPLICATION

1* 1 1 1Jeng-Haur Horng , Yang-Yuan Chen , Chia-Chun Yu  and Ging-Long Lin
1Department of Power Mechanical Engineering, Na�onal Formosa University, Yunlin, Taiwan

This paper describes a method established for the analysis of load-sharing of lubricant, surface 
asperity and par�cles. Here, different the peak points per area of square inch (PPI) and the 
percentage of points (POP) and depth machined surfaces were used for the actual opera�on of the 
scarping surface. By measuring the surface topography of the scraping piece and subs�tu�ng the 
surface topography parameters to a three-body contact fric�on model, the interface proper�es 
were observed. The obtained results showed that ini�al contact surface is under the ini�al mixed 
lubrica�on from the low solid load ra�o (1.0~2.5%) and low real contact area ra�o. A�er comple�ng 
scraping process, the values of POP increases and surface roughness decreases from topography 
parameter so�ware analysis. It means that the contact condi�on of the scraping piece change from 
the mixed lubrica�on to the elasto-hydrodynamic lubrica�on (EHD) regime. Because the EHD 
lubrica�on has the minimum value of fric�on coefficient in all lubrica�on regimes, that is the reason 
why scraping surface has a stable and reliable opera�on performance. Therefore, it is recommended 
to add a three-body wear model in the future to analyses the opera�ng varia�ons for different 
scraping surfaces, and then the quan�ta�ve mechanism for scraping effect can be confirmed.

KEY WORDS: fric�on, scraping, surface roughness, three-body micro-contact, POP, wear debris
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STUDY ON SYNOVIAL JOINT LUBRICATION WITH MACROSCALE EXPERIMENTAL 
MODELS OF CARTILAGE AND SYNOVIAL FLUID

1,2,3* 4 4 1,3 1,2,3Yoshinori Sawae , Hironori Shinmori , Yuki Doi , Takehiro Morita  and Tetsuo Yamaguchi
1 Department of Mechanical Engineering, Faculty of Engineering, Kyushu University

2 Advanced Research Center for Biomechanics, Kyushu University
3 Interna�onal Ins�tute for Carbon Neutral Energy Research, Kyushu University

4 Department of Mechanical Engineering, Graduate School of Engineering, Kyushu University

Natural synovial joints have fascinated many tribologists with their low fric�on and low wear nature 
during our daily ac�vi�es. Sliding surfaces in natural synovial joints are covered with so� and highly 
hydrated ar�cular car�lage and lubricated with synovial fluid which contains a lot of biological 
macromolecules, such as proteins, lipids and hyaluronic acid (HA). Many previous studies have been 
conducted to clarify the lubrica�on mechanism of synovial joint and a lot of different lubrica�on 
mechanisms have been proposed; some are emphasizing the boundary lubrica�on effects of 
synovial cons�tuents and other studies are sugges�ng the important contribu�on of porous, 
permeable and hydrated nature of car�lage �ssue. However, the clear conclusion about the joint 
lubrica�on mechanism which can depict the excellent tribological proper�es of our synovial joints 
has not been achieved.

In this study, the joint ar�cula�on was reproduced in fric�on testers using experimental models of 
both car�lage �ssue and synovial fluid to explore the detailed mechanism of synovial joint 
lubrica�on. A synthe�c polymer hydrogel with a high-water content, polyvinyl alcohol (PVA) 
hydrogel, was chosen as a simple physical model of ar�cular car�lage to examine the role of so�, 
porous and hydrated nature of the car�lage �ssue. In addi�on, hydrogel-chondrocytes constructs 
were prepared as quasi-car�lage models containing living cells. By using them, the contribu�on of 
extra cellular matrix (ECM) produc�on of chondrocytes could be included in experiments. These 
car�lage �ssue models were lubricated with saline-based model of the synovial fluid to examine the 
synergis�cal lubrica�on effects of combining car�lage and synovial fluid.

KEY WORDS: Synovial joint; Car�lage; Synovial fluid; Boundary lubrica�on; Biphasic lubrica�on; 
Chondrocyte
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Tribological Proper�es of Stainless Steel under Methyl Esters

1 2 2 1Zahrul Fuadi , Koshi Adachi , Koki Kanda , Kurniawan Rudi
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Methyl esters are produced by transesterifica�on of bio-oils and have been used as a mixture or 

subs�tute for petrol diesel fuel. Although methyl esters contain some oxida�ve elements as the 

residue of the chemical process such as soap and oxygen, it has been reported that their usage has 

several advantages such as fric�on and wear reduc�on, improvements in fuel efficiency, as well as 

emission reduc�on. In par�cular, the fric�on and wear reduc�on could be caused by the forma�on of 

a tribo-layer which protects the metal in contact by limi�ng the metal to metal direct contact during 

fric�on or by reducing the thermal energy at the contact interface. On the other hands, methyl esters 

also show some poten�al to be used as a lubricant's bio-addi�ves. It has been reported that addi�on 

of a small amount of palm methyl ester in a lubricant had resulted in the wear reduc�on of the 

material up to 20%, par�cularly in boundary lubrica�on regimes. In this paper, the tribological 

proper�es of stainless steel under various lubrica�on condi�on involving methyl esters will be 

discussed. In par�cular, the methyl esters of interest are palm methyl ester, rubber seed methyl 

esters, and CerberaOdollam methyl ester. Results indicated that, in general, the methyl esters are 

poten�al to be used in mechanical systems for the tribological purposes.  
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The study of tribology includes contact mechanics, wear, fric�on, and lubrica�on of interac�ng 
surfaces in rela�ve mo�ons. Since the func�on of many engineering components depends on the 
appropriate fric�on and wear proper�es, the study of tribology has significant prac�cal importance. 
However, tradi�onal contact mechanics and tribology tests are limited by the inability to observe 
real-�me progress of the sliding contacts and wear mechanism. In recent two decades, depth sensing 
nanoindenta�on emerged as a standalone technique that enabled mechanical response and 
property measurements such as hardness and elas�c modulus at depths as shallow as a few 
nanometers.  At shallow depths, the mechanical response o�en exhibited unusual features such as 
pop-in/pop-out load-displacement discon�nui�es which required addi�onal characteriza�on to 
uncover their source. Coupling mechanical tes�ng to Transmission Electron Microscopy (TEM) or 
Scanning Electron Microscopy or Raman microscopy in an in-situ, quan�ta�ve manner represents an 
a�rac�ve way of �me correla�ng an unusual mechanical response to the corresponding change in 
the microstructure of the sample being tested. Besides indenta�on, today's Nano and 
micromechanical methods include compression, tension bending, fracture, fa�gue and creep tests, 
combined with different in situ tes�ng techniques as diffrac�on methods like EBSD or X-rays or 
Raman. Recently we further extended the in-situ technique to understand the tribological behavior 
of materials under sliding contact. This talk will demonstrate this capability of structure property 
correla�on from results on the in- situ and in-operando nanomechanical and tribological tes�ng of 
various engineering materials. The results will be reported and the physical insight regarding the 
deforma�on mechanisms will be discussed.
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Tribo-corrosion Measurements for Metallic Materials

Tribo-corrosion is a form of material degrada�on or transforma�on because of synergis�c effect of 
sliding wear and corrosion. The consequences of coupling wear and corrosion are complex [1, 2]. The 
extensive understanding of the tribological behavior in the absence of corrosive medium and that of 
the corrosion in absence of wear is not enough to extrapolate mechanisms of degrada�on under 
condi�on of tribo-corrosion. Fric�on and wear indeed modify the sensi�vity of material to corrosion 
and conversely corrosion modifies the condi�ons of fric�on. There is synergy between wear and 
corrosion. The combined ac�on of corrosion and wear o�en results in a significant increase in 
material loss that is much higher than the sum of the individual contribu�on of wear and corrosion. 
Many engineering components are subjected to tribo-corrosion such as mining equipment, food 
processing devices, biomedical implants, chemo-mechanical polishing etc.

In this presenta�on, various test techniques for evalua�ng the tribo-corrosion response of metallic 
materials, advantages disadvantages of various techniques will be presented along with some recent 
results as shown in Fig. 1. Ways of separa�ng contribu�on of pure corrosion, pure wear, corrosion 
enhanced wear and wear enhanced corrosion will be discussed with examples. Cri�cal issues for 
tribo-corrosion experiments will be elaborated.

Fig. 1: Evolu�on of the coefficient of fric�on and the open circuit poten�al during sliding tribo 
corrosion experiments at E .oc

KEY WORDS: Tribo-corrosion,  wear,  corrosion.
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Graphene Thin Film Lubrica�on

High fric�on and wear are accountable for energy wastage and material losses. The lubrica�on of 
engineering surfaces is the most effec�ve way to reduce fric�on and wear. Over the last few years, 
nanostructured layered materials viz. graphene, h-BN, MoS , WS  have shown considerable interest 2 2

as lubricant addi�ves and lubricious thin films for enhancement of tribological proper�es. Herein, 
graphene-based materials would be addressed as dispersible addi�ves to liquid lubricants for the 
reduc�on in fric�on and wear. The spectroscopic and microscopic results of contact interfaces will be 
discussed to reveal the nature of the tribo-thin film being deposited during the tribo-tests and 
emphasize the role of graphene for enhancement of tribological proper�es. The tribological results 
of the self-assembled thin films of graphene oxide on a silicon surface via covalent interac�on will be 
presented. The self-assembled graphene thin film with ultralow thickness showed significantly low 
and steady fric�on compared to that of bare silicon surface and exhibited remarkable wear-
resis�vity. 

45



IndiaTrib-2019
th10  Interna�onal Conference on Industrial Tribology

Dec 01-04, 2019 Indian Ins�tute of Science Bangalore

Keynote Talk

Prof. NityaNand Gosvami
IIT Delhi, India

In Situ study of an�wear tribofilm growth on Lightweight Alloys
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Growth mechanisms of an�weartri bofilms derived from zincdialkyldithio phosphate (ZDDP) 
addi�ves on lightweight metal surfaces are of great importance to find replacement of ferrous 
engine components, which can improve energy efficiency substan�ally [1]. However, due to the 
complex nature of the sliding interface in macroscale tests, ques�ons remain regarding the 
nature of ZDDP interac�ons with such materials [2]. Iron and several other elements have been 
proposed to catalyze ZDDP tribofilm growth via the hard and so� acid base (HSAB) reac�on 
model; in contrast, the model predicts no growth on aluminum (Al) [3]. Indeed, several 
macroscale studies have shown a lack of ZDDP tribofilm growth on Al- and magnesium (Mg)-
based alloys, and the reasons for this are ac�vely debated [4].

We use a novel in situ atomic force microscopy (AFM) technique [5] to study the growth of ZDDP 
tribofilms on Al-Si (ADC12) and Mg alloy (AZ91) against alumina countersurfaces. We show that 
tribofilm grows with sliding �me at high temperature (110°C) and contact pressure over Al-
matrix and Si-phase of the ADC12 substrate but more densely on harder phase (Si) due to higher 
contact stresses. Similarly, for as cast Mg alloy (AZ91), the tribofilm preferen�ally grows on 
harder Mg Al precipitates and the so�er matrix undergoes wear. However, aged AZ91, with 17 12 

finer precipitates, does not show tribofilm growth, revealing cri�cal role of microstructure on 
tribochemical reac�ons. 

Our study unambiguously highlights the cri�cal role of stress, thermal ac�va�on and local 
microstructure on ZDDP tribofilm growth, and demonstrates that the presence of iron is not 
necessary.

KEY WORDS: Max of six key words separated by a ';'Zinc dialkyldithio phosphates (ZDDP), 
lightweight alloys, boundary lubrica�on, an�weartribo films, atomic force microscopy
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SCREENING AND EVALUATION OF NATURAL OILS FOR INDUSTRIAL 
APPLICATION BY QUANTITIVE STRUCTURE-PROPERTY RELATIONS (QSPR) 

TECHNIQUES. 

Bio-based materials like natural oils are increasingly being used for industrial applica�ons because of 

their be�er environmental characteris�cs [1].  India has rich biodiversity and is home to many 

unique plant varie�es.  Oils from the seeds of many such plants are tradi�onally being used for 

applica�ons like ligh�ng, pest repellants, an�sep�c and other medicinal purposes. To evaluate such 

oils for industrial applica�ons such as lubricants require a lot of �me-consuming and costly tests [2]. 

QSPR techniques offer an alterna�ve inexpensive and fast method to screen and evaluate such oils 

for specific applica�ons [3-6]. In this paper, the efficacy of chaulmoogra oil, a non-edible vegetable 

oil, as an environment-friendly base stock for lubricants is evaluated by QSPR techniques, and the 

results are compared with experimental values.  Chaulmoogra oil is a non-edible oil extracted from 

the seeds of the chaulmoogra tree (Hydnocarpus Wigh�anus). It has a unique long-chain cyclic fa�y 

acid composi�on with chaulmoogric acid, hydnocarpic acid, and gorlic acid. Fa�y acid composi�on 

determines the bulk proper�es of vegetable oils. QSPR methods are used to predict the proper�es of 

chaulmugra oil, like viscosity, viscosity index, flash and fire points, thermal/oxida�ve proper�es, cold 

flow proper�es, and tribological proper�es. For QSPR predic�ons, free so�ware like GROMAC, 

LAMMPS, GAMESS, etc. are used. The predicted values showed good agreement with 

experimentally determined values. The results strongly suggest that environmental advantage, 

coupled with non-edible nature makes chaulmoogra oil excellent base stock for lubricants

KEY WORDS: Base stocks; natural oil; QSPR; chaulmoogra oil
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TRIBOLOGY FOR FAST BREEDER REACTOR SYSTEMS
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Use of liquid sodium for heat transport in Fast Breeder Reactors (FBRs) introduces some unique 
tribological issues in reactor opera�on. Reac�ve sodium removes oxide films present on the 
surfaces of components immersed in liquid sodium making the ma�ng surfaces of these 
components prone to self-welding and galling. Hence, for many reactor components which are 
in contact with each other, either one or both the ma�ng surfaces are hard-faced using Ni base 
hard facing alloy, Colmonoy. Hence, a systema�c study of wear and fric�on proper�es of this 
class of alloys has been carried out in flowing sodium using an indigenously developed in-
sodium Tribometer. It is found that fric�on coefficient of Colmonoyhard-faced deposit in flowing 
sodium is significantly lower than that of the austeni�c stainless the major structure material 
used in FBRs.

Another aspect studies in flowing sodium is the cavita�on erosion of structural materials and 
hard acing alloys in flowing sodium. In an indigenously developed vibra�on cavita�on test 
facility, vibra�on was generated using ultrasonic transducers. Results revealed the benefits of 
hard facing in improving the resistance to cavita�on for the exposed surfaces.

Dilu�on from the substrate materials significantly affects the hardness of the hard-facing alloys. 
Hence a systema�c study was also conducted on effect of dilu�on from austeni�c stainless-steel 
base metal on wear and fric�on proper�es of this alloy. It is shown that deteriora�on in 
tribological proper�es with dilu�on is not as significant as reduc�on in hardness with increasing 
dilu�on.

Wear tests were also conducted for other applica�ons for FBRs. For India's Prototype Fast 
Breeder Reactors, selec�on of coa�ngs for rubber seals used in the rota�ng plugs was made 
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based on the wear tests conducted on seal materials with different type of coa�ngs; PTFE and 
MoS and PTFE was chosen based on be�er wear and fric�onal proper�es than that of the other. 2 

Another interes�ng study carried out is for the selec�on reinforcement for the rubber wheels 
used in the in-service-inspec�on vehicle for the reactor. Various bearing materials such as AISI 
52100 and 440C have been characterized at room temperature, and at elevated temperatures 
for their tribological proper�es. Various bearing materials such as AISI 52100 and 440C have 
been characterized at room temperature, and at elevated temperatures for their tribological 
proper�es.

In nuclear reprocessing plants, which use nitric acid for dissolu�on of the fuel for further 
processing, tribocorrosion is an important aspect. Growth of a passive film on surface provides 
protec�on against corrosion, while wear destroy the protec�ve passive film.  Passive materials 
like type 304L stainless steel (SS), Zirconium-702, Zircaloy-4 and Titanium-grade2, poten�al 
materials being considered for reprocessing applica�ons, exhibit an ac�ve-passive behavior in 
an aqueous environment. Tribocorrosion experiments were performed on these materials using 
a pin on disc system with tribocorrosion setup. The results revealed that the wear rate is lower 
for 304L SS than for Zircaloy-4, Zr-702 and Ti-grade2. The synergis�c effect of wear and corrosion 
is more pronounced in Ti and Zr based materials than 304L SS.

This paper will cover major ac�vi�es currently in progress at IGCAR in the area of tribology with 
their relevance to Fast Breeder Reactor and Re processing systems.

KEY WORDS: FBRs, Colmonoys, In-sodium Tribology, Tribocorrosion
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TRIBOLOGICAL BEHAVIOUR OF MATERIALS AT HIGH TEMPERATURE

Materials used for design and fabrica�on of parts of internal combus�on engines, bearings in 

aerospace propulsion systems, cu�ng tools and metal-working processes are subjected to high 

temperature environments at opera�onal stage. Various research studies have been carried out 

to understand the fric�on, wear and lubrica�on behaviour of materials at high temperature. 

Tribological behaviour of super-alloys (Nimonic 80A and Nimonic 90 sliding against Nimonic 75) 

was studied up to 750 ⁰C. A decreasing trend in fric�on (0.94-0.27 for N80A and 0.90-0.58 for 

N90) was observed with increase in temperature, which is a�ributed to the forma�on of glossy 

tribo-layers, further absence of oxide debris at room temperature resulted in severe 

delamina�on wear. For Ti-6Al-4V/Si N  and Ti-6Al-4V/Al O it was observed that minimum 3 4 2 3, 
-6 3coefficient of fric�on (0.4) and wear rate (22.37 X 10  mm /Nm) was a�ained for Ti-6Al-4V/Al O  2 3

tribo-pair at 400⁰C. In case of N 80A and 21-4N valve materials sliding against duc�le cast iron 

GGG-40 seat material up to 500 ⁰C, it was observed that 21-4N exhibits be�er wear resistance 
-5(K = 2.2006 X 10 ) and lower coefficient of fric�on (0.10) at all temperatures under  dry sliding w 

condi�ons. Forma�on of glaze layers at higher temperatures leads to lowering of fric�on 

coefficient and a reduced wear rate. At temperature of  250 ⁰C, GNP lubricated Al-25Si/Steel 

tribo-pair, revealed that the addi�on of GNP to the base oil resulted in lower coefficient of 
-12 3fric�on (0.415-0.326) and wear rate (0.07 X 10 m /m), as compared to non-lubricated contact 

and lubrica�on by PAO. 

KEY WORDS:  Tribo-layers, Lubrica�on, Oxida�on, High Temperature
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THERMO TRIBO CHARACTERISTICS OF SELECTIVE REINFORCED LATTICE 
STRUCTURE POLYESTER MATRIX COMPOSITES 
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Advanced polymer matrix composites find increasing applica�on due to their light weight, self-
lubrica�ng proper�es and ease of fabrica�on into a complex shaped part compared to metals. 
However, their applica�on is restricted to light-duty power transmission due to the deteriora�on of 
mechanical proper�es because of heat accumulated during service. The heat generated during 
service in machine elements such as bushes, gears etc., is not dissipated in polymer matrix 
composites due to the poor thermal conduc�vity. A novel approach that will be useful to design 
machine elements using la�ce or network structure reinforced polymer matrix composites is 
a�empted in the current research work. The finite element analysis was performed to understand 
the transient heat conduc�on behaviour of proposed selec�ve-reinforcement concept. Various 
geometries of reinforcement such as par�cle, short fibre and network, are analysed and the heat 
accumula�on at the contact surface are reported for different material combina�on. The finite 
element analysis carried out reveals that the presence of three-dimensional con�nuity in the nature-
inspired reinforcement form significantly reduces the surface temperature and uniformly dissipates 
the heat. The detailed study made on the network-reinforcement reveals that the cell size has 
significant influence in reducing the surface temperature compared to the rela�ve density of the 
porous/cellular material. Experimental studies to understand the tribo characteris�cs using pin-on-
disc tribometer were conducted with the selec�vely reinforced network composites and tests 
conducted revealed the reduc�on in the heat accumulated in the network-reinforced polymer 
composites. The fric�on and wear behaviour of neat, par�cle and network reinforced polymer 
matrix composites are also discussed. 

KEY WORDS: La�ce Structure Composites; Polymer Matrix; Fric�onal Hea�ng; Tribo behavior; 
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Synergism in func�oning of Nano-par�cles as addi�ves in Nano-oils

Research on new addi�ves as extreme pressure addi�ves (EPA) an�-wear addi�ves (AWA) and an�-

fric�on addi�ves (AFA) in last decade was dominated by explora�on of number of new Nano- 

par�cles (NPs), their amounts, sizes and shapes etc. The major focus was always ontrying new NPs 

and then their amount along with op�miza�on of type and amount for the best possible 

improvement in the selected proper�es of Nano-oils/Nano- lubricants rather than their shape and 

size. Few efforts are also put on func�onaliza�on of NPs to enhance their poten�al in oils. This led to a 

significant increase in several publica�ons in this area. Unfortunately, few important aspects such as 

systema�c process of developing Nano-suspensions in true sense, their stability for a longer �me and 

extent of losses in efficiency with �me are not addressed adequately. Another important aspect of 

explora�on of combina�on of NPs in right amount for synergism in ac�on is hardly explored by the 

researchers and hence calls for a�en�on.

The current research highlights this aspect by considering group III oil as a base oil and using 

combina�ons of NPs such as PTFE (polytetrafluoroethylene) and hBN (hexa-boron nitride); PTFE and 

graphite by varying wt. % (keeping total amount of NPs constant- 4 wt. %) along with dispersant. The 

synergism in EP and AW proper�es was observed in case of typical ra�o of two types of par�cles by 

gaining highest value of improvement as compared to the parent NPs in isola�on. The excellent 

quality of co-transfer of film by two types of NPs when came together in typical amounts was found 

to be the reason behind it.
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PROTECTIVE TRIVALENT CHROMIUM BASED ELECTROCHEMICAL 
COMPOSITE COATINGS FOR GUN BARRELS 
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Firearms operated by military are exposed to high temperatures (~ 3700 K) and pressures (~700 MPa) 
due to repeated firing rounds leading to wear of gun barrels. With an unremi�ng demand for 
increased lethality (muzzle veloci�es as high as 1700 m/s are required) of weapons, mandated over 
the period of �me, development of ultra-high wear resistant and thermal resistant protec�ve 
coa�ngs with good mechanical proper�es. Coa�ngs consis�ng of Cr, Cr-YSZ, Cr-CNT and Cr-YSZ-CNT 
were electro-co-deposited from environment friendly Cr (III) solu�on on steel substrate, so as to 
replace tradi�onally used toxic Cr (VI) bath. However, Cr (III) based coa�ngs possess lower wear and 
corrosion resistance as compared to Cr (VI) based coa�ngs, moreover, as deposited coa�ngs contain 
micro-cracks. The focus of this work is to understand influence of y�ria stabilized zirconia (YSZ) and 
carbon nanotubes (CNT) reinforcements on microstructural-, mechanical-, and tribological- 
performance of Cr (III) based composite electrochemical coa�ngs.

Composite Cr coa�ngs have shown an improvement in wear performance with respect to Cr coa�ng, 
-11 -11 3 -11with reduced wear rate of ~ 4.2 10  for Cr-YSZ, 3.810  m /Nm for Cr-CNT and minimum of ~310  

3
m /Nm exhibited by Cr-YSZ-CNT. Increase in hardness value ranging between ~10-26 GPa was also 
observed (~8 GPa for Cr) which may be ascribed to increased compressive residual stresses (~500-
900 MPa) as a result of reinforcement. Further, electrochemical behavior and effect of laser peening 
on coa�ngs revealed an improvement in wear resistance a�er laser peening with maximum for Cr-
YSZ-CNT which might be ascribed to large residual stresses (~ -1757 MPa) introduced as a result of 

2peening as well as high elas�c recovery of ~62%. Highest corrosion resistance of ~3.9 kΩcm  was 
obtained by synergis�c incorpora�on of YSZ and CNT in Cr-YSZ-CNT coa�ng which might be assigned 

52



to chemical stability imparted by inert YSZ.  CNT incorpora�on also tends to fill up the defects and 
micro-holes on the surface of metal which might otherwise act as ac�ve sites for Cr dissolu�on.

Synergis�c role of YSZ and CNT in Cr matrix leads to hardening as well as forma�on of lubrica�on 
reservoirs under the indenter due to presence of CNTs. Moreover, presence of chemically stable 
reinforcements, YSZ and CNT, act as physical barriers inhibi�ng localiza�on of corrosion. Thus, with 
enhanced micro-hardness (~25 GPa), low coefficient of fric�on (~0.13), high wear and corrosion 
resistance, Cr-YSZ-CNT coa�ng can be successfully applied to automo�ve, aerospace, defense, 
marine and various other industries in order to protect the vital components exposed to wear 
condi�ons and corrosive media. 

Fig: Schema�c represen�ng tribological behavior of (a) Cr, (B) Cr-YSZ, (c) Cr-CNT 
and (d) Cr-YSZ-CNT.
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MICRO AND NANOPARTICLES BLENDED SESAME OIL BIO-LUBRICANT: 
STUDY OF ITS TRIBOLOGICAL AND RHEOLOGICAL PROPERTIES

*Rajendrakumar, P.K. , Sabarinath, S. and Prabhakaran Nair, K. 
Department of Mechanical Engineering, Na�onal Ins�tute of Technology, Calicut-673601, 

Kerala, India

Non-renewability, deple�ng resources and damage caused to the environment by mineral oil-based 
lubricants are the greatest concerns of this century [1]. Recently, these issues have triggered a global 
trend to use vegetable oil-based lubricants in industries. Sesame oil (SESO) extracted from sesame 
(Sesamum indicum) possesses dis�nc�ve characteris�cs such as low pour point and reasonable 
oxida�on stability [2]. However, the poor tribological proper�es of SESO limit its applica�on as an 
industrial grade bio-lubricant. The present work encompasses blending of micro and nanopar�cles in 
SESO so as to enhance its tribological proper�es to suit many industrial applica�ons. Nanopar�cles 
having difference in morphology such as spherical-shaped �tanium dioxide (TiO ) and rod-shaped 2

zinc oxide (ZnO) have been used [3]. The significance of adding micropar�cles is also dealt with, by 
using molybdenum disulphide (MoS ). To reduce the agglomera�on of micropar�cles as well as 2

nanopar�cles, sorbitan monooleate (span 80) is used as the surfactant. Tribological proper�es of the 
above-formulated lubricants with and without surfactant addi�on are studied using a four-ball 
tester.  The rheological proper�es of the oil blends are examined using a rheometer. Worn out 
por�ons of the ball specimens and the morphology of nanopar�cles are imaged using a field 
emission scanning electron microscope (FESEM). With the addi�on of nanopar�cles to SESO, 
improvement of wear resistance has been observed. This might be due to the rolling and/or mending 
effect produced by these nanopar�cles between the contact surfaces [4]. Rod-shaped ZnO blended 
SESO reduced the coefficient of fric�on and wear scar diameter by 24.04% and 13.74%, respec�vely. 
It has also been revealed that rod-shaped nanopar�cles are more effec�ve in enhancing tribological 
proper�es than the spherical-shaped ones.

KEY WORDS: Sesame oil, bio-lubricant, nanopar�cles, tribological proper�es
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MACHINERY DIAGNOSTICS IN THE DIGITAL AGE : ENRICHING DOMAIN 
EXPERTISE WITH “SMART” SOLUTIONS

Machinery troubleshoo�ng and fault diagnos�c prac�ces have evolved over the years, moving 

from tradi�onal �me-scheduled maintenance to condi�on-based maintenance to 

predic�ve/prescrip�ve solu�ons. Determining the integrity of plant assets over their life cycle 

has become very cri�cal today. To fulfill this objec�ve, the role of domain experts has also 

become very challenging in terms of data and informa�on to be processed, promptness 

required in taking key decisions and avoiding errors in judgement or subjec�ve bias. Since such 

decisions by experts can have far-reaching implica�ons for the industry, the move towards 

adop�ng Digital technologies, by way of IIoT enablement, became almost a foregone 

conclusion. This talk outlines the on-going Digital transforma�on in the field of machinery 

diagnos�cs. Use of Digital tools and ar�ficial agents vis-à-vis depending on human experts 

throws up its own interes�ng debate, which is briefly addressed. The paper includes a few real-

life cases on diagnos�cs. The tradi�onal approach to solve such cases is compared with how 

“Intelligent” or “Smart” tools can be applied. Applica�on of Ar�ficial Intelligence / Machine 

Learning (AI / ML) technologies will have far-reaching implica�ons in the way process plants are 

designed, constructed and operated today. But acceptance of such new technologies by the 

process industry remains a point to reckon with. The paper concludes that the migra�on from 

the Tradi�onal to the Digital era is inevitable. The need of the hour is to put in place a robust and 

sustainable Management of Change (MoC) process that can make this transforma�on seamless 

and beneficial.

KEY WORDS: Diagnos�cs; Digital; Asset Integrity; IIoT; AI / ML 
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DAMPING CONSTANT ANALYSIS OF PISTON-CYLINDER DASHPOT WITH 
HYDROMAGNETIC NEWTONIAN FLUID 

1 2 2 2T V V L N Rao *, AinulAkmar Mokhtar , Masdi Muhammad and Hamdan Haji Ya
1Department of Mechanical Engineering, SRM Ins�tute of Science and Technology, 

Ka�ankulathur - 603203, India
2Department of Mechanical Engineering, Universi�Teknologi PETRONAS, 32610, 

Bandar Seri Iskandar, Perak DarulRidzuan, Malaysia

An analy�cal model for damping constant calcula�on of piston-cylinder dashpot filled with 

Newtonian fluid considering slip on piston and cylinder surfaces is presented. The damping 

constant of dashpot is determined using shear stress equa�on for Newtonian fluids. Governing 

equa�ons of fluid flow are derived from force on piston and viscous fric�on force. The influence 

of (i) Hartmann number, (ii) nondimensional piston-cylinder clearance and (iii) reference piston-

cylinder clearance to piston radius ra�o on damping constant ra�o of piston-cylinder dashpot 

are inves�gated. Damping constant of piston-cylinder dashpot enhances under hydromagne�c 

effects. The increase in damping constant ra�o with Hartmann number is inves�gated.

KEY WORDS: Piston-cylinder dashpot; Magne�c effects; Newtonian fluid 
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SURFACE TECHNOLOGY AND COATING: AN EFFECTIVE TOOL TO ENHANCE 
PRODUCT & SYSTEM PERFORMANCE THROUGH VALUE ADDITION

Tribology is the Science and Engineering of Interac�ng surfaces in rela�ve mo�on and where, the 
surface interac�on involves, there, presence the phenomena of fric�on, wear and lubrica�on. The 
challenge is to make the surface interac�on more efficient and effec�ve by reducing the fric�on, 
preven�ng or minimizing the wear and modify the regime of lubrica�on by innova�ve ways which 
are be�er, faster, cheaper and have the beneficial effect as far as the en�re ecological systems are 
concern.

KEY WORDS: “Specialized coa�ngs”, “mul�func�onal coated surfaces” 
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EFFECT OF EP ADDITIVE ON WEAR RESISTANCE IN VANE PUMPS

Lots of lab scale studies are being done on tribo modified lubricants and their impact on wear 

protec�on capabili�es in different lubrica�on condi�ons. An�-wear and extreme pressure 

lubricants are used for applica�ons having mixed and boundary lubrica�on condi�ons for 

surface protec�on. It is always being asked that “what will happen if a different tribo modified 

lubricant is used with hydraulic components?” This is a study in actual opera�ng condi�ons with 

commercial hydraulic components to find how an extreme pressure lubricant behave in 

hydraulic applica�ons. Vane pump is selected for the studies, as the contact stress is the 

maximum and the an�-wear requirement is the highest among other types of hydraulic 

pumps.The heat generated by fric�on is considered as the major cause of tribo-chemical 

reac�ons. The heat generated is enough for an�-wear addi�ves, but it is not the case with EP 

addi�ves. Lower concentra�ons of EP addi�ve are not fully capable of protec�ng the 

component, but the increase in concentra�on enables the lubricant to provide full protec�on.

KEY WORDS: Addi�ves, Wear Resistance
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AN INVESTIGATION ON THE LUBRICIOUS LAYER AT THE CUTTING TOOL-
CHIP INTERFACE

2 2Anirudhan P.1*, Biswas S K  and Sa�sh V. Kailas
1Government Engineering College, Kozhikode, Kerala, India

2Indian Ins�tute of Science, Bangalore, India

During metal cu�ng, the lubricant fluid supplied con�nuously into the cu�ng zone is known as 

cu�ng fluid, which is meant to remove the heat generated during cu�ng, as well as to reduce 

fric�on at the tool-chip interface. The influence of the cu�ng fluid in affec�ng the tribology of 

the process is complicated. This is because there is a coupled influence between     (i) the change 

in mechanical proper�es of the work-piece induced by the fluid (as it removes heat), (ii) the 

severity of the chip-curl affected by the fluid and (iii) the change in fric�on condi�ons between 

tool and chip. Fric�on at the tool-chip interface is conven�onally assessed using the Merchant 

circle diagram, but the method has limita�ons. Usual tribological methods cannot assess the 

lubricity of cu�ng fluids because that would require the lubricant film to be developed on a 

freshly cut (nascent) surface.   This talk would focus on an experimental facility which would 

realize this, by measuring fric�on con�nuously on a freshly cut surface. Chemical inves�ga�on 

of the tribo-film formed on the nascent surface, analyzed using XPS/ESCA, confirms the 

forma�on of a metal-carboxylate, explaining the lubricity while using an oil-in-water type 

cu�ng fluid.  

KEY WORDS: Metal cu�ng; Tribology; Cu�ng Fluid; Fric�on; XPS
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EFFECT OF NITRIDING TEMPERATURE ON PLASMA NITRIDING OF AISI 316L 
STAINLESS STEELS SUBJECTED TO SEVERE SHOT PEENING

a b c d*Jayalakshmi M. , Badekai Ramachandra Bhat , Suma Bhat , Udaya Bhat K.
a bDoctoral student dept. of Metallurgical and Materials Engineering, Professor, Dept. of Chemistry, 

c dProfessor (Dept of Mechanical Engg), SSE, Mukka, Srinvasanagara, *Professor, Dept. of 
Metallurgical and Materials Engineering, NITK Surathkal, (India)

Success of peening- nitriding duplex treatment lies in the right selec�on of nitriding temperature. In 
the present study, effect of plasma nitriding temperature over the range of 300 - 500 °C is assessed on 
severe peened 316L stainless steel samples. Nitriding temperature of 300°C is found insufficient to 
produce con�nuous nitride layer in spite of pre-treatment; while nitriding at 500 °C resulted in the 
precipita�on of the chromium nitride phase. Nitriding of severe peened samples at 400 °C resulted in 
significant improvement in case depth, without chromium nitride precipita�on, compared to 
nitriding of unpeened samples. Hence, the study infers that, plasma nitriding temperature of 400°C is 
ideal for u�lizing the beneficial effects of severe peening pre-treatment to enhance the nitriding 
kine�cs.

KEY WORDS: MPlasma nitriding; surface nanocrystalliza�on; severe shot-peening; austeni�c 
stainless steel; martensite; shear band; diffusion; chromium nitride

60



IndiaTrib-2019
th10  Interna�onal Conference on Industrial Tribology

Dec 01-04, 2019 Indian Ins�tute of Science Bangalore

Invited Talk

Prof. Vikas M. Phalle
Veermata Jijabai Technological Ins�tute (VJTI) Mumbai 
Maharashtra, (India)

DESIGN AND DEVELOPMENT OF HYDRODYNAMIC CONICAL JOURNAL 
BEARING TEST-RIG

Hydrodynamic journal bearing is most widely used bearing to support the rota�ng machines. 

Generally radial and axial loads are generated in many turbo-machines such as turbines, 

compressors, pumps etc. and for sustaining these types of loads normally journal and thrust 

bearings are employed, which happens to be expensive and space occupying. Thus, need arises 

to explore the feasibility of single compact size conical hydrodynamic journal bearing for 

replacing of two independent bearings i.e. journal and thrust in applica�on. Conical bearings 

have added advantages such as; can be preloaded conveniently by adjus�ng the gaps and 

improve its performance for thrust carrying load on rota�ng members. 

In present research work, analy�cal method, Design and development of experimental setup 

and CFD analysis have been used to inves�gate the performance of conical hydrodynamic 

journal bearing. A customized experimental set up of conical hydrodynamic journal bearing is 

developed to validate the numerically simulated results by experimental work on developed 

test-rig. Finite element method is used to solve the modified Reynolds equa�on in the spherical 

co-ordinate system for conical hydrodynamic journal bearing. The analysis is focuses on the 

stability of the rigid rotor-bearing system to determine the performance of bearing. Based on 

the inves�ga�on, it has been found that, axial and radial load carrying capability of conical 

journal bearing is improved with increase of semi-cone angle and aspect ra�o. All numerically 

computed results and experimental work on test-rig in this parametric study are useful for 

academician, research scholar and bearing designer.

KEY WORDS: Hydrodynamic, Conical Bearing, Experimental work 
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WEAR, FATIGUE AND FRACTURE UNDER CONTROLLED 
ENVIRONMENT CONDITIONS

V. Chaudhry*, Sa�sh V. Kailas
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Evalua�on or quan�fica�on of mechanics and mechanisms involved in the surface degrada�on 
under fre�ng condi�on remains a challenge. Small amplitude oscilla�ons induce surface 
degrada�on in the form of material wear and/or nuclea�on of surface crack, and propaga�on of 
surface cracks. In order to study the synergies of wear, fa�gue and fracture phenomena, 
experimental and analy�cal studies have been carried out under controlled environment condi�ons. 
Different fre�ng regimes have been simulated under ambient and vacuum (10-9MPa), and 
temperature up to 400oC. Studies have been carried out with stainless steel spheres on a stainless-
steel flat, and stainless-steel sphere against chromium carbide (25% nickel chrome binder) coa�ngs.  
Mechanical responses are correlated with the damage observed. It has been observed that adhesion 
plays a vital role in material degrada�on process, and its effec�veness depends on mechanical 
variables such as normal load, interfacial tangen�al displacement, characteris�cs of the contac�ng 
bodies and most importantly on the environment condi�ons.  Numerical techniques have been used 
to evaluate the stress field simula�ng the test condi�ons. For duc�le materials, studies reveal that 
material degrada�on involves severe plas�c deforma�on, which results in the ini�a�on or 
nuclea�on of surface cracks. Ratche�ng has been observed as the governing damage mode for crack 
nuclea�on under cyclic tangen�al loading condi�on. Further, propaga�on of the cracks has been 
observed under fa�gue and their orienta�on has been observed to be governed by the contact 
condi�ons prevailing at the contact interface. It is observed that the propaga�on of the crack is 
controlled by normalized strain energy release rate. Change in the damage mechanism from fa�gue 
to metal flow has been observed as the temperature increases. Coated surfaces show damage in the 
form of bri�le fracture and spalling of the coa�ngs. Chromium carbide with 25% nickel chrome 
binder coa�ngs using high-velocity oxy-fuel process on stainless steel shows less fre�ng damage and 
can be considered as an effec�ve pallia�ve against fre�ng damage, even under high vacuum and 
high temperature condi�ons.

KEY WORDS: Wear, Fa�gue, Fracture
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SCIENCE OF ADAPTIVE CONTACT: A NEW TOOL TO CONTROL FRICTION 
AND ADHESION

In nature, pervasive presence of electromagne�c fields and the fluctua�ons of these fields at the 
quantum and the con�nuum levels become the genesis of forces between atoms, molecules and 
solid surfaces. These natural forces induce a�rac�on and repulsion between quantum objects and 
con�nuum objects and which in turn causes elas�c strain, plas�c strain, and deforma�on in them. 
The contac�ng processes between them are energy-intensive; thermodynamically they are either 
rexothermic or endothermic. In living systems, the contac�ng process is op�mized; Animals 
andplants achieve adap�ve contact by op�mizing the contact area and contact pressure that 
minimizes the energy involved in the process, which in turn control fric�on and adhesion at theirwill. 
However, to achieve such a robust adap�ve contact poses a greater challenge to engineers and 
scien�sts. It is a quest to have adap�ve contacts to achieve adap�ve fric�on and adhesion in 
engineering applica�ons. Since both fric�on and adhesion are interdependent and their 
interdependency changes quan�ta�vely from nanoscale to macro scale. Therefore, achieving 
adap�ve contact and well-tuned adap�ve fric�on and adhesion is challenging. When two surfaces 
close to each other in the order of nm to 100 nm, the van der Waals (vdW) forces are dominant and 
exert vdW the pressure between the surfaces. The vdW force and pressure between the interac�ng 
surfaces can be manipulated by switching Hamaker constant (A) from posi�ve to nega�ve. Since 

Hamaker constant is a func�on of dielectric constants of the interac�ng surfaces(Ɛ1, Ɛ2, Ɛ3) and 
frequency of pervasive electromagne�c field between them. In order tounderstand and achieve 
adap�ve contacts, we analyzed manifold of theore�cal models and experimental inves�ga�ons of 
quantum to the con�nuum scale. Based on the new theore�cal and empirical models, achieving 
adap�ve fric�on and adhesion will be demonstrated which includes cases of gecko adhesion and 
stability of nanocracks. In this talk, we further discuss theop�mized energy scales and length scales of 
adap�ve contacts and methods to achieve adap�ve fric�on and adhesion.

KEY WORDS: Adap�ve Contact, Fric�on, Adhesion, van der Waals interac�ons, Hamaker constant
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TEXTURED SURFACE HYDROSTATIC / HYBRID FLUID FILM BEARINGS 

For past few decades, it has been widely recognized that the textured bearing surfaces have a strong 
influence on the tribological performance of lubricated contacts. The use of textured surface has 
been found to be more demanding due to its advantageous features such as low fric�on coefficient 
and suppor�ng heavy load simultaneously. The performance of tribo-contacts depends on the 
geometric features of textured surface such as orienta�on, size, shapes and density of texture 
pa�ern. Since, majority of studies in the field of surface texturing are limited to hydrodynamic fluid 
film bearings; therefore, this presenta�on is aimed to outline the research efforts undertaken so far 
in the area of hydrosta�c / hybrid bearings and to present some salient findings of textured surface in 
these class of bearings. To get the solu�on of textured bearing surfaces, the numerical solu�on of 
modified Reynolds equa�on is obtained using Finite Element Method by taking the flow of lubricant 
through restrictor as constraint along with JFO/Reynolds boundary condi�on for cavita�on in 
textured bearing. Newton-Raphson method is used to solve the non-linear system of equa�on 
generated due to restrictor equa�on and different non-Newtonian lubricants. Use of textured 
surfaces have been reported to enhance the efficiency of fluid film bearings by improving the load 
carrying capacity and reducing the fric�on between the sliding surfaces. Par�al texturing is effec�ve 
in enhancing the performance of fluid film bearings from view point of fric�on and load carrying 
capacity. The op�mum bearing performance can be determined by selec�ng op�mum texture 
dimensions.

KEY WORDS: Surface Texture; Hydrosta�c/ Hybrid bearings; FEM; Journal bearing
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ENGINE OIL ADDITIVE PACKAGES – TRIBOMETERS AS SLECTION AND 
DIFFERENTIATION TOOL 
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Engine oils available in world market are mostly accepted basis the American Petroleum 
Ins�tute (API) and/or European Automobile Manufacturer Associa�on (ACEA) formulated 
specifica�ons.  Four chemical technology companies supply addi�ves to oil companies duly 
supported with expensive fired engine test data as per requirements. Hence, all oils may look 
same, so it is essen�al for oil marketers to differen�ate their products and select the best for 
ge�ng new customer and reten�on of exis�ng ones. In order to select the best addi�ve systems 
and components, oil companies run field trials with OEM's and customers, which is a �me 
consuming, laborious and expensive process. U�lizing laboratory bench tests, Pin-on-Disk, High 
Frequency Reciproca�ng Rig (HFRR), Block-on-Ring, Mini-Trac�on Machine (MTM), 
oils/addi�ves of same viscometrics and same performance levels were evaluated to 
differen�ate and select the best for our products without ge�ng into field trials and expensive 
engine tests. Past field data was used to validate the findings of tribology tests. The four 
addi�ves mee�ng API SN SAE 0W 20 oils evaluated had similar chemistries for EP/an�-wear 
performance. The coefficient of fric�on, wear scar depths, film forming abili�es were found to 
be different in the tests performed. The trends clearly established superiority of one addi�ve 
over others in parameters tested. Probably the chemistry of other ingredients had influenced 
the synergism on performance in fric�onal behavior. The addi�ve system thus chosen, and an oil 
blended with it has shown 2.7% higher fuel efficiency than the recommended oil in real engine 
test.The use of tribology tests as a pre-screener for oil companies can help choosing the right 
addi�ve for their market claims and save upon costs for valida�on.

KEY WORDS: Engine oil, Addi�ves, Tribo tes�ng, Fric�on, Lubrica�on
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WEAR EVOLUTION WITH OPERATIONAL CYCLES
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High power density (power throughput/ weight) machines (such as wind turbines, OHV's, mining 

equipment's etc.) frequently fail due to asperity interac�ons when subjected to rolling/sliding or 

oscillatory types of mo�on. It is difficult to track the change in surface topographies (contact 

pressure, contact area, asperity radius) during rela�ve mo�on of solid components. The objec�ve of 

the work being done is to reveal the dependency of wear mechanisms with progressive  increase in 

opera�onal cycles[1].  Interfacial phenomenon such as adhesion, fric�on, rolling contact fa�gue, 

fre�ng fa�gue and fa�gue resistance are affected by surface topography. Characteriza�on of surface 

topography is an essen�al step for designing tribological components which can be done by using 

sta�s�cal and fractal methodologies [2]. In the sta�s�cal method, most of the topography 

parameters are determined by u�lizing sta�s�cal data of roughness heights. In fractal method, 

topography parameters are solely calculated by u�lizing power spectral density of the rough 

surfaces. For be�er understanding of fractal geometry, it is important to develop a method for 

determining the applicability of fractal theory.  A rela�on between surface roughness and fractal 

signature establishes a basis for developing more advance surface characteriza�on methods. 

Thorough study under rolling sliding condi�ons, of the effect of surface topography on contact 

characteris�cs, mixed-EHL trac�on coefficient [3,4], and wear reveals that topography parameters 

can be successfully correlated with wear mechanisms and their transient evolu�on provide in-depth 

understanding on performance of the components. Similarly, for fre�ng mo�on, wear mechanism 

and fric�on characteris�cs are different in each regimes of fre�ng wear [5]. The transi�on of fre�ng 

regimes with �me may cause premature failure of the components. Therefore, a basic understanding 

of the characteris�cs of fre�ng wear regimes and its transi�on with �me should be of value in 

controlling the fre�ng wear at metal interfaces, and in designing engineering components.

KEY WORDS: Surface Topography, Wear, Mixed Lubrica�on, Fre�ng, Rolling-Sliding
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ACHIEVING EXTREMELY LOW SLIDING FRICTION IN SPARSELY LUBRICATED 
AL-STEEL TRIBO-SYSTEM THROUGH CONTROLLED MICRO-TOPOGRAPHY OF 

THE STEEL COUNTER SURFACE

While studying the effect of surface topographies on reducing the average coefficient of sliding 

fric�on in an Al-Steel tribo-system, results suggested an extraordinary preference for certain 

topographies which were not necessarily smoother or rougher than those of other specimens. These 

surface topographies were created on a lab scale table grinder using coated abrasive sheets on Steel 

specimens; fric�on at surface contacts of the Aluminum Pin was tested on a reciproca�ng tribometer 

having a velocity profile of a scotch yoke follower mechanism. These topographies were found to 

interact in a tribo-system with the sliding velocity and the base oil viscosity and generated fric�onal 

force plots, some of which were significantly different from those predicted by classical Stribeck 

principles. Specific three-dimensional areal surface parameters derived from the areal material ra�o 

curve were established using a 3D op�cal profilometer. Surface parameters pertaining to the area 

occupied by the peaks in rela�on to the core surface area were found to predict the shape of the 

fric�onal force plots in this tribo-system. The influence of the micro-topography of hard contac�ng 

surfaces on the topography evolu�on of the so� counter surface during sliding will be shown. 

Physical tribo-films formed from boundary layer addi�ves were used to find the effect of topography 

modifica�on and tribofilm forma�on at the contact zone during sliding; these features, along with 

the influence of speed of reciproca�on and wear debris on fric�onal force plots will be discussed in 

conjunc�on with the reasons for the departure from the expected Stribeck principles. 

KEY WORDS: Sliding Fric�on, Lubrica�on
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EFFECT OF TIP SIZE AND EXPERIMENTAL CONDITIONS 

ON NANO-SCALE FRICTION TESTING

Assessment of Nano-tribological proper�es (fric�on and wear) on polymer surface helps to 

understand their scratch, mar and wear proper�es. More polymers are used now for automo�ve, 

electronics, appliances, and building and construc�ons industries due to aesthe�cs and design 

freedom. Owing to their lower mechanical proper�es, polymers are vulnerable to surface damage 

and deteriorate their morphology, func�onality, and aesthe�cs with �me. Understanding surface 

fric�on and their dependence on the tes�ng parameters and �p geometry is important for polymer 

surface characteriza�on. 

Usually adhesive behavior between the �p and substrate significantly affect the polymer scratch, 

mar and wear proper�es. In this study, Nano-indenter was used for measuring fric�on and wear 

proper�es varying test parameters and indenter �ps. A Berkovich �p (B-�p) with radius of ~50 nm 
oand a conical �p (C-�p) with 60  cone angle and �p radius of 1000 nm were used. Poly Oxy methyl 

(POM) with addi�ves were chosen for fric�on tes�ng. Higher coefficient of fric�on (COF) for C-�p was 

observed compared to B-�p and this explained based on the higher �p-material interac�onal area for 

C-�p. COF was decreased with higher addi�ve concentra�on and same trend was followed for wear 

depth for the B-�p. For C-�p, COF was increased with the tes�ng loads and corresponding wear 

depth were higher for higher load. Change of COF with test velocity was not showing any specific 

trend. Shallow wear depth using B-�p compared to C-�p may be be�er for probing top surface of the 

materials.  

Nano-scale tribo-mechanical evalua�on techniques are uniquely suited for fundamental 

understanding and screening many addi�ves quickly. Observed wear proper�es not only depend on 

the addi�ves added to the formula�on but may also get influenced by the geometry of the �p.

KEY WORDS: Nano-scratch; Fric�on; wear resistant polymer; Nano-tribology; Berkovich �p; Wear 
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