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Preface

Tribology is an interdisciplinary field that has attracted increased attention from
various research fields comprising of engineering to other life sciences fields. It is
an important interdisciplinary field that utilizes skills from mechanical engineering,
materials science and engineering, chemistry and chemical engineering and other
engineering fields. The science of tribology focuses on contact physics and the
mechanics of moving interfaces that generally involve energy dissipation. The
contact between two materials, and the friction that one exercises on the other,
causes an inevitable process of wear. Generally, tribology includes three key topics:
friction, wear and lubrication. Friction is the resistance to relative motion, wear is
the loss of material due to that motion, and lubrication is the use of a fluid to
minimize friction and wear. Tribology is particularly important in today’s world
because of energy loss in the engineering components. Significant energy is lost due
to friction in sliding interfaces; therefore, finding many alternatives ways to mini-
mize friction and wear through new technologies in tribology is critical to a greener
and more sustainable world.

This book provides a comprehensive overview of tribological properties of
composites materials such as natural fiber-reinforced composites, non-oxide-based
ceramic matrix composites, nano-HAp-polyoxymethylene composites, elastomer
composites, titanium-based composite materials, etc. This book offers an under-
standing of the processes, materials, techniques and mechanisms related to the
tribological concepts and includes information on the most recent developments in
the field. With contribution from international experts, the book discusses
non-oxide-based ceramic matrix composites in tribological applications; tribologi-
cal performance of polymer, ceramic, metal-matrix composite, and the coating for
automotive applications; solid–liquid lubricants in composite material; polymeric
systems for enhanced tribological properties; friction and mechanical properties of
inner banana trunk polymer matrix composites and eggshell polymer matrix
composites using injection molding (IM) and vacuum-assisted resin transfer
molding (VARTM); tribological properties of nano-hydroxy apatite (nHAp) added
polyoxymethylene (POM) composites using a pin on disc tribometer; surface
composition, structure and morphology and the related changes to hardness,
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microroughness and the surface energy of elastomer composites; titanium-based
biocomposites in hip joint replacement; impact of fillers on processing, functions,
mechanical and tribological, environmental properties; tribological analysis of
developed composite coating with MoS2-TiO2; DLC composite hard coating as the
potential tool coating; feasibility applications of polymer composite spur gears in
tribological applications; influence of green solid particle (hexagonal boron nitride,
HBn) enriched in the modified jatropha oil (MJO) through tribology testing using
four-ball tribotester machine; friction and wear properties of natural fibre-reinforced
polymer composites (NFRPC) as tribo-materials for different engineering system as
well as their applications in automotive, biotechnology, biomedical and metal
forming field.

We are thankful to all authors around the world who contributed their valuable
research in our edited book and make our imaginary thought into reality. Editors are
also thankful to Springer team for supporting and cooperation during whole project
without their help we cannot complete this project.

Serdang, Malaysia Mohamed Thariq Hameed Sultan
Perlis, Malaysia Mohd Ridzuan Mohd Jamir
Perlis, Malaysia Mohd Shukry Abdul Majid
Perlis, Malaysia Azwan Iskandar Azmi
Kuala Lumpur, Malaysia Naheed Saba

vi Preface



Contents

Tribomechanical Behaviour of Non-oxide Ceramic Matrix Composites
in Dry Sliding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Subhrojyoti Mazumder, Hendrik Simon Cornelis Metselaar,
Nazatul Liana Sukiman, and Nurin Wahidah Mohd Zulkifli

Tribological Properties of Composite Materials
for Automotive Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
Ram Krishna Upadhyay and Arvind Kumar

Tribological Test of Composites Material Lubricated
with Various Solid-Liquid Lubricating System . . . . . . . . . . . . . . . . . . . . 71
Y. Aiman, N. F. Azman, and S. Syahrullail

Tribology of Fiber Reinforced Polymer Composites: Effect of Fiber
Length, Fiber Orientation, and Fiber Size . . . . . . . . . . . . . . . . . . . . . . . 99
P. S. Sarath, Rakesh Reghunath, Józef T. Haponiuk, Sabu Thomas,
and Soney C. George

Mechanical and Tribological Properties of Utilized Natural-CaCO3

and Potassium-Rich Polymeric Fillers by VATRM
and IM Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
Ramdziah Md. Nasir, Syahrain Sadali, and Aslina Anjang Ab Rahman

Friction and Wear Performance of Nano Hydroxy Apatite (nHAp)
Polyoxymethylene Composites on 316L Steel . . . . . . . . . . . . . . . . . . . . . 149
Shubrajit Bhaumik, Rajeswar Bandyopadhyay, Tanveer Ahamed Rohit,
Anik Banerjee, Helen Annal Therese, and Rajan Pathak

Influence of Surface Modification on Tribological Properties
of Elastomer Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
Dariusz M. Bielinski, Mariusz Sicinski, and Jacek Jagielski

vii



Tribological Study on Titanium Based Composite Materials
in Biomedical Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
S. Shankar, R. Nithyaprakash, and G. Abbas

The Effect of Fillers on the Tribological Properties of Composites . . . . . 243
R. Muraliraja, T. R. Tamilarasan, Sanjith Udayakumar,
and C. K. Arvinda Pandian

Effects of Lubrication on Tribological Properties of Composite
MoS2-TiO2 Coating Material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267
Avinash V. Borgaonkar, Ismail Syed, and Shirish H. Sonawane

Tribology of Composite Materials and Coatings in Manufacturing . . . . 283
M. H. Sulaiman, N. A. Raof, and A. N. Dahnel

Tribo-analysis of Polymer Composite in Spur Gear . . . . . . . . . . . . . . . . 309
Hemalata Jena and Jitendra Kumar Katiyar

Tribological Evaluation of Solid Lubricant Enriched in Modified
Jatropha-Based Oil as Minimum Quantity Lubrication (MQL) Oil
for Composite Material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331
N. Talib, R. M. Nasir, E. A. Rahim, W. K. Lee, H. Abdullah, and A. Saleh

Tribological Properties of Natural Fibre Reinforced
Polymer Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347
Qumrul Ahsan, Zaleha Mustafa, and Siang Yee Chang

Friction and Wear Properties of Natural Fiber
Reinforced Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383
T. P. Mohan and K. Kanny

viii Contents



About the Editors

Prof. Ir. Ts. Dr. Mohamed Thariq Hameed Sultan is a Professional Engineer
(PEng) registered under the Board of Engineers Malaysia (BEM), a Professional
Technologist (PTech) registered under the Malaysian Board of Technologists, and
also a Charted Engineer (CEng) registered with the Institution of Mechanical
Engineers United Kingdom, currently attached to the Universiti Putra Malaysia as
the Head of the Biocomposite Technology Laboratory, Institute of Tropical
Forestry and Forest Products (INTROP), UPM Serdang, Selangor, Malaysia. Being
the Head of the Biocomposite Technology Laboratory, he is also appointed as an
Independent Scientific Advisor to Aerospace Malaysia Innovation Centre (AMIC)
based in Cyberjaya, Selangor, Malaysia. He received his Ph.D. from the University
of Sheffield, UK. He has about 10 years of experience in teaching as well as in
research. His area of research interests includes hybrid composites, advance
materials, structural health monitoring, and impact studies. So far he has published
more than 100 international journal papers and received many awards locally and
internationally. In December 2017, he was awarded a Leaders in Innovation
Fellowship (LIF) by the Royal Academy of Engineering (Raeng), UK. He is also
the Honourable Secretary of the Malaysian Society of Structural Health Monitoring
(MSSHM) based in UPM Serdang, Selangor, Malaysia. Currently, he is also
attached to the Institution of Engineers Malaysia (IEM) as the Deputy Chairman in
the Engineering Education Technical Division (E2TD).

Dr. Mohd Ridzuan Mohd Jamir is a Professional Engineer (PEng) registered
under the Board of Engineers Malaysia (BEM), a Professional Technologist
(PTech) registered under the Malaysian Board of Technologists, and also a
Chartered Engineer (CEng) registered with the Institution of Mechanical
Engineers UK, currently attached to the Universiti Malaysia Perlis as Associate
Professor at Faculty of Mechanical Engineering Technology. He obtained Diploma
in Mechanical Engineering from Universiti Teknologi Malaysia (UTM) in 2006. He
graduated in Bachelor of Engineering (Mechanical) and Master of Engineering
(Mechanical) from Universiti Teknologi Malaysia (UTM) in the year of 2009 and
2010, respectively. He also worked as Quality Assurance Engineer in Venture

ix



Pintarmas Sdn Bhd in Johor Bahru in 2010 before joined Universiti Malaysia Perlis
(UniMAP) in the same year. He received his Ph.D. in Mechanical Engineering from
Universiti Malaysia Perlis (UniMAP) in 2016. He has about 10 years of experience
in teaching as well as in research. An advocate of interdisciplinary research, his
research interests includes the strength of material's area with emphasis on the
natural fibre composite, looking at the performance of composite structures
and tribological properties, hybrid-reinforced/filled polymer composites,
lignocellulosic-reinforced/filled polymer and biodegradable composites. He has
published more than 100 international journal research paper with Scopus index and
ISI ranked journal publications. In addition, he is also a regular reviewer for
high-impacts ISI ranked journals.

Dr. Mohd Shukry Abdul Majid received his Bachelor of Engineering in
Mechanical Engineering from University Manchester Institute of Science and
Technology (UMIST) in 2001. Upon his return to Malaysia, he worked as a
research and development (R&D) engineer at a semiconductor industry before
joining Universiti Malaysia Perlis (UniMAP) as a lecturer in 2004. He completed
his M.Sc. in Mechanical Systems Engineering from the University of Liverpool in
2005 and his Ph.D. in Composite Engineering from Newcastle University, UK, in
2011. Currently, he is serving Universiti Malaysia Perlis as an Associate Professor
at Faculty of Mechanical Engineering Technology. An advocate of interdisciplinary
research, his research interests lie in the strength of material's area with emphasis on
the composite piping, looking at the performance of composite structures, NDEs of
composites and natural fibre/green composites, hybrid-reinforced/filled polymer
composites, lignocellulosic-reinforced/filled polymer and biodegradable compos-
ites. His aptitude for high-quality research of international standing has been sup-
ported by his 188 Scopus indexed publications with 47 (32 Q1) publications in
ISI-ranked Journals having a cumulative impact factor (CIF) of 148.948. He
received his professional engineer qualification (Ir.) from Board of Engineer
Malaysia (BEM) in Mac 2016 and has been a Chartered Engineer (CEng) from the
Engineering Council, UK, since 2014. Dr. Mohd Shukry has been honoured with
numerous local and international awards for his achievements. He is the first
recipient from Technical University Network (MTUN) to have been awarded
Malaysia’s Research Star Award 2017, as one of Malaysia’s most promising and
influential researchers by the Ministry of Higher Education Malaysia (MOHE).

Dr. Azwan Iskandar Azmi received his Bachelor’s Degree in Mechanical
Engineering from Purdue University, USA, in 1999 and Master’s in Advanced
Manufacturing Technology from Universiti Teknologi Malaysia in 2003. In 2013,
he completed his doctoral study at the University of Auckland, New Zealand, in
Mechanical Engineering with specialization in the area of fibre-reinforced com-
posite machining. He is currently serving the Faculty of Mechanical Engineering
Technology, Universiti Malaysia Perlis (UniMAP) as Associate Professor.
Dr. Azwan is a Professional Engineer (PEng) registered under the Board of
Engineers Malaysia (BEM), a Professional Technologist (PTech) registered under

x About the Editors



the Malaysian Board of Technologists (MBOT), and also a Chartered Engineer
(CEng) registered with the Institution of Mechanical Engineers (IMechE) in the
UK. He has more than 10 years of experience in teaching, research, and industries.
His area of research interests includes machining and machinability of carbon, glass
and their hybrid composites. Currently, the research also covers the drilling and
milling of lignocellulosic-reinforced polymer composites. His interest extends on
the machinability study of difficult-to-cut metal alloys such as titanium, Inconel and
nickel–titanium (NiTi) alloys. So far, he has published more than 50 research
articles in renowned international journals, proceedings and review papers. He has
been awarded with research funds from Ministry of Higher Education Malaysia
(MOHE) and Ministry of Science Technology and Innovation (MOSTI). Due to the
research outputs, Dr. Azwan has served as technical reviewer for a number of
reputable high-impact ISI ranked journals and international conferences.

Dr. Naheed Saba completed her Ph.D. (Nanocomposites) with Distinction from
Laboratory of Biocomposites Technology, Institute of Tropical Forestry and Forest
Products (INTROP), Universiti Putra Malaysia, Serdang, Selangor, Malaysia, in
2017. She completed her Masters in Chemistry and also completed her
Postgraduate Diploma in Environment and Sustainable Development from India.
She has published over 50 scientific peer review articles in international journal and
4–5 articles come under top-cited articles in Construction and Building Materials,
and Polymers Journal during 2016–2019. She edited six books from Elsevier and
also published more than 25 chapters in Springer, Elsevier and Wiley publication.
She attended few international conferences and presented research papers. Her
research interest areas are nanocellulosic materials, fire-retardant materials, natural
fibre-reinforced polymer composites, biocomposites, hybrid composites and
nanocomposites. She is also recipient of International Graduate Research
Fellowship and Graduate on Time (GOT) Award from Universiti Putra Malaysia,
Malaysia. Presently, she is Editor-in-Chief of the Journal of Composites and
Advance Materials (ISSN 2716-8018) is a peer-reviewed bi-annual journal. She is
also reviewer of several international journals such as Cellulose, Constructions and
Building Materials, Composite Part A, Composite Part B, Journal of Polymers and
the Environment, Journal of Energy Storage, Journal of Elastomers and Plastics,
Journal of Materials Research and Technology, BioResources and Carbohydrate
Polymers. Her H-index=23 (Scopus); H-Index=26 (Google Scholar).

About the Editors xi



Tribomechanical Behaviour of Non-oxide
Ceramic Matrix Composites in Dry
Sliding

Subhrojyoti Mazumder, Hendrik Simon Cornelis Metselaar,
Nazatul Liana Sukiman, and Nurin Wahidah Mohd Zulkifli

Abstract Non-oxide ceramics have been widely used in many tribological appli-
cations under a wide range of operating conditions over many decades. Neverthe-
less, a comprehensive review of tribomechanical characteristics of such potential
ceramics relating to modern trends is not articulated anywhere before. Therefore,
this chapter reviews studies regarding the tribological and mechanical performance
of non-oxide based ceramic matrix composites (CMCs) carried out by various
researchers. This work concerns only the tribological investigation of the ceramic
composite in dry sliding/erosive condition and hence the characteristics under liquid
lubricant or any other liquid medium is beyond the scope of this writing. Widely
used boride, carbide and nitride based ceramics are considered as the matrix phase
for these ceramic composites. The tribological and mechanical effects of reinforce-
ments and dopants, such as hard or soft nano-micro particles (SiC, ZrC, B4C, WC,
hBN, graphene etc.), nanowire/nanotube/fibre (SiC/CNTs/Cf etc.) and some rare
earth compounds (Sm2O3, Y2O3, La2O3, Nd2O3, Yb2O3, Lu2O3 etc.) into the non-
oxide based ceramic composites are described under sliding conditions from room
temperature to elevated temperature. In addition to this, the key applications of such
composites in a wide range of operating conditions are discussed. This chapter
also highlights the advantages and disadvantages of this class of ceramic matrix
composites.
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Keywords Non-oxide · Ceramic matrix composites · Fabrication process ·
Mechanical property · Tribological characteristics

1 Introduction

Currently, the trend of using ceramic matrix composites (CMCs) in crucial engi-
neering components is growing tremendously due to their promising characteristics
such as high hardness and fracture toughness, chemical inertness, thermal stability,
oxidation resistance, superior wear resistance in a wide range of operating environ-
ments. For instance, aviation industries require some mechanical components viz.,
roller/ball bearings and power transmitting gears which are to be sustained for long
term operating conditions at elevated temperature (above 500 °C). Apart from that,
manufacturing industries are continuously looking for potential materials for metal
removing tools and dies for forming operations having lowwear rate and high thermal
stability at high temperatures. Automotive industries use cylinder liners/piston rings
for the engines which require significant thermal shock resistance and stability at
elevated temperature. Using ceramic composites/coatings can be an effective solu-
tion to these applications as they provide superior wear resistance and desirable
thermal properties at such critical operating conditions (Torres et al. 2018; Hasan
et al. 2019; Zhu et al. 2019). To make these ceramic composites more suitable for
wear resistance applications, different classes of solid lubricants are introduced into
the composites to act as lubricating agents at the contacting interfaces. Among these
solid lubricants, BaF2, CaF2, CuO, MoOx, MoS2, etc. are widely used as they can
provide lubricity at a wide range of temperatures (Kong et al. 2012; Mazumder
et al. 2019a, b, c; Zhang et al. 2010; Moazami and Nemati 2018). However, most of
these solid lubricants are added to the oxide based ceramic matrices such as Al2O3,
ZrO2, etc. The inclusion of solid lubricants into non-oxide based ceramics is still
an area of active study. On the other hand, a number of works of tribo-mechanical
property evaluation of non-oxide ceramics are performed on composite coatings.
For example, a coating of cesium silicate can provide low friction and wear rate at
650 °C on Si3N4 ceramic matrix along with enhances the endurance life of the matrix
(Rosado et al. 2000). In other experiments, some self-lubricating nitride based coat-
ings are fabricated byMo2N-MoS2-Ag, TiN-Ag, ZrN-Ag,Mo2N-Cu, etc. to enhance
the tribological and mechanical performance at different temperatures as well as in
vacuum (Aouadi et al. 2008; Köstenbauer et al. 2008; Ju et al. 2018; Suszko et al.
2006). Since this current chapter is basically focused on the tribological behaviour
of different classes of CMCs, the discussion on such coating materials is limited.

This chapter aims to discuss the mechanical and tribological behaviour of various
non-oxide CMCs in dry sliding conditions with or without the inclusion of solid
lubricants and the fabrication techniques of such composites. A majority of the work
is found on the evaluation of tribo-mechanical performances of CMCs without any
lubricant. In addition to this, the different fabrication techniques and experimental
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processes are articulated. Some of the researches are carried out at elevated tempera-
ture for the CMCs and hence the discussions are made separately for room and high
temperature, categorized by the base ceramic matrix. In the later stage of discus-
sion, the key applications and advantages, as well as disadvantages are stated. The
ending remark includes the future work which can be done for exploring the tribo-
logical behaviour of such classes of CMCs with the inclusion of other potential solid
lubricants.

2 Fabrication and Experimental Progress

Fabrication of CMCs is the key factor for manipulating the composite overall perfor-
mancewhen employed inwear resistance applications. In addition to this, the densifi-
cation and corresponding mechanical behaviour also depend on the fabrication tech-
nique to a great extent. The traditional specimen fabrication route includes cold press
(CP)/cold isostatic press (CIP) and hot press (HP)/hot isostatic press (HIP) of bulk
powder materials via powder metallurgy route. In cold press technique, the mechan-
ically ground powder mixtures are first compacted using a uniaxial pressing system
inside a carbide or metallic die at room temperature followed by sintered in a tube or
box furnace under an ambient or inert atmosphere. For cold isostatic press, the powder
is pressed using liquid pressure and the rest of functions are similar like a cold press.
On the other hand, the hot press is carried out by applying simultaneous temperature
and pressure, usually inside graphite die. The operating mechanism of hot isostatic
press is similar to hot press except the pressing mechanism utilized is fluid pressure.
These techniques are normally carried out to fabricate products from powders if
they have a high self-diffusion coefficient which improves the sintering kinetics and
gives high structural stability. However, these sintering techniques take a long time
to be completed and require a skilled operator. Most of the oxide based ceramics are
generally fabricated by means of these conventional sintering techniques.

Non-oxide based ceramics sometimes fail to be densified properly using tradi-
tional sintering techniques because of the constraint of sintering kinetics and very
low self-diffusivity. Hence some advanced technique like spark plasma sintering
(SPS) is adopted. In the SPS technique, a high pulsed rate electric current is passed
through the bulk powder sample to generate high localized heat which helps to
bond particles strongly by melting while simultaneously pressure is applied. SPS
has some advantages over traditional sintering techniques such as low running cost,
easy sintering, and densification, etc. Although, the equipment cost is higher as
compared to traditional sintering instruments. Most importantly, it consumes low
energy and provides high manufacturing efficiency since it has a very high heating
rate (~1000 °C/min) within a short period of sintering time. Besides that, the low
sintering duration preserves the original microstructures to retain low grain size and
hence eliminate the usage of additional sintering additives in the powder mixture.
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Microwave sintering (MS) is another sintering technique that uses microwaves
to heat bulk compressed materials inside a thermally insulated chamber. Bulk mate-
rials are first compacted separately followed by placed inside a microwave reactor
chamber for microwave irradiation.Microwave is passed through the dielectric mate-
rial leading to fast heat generation. This sintering process also takes a shorter time
than traditional sintering processes. Additionally, it shows a high energy efficiency
with an enhanced sintering rate. Rapid heating with almost constant heat distribu-
tion throughout the bulk material again makes it advantageous over conventional
sintering.

The fabricated ceramic composites are generally characterized using a Vickers
hardness tester to evaluate nano/microhardness and fracture toughness. The flexural
strength and compressive strength are determined using a universal testing machine
(UTM) using standardized specimen size. Tribological tests are generally carried
out by means of pin-on-disc or ball-on-disc or universal tribometer by adopting
reciprocating, rotary and oscillatory motion at different temperatures (ambient to
elevated temperature) and wet/dry lubricated/unlubricated conditions. Heating can
be done by resistive or inductive heating of pin or disc material or by the inclusion
of the contact zone in a furnace.

3 Mechanical and Tribological Behaviour of Non-oxide
Ceramic Matrix Composites

Numerous researches have been executed to investigate the tribological behaviour
of non-oxide based ceramic composites with or without the inclusion of solid lubri-
cants. Based on theseworks, the CMCs can be categorized into three broad categories
i.e., (i) boride based, (ii) carbide based and (iii) nitride based composites, according
to the base matrix. The fabrication process, mechanical and tribological behaviour
at different operating conditions are comprehensively described. Other combina-
tions of different ceramics and their tribo-mechanical characteristics are pointed out
separately.

3.1 Tribomechanical Characteristics of Boride Based
Ceramic Composites

Among the boron basedCMCs,TiB2 andZrB2 ceramicmatrices aremostly employed
for high to ultra-high temperature applications such as rocket propulsion and hyper-
sonic flight. TiB2 is a class of boron based ceramic matrix having high hardness,
melting temperature and elastic modulus of ~25 GPa, ~2200 °C and ~500 MPa,
respectively. Hence this can be easily used for high strength structural applications
(Telle and Petzow 1988). But besides its sound mechanical properties, it does not
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have promising tribological characteristics when applied in contact situations. In
fretting wear conditions, the TiB2 itself does not show acceptable wear and friction
behaviour. The coefficient of friction (COF) against bearing steel varies between 0.5
and 0.65 (Vleugels et al. 2002). The tribological properties of the monolithic TiB2

ceramic matrix can be improved by the addition of 20 wt.% MoSi2 as the second
phase in fretting wear experiments (Murthy et al. 2006). Abrasive wear of mono-
lithic TiB2 and tribochemical wear ofMoSi2-TiB2 composite vary with varying loads
(2–10 N). The COFs for both combinations remain in the range of 0.5–0.6, though
MoSi2-TiB2 shows better wear resistance which is in the order of 10−5 mm3/N m.
Abrasive wear is the predominating wear mechanism in monolithic TiB2 against
bearing steels.

On the other hand, the sinterability of pure ZrB2 is very poor because of the kinetic
constraint caused by the strong covalent bonding and low self-diffusion coefficient.
Hence, sintering by conventional techniques like cold and hot sintering process
at temperatures below 2000 °C is generally impossible if the grain sizes are not
properly refined. To achieve a good grain size distribution, the raw powders can
be crushed in a high energy ball mill and spark plasma sintering (up to 1900 °C)
is a recommended sintering technique for ZrB2 to obtain desirable densification
(Zamora et al. 2012). ZrB2 fabricated by SPS techniques at 2100 °C and 35 MPa
pressure shows decent tribo-mechanical characteristics as described by Chakraborty
et al. (2015). The sintered ZrB2 via SPS technique produces a maximum relative
density of ~98.65% and hardness and fracture toughness values of ~16.64 GPa and
4.69 MPa m0.5, respectively. The tribological responses of ZrB2 can be obtained
as COF of ~0.44 and wear rate of 1.01 × 10−3 mm3/N m against diamond under
10 N load at room temperature. In addition to this, ZrB2 can be hot pressed at
2000 °C temperature and 30 MPa uniaxial load, with the addition of 20 vol.% SiC
and 20 vol.% short carbon fibre to obtain a relative density of ~99.3%, a flexural
strength of ~445MPa and a fracture toughness of ~6.56MPa m0.5 (Yang et al. 2008).
The addition of carbon short fibre can improve fracture toughness of the ZrB2-SiC
composite by up to 54% since debonding and pull-out of carbon short fibre resist
the crack propagation through matrix. In addition to this, the fibres help in crack
deflection by consuming fracture energy leading to toughening of matrix. Addition
of B4C as reinforcement into the ZrB2 can increase the tribo-mechanical properties
of ZrB2 composite if fabricated by hot press at 2100 °C in argon atmosphere. Addi-
tion of 10 wt.% B4C into the ZrB2 can provide a Vickers hardness value of ~20 GPa
and fracture toughness of ~3.9 MPa m0.5. 10 wt.% B4C added ZrB2 composite show
lower friction and wear rate value of ~0.40 and ~0.49× 10−3 mm3/Nm, respectively,
which are 0.69 and 1.97 × 10−3 mm3/Nm for the straight ZrB2 in dry sliding condi-
tion under 10 N normal load at room temperature (Chakraborty et al. 2014). Recently
it has been found that reinforcement of B4C, SiC and ZrC into the ZrB2 matrix fabri-
cated by SPS technique is meaningful in terms of tribological aspects especially for
the combination of ZrC-ZrB2. Awear rate of 6.15× 10−6 mm3/(Nm) can be achieved
with 10 wt.% ZrC-ZrB2 composite which was lowest among all other combinations
in dry sliding condition. The COF of all the composites is varied between 0.63 and
0.72 (Medveď et al. 2019). The overview of the fabrication method, mechanical and
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tribological characteristics of different boride based ceramic composites are given
in Table 1.

3.2 Tribomechanical Characteristics of Carbide Based
Ceramic Composites

The key carbide based ceramic matrices are B4C, SiC and ZrC, which are conven-
tionally used for tribological applications at a variety of operating conditions. Among
them, B4C possesses excellent abrasive wear resistance and this can be suitable for
industrial applications like material removing and dressing tool, bearing, abrasive
air-jet nozzle material, etc. (Sun et al. 2012; Yue et al. 2010). Apart from that, B4C
has excellent physico-mechanical properties such as low density (~2.52 g/cm3), high
melting point (~2450 °C), high hardness (~36GPa) andYoung’smodulus (~445GPa)
(Sedlák et al. 2017). Nevertheless, the application of B4C is hard as the low self-
diffusion coefficient makes it difficult to achieve a fully densematrix having complex
shape. In general, SPS method is suggested to accomplish highest densified matrix
producing sound mechanical properties. Grain size does not have any direct corre-
lation with the wear rate of fully dense B4C matrix in abrasive wear tests and this
fact is in contrast with other oxide ceramics such as alumina. Furthermore, hardness
is an important parameter that influences the wear rate of the B4C ceramic matrix.
If the grain size is very fine in B4C matrix, the chance of porosity is high leading
to abrasive wear resulting from pull-out of grains when slides against chrome steel
ball in the presence of abrasive SiC slurry. Low porosity is advantageous for high
wear resistance of B4C matrix. Thus, porosity is an influencing factor for wear resis-
tance of B4C matrix other than grain size (Moshtaghioun et al. 2016). In addition to
this, tribological performances of B4C matrix fabricated by hot pressing varies with
varying load during reciprocating sliding test againstWC. As the load increases from
3 to 10 N at 10 Hz, the COF reduces from 0.20 to 0.15 while the wear rate remains
in the order of 10−6 mm3/N m (Sonber et al. 2015).

A way of introducing a self-lubricating effect into B4C is the addition of layer
structured solid lubricating elements like hBN, MoS2 and graphene which improve
the tribological behaviour of B4C during sliding (Pan and Gao 2018). For example,
graphene platelets (GPLs) can be incorporated into the B4C matrix by hot press
technique at 2100 °C and 25 MPa in argon atmosphere. Increase of GPLs reduces
the hardness of overall hBN-B4C matrix. It is noted that the COF does not vary too
much with the variation of GPLs content while sliding against SiC counter surface
but the wear resistance enhances significantly (Sedlák et al. 2017).

SiC ceramic matrix is well known for many structural applications till now since
it caters to promising physical and mechanical properties along with its chemical
and thermal stability as well as oxidation and corrosion resistance even at elevated
temperatures. Because of these desirable characteristics of SiC, it is extensively used
for tribological applications in different areas. Lots of efforts have been made to
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improve stability during sliding and erosive operations. Microstructural alteration
plays a vital role in the tribological behaviour of the SiC matrix. Fine grain struc-
ture shows better wear resistance than a coarse structure. Erosion resistance of SiC
matrix can be improved by refining grain size and by minimizing pores as well
(Sharma et al. 2016). Sometimes, reinforcement with other hard phases can improve
the wear resistance of SiC ceramic composites. For instance, WC is well accepted as
a reinforcement of SiC to enhance friction and wear performances. If 30 wt.% WC
is added into the SiC matrix via hot pressing at 1800 °C and 40 MPa, the overall
hardness and fracture toughness can be achieved as ~26 GPa and ~6.47 MPa·m0.5,
respectively. Besides that, an improved COF (0.40–0.48) and wear rate (10−6–10−5

mm3/N m) of WC-SiC composite can be attained as compared to straight mono-
lithic SiC (COF as ~0.5 and wear rate in the order of 10−5–10−2 mm3/N m) if tested
against SiC surface. Grain pull out of SiC ceramic matrix can be minimized with the
addition of WC during dry sliding against SiC counterpart (Sharma et al. 2015). It is
understood that counterpart plays a significant role in the tribological behaviour of
monolithic SiC andWC-SiC during dry sliding conditions (Sharma et al. 2019). The
wear resistance of WC-SiC is higher against a softer steel ball (hardness ~7 GPa)
against a harderWC-Co (hardness ~28 GPa) counter surface. WC-SiC having a frac-
ture toughness of ~6.7 MPa with 50 wt.%WC incorporation provides mild abrasion
against steel by forming a soft tribo-layer consisting of iron oxide and iron tung-
sten oxide, whereas a strong penetration of WC-Co countersurface results in higher
erosion of WC-SiC composite as a consequence of tribochemical changes leading
to the formation of silicon oxide, cobalt tungsten oxide and tungsten oxide. The
wear mechanisms causing due to mechanical fracture and tribochemical wear of SiC
and WC-SiC against softer (steel) and harder (WC-Co) countersurfaces are given in
Fig. 1 SiC shows intergranular fracture causing higher loss of material and this can
be improved by addition ofWC into the SiCmatrix leading to less fracture of surface
as transgranular fracture by increasing fracture toughness of the overall composite.

The tribo-mechanical characteristics of SiCmatrix can be improved by reinforcing
with carbon based fibres/nanotubes such as graphene and CNT (Tang et al. 2009;
Llorente et al. 2016; Džunda et al. 2019). Carbon short fibre (Cf) can be added to
the SiC matrix by following a powder metallurgy route. Cf-SiC composite fabricated
by hot press sintering has a higher bending strength and fracture toughness than
monolithic SiC. In addition, 40–55 vol.% carbon fibre can enhance the tribological
performance (COF as ~0.24 and wear rate in the order of 10−6 mm3/N m) of SiC
matrix at ambient temperature is tested against SiC surface (Tang et al. 2009). To
achieve a significant tribological performance of SiC, addition of graphene nanoparti-
cles (GNPs) and graphene oxide (GO) can be another alternative. During SPS process
for fabrication such a composite matrix, GO becomes reduced graphene oxide (rGO)
and GNPs remain the same. Composites attain up to ~99.9% densification for each
combination. Both graphene fillers improve the tribological properties of the SiC
matrix, but GNPs are suggested as the better one since they easily come out from the
matrix, then being exfoliated and crushed which in turn provides a lubricating tribo-
layer during sliding (Llorente et al. 2016). Another interesting way of toughening
SiC matrix is the reinforcement of carbon nanotube (CNT) which bridges cracks,
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Fig. 1 Different types of wear mechanism of SiC and WC-SiC ceramics against WC-Co and steel
countersurface (Sharma et al. 2019)

deflects cracks at the CNT/matrix junction and provides crack branching during
fracture. However, achieving proper distribution and maximum densification has
always been a challenge with CNTs. Catalytic chemical vapour deposition (CCVD)
is an effective way of CNT dispersion into the ceramic matrix which controls in situ
growth of CNTs into the matrix and provides a higher degree of scalability (Jourdain
and Bichara 2013). Therefore, a composite powder of CNT/SiC can be developed
by following this technique to achieve a maximum degree of homogeneity. By hot
pressing, this powder at 1850 °C and 40 MPa a CNT-SiC composite with promising
tribo-mechanical behaviour can be formed. Reinforcement of CNTs into the SiC
matrix can lead to a COF and wear rate values of ~0.30 and ~2.4 × 10−6 mm3/N m,
respectively, against SiC surface (Džunda et al. 2019).

ZrC is a capable ceramics matrix for its structural and thermal stability and shows
sound tribological behaviour without the addition of any other sintering additive
if fabricated by SPS technique. It possesses excellent properties like high hardness,
thermal conductivity and an extrememelting point of ~25 GPa, ~40Wm−1 °C−1 and
~3540 °C, respectively (Shaffer and Schneider 1969). ZrC shows a very low specific
wear rate (mild wear) in the order of 10−8 mm3/N m when sliding against a Si3N4

counter surface without any lubricant. The wear resistance of this ceramic matrix
is improved is small grain size and high densification are obtained, leading to high
hardness and toughness as well (Bertagnoli et al. 2015). Addition ofMoSi2 has some
influence on the ZrC matrix if fabricated via conventional hot press sintering. MoSi2
addition in ZrCmatrix of up to 20 vol.% fortifies the overall tribological performance,
although a higher content of MoSi2 shows a detrimental effect (González et al.
2011). Furthermore, almost full densification of ZrC can be achieved at low sintering
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temperature (1600 °C) and pressure (6 MPa) with the help of SPS if TiC and Si3N4

are added as sintering aids, producing a hardness of ~23.7 GPa (Aydinyan et al.
2019).

3.2.1 Progression in High Temperature Carbide Based Ceramic Matrix
Composites

Carbide composites have the potential to be applied as materials for high tempera-
ture applications e.g., turbine blades, bearings for rotating high temperature shafts,
high temperature nozzle, etc. Systematic exercises are required to explore the tribo-
mechanical performance of the carbide based matrices with high temperature capa-
bilities such as SiC. A few works have been illustrated on the mechanical behaviour
of Si3N4-SiC at high temperature. For instance, a Si3N4-SiC composite with Y and
Al as sintering additives, hot pressed at 1800–1850 °C, can provide a creep rate in
the order of 10−5 to 10−6 h−1 at 1400 °C and oxidation rate of 0.2 to 0.4 mg/cm2 at
1400 °C after 100 h. Creep performance depends upon the SiC content. Lowering of
the SiC content can reduce the creep performance of overall composite significantly
(Woetting et al. 2000). If the SiC matrix is doped with rare earth oxides such as
Lu2O3 or Er2O3, room temperature flexural strength can be maintained at elevated
temperatures. Lu2O3-SiC has a flexural strength of ~600 MPa at a temperature of
1600 °C and Er2O3-SiC has the same strength of ~600MPa up to 1500 °C (Kim et al.
2007).Despite having good frictional andwear behaviour at ambient temperature, hot
pressedWC-SiC does not provide sound tribological results at the elevated tempera-
ture. 30 wt.% WC-SiC has a COF of 0.7 and wear volume in the order of 10−3 mm3

during sliding against SiC counterface at 500 °C temperature. WC-SiC composites
have a wear rate between 1.5 × 10−6 and 4.2 × 10−5 mm3/N m in all temperatures
and sliding conditions against SiC surface. With higher amounts of WC (>30 wt.%),
chances of grain pull-out of WC from the SiC matrix are increased at high tempera-
tures resulting severe surface fracture. A large amount of WC pull-out agglomerates
at the defect zone leading to thermal stress accumulation which enhances the mate-
rial loss at high temperature. Thus, high WC concentration can be detrimental to the
performance of SiC matrix if this is expected to be operated at elevated temperatures
(Sharma et al. 2017). On the other hand, SiC fibre reinforced SiC matrix composite
performs well at a temperature of 850 °C when tested for erosion resistance. The
erosion rate can be diminished by one order ofmagnitude at 850 °C than 25 °C (Wang
and Levy 1990). A similar trend can also be found in the erosion of SiC added Si3N4

composite matrix up to 1400 °C. Above 800 °C, the erosion starts decreasing up
to an operating temperature of 1400 °C (Li et al. 2014). Table 2 summarizes the
fabrication method, mechanical and tribological characteristics of different carbide
based ceramic composites.
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3.3 Tribomechanical Characteristics of Nitride Based
Ceramic Composites

The most commonly used matrix in the group of nitride based ceramics for the wear
resistance applications in various mating parts is Si3N4. Si3N4 based composites are
suitable for structural applications at an elevated temperature where factors such as
brittleness, mechanical strength and toughness are important. However, the Si3N4

matrix by itself cannot performwell in dry fretting tests since brittle fracture of grains
occurs resulting in high COF and sever wear (Novak et al. 1996). To enhance the
fracture toughness of Si3N4, SiC whiskers can be embedded in the matrix. Si3N4

with 30 vol.% SiC whiskers added can reach a fracture toughness of ~5.3 MPa·m0.5

if densified by hot press at 1750 °C and 30 MPa (Bellosi and Portu 1989). Recently,
it is found that SiC nanowire (SiC NW) is a very promising material to improve the
mechanical properties and thermal shock resistance of α-Si3N4 matrix. Addition of
SiC NW is often a better solution than adding particulate SiC to a ceramic matrix if
the goal is to achieve a desirable modulus of elasticity and fracture strength as well.
Figure 2 describes the tougheningmechanismof SiCNWinto theα-Si3N4 composite.
During sliding, the energy needed for fracture can be increased by SiC NW which
restricts the propagation of cracks by bridging and by deflecting the direction of crack
propagation which as a whole absorbs the fracture energy to prevent brittle fracture.
In addition to this, the grain pull-out can be strongly inhibited by SiC NW which
ultimately strengthens the surroundedmatrix system under applied load (Wanga et al.
2019).

Another way of enhancing thematrix strength of Si3N4 is reinforcement by CNTs.
CNTs strongly adhere to the Si3N4 grains and a densified composite system can
be obtained if fabricated by hot isostatic process (HIP) and SPS. Interestingly, a
high value of elastic modulus, hardness and fracture toughness can be obtained as
~326 GPa, ~20 GPa and ~5.2 MPa·m0.5, respectively, when densified by SPS at
a low temperature of 1500 °C and a pressure of 100 MPa (Balázsi et al. 2006).
Tribological characteristics of Si3N4 can be enhanced with the inclusion of TiB2

Fig. 2 Crack bridging and deflection by SiC NW during fracture of α-Si3N4 composite (Wanga
et al. 2019)
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as the second phase. 40 vol.% TiB2 into Si3N4 improves the wear resistance of
the composite by 5 times as compared to straight against steel balls (Jones et al.
2001). As reinforcement, SiC and TiN together lead to a better sinterability for Si3N4

matrix. A proper proportion of these two compounds can achieve meaningful tribo-
mechanical characteristics for Si3N4 composite. In spite of having better hardness
for the combination SiC-Si3N4, it fails to provide better abrasive wear resistance as
compared to SiC-TiN-Si3N4 composite (Blugan et al. 2014). Hardness along with
wear resistance of Si3N4 can be enhanced with the addition of TiC. Both friction and
specific wear rate for TiC-Si3N4 composite can be improved with increasing load up
to 60 N (Manzoor et al. 2019). The efficient self-lubricating characteristics of Si3N4

matrix composite can be obtained by introducing some class of solid lubricants
into it. Hexagonal boron nitride (hBN) provides a lucrative lubricating action at the
sliding interface since it gets sheared off easily. Thus, hBN added Si3N4 matrix
composite can be used for a self-lubricating mechanical component such as metal
removing tool (Kimura et al. 1999; Saito et al. 2001). The tribological performance
of hBN-Si3N4 has been studied extensively in different operating conditions (dry and
wet) (Saito et al. 2001; Chen et al. 2010, 2017, 2020; Xin et al. 2019). A very low
COF of 0.03 can be obtained while sliding hBN-Si3N4 composite against austenitic
stainless steel in dry conditions. Alongside, the wear rate can also be as low as in
the order of 10−6 mm3 N−1 m−1 because of the soft tribochemical layer formed by
the oxidized products such as SiO2, B2O3 and Fe2O3. The mild wear was caused by
the oxidation reaction against steel (Chen et al. 2010). In addition to this, the applied
load influences the tribological performances of hBN-Si3N4 composite against steel.
At low loading conditions (10 N), abrasive wear is the dominant wear mechanism
for the tribo pair. If the load is increased to 50 N, both abrasive and adhesive wear
come in the picture (Chen et al. 2017). The tribological performance of Si3N4 can
also be enhanced with the inclusion of multi-layered graphene (MLG). Spark plasma
sintering (SPS) is a more efficient sintering method than the traditional hot isostatic
process (HIP) to incorporate MLG into Si3N4. SPS can have a maximum (~98.5%)
density with the inclusion of 1 wt.% MLG into Si3N4. The most significant benefit
of using SPS is the structural degradation which can be avoided during sintering
for both Si3N4 matrices as well as MLG. This structural stability inside the matrix
can enhance the self-lubricating behaviour of MLG-Si3N4 composite by providing
low shear strength at the contacting interface with SiC, which is the advantageous
mechanism of MLG as a lubricant during sliding (Berkes et al. 2016). The wear rate
is always lower against the SiC counterface irrespective of the sintering method. The
wear rate is also lower for SPS fabricated composites than for those prepared by
traditional HIP method.

Another significant way of reducing friction and wear rate of monolithic Si3N4

in dry sliding is the addition of rare earth oxide compounds viz., La2O3, Nd2O3,
Y2O3, Yb2O3 and Lu2O3. Experiments reveal that Si3N4 doped with Lu2O3 exhibits
the highest wear resistance since the higher bonding strength provided by the Lu2O3

having smallest ionic radius among other additives, prevents Si3N4 grain pull-out
from the matrix during sliding. This also explains the improvement of the hardness
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and fracture toughness that can be obtained by doping of such additives into the
Si3N4 matrix (Tatarko et al. 2010).

3.3.1 Progression in High Temperature Nitride Based Ceramic Matrix
Composites

Ceramic composites of Si3N4 are widely accepted for high temperature applications
because of their excellent thermal and chemical stability at elevated temperature. The
use of nitride based ceramic matrices at elevated temperature has been a frequent
practice since before 1990 (Tomizawa and Fischer 1986; Gee et al. 1990; Skopp
et al. 1990; Park et al. 1992). Nevertheless, obtaining a desirable COF and low wear
rate is a challenge for pure Si3N4 at high temperatures (1000 °C). For instance, a
study shows that monolithic Si3N4 suffers severe wear while sliding at a temperature
of 1000 °C. To achieve better wear resistance of Si3N4, its thermal diffusivity and
thermal conductivity should be enhanced which in turn diminishes the thermal stress
and crack propagation. Addition of TiN and BN as the second phase can improve the
wear resistance of Si3N4 in highly demanding sliding condition such as high sliding
speed, load and elevated temperature (Skopp et al. 1995). Most recently, the tribo-
logical response of β-Si3N4 has been characterized against laser heated Inconel 718
at a temperature of 600 °C to explore the potential of Si3N4 as a material removing
tool for machining Ni based alloy using laser assisted machining. Interestingly, it is
seen that the COF and wear rate against the high temperature laser heated Inconel
is lower than at room temperature while sliding at 7.5 m/s. The wear rate of Si3N4

increases with increasing sliding speed above 7.5 m/s at high temperature. At higher
speed, the oxidation and diffusion rate increase because of higher temperature occur-
ring at the tribo interface and the tribo layer becomes thick and spalls away which
acts detrimentally to increase the total tribochemical as well as mechanical wear of
the Si3N4. It can be mentioned that laser heating is advantageous for Si3N4 ceramic
during sliding since it provides fast heat distribution along the surface leading to
lower material loss (Zhaoa et al. 2019).

In a different study, investigation on the tribological behaviour of Si3N4 with
addition of rare earth oxides (Sm2O3, Y2O3, La2O3, Nd2O3, Yb2O3 and Lu2O3) and
nano SiC has been carried out up to a temperature of 900 °C. A significant combined
influence of rare earth oxides and nano SiC can be observed on the tribological
results if fabricated by powder metallurgy and hot press sintering. Lu, Yb, and Y
having smaller ionic radius have the largest influence on the wear performance of
SiC-Si3N4 composite up to 700 °C since it provides strengthening to the SiC nanopar-
ticles on the grain boundaries of the matrix composite Si3N4 during sliding (Tatarko
et al. 2013). Table 3 summarizes the fabrication method, mechanical and tribological
characteristics of different nitride based ceramic composites.
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4 Tribomechanical Performances of Other Ceramic
Composites

Apart from boride, carbide and nitride matrix composites, there are some other forms
of ceramic composites which may be a combination of three or more phases together
and can show great mechanical and wear resisting characteristics during dry sliding.
For example, a hybrid composite made of different phases like ZrB2, SiC, ZrC and
Cf can show sound density, hardness and flexural strength values of 99.6%, 18 GPa
and 565 MPa, respectively, if the composite powder mixture is densified by SPS at
1800 °C temperature and 30 MPa pressure (Adibpur et al. 2020). In another study,
a composite of TiB2-TiC-Ti3SiC2 is prepared by hot press technique from the in-
situ preparation of the composite powder from the starting raw materials TiH2, Si,
graphite and B4C. The chemical changes of the starting raw materials followed the
reaction as given in Eq. 1. The composite shows low friction and has good wear
resistance with a variation of TiB2 (15 and 20 vol.%) content within load range
10–30 N against AISI-52 100 bearing steel (Yang et al. 2011).

TiH2 + Si + C + B4C → Ti3SiC2 + TiB2 + TiC + H2 ↑ (1)

TiB2 forms a very good wear resistance composite when combine with TiC.
Generally, Ni is added into the TiC-TiB2 composite by following different fabrication
methods such as powder metallurgy, reaction sintering, etc. to enhance the toughness
behaviour (Tjong and Lau 2000; Zhao and Cheng 1999; Xue et al. 2011). A good
distribution ofNi, TiC and TiB2 can be achieved in TiB2-TiC-Ni composite if they are
fabricated by field-activated pressure-assisted synthesis (FAPAS) from the starting
powders Ti, B4C and Ni by the following chemical changes given in Eq. 2:

3Ti + B4C + xNi → TiC + 2TiB2 + xNi (2)

This composite can be used up to a temperature level of 400 °C since it provides a
lowwear rate with increasing temperature (400 °C). However, the wear rate increases
with a decreasing trend of COF if the load (60–120 N) and sliding speed (10–40 m/s)
increase while sliding against GCr15 steel.

A Ti3SiC2 matrix can be produced from the proper stoichiometric mixture of TiC
and Si followed by hot pressing at 1420 °C temperature and 25 MPa pressure in
Ar atmosphere. Under fretting wear condition against steel, the composite shows a
COF in the range of 0.5–0.6 and a wear rate in the order of 10−5 mm3/N m with
the increase of load from 6 to 8 N. The wear occurs due to the triboxidation of the
composite resulting TiO2, SiO2 and Fe2O3 (Sarkar et al. 2006).

Recently, transition metal (Fe, Mo, Cr, Mn, W, etc.) added nanolayered MAB
(M: metal, A: aluminium and B: boron) phase ceramic has become a good attraction
of research since they possess superior mechanical, tribological and electrical char-
acteristics in different working conditions (Natu et al. 2020; Benamor et al. 2019).
For instance, MoAlB ceramic shows mild wear when slides against Inconel 718 at
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600 °C. COF and wear rate can be 0.5 and 9.37 × 10−7 mm3/N m, respectively,
under this dry sliding operating condition (Yu et al. 2020).

5 Key Applications of Non-oxide Based Wear Resistive
Ceramic Matrix Composites

Applications of such non-oxide ceramics are found in many cutting-edge industries
such as aviation, manufacturing, automobile industries etc. Significant applications
of these CMCs as promising wear resistive components are mentioned below.

5.1 Brakes

SiC based composites have several applications in different manufacturing indus-
tries. One of the key applications of SiC based composite is in the brake discs used in
the automobile/aviation sector because of desirable frictional characteristics (Bian
and Wu 2015, 2016). The cast iron used in brake disc is being replaced by carbon
fibre reinforced SiC (Cf-SiC) composite. Cf is reinforced into SiC matrix to produce
efficient Cf-SiC composite brake systems useful for aircraft brakes (Jiang et al.
2008). Carbon-carbon SiC matrix reinforced with ZrB2 and ZrC (C/C-ZrB2-ZrC-
SiC) hybrid composite is another form of braking material having superior frictional
behaviour in wet condition than dry condition. Even, it provides better performances
than C/C-SiC composite braking material. Henceforth, this material can be used as
an aircraft brake disc as well (Qian et al. 2013).

5.2 Bearing Balls and Rolling Contact Bearings

High hardness, fracture toughness, low thermal expansion coefficient and good
thermal shock resistance along with thermal stability and lower density of ceramic
composites balls, make them advantageous over bearing steel balls (Gal et al. 2019).
Especially, Si3N4 as bearing balls can be advantageous over commercial grade steel
balls because of having low weight, low thermal coefficient of expansion and good
frictional characteristics during the rolling condition. Hence Si3N4 balls are used as
bearing balls for rolling contact bearings (Cundill 1992). In addition to this, Si3N4

ceramics are used as the material of rolling contact bearing race since they show
promising tribomechanical property and dimensional stability under different oper-
ating temperatures, even under wet conditions (Wang et al. 2000). High temperature
sustainable ceramic composite bearings can be employed in gas turbine engines,
adiabatic diesel engines, rudder bearing of aircraft etc.
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5.3 Material Removing Tools

Si3N4 based composites are often used as material removing tools in a wide range of
cutting conditions because of their promising mechanical characteristics and chem-
ical stability (Guo et al. 2017; Riley 2000). TiC/Si3N4 composite tools with graphene
reinforcement can significantly diminish the friction coefficient (0.46) and wear rate
(4.29 × 10−6 mm3/N m) while employed for cutting applications (Zhang et al.
2020). Sometimes, hard non-oxide ceramics like TiB2/TiC/SiC etc. are used as rein-
forcement in an Al2O3 matrix to produce cutting tool components for machining of
steels.

5.4 Mechanical Seals

Mechanical sealing materials require a low COF and high wear resistance along
with high fatigue resistance, corrosion resistance and of course low weight. Ceramic
composites are favourable for committing these characteristics while being applied
in the form of rings or sealing elements. SiC is generally used for the fabrication
of mechanical seals (Brown 1995). Apart from that, Si3N4 or Si3N4-SiC composite
can be a suitable choice for sealing materials since they provide low wear rate under
normal operating conditions (Carrapichano et al. 2003).

6 Merits and Demerits of Non-oxide Based CMCs

The non-oxide ceramics are potential candidates for high temperature applications.
For instance, SiC and Si3N4 ceramics can be employed at up to ~1500 °C temperature
applications which is a limitation for oxide based ceramic candidates who retain
their structural property up to ~1000 °C (Klemm 2010). Non-oxide ceramics can
retain their high mechanical strength at elevated temperature as well. On the other
hand, non-oxide ceramics are useful for wear resisting applications in humid or
wet conditions. Application of such ceramics is beneficial in producing abrasive
conditions such as grinding media, grinding wheel, cutting tool etc., as they possess
high hardness along with good wear resistance, even at elevated temperature. Si3N4

has excellent thermal shock resistance which makes it suitable in using critical areas
like thermocouple shielding tubes, crucible etc.

However, ceramics like B4C, ZrC etc. have poor sintering kinetics because of
covalent bonding, and generally require the use of advanced fabrication technolo-
gies. Traditional sintering technique such as hot pressing is not recommended for
such class of materials since it takes a long processing time which may lead to
unnecessary grain growth. Even if they are densified using SPS, a high tempera-
ture is required. Addition of some sintering aids can improve the sinterability of
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these materials. Another major limitation of non-oxide based ceramics is the oxida-
tion stability. They require some oxygen diffusion barrier to restrict the oxidation
for long term applications. For example, Si3N4 requires the formation of silica as an
oxygen diffusion barrier to restrict oxidation at elevated temperature. Other ceramics
like SiC-ZrB2, ZrB2-SiC-C have very high oxidation instability which make them
inappropriate at high temperature applications (Klemm 2010).

7 Concluding Remarks

It is found from the available literature, non-oxide ceramics such as boron-based,
carbide-based and nitride-based ceramics are mostly used for tribomechanical appli-
cations in dry sliding under different operating conditions. Microhardness and frac-
ture toughness values of boron-based (TiB2 and ZrB2), carbide-based (B4C, SiC
and WC) and nitride-based (BN and Si3N4) ceramics/composites lie in the range of
~16–26 GPa, ~3.9–9.7 MPa m0.5; ~17–34 GPa, ~4–7 MPa m0.5; and ~17–19.9 GPa,
~4.9–6 MPa m0.5, respectively. Coefficient of friction and wear rate in ambient and
high temperature vary between ~0.03–1, 10−7–10−3 mm3/Nm and ~0.4–0.9, ~10−3–
10−2 mm3/N m, respectively. Non-oxide ceramics are potential candidates for appli-
cation at elevated temperatures. However, their improvement of chemical stability is
a major area of further research since they get oxidized at severe contact conditions
such as high speed, load and elevated temperature. Future work should be directed
to the study of oxidation and tribo-corrosion resistance of non-oxide based ceramics
and their further enhancement. Furthermore, very few non-oxide based ceramics
have been tested for their tribomechanical characteristics at elevated temperature. In
particular, it is found that nitride based ceramics, e.g. Si3N4 cannot performwellwhen
employed for high temperature wear resistive applications unless some secondary
phases are added. Therefore, doping or addition of other phases (reinforcement or
lubricating) can be potential research to establish high temperature wear resistant
suitability for such ceramic matrices.
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Tribological Properties of Composite
Materials for Automotive Applications

Ram Krishna Upadhyay and Arvind Kumar

Abstract The advanced technology of composite and its allied tribological prop-
erties is now gaining importance in many industries. However, composite mate-
rials encounter few problems during the tribological testing, such as the concen-
tration of filler particles, type of particle, compatibility of counterpart material,
and running conditions. With this viewpoint, the present study provides insightful
information about different composites for tribological applications. In this work,
composite tribological performance of polymer, ceramic, metal-matrix composite,
and the coating is studied. Among the tested composites, carbon fillers have provided
better tribological properties in terms of contact friction andwear. Themicrostructure
of graphene composites contains a single-layer graphene film, which functionalizes
the polymer composite surface. The effect of particle filler orientation in normal
and parallel direction is described for the ceramic composites. The friction data of
ceramic composites with carbon/carbon–silicon carbide filler is less fluctuating in
the parallel direction. In metal-matrix composite, the infusion of graphene particles
reduces the wear rate and friction coefficient values at high-applied loads. Further,
zirconium-based metal-matrix composites are tested at low, medium, and high break
energy densities. The wear behavior of cubic-zirconium dioxide is found to be low at
all the break energy density due to its crystalline structure. Tribological properties of
polymer-based liquid/solid filler composites for coating application with their signif-
icant parameters are studied. The result shows that the wear life improves by using
an equal concentration of two particles. At last, the cost associated with tribological
losses and its mitigation measures is discussed.
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1 Introduction

Composite technology is one of the fast-growing methodologies that have govern
almost every industry ranging from automotive to aviation industry and electronics
to the bio-medical industry (Smith 1990; Molent and Haddad 2020; Sarantinos et al.
2019; Wang and Aslani 2019). With each new developing materials, composite tech-
nology asses its suitability for immediate impact on global needs. In recent years,
there uses in the most expensive growing technology of tribology are fast-forwarded
due to involved high-energy losses in the tribological process (Li et al. 2019).
The development related to tribological applications in the automotive industry has
certainly changed the earlier technology with ease (Balakrishnan and Seidlitz 2018).
Nowadays, various materials such as organic, inorganic, metal, ceramic, polymer,
and wood are widely used in the composite preparation, and these materials able to
resist losses resulting from tribology/material wear (Nickels 2019; Gong and Yang
2013). Among all used materials, graphene, a newly realized material with high
mechanical, physical, chemical, and optical properties are extensively used in the
past fifteen years (Hemanth 2019; Upadhyay and Kumar 2019a, b, c; Lu et al. 2020).
Particularly, in tribological innovations, research on the graphene material is exten-
sive due to its effective lubrication properties (Upadhyay and Kumar 2019a, b, c;
Dong and Qi 2015). Graphene is used as a solid, liquid, emulsion, and composite
form to reduce the friction and wear of automotive parts. Other materials, such as
ceramic consisting of silicon carbide, silicon nitride, boron nitride, zinc oxide, tita-
nium carbide, and yttrium, are also found its practical applications in tribology (Chen
et al. 2020; Kumar and Srivastava 2019). The benefit of using ceramic materials in
composite technology is that they have a definite high melting temperature. A prac-
tical example of ceramic in automotive application is carbon-ceramic disk brake
(Bian and Wu 2015), which is resistant to brake fade at high temperatures.

Polymer composite tribology by infusing solid and liquid particles with/without
additives is also researched in recent years (Upadhyay andKumar 2019a, b, c). These
polymers are used with either epoxy matrix or natural biopolymers to modify the
lubrication properties. The use of polymers as corrosion-resistant coatings, protection
against oxidation, cavitation, and erosion wear, is widely established (Upadhyay and
Kumar 2019a, b, c; Kumar et al. 2017). However, at extremely high temperatures, the
application of polymer composites in automotive tribology is still under developing
stage. The application of polymer-based composites is established for automotive
bearings, decorative covers, internal/external hoods, and valve design. For high-
temperature applications, themetal-matrix composites arewidely researched (Prasad
et al. 1999; Ghodrati and Ghomashchi 2019). It consists of one phase of metal
and another phase of different materials, such as ceramic and carbon materials.
A hybrid metal-matrix composite usually consists of three phases of material, but
primarily ametal phase.Metal-matrix composites are extensively used in automotive
applications for components like disk brake, silicon–carbon fiber rotors, driveshaft,
cylinder liners, and engine cylinders.
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An earlier study shows the benefit of using composites in real applications
of tribology. Automotive parts made by composites have improved properties of
mechanical, physical, and chemical. All these properties are important to any tribo-
logical application, especially in practical wear situations. Considering the advan-
tageous properties of composites, this work presents a complete understanding of
different composites that can be helpful in tribological design. Composites based
on polymer, ceramic, metal-matrix, and coatings are discussed in detail. At last,
different characterization techniques that are helpful in composite tribological studies
are mentioned with their physical significance.

2 Tribology of Polymer-Based Composites

Polymers are a large repetitive network ofmolecules ormacromolecules that exists in
the form of natural (deoxyribonucleic acid, DNA, and protein) or synthetic polymer
(polystyrene). The application of polymers in tribology is enormous due to their
unique functional (polymerization, the formation of small monomers) and phys-
ical (toughness and viscoelastic) properties. Friedrich et al. (1995) have demon-
strated the sliding friction and wear properties of the extreme-temperature polymer,
polyetheretherketone (PEEK), and epoxy matrix against the steel counterpart. The
effect of internal lubrication by polytetrafluoroethylene (PTFE) and reinforced parti-
cles of glass, aramid, and carbon is explored. Polyetheretherketone had better wear
properties than the brittle epoxy resins. The reinforcements of glass, carbon, and
aramid had produced substantial decrement in the wear result. Among all tested
three reinforced materials, the carbon fibres had significantly low wear properties
than the other two. However, the glass fibres attain high wear, and aramid wear
performance is between the carbon and glass fibres. The wear is affected by the
multidirectional orientation of PEEK and the parallel sliding direction of carbon
fibres in the polymer composite. For carbon fibre reinforcement, the particle orien-
tation in the composites is parallel to the sliding direction, which provides ease in
motion during the sliding test and results in low material wear. Most importantly, a
woven structure is formed between the contacting surfaces due to the interlocking
mechanism, which restricts wear. Results can be better realized by the antiparallel
orientation opposite to the sliding direction. By considering the horizontal and the
vertical plane, a suggestion of hybridization is provided. The reported wear values
of composites can be further improved by reinforcement of carbon in the horizontal
plane and aramid in the vertical plane.

Acrylic resin and short-wood fibres are used to prepare bio-composite material
for automotive tribology applications (Akpan et al. 2018). The prepared bio-based
composite (HB400, HAHO120f, HAHO50, HAHO150, HM90k, and HAHOMIX)
have self-lubricating properties to provide resistance against friction. A chromium
steel ball as counterpart material under the dry and lubrication mode is used for the
friction and wear evaluation. Fibres aspect ratio plays an important part in specific
wear measurements. An increase in the length of the fibre increases the specific wear
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Fig. 1 Friction performance of bio-composites under dry and lubrication mode. Reprint with
permission from Akpan et al. (2018)

rate offibres due to its large aspect ratio and inferior infusion in acrodur binder.A large
fibre causes surface cracking and shows the brittle behavior of composite with a high
wear rate. With a decrease in fibres size, the wear tendency changes from cracking to
uniform surface disruption, this behavior has diminished the effect of brittle failure.
In the dry sliding, the initial stage of friction is dominated bymechanical interlocking.
The abrasive particles detached from the surface are retained inside the interlocking
area and increase the friction coefficient. Further, continuous slidingmotion removes
the abrasive wear particles and builds the transfer film to provide a stable reduc-
tion in the friction value. Another composite of HAHO150 and HAHOMIX carries
more wear particles at the sliding interface and increases the friction coefficient. As
mentioned in Fig. 1, among all tested composites, HB400 has achieved a low friction
coefficient under the dry (solid–solid interaction) sliding tests. The specific wear
rate of softwood and hardwood fibre is also compared. The softwood fibers have the
highest wear rate compare to the hardwood fibres. However, the friction coefficient
of softwood fibres is low compared to the hardwood fibres. Under the oil lubrica-
tion, the friction coefficient of HB400 bio-composites is substantially improved by
50% due to the oil retention capacity of these composites up to 14 h (see Fig. 1).
An increase in the contact pressure under the oil medium has lowered the friction
coefficient of all the prepared composites.

The tribological properties of polymer-based carbon materials are presented in
recent studies (Upadhyay and Kumar 2018, 2019a, b, c). Different carbon materials
such as graphene, multiwalled carbon nanotube (MWCNT), and fullerene C70 is
used to prepare a composite with different particle concentration (see Fig. 2). Epoxy
resin infused with fullerene nanoparticles has decreased the friction coefficient of
polymer surfaces. Low values of friction are obtained by raising the particle concen-
tration. More importantly, with an increase in load, the friction values improved
further. However, at high particle concentration, some deviation in the friction results
occurred. The wear behavior also followed the friction data trends, and it decreases
with an increase in load. In comparison to the earlier study (Zhao et al. 1996), the
improvement in the friction and wear result is related to the intrinsic mechanism of
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Fig. 2 Friction and wear performance of carbon-based polymer composites

the filler-polymer reaction. Rolling mechanism of a third-body particle has governed
the surface friction and wear properties. The build transfer-film between the ball-
and sample surface has supported the acting load. On the contrary, the use of multi-
walled carbon nanotubes has provided the results opposite to the fullerene. The
main influencing phenomena of a rise in friction behavior are found to be related
to the accumulation of MWCNT particles. The dispersion of MWCNT particles in
the epoxy-resin matrix is not controlled over stirring time, which reflects its adverse
effect on the polymer surface. The continuous sliding ofMWCNT particles under the
ball-sample interface has detached the corresponding layer of composite material,
which contributes to the high friction and wear values.

As the different quantities of graphene are infused within the polymer matrix, the
friction and wear performance of composites decreased with an increase in particle
concentration. Opposite to the behavior of MWCNT and fullerene, graphene has
provided better surface functionalization. A build-up of more frequent tribo-film
formation has resulted in surface fictionalization. Tribo-layer is achieved by the reac-
tion between epoxide and graphene particles, which leads to forming single-layer
graphene. During the sliding, this single-layer graphene exposes on the composite
surface and provides effective lubrication properties. The intrinsic stresses developed
in the composite surface helped to sustain the loads with minimumwear. The applied
load is equally distributed in the whole contact area due to a well-dispersed (homo-
geneous) graphene network. During sliding, sheared particles of graphene are filled
back in the wear region to provide a smooth transition between the ball and sample
material. The particle sliding and rolling is found to be the most significant wear
mechanism of graphene-based polymer composites. A clear distinction between the
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particle-filled composites and the bare (pure) polymer is also noticed (see Fig. 2),
whose tribological properties are worse for any practical application.

The wear microstructure (scanning electron microscopy, SEM) of fullerene,
MWCNT, and graphene polymer composite is shown in Fig. 3. The shown
microstructure represents the highly wear surfaces of polymer-based fullerene,
MWCNT, and graphene composites. As seen from the figure, fullerene wear
microstructure is composed of several abrasive particles that are settled on the sliding
wear track. However, continuous shearing and filling of fullerene particles have
reduced the wear rate of composites. In MWCNT composites, an adhesion layer
over the sliding wear track is observed, which is composed of polymer-matrix and
MWCNT particles. These sheared adherent layers are accommodated at the top of
the wear surface and result in a high wear rate. As seen from the figure, the wear
surface of the graphene composite is free from detached particles. The wear surface
of the graphene composite is completely covered with a single-layer graphene film.
This protective graphene film acts as a self-lubricating layer and contributing to the
build-up of tribo-film to achieve low friction coefficient and wear rate. The wear

Fig. 3 SEM microstructure of carbon-based polymer composites for high wear surfaces
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mechanism is controlled by the continuous shearing and filling of the wear particles
in the vacant junction. This increases the contact area available for sliding and hence
reduces the effect of high load at a particular area to provide a low wear rate.

3 Tribology of Ceramic-Based Composites

Ceramic composites are versatile due to its remarkable physical (crystalline struc-
ture) and heat resistance capacity. The chemical composition of ceramics makes
them perfect material for marine applications (Chen et al. 2020). Ceramics applica-
tion in the automotive industry is well-established (Kumar and Srivastava 2019; Bian
and Wu 2015). The sliding behavior of carbon–carbon–silicon carbide and carbon–
carbon composite in the presence of the brake oil is examined (Kumar and Srivastava
2019). The composite laminates are prepared in the normal and parallel orientation
of particles. For the physical significance, two types of contact, such as partial and
low conformity contact for the reciprocating friction and wear tests, are consid-
ered. Under low contacts in dry conditions, the carbon–carbon composite in normal
orientation shows a deviation in the friction curve. While the carbon–carbon parallel
orientation shows the stable behavior of friction. Carbon–carbon–silicon carbide
ceramic composite has a similar tendency of sliding for both the normal and parallel
orientations as of carbon–carbon composite. However, under the partial contacts, the
friction coefficient of carbon–carbon–silicon carbide composites remains constant
(less stress concentration compared to the low conformity contact), whereas, carbon–
carbon varies with sliding time. As soon as the load is increased further, the friction
performance of the ceramic composite degraded compared to the carbon–carbon
composites under the low conformity contacts. Similarly, the wear loss of carbon–
carbon parallel orientation and carbon–carbon–silicon carbide in normal orientation
ismore. However, at a later stage, it decreases for carbon–carbon composites oriented
in a normal direction. Overall, the parallel orientation of ceramic composites shows
the minimum fluctuation in friction and wear due to more absorption of oil between
the contacts. In partial contacts, the tribological properties are enhanced for the
ceramic composites under the presence of hard silicon particles, which restricts the
direct material contact and lowers the wear rate. The SEMmicrostructure of parallel
and plate tested (low conformity) composites of carbon–carbon–silicon carbide is
shown in Fig. 4. From the shownmicrostructure, it is clear that the grains are detached
at high load and provides a high friction coefficient for parallel oriented composites.
Breaking of fibre in the parallel composite is witnessed under high load due to the
abrasion. Silicon particles are embedded under the surface due to the high pressure
of a load and lead to the abrasion process. A broken fibre in the carbon–carbon–
silicon carbide plate-tested composite is also witnessed. An increase in the pressure
at the surface resulted in deeper penetration of silicon particles, which covered more
particles and raised the friction and wear of the composite material.
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Fig. 4 SEMwearmicrographof carbon–carbon–silicon carbide composite andplate-tested samples
at high loads. Reprint with permission from Kumar and Srivastava (2019)

Bian and Wu (2015) have investigated the surface fracture and friction behavior
of silicon carbide ceramic disk brake against the mild steel pad. Fractography anal-
ysis of the friction surfaces under different breaking speeds (8.5, 14, and 20 m/s)
is considered for the qualitative analysis. At low breaking speed, first, the friction
coefficient increased to ~0.9, and after a definite number of braking stops, the fric-
tion value falls nearly at ~0.6. At the median breaking speed of ~14 m/s, a small
rise in the friction coefficient is observed. However, after a few stops, the friction
coefficient falls to the low value (~0.42). At the highest breaking speed ~20 m/s,
friction increases rapidly from ~0.42 to 0.70, but decreases after a few stops and
attain median friction values similar to earlier breaking speeds. As seen from Fig. 5,
the average friction coefficient of disk brake at different breaking speeds is ~0.6.
At low speed, wear debris from the mild-steel plate deposited on the silicon carbide
disk material. A transmission electron microscopy (TEM) shows the thick friction
transfer layer (~2 µm) on the silicon carbide disk brake (see Fig. 5).

The presence of iron (Fe), oxide (O), and silicon (Si) is validated by the energy-
dispersive X-ray spectroscopy (EDX) on the silicon carbide disk brake surface. The
disk brake surface is composed of cracks and plastic deformation, which builds at
an early stage of braking. As the number of breaking exceeds, an iron-rich fric-
tion transfer layer is obtained. At high braking (~20 m/s) speed, fracture on the
surface occurred after few braking stops, and it becomes worse after fifteen stops.
The modeling analysis also confirmed the experimental data and suggested for lower
initial braking speeds.
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Fig. 5 Friction performance of silicon carbide brake disk under different braking speeds and TEM
image of friction surface at the braking speed of 8.5 m/s with chemical composition at A, B, and
C, zones respectively. Reprint with permission from Bian and Wu (2015)
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4 Tribology of Metal-Matrix Composites

Metal matrix composites with self-lubricating graphene nanoplatelets are useful to
control friction-induced vibration (Lu et al. 2019). These composites are meant to
reduce high-frequency vibration and noise. Nickel aluminum (Ni3Al) and graphene
particles as a solid lubricant are added in metal matrix composite. Three types
of metal-matrix composites, such as Ni3Al alloy (NA), graphene-induced Ni3Al
composite (NMCs), and gradient structure (GNMMCs) with varying concentration
of particles is used to study the tribological properties. At constant loads of 4.8, 9.8,
and 10.8 N, Ni3Al alloy attains a high friction coefficient and wear rate compared to
the other composites (see Fig. 6). The friction values of all the prepared composites
decrease with an increase in load. However, the wear rate of Ni3Al alloy increases
with the applied load. The Vickers hardness of NMCs and GNMMCs composites
contributes to the better wear performance. This suggests the dependency of material
wear on the composite hardness value. Under the applied loads, the noise level of
graphene-induced Ni3Al (NMCs) composites and gradient structure (GNMMCs) are
the same. However, the Ni3Al (NA) alloy shows the highest level of noise pressure.

Fig. 6 a Friction coefficient, b wear, and c sound level of NA, NMCs, and GNMMCs composites.
Reprint with permission from Lu et al. (2019)
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Under the high contact loads, composite material experiences some deflection due
to the weak arrangement of molecules inside the matrix. However, graphene inclu-
sion in the composite matrix provides hardness to the material and able to sustain
impact loads due to the high bonding strength. From the results, it is concluded
that the graphene infusion in the metal matrix composites successfully reduces the
tribological performance in terms of friction and wear response.

Zirconium abrasive, a highly stabilized (cubic structure) thermal material for
tribological applications, is highly demanding. Ceramic material in the presence
of included oxides, nitride, and carbide shows better tribological properties (Chen
et al. 2020; Zhou et al. 2019). Zirconium dioxide (ZrO2) in the copper metal matrix
(Cu-MMCs) is introduced to study the tribological properties of composites. Two
different structures of monoclinic ZrO2 (m-ZrO2) and cubic ZrO2 (c-ZrO2) are used
for this purpose. The crystal structure of ZrO2 particles affects the morphology and
internal bonding of copper metal-matrix composite. Between both the structures of
m-ZrO2 and c-ZrO2, the cubic zirconium structure is unchanged during the matrix
preparation. The microstructure of the copper matrix with mixed particles is uniform
throughout the direction parallel to the sliding. The presence of iron (Fe) and graphite
(Gr) in the matrix increases the mechanical strength of the metal matrix composite
(see Fig. 7). Graphene reduces the adhesion between contacts by forming a protective

Fig. 7 Microstructure of the metal-matrix composites. a Cu-c-ZrO2, b Cu-m-ZrO2, c Cu–Fe–C-
c-ZrO2, d Cu–Fe–C-m-ZrO2. Reprint with permission from Zhou et al. (2019)
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layer over the wear surface. This helps in a smooth transition during the sliding wear
tests.

The friction performance is studied at the three different breaking energy densities
(BED), such as low, medium, and high BED (See Fig. 8).Monoclinic ZrO2 (m-ZrO2)
in the copper material exhibits high bonding strength within the zincmatrix and gives
a high friction coefficient compared to the cubic ZrO2 (c-ZrO2) structure at lowBED.
However, m-ZrO2 achieves a low friction coefficient at high BED. The variation in
friction drop at the high BED for c-ZrO2 is high. On the other hand, the wear rate of
copper-cubic zirconium metal matrix composite is low at all the BED.

Fig. 8 a Friction and b wear performance of copper-metal matrix composites. Reprint with
permission from Zhou et al. (2019)
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5 Coating Tribology of Composites

Composite coating with nanofillers is a recent trend in tribology, and particularly
polymer-based coatings are emerging now (Kumar et al. 2017; Katiyar et al. 2016).
These polymers contain solid/liquid nanoparticles in the form of additives to prepare
thin/thick composite coatings for the wear protection. Tribological properties of
polymer-based graphene (10 wt%) composite coatings with liquid (SN150 oil and
perfluoropolyether, PFPE) nano-lubricant is recently studied (Kumar et al. 2017).
The friction behavior of coatings is studied at different sliding velocity and loads. As
seen from Fig. 9, the friction values in the presence of both the additives, i.e., epoxy-
graphene-SN150 (E/Gn/SN150) and epoxy-graphene-PFPE (E/Gn/PFPE) decreases

Fig. 9 Friction coefficient of epoxy-based composite coatings at different sliding speeds and loads.
Reprint with permission from Kumar et al. (2017)
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with sliding velocity. Most importantly, the friction performance of base-oil SN150
is significant, and it can be used as filler material for practical sliding/rolling applica-
tions. Automotive anti-friction bearings are one of the examples where all the time,
minimum friction is required. Some deflection at different loads has occurred during
the sliding tests. In the case of composite coating with SN150 as filler material,
the friction coefficient decreases with the increase in load. The minimum value is
achieved at 10 N loads. However, the difference in friction data between 10 and 12 N
loads are less. The maximum deflection is achieved at the initial stage of sliding. The
friction values containing PFPE composites also have similar frictional properties
(first rises and then falls) but having a high friction coefficient. For PFPE composite,
the friction coefficient initially ranged from 0.06 to 0.18 and attained the best friction
value of nearly ~0.1 at 10 N load.

In another work, SU-8 polymer coatings prepared with graphite and talc powder
filler material is studied for the automotive applications (Katiyar et al. 2016). The
different weight concentration of particles (graphite or talc: 5, 10, 20, and 30wt% and
2.5, 5, 10, 15 wt% of both powder in 1:1 ratio) are used to prepare the coatings on the
glass samples. The friction of polymer composite coatings increases with an increase
in particle weight concentration for individual (graphite or talc) particles. However,
as both the particles of graphite and talc are mixed, the friction coefficient decreases
and attains the steady-state friction. The best friction coefficient attained with 15%
graphite and 15% talc powder in the polymer matrix. The composite coatings also
tested for its wear life, which is calculated against the number of sliding cycles to
coating failure. As similar to the friction test results, composites containing 15%
graphite and 15% talc powder has performed better than the other composites and
provides high wear life. This is the synergistic effect of both these powder material
when infused within the polymer matrix.

Metallic and non-metallic coatings with/without deposition processes have also
found their interest in the tribological applications (Paksoy et al. 2019; Endrino et al.
2002; Wood 2010). Particularly, in the severe situation of wear, the hard and thick
coatings are recommended. Nevertheless, in some situations, thin coatings can also
play an important part in friction reduction. Only depending on the application and
load, coatingmaterials can be recommended.Most of the refractorymaterials such as
titanium, chromium, molybdenum, manganese, etc. are used under high-temperature
applications and polymer for low-temperature applications. Process parameters and
selection of material is an influential factor in determining the coating properties.

Coating thickness, roughness, load, sliding speed, substrate elastic modulus, and
counterpart material affects the friction performance of coatings. The thin and soft
coating may result in high friction due to poor load carrying capacity and formation
of a large contact area. The friction coefficient decreases with an increase in the thick-
ness of hard and thin coatings. However, after the predefined limit, brittle behavior
occurs in the coating, and it develops tensile stresses. Under the presence of load and
tensile stresses, the deposited thick coating delaminates from the surface. Substrate
surface roughness highly influences the roughness of thin coatings. More surface
roughness provides a high friction coefficient to the thin coatings. These coatings
also have a tendency for plastic deformation. However, in the case of thick coating,
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the coating material penetrates the rough peaks of the substrate material and result in
moderate friction behavior. Hence, smooth surface finishing is always required for
the substrate material to deposit thick film coatings. The friction coefficient severely
depends on the load. Thin and hard coating at low load initially attains a high fric-
tion coefficient due to the presence of several asperities. As soon as the sliding time
increases, the friction value decreases. However, the friction value also depends on
the sliding zone temperature, whether the surface is capable of building any oxide
layer or not. For high loads, initial time to smoothen the rough surface asperities is
low, but with an increase in sliding time, thin coating delaminates from the surface
and provides high friction values. On the other hand, thick coating sustains the high
load impact and gives low friction values. Sliding speed generally favors the fric-
tion coefficient. An increase in the sliding speed decreases the friction coefficient
of applied coatings. Initially, high sliding speed attains plasticity behavior due to
the shearing of asperities. After that, it starts building a transfer layer and attains
self-lubrication behavior in some instances. At this stage, the friction coefficient
drops expectedly. In the case of thick coatings, the friction coefficient is indepen-
dent of the substrate/sample material because the coating only supports the entire
load. However, in the case of thin coatings, the load is completely supported by the
substrate. With an increase in the elastic modulus of substrate material, the contact
area reduces, which provides low friction. Hard counterpart materials add advan-
tage to the sliding test because it degrades slowly than the soft counterpart material
and provides a low friction coefficient. Also, hard counterpart material supports a
build-up of transfer-film due to continuous asperity shearing. On the other hand, soft
counterpart materials wear rapidly and give rise to the friction coefficient.

6 Characterization Techniques in Composite Tribology

Composite surface material and their internal properties are vital for the technologist
to prepare and install desire parts made by the composite technology. Various charac-
terization techniques are developed to assess the surface and intrinsic (cross-section
investigation, developed stresses, and density) properties. Thermal characterization
of composite includes differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and dynamic mechanical analysis (DMA). DSC evaluates heat flow
and temperature with respect to the reference material. TGA measures change in
mass (weight loss of composite) as a function of time and temperature. DMA gives
the physical property ofmaterials under stress in the formof storagemodulus and loss
modulus (tan δ). Various analytical instruments like X-Ray Diffraction (XRD), scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), electron
probe microanalyzer (EPMA), and X-ray photoelectron spectroscopy (XPS) are the
commonly used non-destructive imaging techniques. Some of the features of these
instruments are listed in Table 1.
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Table 1 Analytical techniques for composite characterization

Instrument Energy range Primary beam and secondary
signal

Application

XRD >1 keV Photon–X-ray Crystal structure/stresses

SEM 0.3–30 keV Electron–Electron Surface microstructure and
morphology

TEM 100–400 keV Electron–Electron High resolution structure

EPMA 1–30 keV Electron–X-ray Surface region composition

XPS >1 keV Photon–Electron Chemical composition at
surface

7 Composite Tribology Significance

The tribology significance of compositematerials for practical uses in the automotive
industry is highly rated. Except for the decorative and covering pats in the automotive
industry, other important composite parts installed in the system either function in
sliding/rolling motion. These parts tend to deteriorate over time, with an increase
in pressure and temperature. The surrounding environment and operating parame-
ters also affect the performance of parts. Composite parts made by the infusion of a
polymer-particle matrix could not sustain very high temperatures. Hence, such parts
need to bemade by themetallic infusion. Also, the load sustaining capacity is another
challenge for these composites. However, in some cases of low-load conditions (ball
joints), polymer composites can outperform other materials. Sometimes, hard mate-
rials in sliding/rotating action wear faster than the softer material due to external
factors, such as induced corrosion/erosion. For a particular situation, lightweight
structure material can be employed to restrict material wear. This could be achieved
by making the composite with at least one hard material and other softer material.
Hard material provides suitable toughness to the composite part for longer opera-
tion, and other material with self-lubrication properties provides aminimum effect of
surface adhesion and wear. Similarly, for composite coatings, it must possess suffi-
cient hardness and strong adhesion so that the coating material should not encounter
surface spallation.However, before coating, the deposition process,material quantity,
and thickness should be optimized for the overall weight-reduction of the prepared
part. Multicomponent composite fabrications improve the strength and tribological
properties of prepared parts. In this, each material provides its physical character-
istics to the system for achieving high performance in terms of strength, friction,
and wear. Without better tribological properties, the system may receive continuous
maintenance, depending on the failure severity (see Fig. 10). The most dominant
expenditure is associated with maintenance costs (see Fig. 10). At present, world-
wide, the total cost of maintenance is almost about 50% in a calendar year. Other
economic losses are linked to friction and wear, catastrophic failure, incorrect lubri-
cation supply, and human error. With improved strength, the sliding/rolling behavior
of composite material could be enhanced for the better service life of components.
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Fig. 10 Targeted cost savings by ternary composites (upward column) and generalized losses
(downward column) associated at present in the automotive industry

8 Conclusion and Future Perspective

Composite tribology of polymer, ceramic, metal-matrix, and coating technology is
studied. All the work related to the composite tribology shows surface modification
behavior in the presence of two materials having different properties. Comparing all
the composites used in this study, the matrix containing carbon nanoparticles, such
as graphene, shows better performance than other non-carbon fillers. This increases
the application of carbon-based fillers in composite tribology. Graphene, a self-
lubricatingmaterial is currently in high demand due to their surface functionalization
properties and high hardness. Epoxy-graphene composites provide low friction as
similar to the sliding under the lubrication environment. Metal-matrix composites
with ceramic as a filler material have high resistance against friction and wear. The
formation of carbide and oxide during the composite sliding test provides a lubri-
cation mechanism within the contact pairs and reduces surface flaws. The normal-
ization of tribological performance increases with an increase in sliding interface
temperature. This is valid for any composite (solid form) material and applied coat-
ings made/deposited with oxide/carbide fillers of ceramics. Without lubrication and
wear-resistant properties, the sustainability of industrial parts is difficult. Hence, the
main realization to overcome frequent maintenance and losses incurred by the fric-
tion and wear processes, application of novel ternary composites will be explored
in the near future. These composites will contain a gradient structure that will be
able to reduce material wear and increase the service life of components without
frequent maintenance. Implementation of ternary composites in the practical auto-
motive application will increase vehicle performance at a comparatively low invest-
ment cost. Less wear and tear will allow reducing downtime of an industry, which
can result in high production.
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Tribological Test of Composites Material
Lubricated with Various Solid-Liquid
Lubricating System

Y. Aiman, N. F. Azman, and S. Syahrullail

Abstract Nowadays, the use of lubricants in the industrial sector is rapidly
increasing, particularly in applications that are subject to high loads and high speeds.
Lubricant is a material, generally synthetic, applied to reduce friction between
surfaces in reciprocal interaction, which essentially decreases the heat generated
by moving surfaces. It may also function as transporting foreign particle or carry
any debris to prevent clogging. The solid lubricant is present as a thin film, paste
or powder that serves as a friction reducer and also avoids wear on both surfaces
in order to reduce the scar on the side. Solid lubricant is a crucial technology for
increasing the efficiency of jet and car engines, including engine running at signif-
icantly higher temperatures, and for improving the durability of spacecraft. Solid
lubricants act as a special application to minimize harm in situations where the use
of liquid lubricants is inefficient or insufficient, for example in space technology,
automotive or also in vacuum areas. There are a few types of solid lubricants such
as transition metal dichalcogenide compounds, carbon-based materials; soft metals
and polymers. They can be divided into two specific groups for convenience: soft
(hardness < 10 GPa) and hard (hardness > 10 GPa) solid lubricants. Many research
has been done in solid-liquid lubricant and mostly of the solid-liquid lubricant is
not capable lubricate properly without any modification or additives. In this chapter
the different modification, additives and also tribology testing is been reviewed and
discussed to get better understanding in solid-liquid lubricants in composite material.
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1 Introduction

Lubricant is used in most equipment and engine as a wear and tear reducer
(Golshokouh et al. 2013). Without lubricant, spinning or sliding machine or engine
component cannot function properly and may cause the machine or engine to expe-
rience catastrophic failure. Load capabilities without failure, temperature stability,
wear resistance capability and their flash point are the most important parameter to
be considered in oil lubricant research (Jabal et al. 2014; Syahrullail et al. 2013).
Today, lubricant use is rapidly increasing in the industrial sector, especially in appli-
cations that are exposed to high loads and high speeds. According to Hassan et al.
(2016) lubricant plays an important role in reducing the damage to the surface of the
device caused by the small particles. It also acting as a transporting medium for the
contaminant and debris as stated by Razak et al. (2015).

Over the past 10 years, there has been a revival in strong lubricant research and
development. This resurgencewasmotivateddue to the advanced technological appli-
cations that need lubricants to be extremely good under different conditions (Sapawe
et al. 2016). There are a few types of solid lubricant that been research and develop in
the past 10 years to working under very high temperature with longer lifespan. Solid
lubricant is a key technology in increasing the performance of jet and car engines,
which includes engine operation at significantly higher temperatures, and increasing
the endurance of space vehicles (Booser 1984; Hasannuddin et al. 2018a, b). Most
of the solid lubrication, their production has given benefit to what is learned about
its action and also the mechanism. However, the research with solid lubricant aware-
ness is still incomplete, especially under extremely high temperatures, considerable
progress has been made in material performance (Sliney 1982).

The solid lubricant is presence as a thin film, paste or powder that function as
friction reducer and also provide wear prevention on both surface contact to reduce
the scar on the part. Different from liquid friction models, solid lubricant friction
has a specific view for of friction on its mobility, shape, crystallography and size of
particles. Constructing a rubbing surface with continuous adherent soft or hard film
is the main purpose of solid lubricants. The film distribution can be implemented by
physical, electro-chemical or mechanical, processes. The standard test is according
to ASTM D2714 test method to assess a solid lubricant’s friction coefficient (Bart
et al. 2013).

Solid lubricants serve a special niche to reduce damage in cases with ineffective
or insufficient use of liquid lubricants for example in space technology, automobile
or even in vacuum space. For lubrication under extreme pressure where the bearing
surfaces still need to be effective, solid lubricants are required, where the lubricant
needs to remain without moving.

Usually the solid lubricants is used at to the sliding surface under high load
conditions that going through the boundary and mixed regimes frictional, extremely
low hydro-dynamically efficient speeds, or to work under very high temperature and
also very extreme condition such as in aviation. The solid lubrication is also needed
when the part of the components cannot be contaminated with liquid lubricant such
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as in nuclear reactor and high vacuum system. In this chapter, the author would
to address the solid-liquid lubricant types, properties, modification, and additive in
composite material with various tribological test.

The use of solid-liquid lubricant is very famous nowadays andmanymodifications
has been made to improve the tribological performance of the lubricants by using
additive, coating, or modifying (Zeng et al. 2013; Mistery et al. 2011; Vengudusamy
et al. 2012). However, there is some certain cases the solid-lubricant has shown
poor tribological performance in composite material even after the modification
(Okubo and Sasaki 2017; Zhang et al. 2019). This chapter is addressing the study the
tribological performance of solid-liquid lubricant on composite material that have
done by previous researcher.

2 Solid Lubricant Classes

To provide low friction, non-organic solid lubricants need to possess small shear
resistance, for one crystallographic direction at least. There are a few types of solid
lubricants such as transition metal dichalcogenide compounds, carbon-based mate-
rials; soft metals and polymers. We can classify them into two broad categories for
in the pursuit of convenience: soft (hardness < 10 GPa) and hard (hardness > 10
GPa) strong lubricants (Holmberg et al. 1998). Table 1 shows the lists of category
for the solid lubricants. In addition to reduced friction relative to soft lubricants,

Table 1 Classification of the tribological coatings according to the quality of the substance in
consideration (Donnet and Erdemir 2004)

Hard Coatings
Hardness higher than 10 Gpa

Soft coating
Hardness lower than 10 Gpa

Nitrides
TiN, CrN, ZrN, BN BaSO4

Soft metals
Ag, Pb, Au, In, Sn, Cr, Ni, Cu

Carbides
Tic, WC, CrC

Lamellar solids
MoS2, WS2, Graphite
H3BO3, HBN, GaS, GaSe

Oxides
Al2O3, Cr2O3, TiO2, ZnO, CdO, Cs2O, PbO, Re2O7

Halides Sulfates, sulfure
CoF2, BaF2, PbS, CaSO4, BaSO4

Borides
TiB2

Polymers
PTFE, PE, Polymide
Polymer like DLC

DLC Coating
a-C, ta-C. a-C:H, ta-C:H, CNx
a-C:X(:H), (nc-)diamond

Polytetrafluorethylene
Polyethylene
Dia amorphous carbon mond-like carbon
Tetrahedral amorphous
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the hard-solid lubricants have greater in resistance formation of high friction, which
can provide low friction but not always high wear resistance. Many carbon-based
coatings (DLC and diamond) and some oxides are address as a hard durable lubri-
cant coatings. Soft solid lubricant coatings include soft metal, halides, polymers,
and sulfates of alkaline earth metals, and the well-known lamellar solids, including
graphite, transition-metal dichalcogenides, and boric acid. In recent years, many of
self-lubricating materials have been researched to study the development of it, and
some of them has modified to produce better lubricity when used under different type
conditions or in situations such as high loading (Sutor 1991; Donnet and Erdemir
2004).

Figure 1a shows themolybdenumdisulphideMoS2 of layered lattice structure that
under class of graphite (Fig. 1b). Figure 1c shows the new material of that is boric
acid, H3BO3, it is a layered lattice composite that has been carefully studied only

Fig. 1 Layered lattice structures of several lamellar solid lubricants (Sutor 1991)
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recently. Triclinic is the most common form of boric acid, orthoboric acid. Figure 1d
shows the lamellar structure for graphite fluoride, where fluorination of graphite is
to provide sub stoichiometric graphite fluoride.

2.1 Carbon-Based Materials

Graphite is one of the carbon-based substances renowned for their role in solid
lubricating. Of greater significance are the various types of DLC coatings which
were specifically synthesized for friction and wear reduction. The DLCs are amor-
phous in nature that is completely different to the graphite. The first to studied and
research DLC coatings were by Schmellenmeier (1953) and later Eisenberg and
Chabot (1971). Initially diamond is not considered as a strong lubricant material;
but, in the presence of water an oxygen vapor, solid lubricity is found when the
grains become nanocrystalline under certain operating conditions.

2.1.1 Graphite

Graphite is a low-density, crystalline and soft carbon allotrope. Graphite is one of the
solid lubricant that has a lamellar form and inorganic lubricants with also contains
boron nitride, molybdenum disulphide (see Fig. 1a), and some other molybdenum,
tantalum, selenides and tellurides (chalcogenides), niobium, tungsten, and titanium
sulphides. Its crystal lattice consists of parallel thin planes (graphenes) forming
hexagonal rings. For every carbon atom in the plate was bonded covalently to 3 other
atoms (120° angle of bond). Soft Van der Waals powers bind the graphenes to each
other.

The staggered structure allows the parallel planes to slip. Poor bonding between
the planes producesweak shear strength in slidingmotion direction but high compres-
sion strength in perpendicular direction to sliding motion (see Fig. 2a). It is believed
that the combination of oxygen and water vapor in the atmosphere would facilitate
graphite crystal interlamellar shearing. Such close basic planes have small energies
surface and low adhesion at the bot surfaces (Deacon andGoodman 1958). This result
is supported by Buckley (1981) that found when smooth, metallic materials, such
as tantalum and iron, are under ultra-high vacuum contact sliding at basic pyrolytic
graphite planes, there is no adhesivemetal transfer is detected, that generate in smaller
coefficient of friction.

2.1.2 Diamond-Like Carbon (DLC)

According to Robertson (1986) DLC is thin film substance with a greater fraction
of carbon bonding metastable sp3, and amorphous-carbon (a-C) or hydrogenated-
amorphous (a-C: H). This is usually processed via a deposition cycle which contains
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Fig. 2 a Graphite Lamellar crystal structure. b Typical Raman spectra taken with k = 458 nm of
graphite, DLC coating and diamond (Scharf and Prasad 2013)

energetic ions. Such ions has increase to the bonding of sp3 that is actuallymetastable
relative to the bonding of sp2 when stabilized by C–H bonds. The ion-induced cycle
is distinct from plasma polymerisation, where the C sp3 bond emerges from a C–H
group condensation of molecular H2 evolution. Some of elements for example B, N
and F or Si, metals can be alloyed with DLC.

The DLC forms can be shown on a ternary phase diagram, as shown in Fig. 3. It
indicates the proportion of C sp3, C sp2 or hydrogen (H) sites in the alloy. Jacob and
Moller (1993) derived the diagram for the first time. Remember that the total fraction
of atoms here is up to 1. Cases that quote the sp3 fraction (of only C) or the H/C ratio
instead of the H/(C + H) ratio should be careful decide. This network’s mechanical

Fig. 3 Ternary phase diagram of bonding in amorphous carbon-hydrogen alloys (Robertson 1986)
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properties can be seen as a combination of multiple bonding elements, C–H, C–C
sp2 and C–C sp3 bonds. The longevity, elastic module and general diamond-like
consistency of the C–C sp3 bonds are increased. C–C sp2 bonds make no meaningful
contribution. The C–H bonds do not bind the network, so they are like a hanging bond
mechanically, contributing nothing to the mechanical properties (Robertson 1986).
According to Ferrari et al. (1999), therefore, it is found that the Elastic modulus is
monotonically dependent on the mean number of C–C coordinates, or in other words
the fraction of C–C sp3.

2.1.3 Nanocrystalline Diamond

Diamond films and diamond are not considered low-interface shear stable lubricant
materials until smooth nanocrystalline diamond coatings (Erdemir et al. 1999) and
ultranocrystalline (3–5 nm) of the grain shape showed fascinating tribological perfor-
mance. The UNCD films show low friction coefficients and low surface roughness
(*13 nm RMS) in both dry nitrogen and moist air (0.03–0.1) when slipping against
a UNCD-coated Si3N4 counter face. Diamond coatings coated with chemical-vapor
(CVD) have gained significant interest over the past decade, this is partially due to
the high level of attention because of the extremely good tribological properties of
diamond (Spear et al. 1994; Braza and Sudarshan 1992; Tsai and Bogy 1987). In
addition to all known essential parameters influencing the tribological properties, it
is clear that the sum of H and the sp3/sp2 bonding ratio influence the behavior of the
nanotribology.

2.2 Transition Metal Dichalcogenide Compounds (TMD)

Transitionmetal dichalcogenides (TMD) are inmanyways a gift of design tomechan-
ical engineers who seek to minimize friction. TMDs occur in 2 quartz types: hexag-
onal and rhomboedral. The hexagonal structure is themost common andmost critical
for low-friction applications as shown in Fig. 4 (Polcar and Cavaleiro 2011). The
hexagonal crystal structure with two molecules per unit cell, exhibits a laminar or
layer-lattice structure, six-fold symmetry. TMD is often used as an oil additive or
as a coating to reduce friction. WS2 and MoS2 are most famous due to the strong
lubricating performance among the other types of the compound TMD group and
usually it used in several applications. WS2 and MoS2 lubricating activity derives
from the inter-mechanical instability in their crystal structure. MoS2 crystallizes in
the hexagonal form, identical to graphite, where a plane of molybdenum atoms is
interlayer with two hexagonally that packed sulphur particles with a strong c/a ratio
(c = 12.29 Å, a = 3.16 Å).

There is a laminar or layer-lattice arrangement in the hexagonal crystal structure
with six-fold symmetry, two molecules per unit cell. Every chalcogenide atom is
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Fig. 4 a LMS of Mo (or W). bWeak VDW slip planes to interlamellar

equidistant from three metal atoms, stopping at six dichalcogenide atoms equidis-
tant from each metal atom. According to Lansdown (1999) the attraction between
dichalcogenide atoms and metal is because of strong covalent bonding, but between
lattice layers there is only a mild attraction of Van der Waals. TMD family consists
of disulphides and diselenides of molybdenum, tungsten and niobium. TMD is also
used as an additive to oil or also as a friction reduction coating. Waghray et al.
(1995) says the latter could be prepared as a thick film, and preparation of electro-
chemical processes or thin films deposited primarily by physical vapor deposition
(PVD) is suggested by Cardinal et al. (2009). TMD can also be produced by tribo-
chemical reactions on contact surfaces during the sliding process (Grossiord et al.
1998). Figure 4 shows the Lamellar crystal structure (LMS) of Mo and the weak van
der walls forces slip. Figure 5 shows the schematic views of previous film design for
nanocomposite, nanograns and the nanolayer. Nanocomposite coatings with strong
WC nanoparticles (red) embedded in amorphous carbon matrix (grey) along with
WS2 nanograins (blue).

Fig. 5 a Nanocomposite coatings, b nanograins and c nanolayered (Polcar and Cavaleiro 2011)
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Fig. 6 Chemical illustration of Polytetrafluoroethylene (Franklin 2017)

2.3 Polymers

PTFE is a plastic fluoropolymer called polytetrafluoroethylene and it is one of the
well-known stable lubricant polymers. PTFE has many desirable features and was
influential in the lubrication of colloids. Water and water-containing liquids do not
humidify PTFE, thereby inhibiting adhesion to PTFE surfaces. According to Franklin
(2017), it is extremely non-reactive, and usually used in pipework and container for
corrosive and reactive chemicals. The anti-friction property of PTFE is well known
(Mortimer 1991), this is due to the result of its low intermolecular cohesion and
molecular profile (Scharf et al. 2009). PTFE does not have unsaturated bonds and
does not polarize quickly. This forms a thin transfer film on the counter face during
sliding contact with small contact pressure (7.3–73MPa), but uneven films thickness
can generate low and not stable friction behaviour if the films are not distributed
thinly afterwards (Fig. 6).

PTFE colloids are highly appealing as oil additives at first glance. The fact that
PTFE colloids do not like water or oil, though, has made their use far from easy in
this use. To make a suitable lubricant, PTFE cannot just be rubbed into a liquid. It is
crucial to choose the dispersion chemistry and additives used with carefully and the
dispersion skill is extremely important. There are powerful synergistic interactions
with certain additives. Extraordinary lubricants produce when properly done and a
new class of lubricants has been achieved with remarkably low friction and tear.
Four-ball tests show low wear and a friction coefficient dependent on this technique
for a professionally formulated lubricant (Riceo et al. 2007).

2.4 Solid-Liquid Lubricant

Recently, development of solid-liquid lubricating system has becoming an attractive
research topic especially for space and automotive applications since it is a promising
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Fig. 7 The schematic diagram for solid-liquid lubricating system

way to achieve desired tribological performance (Liu et al. 2011a; Lv et al. 2015).
solid-liquid lubricating system was composed of a protective layer of solid lubricant
film deposit to any substrate material and upper layer of liquid lubricants film (Liu
et al. 2011a). The schematic of the solid-liquid lubricating system can be found
in Fig. 7. An advanced tribological performance of solid-liquid lubricating system
was important to improve energy efficiency, service reliability and durability of
mechanical assemblies of an engine and space drive mechanisms (Fan et al. 2015;
Guo et al. 2018; Liu et al. 2019). Previous researchers have made comprehensive
efforts to develop and explore the synergy between solid and liquid lubricants of a
solid-liquid lubricating system to achieve optimal tribological efficiency (Liu et al.
2011b; Fan et al. 2015; Zhang et al. 2019).

Multiple factors can affect the tribological performance of solid-liquid lubricating
system, these includes:

• Intrinsic condition of solid lubricants: microstructure, hardness, thickness, inter-
layers, elasticity, roughness, bonding strength, mechanical strength, thermal and
chemical properties (Liu et al. 2011a; Fan et al. 2015)

• Intrinsic condition of liquid lubricants: structure and composition, viscosity-
temperature performance, physico-chemical properties (Fan et al. 2015)

• Tribo-test parameters: temperature, applied load, sliding speed, counter materials
• Environment conditions: relative humidity, inert atmosphere and space conditions

(vacuum, irradiation, atomic oxygen) (Liu et al. 2012, 2013, 2017b).

3 Tribological Properties of Solid-Liquid Lubricating
System

Diamond-like carbon (DLC) films are widely use as solid lubricants in automotive
and space industry due to their outstanding properties (Zeng et al. 2013). Numerous
studies were conducted by researchers to evaluate the tribological performance of
DLC films as protective layer of substrates and with the presence of liquid lubri-
cants. In an earlier study, Liu et al. (2011a) explored the tribological performance
of DLC-based coating composed of TiC/a-C:H solid coating lubricated with multi-
alkylated cyclopentanes (MACs) in high vacuum condition. It was observed that
DLC/MACs solid-liquid lubricating system enhanced the friction reduction perfor-
mance, anti-wear performance and load capacity compared to that of bare TiC/a-C:H
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Fig. 8 The difference of the friction process between bare TiC/a-C:H film, the MACs lubricated
steel and the DLC-based solid-liquid lubricating system (Liu et al. 2011a)

solid coating and MACs-lubricated steel (see Fig. 8). The significant improvement
in the tribological performance was attributed to the synergistic interaction between
solid and liquid lubricant to form tribofilm on the counter surface. As reported by
Zhiqiang et al. (2013), the presence of lubricants on the DLC coating lead to the
formation of a layer of lubricant films on the contact surface. These lubricant films
have lower shear strength than that of transfer layer formed byDLC coatings, thereby
decreases friction and wear. Guo et al. (2018) also reported the presence of poly-
alpha-olefin synthetic oil (PAO) lubricant had improved the tribological performance
of DLC coatings due to the formation of lubricant film in the sliding interface. Addi-
tionally, the presence of lubricant prevents the formation of transfer film and prevents
the titanium (II) oxide (TiO) and titanium carbide (TiC) hard particles from entering
the sliding interface.

On top of that, the effect of doping content in DLC films on the tribological
performance of dry and lubricated condition of DLC coating was studied by Fu et al.
(2013). They found that increased in tungsten (W) content in DLC coatings had
increased the friction coefficient while the wear rate show a minimum value under
dry DLC coatings. Whereas under PAO lubricated condition, the friction coefficient
decreased as the W content in DLC coatings increased. However, presence of PAO
on DLC coatings had antagonist effect on wear, showing an increment with increase
in W content. The addition of thiophosphoric acid amine (T307) salt as additive
in PAO resulted in low wear rates in both undoped DLC and W-doped DLC. Their
finding proved that the intrinsic condition of DLC coatings will affect the tribological
performance of solid-liquid lubricating system.
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On the other hand, numerous studies evaluate the mechanisms of interaction
between additives in liquid lubricants and solid lubricants on the tribological perfor-
mance of solid-liquid lubricating system. Mistry et al. (2011) evaluate the tribolog-
ical performance of two additives (ZDDP and thiadiazole) interacting with tung-
sten carbide doped DLC (WC–DLC) in order to elucidate the growth of tribochem-
ical films. Tribological performance turned up to be dependent on the chemistry
of tribofilm. The tribofilm composition of WC–DLC coated and ZDDP–thiadiazole
interaction were consisted of zinc sulphide, tungsten sulphide (WS2), tungsten oxide
(WO3), tungsten carbide (WC) and organic compounds. They confirmed the tribofilm
composition using XPS analysis. In previous work conducted by Vengudusamy et al.
(2013), they found that the hydrogen (H) and tungsten (W) (doping element) concen-
tration affect the tribological performance of DLC coatings lubricated with ZDDP
solutions. They also concluded that this intrinsic condition ofDLCcoatingsmarkedly
effect on adhesion, tribofilm formation by ZDDP and wear resistance. This shows
that intrinsic condition of solid lubricantwill influence theDLC/additive interactions.

Moreover, Okubo and his team (2016) formulated PAO based lubricant with
several primary- and secondary-alkyl groups ZDDPs in order to study the effect
of structure of ZDDPs on the tribological performance of the tetrahedral amorphous
carbon (ta-C) film. Their results revealed that friction coefficient of the ta-C lubri-
catedwith PAO+ZDDP is independentwith length of alkyl chains.UnderDLC/DLC
contact, primary-alkyl ZDDP exhibited excellence friction reduction performance,
while secondary-alkyl ZDDP exhibited excellence anti-wear performance than the
other lubricants. However, primary-alkyl ZDDP shows antagonisms effect on wear
volume due to the occurrence of chemical wear caused by interaction between
primary-alkyl ZDDP and ta-C films. They concluded that the chemical composi-
tion of ZDDP tribofilms affect the tribological performance of the ta-C films. The
low friction coefficient of the ta-C film was attributed to sacrificial sulphur-rich
tribofilm, while the low wear volume attributed to the excellence anti-wear perfor-
mance of phosphorus-rich tribofilms themselves. This proved that intrinsic factor
of liquid lubricant (i.e. composition) will influence the DLC/additive interactions
(Fig. 9).

Yue and his team (2013) investigated the interaction mechanism between sulfur-
ized W-DLC coating and PAO containing molybdenum dithiocarbamate (MoDTC).
The improvement of friction reduction performance of sulfurized W-DLC/MoDTC
solid-liquid lubricating system compared with dry W-DLC coating was attributed to
the formation of metallic sulphide (WSx) layer on the surface coating. Tribochemical
reactions between MoDTC and sulfurized W-DLC coating results in the formation
of tribofilm rich in Mo sulfide/Mo oxide and sp2/sp3. Surprisingly, Yoshida and
Kunitsugu (2018) found that amorphous hydrocarbon (a-C:H)/MoDTC solid-liquid
lubricating system leads to an increment of the degree of wear. The wear loss of
a-C:H/MoDTC solid-liquid lubricating system was significantly increased as the
sp2/sp3 ratios of DLC coating increased, compared to DLC coating without MoDTC
which shows no significant change inwear loss as the sp2/sp3 ratios increases. During
friction and wear of a-C:H/MoDTC solid-liquid lubricating system, molybdenum
disulphide (MoS2) tribofilm will form on the tribological contact area. The degree
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Fig. 9 Effect of length of alkyl chains of ZDDPs on a friction coefficient and b wear volume of
steel/steel and ta-C/ta-C tribopair lubricated with PAO + ZDDP (Okubo et al. 2016)

of wear increases either by mechanical wear (abrasive wear) or chemical wear when
DLC films oxidized by MoO3 (Vengudusamy et al. 2012). Okubo and Sasaki (2017)
investigated the mechanism of wear acceleration of DLC/MoDTC solid-liquid lubri-
cating system using in-situ Raman tribotester. Their results revealed that the antag-
onism of MoDTC in wear acceleration is occurred when ferrous-based counterface
material was used. Based on their findings, they proposed the mechanism of wear
acceleration as follows: (1)Mo compounds (MoO3 andMoS2) chemically reactswith
ferrous-based counterface material surfaces, (2) formation of Mo-carbides (Mo2C)
through tribochemical reactions between product ofMo andDLCfilms caused chem-
ical wear, and (3) Mo2C particles caused mechanical wear (abrasive wear). The
proposed mechanism was schematically shown in Fig. 10.

Some researchers added ZDDP additive in lubricant solution to counter the antag-
onisms of MoDTC in terms of wear acceleration (Kosarieh et al. 2013; Yang et al.
2014; Gorbatchev et al. 2016). Kosarieh and his team (2013) stated that the forma-
tion of MoS2 tribofilm produced byMoDTC and DLCwear debris are responsible to
provide low friction of a-C:15H/cast iron tribocouple. While the antagonism effect
of MoDTC in wear acceleration was attributed to tribochemistry of rubbing surface
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Fig. 10 Schematic diagram of the mechanism of wear acceleration of DLC films lubricated with
MoDTC solution (Okubo and Sasaki 2017)

rather than the chemical reactions of the oils with DLC films, as reported by Okubo
and Sasaki (2017). The authors (Kosarieh et al. 2013) found that ZDDPwas success-
fully counter the antagonism of MoDTC and the interaction between these two addi-
tive exhibited synergistic effect on the wear resistance. The wear was reduced due to
the formation of glassy phosphate species tribofilm or/and formation of iron oxide
particles. They also suggested that ZDDP offers oxidation inhibitors to prevent the
formation of MoO3, which is the main character in contributing wear acceleration
of DLC coating.

Nowadays, nanoparticles have attracted great attention to replace the traditional
additives lubricant, due to the problem in finding the compatibility between tradi-
tional additives and DLC coatings (Zeng et al. 2013; Zhang et al. 2019). Zhang et al.
(2019) compared the tribological performance of DLC/PAO solid-liquid lubricating
systems. Two types of additives was added into PAO lubricant, namely Cu nanopar-
ticles modified with diisooctyl dithiophosphoric acid (NPCuDDP) and ZDDP. Four
different types of DLC coatings were used such as a-C, a-C(Si), a-C(Al) and a-C(H)
to further explore the effects of intrinsic conditions of solid lubricants (i.e. hard-
ness and composition of DLC coatings) to the mechanism and conformability of
NPCuDDP and ZDDP additives. PAO/NPCuDDP lubricants exhibit excellent tribo-
logical performance under all DLC coatings compared to that of PAO/ZDDP lubri-
cants (Fig. 11). The friction reduction performance of PAO/NPCuDDPwas improved
due to the formation of tribofilms derived from NPCuDDP, where Cu will released

Fig. 11 COF (a) and Wear DLC films (b) (Zhang et al. 2019)
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from NPCuDDP and partially turned into oxides and sulphates through tribochem-
istry reaction. The formation of the tribofilm is disregarding with composition and
hardness of DLC coatings. Their results revealed that a-C(H) and a-C(Al) coatings
have bettter anti-wear performance than that of a-C(Si) and a-C coatings due to
the participation of H and Al elements in tribochemical reaction. It revealed that
different doping elements on DLC films will produce different chemical reaction
with lubricants, thereby results in different tribological performances.

In an experimental study, Zeng et al. (2013) use PAO oil with boron nitride
nanoparticles to lubricate the silicon nitride (Si3N4)/DLC tribocouple. The results
indicate that boron nitride nanoparticles in PAO oil improve the tribological perfor-
mance of DLC films. The reported mechanism of the improved tribological perfor-
mancewas the reduction in the contact area due to the ball bearing effect and interlayer
sliding of the weak van der Waals interaction force between boron nitride nanoparti-
cles at contact surface. It is widely known that 2D-layered materials exhibit excellent
mechanical and tribological properties due to weak van der Waals bonds between
the molecular layers and strong in-plane covalent bonds characteristics. Liu et al.
(2019) explored the effect of 2D-layered materials namely graphitic carbon nitrogen
(g-C3N4) as lubricant additives on the tribological performance of Ti-DLC films.
The authors proposed the synergisms between g-C3N4 nanosheets and Ti-DLC films
contributing to the tribofilm formation on the contact surface, thereby improved
tribological performance. The same mechanism was also reported by Kogov and
Kalin (2019). Their study also revealed that the quantity of tribofilm formed on the
contact surface were depends on the concentration of the nanoparticles and contact
velocities or changing of the lubrication regime. Based on these reported literatures,
researchers needed to identify the compatibility between liquid lubricants and solid
lubricants as well as gain a comprehensive understanding on the interaction mecha-
nisms between additives in lubricating oil and solid lubricants to design an effective
solid-liquid lubricating system for practical application (Table 2).

Another point needed to be considered to design an effective solid-liquid lubri-
cating system for practical application is controlling the tribology-test variable (for
example temperature, applied load, sliding speed and counter materials) and envi-
ronment conditions. The effects of these operating parameters can be termed as
extrinsic conditions. Liu and his team (2013) studied the effect of environment
conditions (atomic oxygen (AO) and ultraviolet irradiations (UV)) on the tribo-
logical performance of DLC-based solid-liquid lubricating system for space appli-
cations. Three different types of liquid lubricants were used in their studies such
as poly(tetrafluoroethylene oxide-co-difluoromethylene (Zdol), ionic liquid (IL) and
MACs. They found that AO irradiation was more pronounced in changing the struc-
ture of DLC films including oxidation, bond breaking and crosslinking reactions and
liquid lubricants, compared to UV irradiation. Fortunately, DLC coatings presented
unique advantage on its high radiation resistance which make them able to provide
better tribological performances than that of ferrous-based solid-liquid lubricating
system even after irradiations.
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Fig. 12 COF and wear of DLC/IL solid-liquid lubricating system at different temperatures in high
vacuum condition (Wang and Liu 2013)

Wang and Liu (2013) evaluated the effects of temperature on the tribological
performance of DLC/IL solid-liquid lubricating system in high vacuum condition
under a wide range of temperature between −100 and 150 °C. The tribological
performance of the DLC/IL solid-liquid lubricating system and temperatures can be
found in Fig. 12. Below room temperature (20 °C), the tribological performances
decreased as the temperature decreased. This is due to the degradation of wetting,
spreading and self-repairing capacity of IL that hindered tribochemistry reaction
betweenDLCfilms and IL lubricant to occur. Friction coefficientwas lowest at 100 °C
due to slight surface graphitization and at this temperatureDLC/IL lubricating system
exhibited excellent synergistic lubrication mechanism. Moreover, wear rate under a
high- or low- temperature condition were higher than that of room temperature due to
surface graphitization. Under high-temperature condition, an increase in temperature
resulted in higher degree of graphitization, whereas it oppositely occurs under low-
temperature condition. It has been reported that graphitization will results in wear
acceleration (Zahid et al. 2016), and the graphitization was temperature dependent.

Al Mahmud’s group (2014) confirmed that the high degree of graphitization
resulted in high wear rate. They investigated the effect of temperature (50, 100
and 150 °C) on the tribological performance of a-C:H and ta-C DLC coatings lubri-
cated with SAE 40. The results revealed that the wear rate increases with increasing
temperature, however friction coefficient decreases as the temperature increases for
both tribopairs (ta-C/steel and a-C:H/steel) in the absence of delamination. At higher
temperature (150 °C), the wear rate of ta-C coating surface was lower than that
of a-C:H coating surface. The tribochemical interactions between ZDDP additive
in SAE40 and ta-C DLC coating resulted in formation of polyphosphate glass to
protect against high wear rate. However, full delamination occurs and no signs of
polyphosphate glass were observed on the a-C:H coating, thereby resulted in high
wear rate.

On the other hand, some researchers focused on the effects of sliding speed and
applied load for specific applications. Yamaguchi et al. (2011) studied the effects of
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sliding velocity (0.1–2.0 m/s) on the friction performance of Si-containing diamond-
like carbon (DLC-Si)/automatic transmission fluid (ATF) solid-liquid lubricating
system at varying contact pressures, Pmax from 0.42 GPa to 3.61 GPa for electro-
magnetic clutch applications. The relationship between friction coefficient (μ) and
sliding velocity (ν) were studied to identify the stick–slip motion of the tribopairs,
where a positive μ-ν slope (values near to 0 m/s) means no stick–slip motion. Their
findings revealed thatDLC-Si film can suppress stick–slipmotion compared to that of
nitride steel, and the reason is due to adsorption film of the succinimide on the sliding
contacts. Moreover, DLC-Si film had fulfilled another two required characteristics
for the electromagnetic clutch, including high wear resistance and low aggression.
However, hydrodynamic effect of DLC-Si film degraded due to high initial surface
roughness and poor wettability with the lubricant. Wettability can be determined by
measuring the contact angle where excellence wettability between solid and liquid
lubricants is essential for a lubricant so that it will be able to maintain contact on the
film surface (Quan et al. 2016).

Kim andKim (2014) found that the friction reduction and anti-wear performances
of DLC-steel tribopairs lubricated with SAE 5 W-20 containing glycerol-mono-
oleate (GMO) additive were improved with increasing sliding velocity. They eval-
uate the tribological performance under boundary lubrication to represent machine
components applications, including valve train tappets, valve caps and piston rings.
Their studies postulated a decrease in surface asperities contact between two sliding
contactswas responsible for the reduction for both friction andwear,which confirmed
by the measurement of electrical contact between the tribopairs. However, different
phenomenon was reported by Liu et al. (2017a) where the friction coefficient of
H-DLC/Ti-6Al-4 V tribopairs lubricated with SAE 15W40 was first reduce to a
minimum value and then it start to increase again after the reciprocating frequency
increases from 2.54 to 5 Hz. Three mechanisms were reported in the reduction of
friction coefficient as the frequency increased: (1) increment in oil film thickness,
(2) transformation from sp3 to sp2 carbon site on DLC coating and (3) the forma-
tion of transfer layer. While increases in friction coefficient from the increment of
frequency 2.54–5 Hz was due to the increment of surface roughness. Besides that,
the wear depth shows similar trend with friction coefficient results. At first, the wear
depth reduced due to graphitization of DLC coating and the formation of transfer
layer on the counter surface. Then, wear depth increased due to the increased in
asperity contact. They also reported the effects of load (30 N and 60 N) on fric-
tion and wear, where friction coefficient and wear depth increases with normal load.
Under large normal load, the durability of H-DLC films was reduced and the wear
debris were carried away by the lubricant, thereby increase friction and wear.

Different phenomenon was found by Ren et al. (2015), where the friction coeffi-
cient of a-C and a-C/WC coatings lubricated with PAO and PAO+ ZDDP decreases
with increasing applied loads from 20 to 140 N, and vice versa for wear rate results.
Since a-C coatings had relative high hardness than that of a-C/WC coatings, it results
in better wear resistance when lubricated with PAO. Surprisingly, the wear rate of
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a-C/WC coatings was lower than that of a-C coatings when lubricated with PAO +
ZDDP due to the formation of ZDDP-derived tribofilms. The improvement of wear
resistance also was attributed to the formation of WS2/WOx tribofilms derived from
the tribochemical reaction between a-C/WC coatings and ZDDP additive, and no
tribochemical product was found on a-C coatings. This shows that doped DLC coat-
ings can increase the reactivity with lubricant additive. However, excessive applied
load (140 N) weakened the ZDDP tribofilms and triggered the tribochemical reac-
tions between a-C/WC coatings and ZDDP to form hard particles (WO3), which
accelerates the abrasive wear. Their findings revealed that multiple factors, including
additive, doping and operating parameter will affect the mechanism of interaction
between solid and liquid lubricant of a solid-liquid lubricating system.

Abdullah Tasdemir et al. (2014) also found the tribological performance of solid-
liquid lubricating system was depends on multiple factors, including concentration
of lubricant additive, test temperature and counter materials. They reported that ta-C
DLC coatings had poor durability causing wear acceleration at higher temperature
(80 and 110 °C), but the additions of GMO and ZDDP additive in PAO base oil
cancelled this effect. The passivation of dangling bonds of carbon atoms on the ta-C
coatings through GMO have resulted in ultralow friction, depending on the additive
concentration and temperature. The formation of ZDDP tribofilm on the ta-C films
resulted in excellent wear reduction performance, but it negatively affect friction.
Moreover, ta-C/steel tribopairs lubricated with PAO exhibited limited lifetime and
have higher wear rate than that of ta-C/germanium tribopairs under high temperature
since germanium have low solubility of carbon. The wear mechanism of ta-C/steel
tribopairs is polishing mechanical wear associated with tribochemical wear, whereas
ta-C/germanium tribopairs is polishing wear.

Mannan et al. (2018) used DLC and steel as counter materials to investigate
the effects of counter materials on the tribological properties of ta-C DLC coating
lubricated with and without ZDDP additive in canola oil. Their findings is in agree-
ment with Abdullah Tasdemir et al. (2014) where the addition of ZDDP in base oil
have improved wear performance of both DLC/DLC and steel/DLC tribopairs, but
it resulted in an increment of friction coefficient. Under additivated oil, passivation
in DLC/DLC tribopairs and prevention of thermo-chemical interaction in steel/DLC
tribopair was responsible in the wear reduction compared to that of pure lubricant.
While the increased in friction coefficient were attributed to the increment of surface
roughness and increased in shear strength. It appears that tribological performance
of solid-liquid lubricating system significantly depends on the extrinsic conditions
(Table 3).
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4 Conclusion

Based on the reported literature above, the main findings that can be summarized are
as follows:

• Without additives, the lubricant may shape a low shear resistance film and prevent
the formation of DLC coating transfer film

• Doping of DLC coating will affect the synergism between solid and liquid
lubricant, where it can give negative effect on wear

• The addition of traditional additive such as ZDDP, MoDTC and GMO in base
lubricant can act either protagonist or antagonist effect on the tribological perfor-
mance of solid-liquid lubricating system, but the combination of additives can
counter the antagonist effect

• The improved tribological performance of solid-liquid lubricating system were
attributed to tribochemical reaction between solid and liquid lubricants and the
formation of additive-derived tribofilms

• Different intrinsic condition of solid and liquid lubricants (such as doping concen-
tration, type of DLC, types of additive, additives concentration and additive struc-
ture) will affect the tribochemical interaction between solid and liquid lubricants
thereby resulting in different tribological performance of solid-liquid lubricating
system

• Friction reduction performance was improved with increasing temperature,
but anti-wear performance was reduced due to graphitization. The degree of
graphitization of DLC coating increased with temperature, resulted in wear
acceleration

• Under low speed and load condition, friction and wear decrease with increasing
speed and load due to increment in oil film thickness, transformation from sp3

to sp2 carbon site on DLC coating, formation of transfer layer and decrease in
surface asperities contact

• Under high speed and load condition, friction and wear increase with increasing
speed and load due to high initial surface roughness and poor wettability with the
lubricants

• Proper selection of counter materials can improved the tribological performance
of solid-liquid lubricating system

• Tribological performance of solid-liquid lubricating system depends on the
intrinsic conditions of solid and liquid lubricants and on the operating parameters.

The major concern in designing solid-liquid lubricating system is synergistic
interaction between solid and liquid lubricants. Further efforts are needed to study
the interrelationship between the intrinsic condition of solid and liquid lubricants
and operating parameters on the interaction mechanism between solid and liquid
lubricants as well as tribological performance of solid-liquid lubricating system. In
depth study on the underlying mechanism of solid-liquid lubricating system need to
be accomplished by researchers in order to design an effective solid-liquid lubricating
system for practical applications.
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Abstract This chapter presents a brief account of the current state-of-the-art in
the area of the tribology of fiber reinforced polymer composites. The important
factors which determine the friction and wear properties of fibers from the surface
modification are mentioned here. Tribological trends for fiber reinforced polymer
composites, both traditional and nanocomposites, are presented using data currently
available in the literature.Variation infiber length, fiber orientation, typeof treatments
and physical characteristics are significantly influence the tribological properties.
Finally, based on our current understanding of this field, we have speculated upon
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1 Introduction

Today composite materials are considered as the most promising candidates for
replacing conventional metals in aerospace industries because of its high strength to
weight ratio and low density (Friedrich 1986). Most of the machine parts are exposed
to tribological loadings such as adhesive, abrasive etc. in their service. Therefore,
tribological studies of materials have an important role in design mechanical parts.
Studies confirm that the friction and wear behavior of polymeric materials can be
improved by a lower adhesion and a higher stiffness and strength (Czichos and Habig
1992; Friedrich 1997; Reinicke et al. 1998). Application window of these polymer
composites can be widened by using different kinds of multifunctional fiber rein-
forcements. Fibers in these materials are primary load carryingmembers and provide
strength and rigidity while the polymer matrices maintain the alignment of fibers.
By reinforcing with these fibers, dramatic improvement in mechanical properties can
be achieved, along with more dimensional stability. It is also possible to tailor made
the properties according to the end user requirements like enhanced wear resistance,
corrosion resistance, moisture absorption etc. by using a variety of fibers in different
polymeric matrices (Schwartz and Bahadur 2000; Zhang et al. 2006; Haupert et al.
2004; Werner et al. 2004). During initial stages of research and development in the
field of polymer composites, studies were more concentrated on synthetic fibers
like Glass, Carbon and Kevlar composites. These composites have high strength,
stiffness along with excellent fatigue resistance. These enhanced properties make
it a suitable candidate for many aerospace applications. But poor recycling and
non-biodegradable properties limits the usage of synthetic fibers. Since the early
1990s researchers are trying to replace synthetic fibers with natural fibers for devel-
oping polymeric composites due to increasing demand for eco- friendly materials
for sustainability. Beyond the concern of ecological consideration, the properties of
natural fibers are quite good, relatively low density which makes its suitable for light
weight application. These fibers also offer significant cost advantages over synthetic
fibers. Coir, Jute, hemp, sisal and abaca fibers are commonly used natural fibers. But
still the properties of natural fibers are inferior to synthetic fiber composites which
make it not suitable for many specific applications. For the last few decades amble
research work are progressing for improving the mechanical properties of the natural
fiber polymeric systems. The sliding wear behavior of polymer composite against a
steel counter surface is essential to categorize according to their appearance, perfor-
mance and other characteristics. Studies have been emphasized that the tribology
behavior of natural fiber in composite is not an intrinsic behaviour and it largely
depend on many other parameters such as operating parameters, characteristics of
polymer material, physical and interfacial adhesion properties of fibers, additives
and contact conditions.

This chapter is mainly focusing to give a limelight in the field of different kinds
of fiber reinforcement generally used in polymeric systems for enhanced tribolog-
ical properties. The basic mechanical and tribological properties of fiber reinforced
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composites, role of fiber length, fiber size and fiber orientation on optimizing the
tribological properties will be discussed.

1.1 Overview of Polymer Composites for Tribological
Application

Today in many industries rolling and sliding components such as bearings, rollers,
seals gears etc. are manufactured by polymers and its composites. In these applica-
tions sustain friction andwear loading in services.When a polymermaterial comes in
contact with any counter surfaces, there are chances of wear and friction. By suitable
selection of polymer matrix and fibers, wear resistance can be improved to a greater
extent. It was well proved that the friction and wear rate between polymer surfaces
depends on roughness of rubbing surfaces, relative motion, temperature, vibration
and relative humidity. The parameters that affect the tribological performance of
polymer and its composites also include polymermolecular structure, processing and
treatment, properties, viscoelastic behavior, and surface texture. There have been also
a number of investigations exploring the influence of test conditions, contact geom-
etry and environment on the friction and wear behavior of polymers and composites
(Mathew 2007).

Polymer tribology is based on the analysis of abrasion, adhesion, and fatigue
of polymer materials in a friction contact. The coefficient of friction (COF) (μ) is
largely depend on the mechanical load carrying capacity and the wear rate (Ws) that
determine their acceptability in industrial applications. The wear of material is not
a simple material property, it largely depends on the two surfaces which comes in
contact. The structural features of polymers provide a variety of tribological applica-
tions of basic polymersmostly asmatrices and fillers of compositematerials. Friction
is greatly influenced by the class of polymers viz. elastomers, thermosets and ther-
moplastics (semi-crystalline and amorphous). Semi-crystalline linear thermoplastic
would give lowest coefficient of friction whereas elastomers and rubbers show large
values. This is because of the molecular architecture of the linear polymers that helps
molecules stretch easily in the direction of shear giving least frictional resistance.
Table 1 provides some typical values of the coefficient of friction for pristine or virgin
polymers (Fig. 1).

1.2 Fiber Reinforcements—Synthetic and Natural Fibers

Scientists and engineers have been actively exploring to find the materials that will
be used as replacement of conventional materials and this leads to the development
of features of new design units and innovations. It is very important to select proper
fibers based on the application of composite materials because of laminate density,
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Table 1 Friction coefficient of few polymers when slide against a steel disk counter face (surface
roughness, Ra = 1.34 μm). Corresponding specific wear rates and the pressure (P) × velocity (V)
values are also presented

Polymer Coefficient of friction Specific wear rate (× 10−6 mm3/Nm)

PMMA 0.48 1315.90

PEEK 0.32 31.72

UHMWPE 0.19 15.54

POM 0.32 168.24

Epoxy 0.45 3506.65

Fig. 1 Areas of influence on the tribological performance of composite materials. Ref -Friedrich
et al. (1993)

tensile and compressive strength, conductivity and fatigue strengthwhich depends on
the properties of fibers. Fiber reinforced composite material consist of major volume
fraction and takes up themajor portion load acting on the composite structure (Fig. 2).

Fibers can generally be categorized into three types: synthetic fibers, natural fibers
and mineral fibers. Synthetic fibers are made from raw materials such as petroleum,
based on chemicals or petrochemicals. These materials are polymerized into a long,
linear chemical with different chemical compounds and are used to produce various
types of fibers. There are several methods of manufacturing synthetic fibers, but
the most common is the melt-spinning process. It involves heating the fiber until it
begins to melt, then fiber must be drawn out of the melt with tweezers as quickly as
possible. The next stepwould be to align themolecules in a parallel arrangement. This
brings the fibers closer together, and allows them to crystallize and orient. Synthetic
fibers are more durable than most natural fibers, and will readily pick up different
dyes. In addition, many synthetic fibers offer consumer-friendly functions, such as
stretching, waterproofing, and stain resistance. Glass fibers are the most commonly
used synthetic fibers for reinforcing polymer matrices because of its low cost, high
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Fig. 2 General classification of fibers

tensile strength and chemical resistance. Two types of glass fibers are quite popular E-
glass and SGlass fibers. Glass fibers (GFs) have been employed in various forms such
as longitudinal, wovenmat, chopped fiber (distinct) and choppedmats to enhance the
mechanical and tribological properties of the fiber reinforced composites. Figure 3
shows that properties of such composites were however dependent on the nature
and orientation of the fibers laid during composite preparation (Alam et al. 2010).
The mechanical behavior of a fiber-reinforced composite basically depends on the
fiber strength and modulus, the chemical stability, matrix strength and the interface
bonding between the fiber/matrix to enable stress transfer.

Fig. 3 Different types of fiber alignment
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2 General Characteristics of Fiber Reinforced Composites

Fiber-reinforced composites exhibit high specific strength and high specificmodulus.
The strength is obtained by the better interfacial interaction between fiber andmatrix.
Fiber geometry also plays an important role in the reinforcement of composite
materials. Composite materials with aligned fiber reinforce geometry which exhibit
highly anisotropic nature. Random (or chopped) fibers exhibit much lower strength
compared to aligned fibers, however, they exhibit istropic character and are cheaper.
The fabric made up of woven fibers are layered in the matrix material forms a
laminated structure.

Carbon fibers are commercially available with a variety of tensile modulus. It
offers the highest specific modulus and strength. Additionally, carbon fibers have the
ability to retain its tensile strength even at high temperatures and are independent
of moisture. Carbon fibers do not necessarily break under stress in contrast to glass
and other organic polymer fibers. Carbon fibers also offer high electrical and thermal
conductivities with relatively low coefficient of thermal expansion. This property
of carbon fibers makes them ideal for applications in aerospace, electronics and
automobile sectors. Poly-acrylonitrile (PAN) is one of the most common precursors
employed in carbon fiber production, which offers high tensile strength and higher
elastic modulus, extensively applied for structural material composites in aerospace
and sporting/recreational goods. Depending on the final curing temperature, different
classes of carbon fibers namely high tenacity (HT) fibers, intermediate modulus (IM)
fibers, high modulus (HM) fibers and ultra-high modulus (UHM) fibers are formed
with PAN precursors (Prashanth et al. 2017).

2.1 Natural Fibers

During the last few years, research has been conducted to replace the conventional
synthetic fibers with natural fibers (Mahir et al. 2019). For instance, fibers of sisal,
jute, coir, oil palm, bamboo, wheat and banana have been found to be an effec-
tive reinforcement in the polymer matrices. The advantages of natural fibers over
traditional reinforcing materials such as glass and carbon fiber are their strength,
toughness, corrosion resistance, thermal properties, wear resistance etc. Natural
fibers reinforcement, have attracted the attention of researchers because they are:
(a) environmentally friendly, (b) fully biodegradable, (c) abundantly available, (d)
renewable, (e) inexpensive, and (f) lightweight. Fibers in general play a crucial role
in deciding the end property of the fiber reinforced composite systems. Thus, appro-
priate selection of fiber material and their relative orientation can lead to composite
to composites with tailor made properties to suit specific application requirements.
But the growth in environmental consciousness, community interest, the new envi-
ronmental regulations and unsustainable consumption of man-made materials, led to
thinking of the use of environmentally friendly materials. Owing that view natural



Tribology of Fiber Reinforced Polymer Composites … 105

Table 2 Properties of a few natural fibers

Fiber Density Young’s Modulus (GPa) Tensile strength (MPa) Elongation at break (%)

Coconut 1.15 4–6 131–175 15–40

Cotton 1.5–1.6 5.5–12.6 287–587 7–8

Bamboo 0.6–1.1 11–17 140–230 –

Jute 1.44 10–30 393–773 1.5–1.8

Hemp 1.47 17–70 368–800 1.6

fiber is considered as one of the best environmentally friendly materials which have
good properties compared to synthetic fiber (Chandramohan and Marimuthu 2011).
Table 2 shows the properties of natural fibers. Production of natural fibers causes
less severe environmental impacts as compared to that of synthetic fibers. The appli-
cability of tribological testing setup in various natural fibers reinforced polymer
composites and its tribological applications have been summarized and illustrated in
Table 3.

2.2 Tribology of Fiber Reinforced Composites

Tribology is the science that deals with design, friction, wear and lubrication of inter-
acting surfaces in relative motion. Composites have diverse range of mechanical and
tribological properties that can be obtained using different types of reinforcements
in different orientations with different volume fractions. Today conventional metals
have been replaced by composite materials in most of structural applications in
aerospace and automotive industries. Comparing with conventional metals compos-
ites have high strength to weight ratio and low density and even it can with stand high
temperature, high load, high fatigue resistance, high corrosion resistance and less
noisy operating condition. Frictional properties of polymer composites are different
from that of metals. Like metals polymers deform with higher loads. Adhesion and
deformation are characteristic of the friction on the matting surfaces. As a result, the
coefficient of friction decreases as the load increases. Among the different classes
of composite materials such as polymer matrix composites (PMCs), metal matrix
composites, ceramic matrix composites and carbon–carbon composites, PMCs are
quite popular in tribological applications because of its self-lubrication capacity.

Today natural fiber composites are gaining a lot of attraction comparing with
synthetic fiber mainly due to ease of accessibility, renewability, lower weight, less
price low density and biodegradability (El-Tayeb 2008). Reinforcement is a process
by which tribological properties of fibers or polymers are altered (positively or nega-
tively) (El-Tayeb et al. 2006). Chin and Yousif (2009) used kenaf fibers reinforced
with epoxy composite for a kind of bearing application in which they reported 85
percent increase in wear efficiency and standard composite orientation. Friction and
wear rate of the composites depend on the materials selected for reinforcement
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and resin, manufacturing process, operating parameters, fiber volume fraction, fiber
orientation, fiber length, and surface treatments. No material is perfect for all types
of wear modes. Tribo properties of composites can be predicted only by evaluating
them in the laboratory under the different operating conditions. Tribological and
mechanical characteristics of fiber reinforced composite material not only depend
on the properties of fiber but it also depends on the interfacial interactions of fiber
and counter surface. In the case of fiber reinforced composite material there is some
critical fiber length is necessary for effective load transfer in addition to the strength-
ening and stiffening of the composites. Critical fiber length dependence on fiber
strength and diameter, and fiber-matrix bond strength/matrix shear yield strength of
the composite material.

Bijwe et al. studied the friction and wear analyses under varying fiber percentage,
of polyetherimide glass fiber composites were conducted (Bijwe et al. 2001). The
authors have revealed that rate of wear resistance of composites is different for
different types of wear modes and fiber percentage.

In the case of phenolic compounds it is proved that irrespective of graphite
filler size and loading condition, with increasing temperature, friction and wear
rate were increased (Kolluri et al. 2018). It was also well proved that nano parti-
cles like clay and silicon carbide when mixed with polymer matrices improves the
tribological performance of composites (Nguong et al. 2013). Rubber dust was iden-
tified as suitable filler for improving anti wear performance. Study was conducted
by varying the volume fraction of rubber and it was found that corresponding to 10%
of rubber tribological performance was optimum (Mishra 2012). Basavarajappa and
Ellangovan (2012) has done studies on glass fiber reinforced epoxy composites with
SiO2 fillers, all these studies indicates that fiber contributes to a key role in controlling
the wear rate of the composites.

Friction is the opposing force which is generated when a surface is slide across
another surface. Wear on the other hand is the progressive loss of material on a
surface, caused by rubbing by another surface. In tribology, friction and wear depend
on factors such as rubbing surface roughness, relative motion, and type of material,
temperature, normal force, stick slip, relative humidity, lubrication and vibration
(Ravikumar and Murali 2018). Abrasive wear of polymer matrix composite is a
serious issue because repeated abrasion between two layers of polymer compos-
ites (two-body abrasion) or when loose particles are embedded in between two
layers (three-body abrasion) causes loss of material. For effective working of fiber-
reinforced polymer composites (FRPC’s), abrasion wear is to be minimized (Taylor
et al. 2014). It was well proved that incorporation of micro and nano-ceramic fillers
into fiber reinforced polymer composites have improved their tribo-performance
(Friedrich et al. 2005). Studies were conducted to analyze the effect of various fillers
like graphite and SiC and it was found that by adding 5wt%of these fillers wear resis-
tance was improved. It was found that there exist an optimumwt% of these fillers for
optimum performance. Normal load was found to have great influence on wear rate
of epoxy/glass/SiC/Gr composites followed by sliding velocity and sliding distance
were of least significance. Adding 3 wt% graphite into epoxy glass multilayered
laminates has led to enhancement of both mechanical and dry sliding performance
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Table 4 Tribological properties of different fiber reinforced polymer composites

Materials Specific wear rate
(mm3/Nm)

Coefficient of friction References

Polyester 16–22 0.9–0.95 Yousif (2009)

Chopped
glass/polyester

2–3.7 0.23-0.7 Yousif and El-Tayeb
(2007)

Coir/polyester 1.4–2 0.57–0.8 Hashmi et al. (2007)

Sisal/polyester 0.84–1.12 0.6–0.65 (Yousif et al. 2010)

Cotton/polyester 1.5–3.5 <1 Chin and Yousif (2009)

Un treated oil
palm/polyester

4.2–5.5 0.2–0.65 Nirmal et al. (2012)

Betel nut/polyester 2–2.2 0.22–0.55 Prasad et al. (2014)

Kenaf/epoxy 1–1.9 0.36–0.42 Callister (2007)

Bamboo/epoxy 5.5-7.5 0.57–0.64 Rasheva et al. (2010)

of laminates. By adding beyond 3 wt%, it was interesting to note that agglomeration
of these fillers took place which adversely affect the wear performance (Shivamurthy
et al. 2013).

From Table 4 it is clear that natural fiber reinforced polymer material obtained
tribological properties similar to that of synthetic fibers. The table also provides
details of the conditioning of natural fibers and their corresponding consequence on
friction and wear characteristics.

2.2.1 Effect of Fiber Length

The mechanical characteristics of fiber reinforced polymer composites not only
depends on the properties of fiber but also the degree to which load is transmitted to
the fiber by the matrix phase. The extent of this load transmittance is the magnitude
of the interfacial bond between the fiber and matrix phases. Under an applied stress,
this fiber–matrix bond ceases at the fiber ends, yielding a matrix deformation pattern
as shown schematically in Fig. 4.

Some critical fiber length is necessary for effective strengthening and stiffening
of the composite material. This critical length is dependent on the fiber diameter d
and its ultimate or tensile) strength σf and on the fiber–matrix bond strength (or the
shear yield strength of the matrix, whichever is smaller) τc according to

lc = σσ f d

τc
(1)

• When the fiber length l < lc; the reinforcement is particulate in nature.
• When the fiber length l > lc but l < 1.5lc the reinforcement is short fiber types
• When the fiber length l > 15lc; the reinforcement is continuous in nature.
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Fig. 4 Deformation pattern in the matrix surrounding a fiber that is subjected to an applied tensile
load (Callister et al. 2012)

Compared to continuous fiber composites, short fiber reinforced polymers (SFRP)
combine easier process ability with low manufacturing cost. Therefore, in recent
years the use of SFRP composites grows rapidly in many engineering applications,
in particular in automobile andmechanical engineering industry (Callister 2007). For
the last fewyears numerous amounts of researchwork has been progressing to find the
effect of fiber length in determining the mechanical properties of the composites. All
these investigations indicate that the fiber length is a crucial parameter in determining
the mechanical performance of SFRP. It is known fact that fiber length plays a main
role to create interfacial bonding between fiber and the matrix. In the theoretical
sense too, short length reduces the load carrying capacity of fiber and responsible for
high wear rate and excessive length results in easy pull out of the fibers and produces
more wear rate.

2.2.2 Effect of Fiber Orientation

There are various parameters which influence the performance of composites such
as amount of matrix and fibers, their alignment with respect to loading direction,
fiber–matrix interface, processing technique etc. Different orientation of the fiber
with respect to the sliding direction of the counter face was considered; fiber orien-
tations classified as normal, parallel, anti-parallel and random. From the literature
it is very clear that the orientation of fiber is a very important critical parameter in
composite design. Fiber reinforced composites generally behave in different way for
different modes of loading conditions, for example fibers aligned in parallel direc-
tion to load gives excellent tensile properties, but in tribological loading it can lead
to fiber pullouts. Therefore, at each loading conditions, the orientation of the fibers
should be comprehensively studied about the performance of the composites. Fric-
tion and wear behaviour of unidirectional carbon fiber-reinforced epoxy composites
containing various unidirectional carbon fibers was investigated on a pin-on-flat plate
configuration (Zhang and Friedrich 2007). The carbon fiber improved the tribological
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properties of thermoset epoxy by reducing wear rate. The wear rate decreased with
decreasing load while friction coefficient increased with decreasing load. Pineapple
leaf fibers were identified as potential fillers for bisphenol-A composites. Experi-
mental study was conducted to find the effect of fiber orientation, namely, unidirec-
tional, bidirectional and 45° orientations on specific wear rate and frictional coef-
ficient of PALF reinforced Bisphenol-A (BPA) composite by using a pin-on-disc
wear and frictional testing machine (Prasad et al. 2014). It is found that the wear
resistance of pure Bisphenol-A resin is improved after PALF reinforcement. Among
three types of fiber orientation in composite, bidirectional composite shows least
specific wear rate and coefficient of friction. Three different set of composites were
prepared perpendicular, anisotropic and isotropic orientationwere taken for the study.
It was found the polyester/kenaf sandwich composite with kenaf fiber in anisotropic
orientation design will form a strong bridge over the cracks, thus increasing the
breakage resistance of the kenaf fiber. Polyester/kenaf composite with kenaf fiber
in anisotropic arrangement achieved the highest tensile, flexural, and impact prop-
erties. This was followed by a sandwich composite with kenaf fiber in isotropic and
perpendicular orientations (Chin and Yousif 2009). PTFE and graphite powder filled
SCF reinforced PEEK composites were prepared and effect of fiber orientation on
the tribological properties were studied and a correlation between mechanical and
tribological properties with fiber orientation was developed (Rasheva et al. 2010)
(Table 5).

Test results shows that the tribological performance of the composite MA (a total
of 20 vol.% solid lubricants and 10 vol.%SCFs) is significantly dependent on the fiber
orientation with an advantage for the perpendicular fiber orientation. Furthermore,
a low solid lubricants content and high SCF-content (MC—a total of 10 vol.% solid
lubricants and 15 vol.% SCFs) lead to a tendency for higher wear rates, especially
for the perpendicular fiber orientation, since a transfer film is hard to be built. The
worn surfaces of this material combination is very rough with a lot of grooves and
wear debris. The composite MC presents low wear resistance. The composition MB
(a total of 20 vol.% solid lubricants and 15 vol.% SCFs), presents the most stable
wear behavior with a stable worn surface, independent from the fiber orientation and
the applied load (Table 6).

Table 5 The composition and specific wear rate parallel and perpendicular to the fiber direction

Material code
PEEK/PTFE/Graphite/SCF

Apparent
pressure

Specific
wear rate
parallel

Relative
error %

Specific wear
rate
perpendicular

Relative
error

MA 70/10/10/10 1 0.554 8.68 0.410 5.85

4 0.494 6.88 0.367 2.39

MB 65/10/10/15 1 0.413 15.74 0.424 17.68

4 0.420 5.00 0.468 8.33

MC 75/05/05/15 1 0.501 13.77 0.397 10.30

4 0.454 11.23 0.525 15.12
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Table 6 Effect of sliding parameter on synthetic fiber reinforced Polymer composites

Polymer Reinforcement Load
(N)

Sliding
speed
(m/s)

Environment Observation References

Epoxy Glass fiber 40–120 2.51–3.14 Oil Weight loss,
wear rate,
and COF
increases
with
increase in
load and
sliding
speed

Sarkar
et al.
(2017)

UHMWP Glass fiber 0.2–1 Dry Water Friction
coefficient
decreases

Vadivel
et al.
(2018)

Polyetheri-mide Glass fiber
MoS2 Graphite
PTFE

70–100 Addition of
filler
material
improve
performance
of
composite

Bijwe
et al.
(2001)

Polypropylene MWCNTs
(0 wt% to
7 wt%)

10–50 1–5 Dry Increase in
weight % of
CNTs
reduces
weight loss
and friction
coefficient

Gandhi
et al.
(2013)

Friedrich et al. studied tribological anisotropy of different fiber orientations in
continuous carbon fibers (CCF) reinforced polymers. Study shows that tribological
sliding in direction parallel to the fibers axis leads to a higher wear resistance than in
perpendicular direction. Effect of fiber orientation on Lyocell reinforced polypropy-
lene composites show that mechanical properties are strongly depending on the fiber
orientation (Cordin et al. 2018).

3 Surface Modification of Fibers—Physical and Chemical
Methods

Now a days, there has been several attempts to replace the synthetic fibers with
natural fibers for reinforcing the compositematerials due to increasing environmental
awareness. There are some limitations for using natural fibers as a reinforcing mate-
rial such as poor compatibility with different matrices, high moisture absorption,
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swelling property etc. These limitations can be successfully overcome by modifying
the surface of natural fibers using various techniques. Interfacial adhesion between
fiber and matrix play a significant role in controlling the tribological properties of
polymeric composite.

3.1 Physical Techniques

3.1.1 Plasma Treatment

Plasma treatment can be successfully utilized to improve surface properties of fibers
in many applications. The process can be utilized to introduce new functional groups
into the surface of natural fibers, which can form strong covalent bond with matrix
leads to strong fiber/matrix interaction. This process also can be used for surface
etching which improve in surface roughness and results in better interfacial interac-
tions. Sarkar et al. (2017) studied the tribological behavior of PEEK reinforced with
and without plasma treated carbon fiber. The mean friction coefficient dropped from
0.42 to 0.23 and themean specificwear rate 5%dropped from10−5 to 10−6 (mm3 N−1

m−l). The improvement of tribological behaviour of PEEK and its composites after
plasma surface treatment is due to cross-linking of PEEK and improvement of the
interface strength of carbon fiber reinforced PEEK composites. They also studied
the effect of different ratios of carbon fiber (CF) reinforcing polyimide (PI) and
surface treatment of CF on the microstructure and wear resistance of surface layers.
The friction coefficients of the composite increased with the increase of CF content.
The reason may be the improvement of the microhardness and wear resistance of the
CF/PI composite aroused by the addition of CF in the composite. Basalt woven fabric
was surface-treated by atmospheric oxygen plasma to improve adhesive force at the
fiber/matrix interface and the wear volume of the basalt/epoxy woven composite was
reduced from 2.95 to 0.65 mm3 (Kim et al. 2011). The surface treatment improves
the interfacial adhesion between the fiber and resin, thus reducing the debonding of
basalt fibers on the wear surface.

3.1.2 Laser Method

Laser treatment method modifies the polymersurface without any changes in its bulk
properties. This method creates morphological changes on the smooth surface of
synthetic fibers, that further changes its physical (roughness) and chemical properties
(water absorption, dyeing. Advantage of laser treatment is that the small area can be
treated and depending on the level of power chosen, chemical and physical changes
can occur (Abdolahifard et al. 2011).
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3.1.3 Electron-Beam Modification

Electron beam is a way of radiation that can produce polymer free radicals. These
free radicals combine with each other to form cross links resulting in the formation of
a three-dimensional network structure. Polypropylene fabric showed improved wet
ability and dye ability due to formation of (O–H) and (C=O) groups on the surface
of samples after electron beam irradiation (Ibrahim et al. 2005)

3.2 Chemical Techniques

In chemical techniques the natural fibers have been treated with different chemicals
such as silane, alkali, permanganates, peroxides etc. It has been found that some
of these chemical treatments successfully improve the properties of natural fibers.
This type of modifications removes the weak components of lignin from fibers and
modifying their crystalline structure. Main objectives of this treatment to improve
the fiber strength and adhesion between fiber surface and polymer matrix.

3.2.1 Enzymatic Modification

The use of enzyme in the field of textile and natural fiber modification is rapidly
increasing. Enzymatic treatment is ecofriendly method of fiber surface modification
as it do not discharge harsh effluents to the environment and use milder conditions
(Ibrahim et al. 2005). Other benefits of this treatment are cost reduction, energy and
water saving, improved product quality and potential process integration.

Ozone gas treatment

Ozone is excellent oxidizing agent and is used for fibermodification. In this treatment
hydrophilic groups are incorporated on fiber surface which results in change in fiber
surface chemistry.

Oxidation of wool fiber by ozone gas leads to increase in polymer adsorption by
increasing the polarity (Bradley et al. 1993).

3.2.2 Sol-Gel Technique

The sol-gel technique is of particular importance for textile materials. The principles
of the sol-gel process include hydrolyzation, application and curing (Textor 2009).
The deposition of coating on fibre surface in the form of sol gel is applied to improve
some fiber properties such as abrasion resistance, UV protection and attains water
repellency.
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Adhesion between the fiber and the matrix can be improved by various surface
treatment methods viz. electrochemical, chemical, thermal, discharge plasma etc. It
is improved by various means such as,

(a) Wettability of the fiber surface improved by using the matrix resin.
(b) Removing the weak boundary layer on the fiber surface. This would provide a

more intimate contact between the fiber and the polymer.
(c) Promoting mechanical interlocking between the fiber and the matrix by which

creating surface porosity, and resin molecules can penetrate into porosity of
fiber.

(d) Chemical bonding between the fiber and unreacted species in the matrix resin
can be improved by increasing the number of active sites on the fiber surface.

4 Tribology—Future Aspects in Fiber Reinforced
Composites

Now a days polymer composite materials replace metals from almost all area and
their usage increases steadily. Matrix materials and wide variety of different fiber
permits the design of composites with unique properties for different kinds of appli-
cation. Polyether ether ketone (PEEK) is reinforced with carbon fiber can be used
for the development of an artificial hip joint. In thermoplastics matrix short fibers
can be used to process complex geometries. There is remarkable improvement in
tribological properties observed with combination of SCF (short carbon fibers) with
micro- and nano-filler combination. Nano fillers get freely movable in the contact
region between the mating surfaces, nano rolling effect which smoothen the topogra-
phies and reduce the coefficient of friction and temperature of the contact region.
Load bearing capacity of the thermosetting polymers improved by the addition of
fiber, now a days these materials are used in automobile for composite break mate-
rials. In future, definitely there is a high demand for high performance materials.
i.e., materials which can operate high pressure, velocity and temperature conditions.
In this aspect, functionalized fiber reinforced composite material and new emerging
area of polymer nanocomposites could be a great promise. The main advantage of
certainfiber (carbon) reinforcedpolymer composites over traditional composites is its
ability to improve both strength and tribological properties simultaneously. Polymers
reinforced with fibers possess low specific wear rates and significant improvement in
mechanical properties. Synthetic fibers such as glass, carbon, graphite and aramid are
all commonly used fibers in thermosets as well as thermoplastics. Among all these
fibers, continuous carbon fibers reinforced polymer exhibits excellent tribological
properties. Studies of tribological properties of nano-fiber reinforced composites are
still at a relatively early stage. There are lot of innovative research work that will
happen in this area for coming years. There are some research papers available in the
farea of high performance polymeric material mixed with nanoparticle that enhance
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the tribological property to a great extent. Hence this could be another major area of
growth that occur in polymer tribology field.

5 Conclusions

A detailed study of different types of fiber reinforcements generally used for devel-
opingpolymer compositeswas discussed in this chapter. Thephysical andmechanical
properties of both natural and synthetic fibers were compared. It was found that fiber
length and fiber orientation are a critical factor that effects the mechanical and tribo-
logical properties of the composites. Surfaces of the fiber can be easilymodified using
different techniques it will enhance the interaction between fiber and thematrix. Fiber
orientation has very significant influence of the wear and frictional performance of
fiber reinforced materials. Studies of tribological properties of polymer nanocom-
posites are still in the early stage. In future, there is a great demand for polymer
composite material prepared with nano fibers which can be easily moulded in any
shape and high strength and toughness properties simultaneously and isotopically.
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Mechanical and Tribological Properties
of Utilized Natural-CaCO3
and Potassium-Rich Polymeric Fillers
by VATRM and IM Techniques
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Abstract In the fast-developing world, the environmental pollution, preservation of
renewable and biodegradable resources has motivated researchers to develop novel
eco-friendly materials and products based on sustainability principles. In this work,
natural sources such as inner banana trunk polymer matrix composites (IBTPMC)
and eggshell polymermatrix composites (ESPMC) are prepared by injectionmolding
(IM) and vacuum assisted resin transfer molding (VARTM). The objective is to
evaluate feasibility of the materials using IM and VARTM techniques. The speci-
mens were subjected to the mechanical testing for its strength. The tensile modulus
for ESPMC composites is 897 MPa compared to IBTPMC only 561 MPa. In izod
impact test, IBTPMC shows the highest impact strength of 0.362 J, which is superior
then in ESPMC or pure polypropylene (PP). The flexural strength of the pure PP is
58MPawhile for IBTPMC and ESTPMC, both are 42MPa and 53MPa respectively.
Wear rate for ESPCM has reduced by 64–66% by increasing the load. Wear rate for
IBTPCM shows increased by 13 times the initial wear as loading increases and
reduced from 1–1.3 times as sliding distance increases. It shows that the IBTPMC
fibre ruptured easily leading to higher wear in comparison to ESPCM structure due to
fibre wetting properties and distribution of fibre in the matric interface. Coefficient of
friction (COF) for IBTPMC shows increment from 0.38 to 0.55. While the COF for
ESPCM increased from 0.28 to 0.35. Finally, Scanning Electron Microscope (SEM)
to analyze the structure of the fractured surfaces was carried out.
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1 Introduction

Kaizen in present material and the growth in classifying structural material has been
associatedwith technological advancement. Inmodernminimalist design, optimizing
composite materials with minimum deficiencies and lean wastage has been an inspi-
rational. Polymer matrix composites (PMC) are considered as near natural materials
because of a prolonged evolution process and ability to mimic the nature characters.
Waste products such as eggshells are found easily in food industries, houses, restau-
rant and bakery while banana trunk at the plantation are cut down after the banana has
been harvested. Eggshells has high compressive strength but it can create pollution
to the environment due to its high calcium content. Eggshell powder is considered
as an alternative and the eggshell wastage can be reduced. In fact, eggshell is a
waste product for the regular use and a cheapest material for innovative and renew-
able conducive flame-retardant materials. Flora and fauna fibers have proven to be
biodegradable and recyclable. They have generally great strength, stiffness, and one
of renewable crudematerials.Plant fibers, for example inner banana trunk, are usually
consisting of cellulosic patterns usually used in various applications.

In modern living, renewable PMC is preferred because it has high strength, low
cost and simple manufacturing method. Constituting reinforcements in composites
to upgrade general mechanical properties of matrix and offer quality to compos-
ites. In this project, the composites were fabricated by using injection molding (IM)
and vacuum assisted resin transfer molding (VARTM) techniques. The mechanical,
wear and friction properties of polymer matrix composite produced by these two
methods are studied, result were reported and comparative studied are made based
on existing references. Focused on smart material sources for better invention, envi-
ronmental assessable and naturally decomposed has become an impetus for using
normal disposal. Eggshells and banana trunkwhich is cost-effective, natural and have
no health hazard are easily found at food industries, houses, restaurant and banana
plantations. Mechanical properties would be very important concerning recycling
whereby the strength is the focal concern. Updated, there are only few references on
specific wear, friction and mechanical properties of both inner banana trunk polymer
matrix composite (IBTPMC) and eggshell polymer matrix composite (ESPMC).

The main objective is to evaluate the wear, friction and mechanical properties of
IBTPMC and ESPMC using IM and VARTM techniques. In order to carry out this
research, composite polymer matrices are produced by injection molding (IM) and
vacuum assisted resin transfer molding (VARTM) methods are used. Before that, the
composites polymer matrices are cut into desired shape per testing being perform.
Four tests are conducted which is impact, tensile, flexure, wear and friction test.
Analysis is done by capturing fracture structure of the composites after test by using
Scanning Electron Microscopy (SEM).

One of the oldest cultivated plants in theworld is banana. ‘Banana’ comes from the
Arabic language means ‘finger’. There are approximately 300 species and it belongs
to the Musaceae family, only 20 varieties are used for consumption. The nutritional
facts of banana (100 g pulp) are as follows: carbohydrates—18.8 g; protein—1.15 g;
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fat—0.18 g; water—73.9 g; vitamins C1 B1 B2 B6 E, other minerals—0.83 g and
81 kcal (Bilba et al. 2007). At present banana fiber are used in producing ropes,
mats, wall hangings, handbags, cloth making and paper industry (Venkateshwaran
and Elayaperumal 2010). Tables 1 and 2 show the physical andmechanical properties
of banana natural fibers (Satyanarayana et al. 1984, 1990).

Justiz-Smith et al. conducted standardized characterization tests on fiber sample,
such as ash and carbon content, water absorption, moisture content, tensile strength,
elemental analysis, and chemical analysis. The micrographs of longitudinal section
of banana fiber strands and cross-sectional area of fiber strands is analyzed and
the presence of metal element as ions in the natural fibers are tabulated in Table 3
(Jústiz-Smith et al. 2008).

Investigation on the cellular structure of banana fiber is conducted using optical
microscopy by Kulkarni et al. (1982) and it shows banana fiber consist of four kinds
of cells namely xylem, phloem, schlerenchyma, and parenchyma. Further, which

Table 1 Common physical and mechanical properties of some natural fibers (Venkateshwaran and
Elayaperumal 2010)

Fibers Width or
diameter (um)

Density
(kg/m3)

Initial
modulus
(GPa)

Ultimate
tensile
strength
(MPa)

Elongation
(%)

Banana 80–250 1350 7.7–20.0 54–754 10.35

Coir 100–450 1150 4–6 106–175 17–47

Sisal 50–200 1450 9.4–15.8 568–640 3–7

Pineapple leaf 20–80 1440 34.5–82.5 413–1627 0.8–1

Palmyra 70–1300 1090 4.4–6.1 180–215 7–15

Table 2 Physical properties of different cellulosic fibers (Jústiz-Smith et al. 2008)

Fibers Moisture
content (wt%)

Ash content
(wt%)

Carbon content
(wt%)

Water
absorption
(wt%)

Tensile strength
(MPa)

Banana 85.6 8.3 50.9 40 142.9

Coconut 27.1 5.1 51.5 169 138.7

Bagasse 52.2 4.5 53 235 29.6

Table 3 Metal elements present as ions in cellulosic fibers (Jústiz-Smith et al. 2008)

Fibers AI3+ Ca+ Mg+ Na+ Si+4

Banana 85.6 8.3 50.9 40 142.9

Coconut 27.1 5.1 51.5 169 138.7

Bagasse 52.2 4.5 53 235 29.6
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Table 4 Mechanical properties of banana fibers of different diameters

Sample
number

Diameter
of fiber
(um)

Initial
Young’s
modulus
(GN/m2)

SD initial
Young’s
modulus
(GN/m2)

Breaking
strength
(MN/m2)

SD
breaking
strength
(MN/m2)

% Strain SD %
strain

1 50 32.703 8.190 779.078 209.300 2.750 0.957

2 100 30.463 4.689 711.661 239.614 2.469 0.798

3 150 29.748 8.561 773.002 297.104 3.583 1.114

4 200 27.698 7.083 789.289 128.558 3.340 0.688

5 250 29.904 4.059 766.605 165.515 3.244 1.284

is shown in Table 4, they observed how the mechanical property varied about the
diameter of the fiber.

Prediction of various mechanical properties like tensile strength, flexure strength
of banana fiber and banana fiber reinforced with polymer have been made by
number of investigation. From all the results shown, banana fibers exhibited excel-
lent mechanical properties. Murali et al. carried out a comparative study of stress
and strain on various natural fibres especially vakka, sisal, bamboo and banana
(MuraliMohanRao et al. 2010). According toASTM-D3379–75, the tensile test was
conducted. It is found that banana have a stress value 560 MPa when the percentage
of strain is 3.5% implying that banana fibers have strength and stiffness compared
to sisal as shown in Table 5.

Based on experiment conducted by Geethama et al. (1998) estimated the tenacity
and elastic modulus of banana fiber are in the range of 529–759MPa, and 8–20 GPa,
respectively. Banana fiber has the percentage elongation at break varies between
1.0 and 3.5. Igwe and Onuegbu studied the mechanical and end-use properties of
eggshell powder filled polypropylene have been determined at filler contents, 0 to 40
wt. %, and particle sizes, 0.150, 0.30, and 0.420 µm. Adding eggshell and fish bone
powder into polypropylene resulted in improvementmechanical properties andwater
absorption. However, the elongation at break of the composites was decreased with
increase in filler contents, and particle sizes (Igwe and Onuegbu 2012). Bootklad
and Kaewtatip investigated the effect of the eggshell powder (EP) on thermoplastic

Table 5 Tensile properties of natural fibers. The specimen diameter of banana is 0.06–0.08 mm
(Kulkarni et al. 1982)

Weight of
filler

%Tensile
strain

Average
tensile
strength
(MPa)

Average
tensile
modulus
(GPa)

Specific tensile
strength
(MPa/(kgm−3))

Specific tensile
modulus
(MPa/(kgm−3))

10 3.36 600 17.85 0.4444 13.22

20 5.45 567 10.40 0.3910 7.17

Coconut 20.00 500 2.50 0.4348 2.17
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starch (TPS) prepared using compression molding and compared with the effect of
commercial calcium carbonate (CC). Resultant is a strong organic adhesion between
the eggshell powder and the TPS matrix, therefore delayed the biodegradation of
TPS (Bootklad and Kaewtatip 2013). Two types of eggshell biofiller: unmodified,
and chemically modifiedwith isophthalic acid were studied byKumar et al.Modified
eggshell (PP-MES) composite possessed slightly higher tensile strength than the
unmodified eggshell (PP-ES) composite. They proposed that better bonding gives
rise to a higher flexural modulus, i.e., higher stiffness, and that this behavior allows
composites to withstand greater loads (Kumar et al. 2014). Hassan et al. studied
10 to 50 wt% uncarbonized and carbonized eggshell particles as reinforcement in
polyester matrix. Carbonized eggshell shows higher value of mechanical properties
compared to uncarbonized eggshell for most of the mechanical properties such as
tensile strength, compressive strength, and flexural strength (Hassan et al. 2012). The
investigationof tensile and thermal properties of chicken eggshell powder (ESP)filled
polypropylene composite at different filler loading, which is 0 to 40 part per hundred
resin (phr) conducted byLong (2016) shows improvement in its performance but both
decreases at higher than 40 phr. ESP loading. Toro et al. investigate tensile value on
different proportions of chicken eggshell(ES) in polypropylene (PP) composite were
comparedwith different particle sizes andproportions of commercial talc and calcium
carbonatefillers.Again bio-filler outnumbered carbonatefillerswith different particle
sizes used as high as 75%EScouldmaintain a similar stiffness andEvalues compared
to the talc composites due to ES/matrix interface geometric ratio (Toro et al. 2007).

The fabrication and mechanical testing of eggshell particles(ESPs) and graphite-
reinforced Al composites were conducted by Almomani et al. Mechanical proper-
ties shows improvement after adding hybrid ES confirming that the incorporation
of waste ESPs in the Al matrix serve as reinforcements (Almomani et al. 2020).
Boopathi et al. reported that upon usage of natural banana-hemp glass fiber shows
superior properties in term of interfacial characteristics, internal structures, fiber
failure mode and fractured surfaces (Bhoopathi et al. 2014). Alavudeen et al. works
dealt with the effect of weaving patterns and random orientation on the mechan-
ical properties of banana, kenaf and banana/kenaf fiber-reinforced hybrid polyester
composites. Composites were prepared using hand lay-up method with two different
weaving patterns, namely, plain and twill type. Tensile test, flexural tests and impact
tests were performed according to ASTM:D-790–10 (Alavudeen 2015). Gowtham
et al. conducted a wear and friction test on banana-borassus fruit fiber reinforced
composite to explore the influence of fiber and matrix properties in wear and fric-
tion performance of banana and borassus fruit fibers reinforced polymeric composite
Composite is prepared with 20% banana fiber, 20% borassus fiber and 60% polyester
matrix. The friction and wear tests are conducted as per the ASTM D2734 standard
on a pin on disc apparatus for various sliding distance, disc speed and axial load.
The result showed that when the load is increased the wear rate also increased. The
wear rate was calculated by the following Eq. (1) (Gowtham 2014).

W = Weight loss

Applied load
(1)
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The frictional force was determined the following Eq. (2).

µ = Measured frictional force

Normal applied load
(2)

All mechanical, physical, chemical, geometrical surface contact and conditioning
atmosphere could affect surface interaction and tribological system. The first order
classification of wear distinguishes adhesive wear, abrasive wear, wear caused by
surface fatigue, and wear due to tribochemical reactions. The purpose of tribotesting
is to increase the fundamental and general understanding of how a material behaves
in tribological applications. Niklas and Ha designed measurement of friction and
wear to stimulate abrasive wear, erosive wear, wear in sliding and rolling contacts,
andmild wear (Niklas and Ha 2001). Nirmal et al. investigated the adhesive wear and
frictional performance of Bamboo Fibres Reinforced Epoxy (BMBFRE) composite.
Wear and frictional test of the BMBFRE composite was conducted on Pin on Disc
(POD) tribo test machine. Specific wear rate (Ws) was calculated using Eq. (3):

Ws = �V

FnD
(3)

The performance of BMBFRE composite was found to be superior for AP-O.
The friction performance of BMBFRE composite was improved by about 44% at
low sliding velocity for AP as compared to the higher sliding velocity (Nirmal et al.
2012). Nirmal and Ahmad has also reported tribological performance of palm fibres.
One of the test which to investigate adhesivewear characteristics is using a pin on disc
(POD) to stimulate thewear of the composite at dry contact condition using randomly
distributed palm fibres as reinforcement in polyester (Nirmal et al. 2015). El_Tayeb
has explored the possibility of using sugarcane fibre to reinforce polyester and thus
opens a newway to implement locally available inexpensive fibres and produce a new
candidate tribo-material for bearing applications. Sugarcane fibre/polyester (SCRP)
and glass fibre/polyester (GRP) were prepared using compression mould and hand-
lay-up techniques. Adhesive wear tests were performed using a pin-on-disc tribo-test
machine. Results of friction and wear proved that SCRP composite is a promising
composite which can be a competitive to GRP composite. Specifically, untreated
sugarcane fibre (SCF) was used in two form to reinforce polyester (SCRP). Mechan-
ical tests were performed to investigate tensile and compression strength of the
Chopped-SCF reinforced polyester composites (C-SCRP) and Undirectional-SCF
reinforced polyester composites (U-SCRP). Wear of SCRP composite was sensitive
to variations of load, fibre length and fibre orientation and less sensitive to sliding
velocity (El-Tayeb 2008). Babu et al. has investigated the tensile and wear character-
ization of polymer composites made by reinforcing Calotropis Gigantea fruit fiber
as a new natural fiber into a polyester resin. To determine wear properties, wear
test is performed using Tribometer (DUCOM;TL-20) by measuring the wear groove
with a profilometer and measured the amount of material removal. Since pins were
fabricated from a wide range of materials virtually any combination of metal, glass,
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plastic, composite, or ceramic substrates can be tested. Thus, the variation of mean
tensile strength and tensilemoduleswith varying fiberwas clearlywith increasing the
fiber content in the polyester matrix, the tensile strength also increasing (Babu et al.
2014). Recent review by Rajiv et al. shows that within 5 consecutive years, tribo-
logical study on natural fibres has been exceeding the synthetic fibres for more than
50% and the numbers has been projected to increase by year 2050 as advancement
in technology and know-how (Rajiv and Ankush 2019).

2 Methodology

The preparation process adopted is injectionmolding (IM) and vacuum assisted resin
transfermolding (VARTM).The compositematerials are gained from local resources.
The banana inner trunk was extracted roughly in the width of 1–2 cm before dried
under the sun to remove the moisture for more than 24 h. Meanwhile for eggshell, it
is washed by using tap water to clean all it contents and then dried under the hot sun
for more than 1 days until its completely dried. All composites for IM process was
blended to 150 micron mesh size. The composites was dried again in the oven for
1 day before mixing. Injection molding specimens were prepared by ratio of 70:30 of
polypropylene and composites material. For VARTM specimen, the polymer matrix
composites consist of 1 layer. The materials were impregnated with unsaturated
polypropylene. The banana fibers are mounted on the base plate which is placed on
a table, and then filled with the polypropylene resin. Before the resin dried up, the
second layer was mounted accordingly to ensure adhesiveness between interfaces is
intact. The processwas repeated until the last layers accumulated to be approximately
2 cm thickness. The polypropylene resin applied was distributed to the entire surface
by means of a roller and the air gaps formed between layers during fabrication are
removed by squeezing gently. The process was ideally done at a temperature of
32 °C/50%RH conditioning. It is advisable to maintain the conditioning temperature
and RH to ensure the curing process could be carried out properly and no additional
curing agent needed. After all the process are done, the specimen was cut based
on the test been performed. Specimen for wear test produced by injection molding
process was taken from the part of the injection molding called runner as shown in
Fig. 1.

Tensile strength used in structural applications i.e., the ability of amaterial to resist
breaking under tensile load. The test specimen was prepared according to the ASTM
D638 standard and performed on the Universal Testing Machine (UTM). During
the application of tension, the elongation of the gauge section is recorded against
the applied load. The dumbbell shape tensile specimens are produced by injection
molding machine and the size of the specimens were prepared as shown as Fig. 2 and
gauge length was 50 mm. The tests were conducted in 27 °C of room temperature.
The tensile strength of the composites was measured with a computerized Instron
universal testing machine in accordance with the ASTM: D-638 (Materials 1995)
procedure at a crosshead speed of 5 mm/min. Figure 3 shows the UTM used at the
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Impact test 
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Fig. 1 Specimens produced by injectionmolding process. First session of injectionmolding process
producing specimens for impact and flexure test

19 

50 

12 3.5 

9 

145 

Fig. 2 The size of tensile test specimens. All dimensions are all in mm

vicinity of Universiti Sains Malaysia while Fig. 4 shows the equipment used for Izod
impact test. Figure 5 and 6 shows the Pin-on-disk test machine.

Izod impact test machine was used to determining the impact resistance of
composites specimen. The specimen was prepared accordance to ASTM D-256
(Materials 1995) by using an injection molding process. All impact test speci-
mens were notched (2 mm depth) and the test specimen was supported as a vertical
cantilever beam and broken by a single swing of a pendulum. The specimen was
loaded in the Zwick impact machine and allows the pendulum until it fractures or
breaks. An arm held at a specific height and released during the testing occurred.
The weight of the hammers used were 7.5 and 15.0 J. Its impact energy is obtained
from the energy absorbed by the composite or sample. The specimen dimension for
impact test was 61.0 mm × 12.5 mm in rectangular shaped. The test was conducted
in air room temperature condition of 27 °C. For each case, a total of five samples
were tested and data is recorded and tabulated.
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(a) Specimen gripped on (b) Computerized Instron UTM 

Fig. 3 Tensile test methodology: a The specimen was placed and gripped onto the jaws on UTM
before the test are performed and b computerized Instron UTM were used to recorded the data

(a) Zwick 
impact 

(b) Specimen 
loaded 

Fig. 4 Impact Testing: a Zwick impact test machine at Mineral Resources School are used and
c Specimen is loaded onto the impact machine. The notched area is aligned with the benchmark on
the machine as shown on the arrow
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Fig. 5 Injection molding specimens were tested on pin on disk wear test (POD) (rotary motion)

Steel Pin Ball 

Specimen 

Fig. 6 VARTM specimens were tested on reciprocatory wear test

Instron universal testingmachinewas used to performed the flexural tests using the
three-point bending fixture per ASTM D-790 (Materials 1995) and with a crosshead
speed of 5 mm/min. The specimen was prepared using an injection molding process
with dimensions 124.7 mm × 13.0 mm × 3.0 mm in a rectangular shaped three-
point bending specimens. As per standard, with a ratio of 16:1, the distance between
supports span was kept at 48 mm. The loading nose diameter used was 19 mm with
speed. The experiments were performed at 27 °C of room temperature. For each test,
five specimens were tested and the average values reported.

Wear test of polymer compositematrices produced by injectionmoldingwas done
by rotary wear test on a pin-on-disc (POD) test machine. Pin on disc consist of load
cell, speed disc etc. counter face was polished using acetone to get rid any possible
contaminant or chips on it. POD wear test were done based on ASTM G99 (West
2005). Meanwhile, for specimens produced by VARTM, the wear test was done
based on reciprocatory test. This due to the specimens could not be altered to pin
shape and the size of the specimens were cut into dimension 100.0 mm × 25.0 mm
× 2.0 mm in rectangular shaped. Mild steel ball pin was used to contact with the
specimens in this case with a diameter of 10 mm. Wear test was carried for different
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load, disc speed, and constant sliding time 1800s. The weight loss for the specimen
for the specimen was recorded.

The adhesive wear resistance of mild steel and its composites were studied by
conducting dry slidingwear test. Thewear testing specimen is preparedwith diameter
of 6 mm. The specimen is cut on upper surface by diamond cutter to give an evenly
surfaces to contact with counter face. A POD wear testing configuration as shown in
Fig. 5 (rotary) and Fig. 6 (reciprocatory). The specimenswere rubbed against rotating
hard steel disc without any lubricant. Tests were conducted for different variables
such as speed ranging from 40 to 100 rpm, normal load form 10 to 50 N, and track
diameter of 40 to 100 mm. The fractography studies of the fractured specimen were
carried out using Scanning Electron Microscope (SEM).

3 Result and Discussion

According toMuller and Krobjilowski, tensile strength, flexural strength, and impact
strength are an excellent measure of the degree of reinforcement provided by the fiber
to the composite (Mueller and Krobjilowski 2003). The results indicated that the
banana fibers exhibited excellent impact strength for both impact load. Meanwhile,
PP has the highest tensile strength and flexural strength following by ESPMC and
IBTPMC. Table 6 indicated the mechanical properties of polymer matrix composites
and PP. The average value for each type of polymer matrix composites (PMC) and
PP as tabulated in Table 7.

Tensile strength of polymer matrix composites and polypropylene as shown in
Fig. 7. The tensile strength is highest for polypropylene compared to others composite
due to its ductile properties. The reasons for the lower tensile properties are possibly

Table 6 Experimental findings of the composite specimens

Specimens Tensile strength (MPa) Impact strength (Joules) Flexural strength (MPa)

Impact load 7.5 15

IBTPMC 19.7469 0.362 0.472 38.26

ESPMC 24.6945 0.342 0.408 53.46

PP 31.5449 0.3 0.34 58.40

Table 7 The mechanical properties of PMC and PP

Samples Maximum
Load (N)

Extension
Maximum at
Load (mm)

Young’s
modulus (MPa)

Tensile strain
(%)

Tensile strength
(MPa)

IBTPMC 702.0899 5.4066 560.5131 10.8333 19.7469

ESPMC 834.9202 4.1034 897.4746 8.2068 24.6945

PP 1066.5322 7.3916 735.1214 14.78328 31.5449
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Fig. 7 The comparison tensile properties of PMC and PP based on average value

due to poor composite to matrix bonding, blister, void and composite or fiber pull
out as shown in Figs. 8 and 9. The tensile strength of the pure polypropylene is
31.5 MPa. Meanwhile, the tensile strength of the IBTPMC and ESPMC composite
are 19.7 MPa and 24.7 MPa respectively.

Furthermore, reduced infiber dispersion partly causedby strong interfiber bonding
incorporating fibers/thermoplastics layers. Inadequate bonding altered a significant
increase in tensile strength (Kumar et al. 2013). Thus, fiber bonding increases with
loading, mainly due to non-entrance of wetting problem as according to Bozzelli
(2011).

Tensile strength of the PP is the highest in comparison to eggshell composites
and banana trunk composites. This is due to the slippage and bad wetting agent for
the composites resulting the breakage of the banana fibre and crushing happen to the
eggshell composites. The breakage of the banana fibre is due to the maturing (aging
property of the cellulosic) while the crushing property is due to the brittleness of the
eggshell. Figure 8 shows the variation in tensile modulus with respect to types of
specimen. It is observed that the tensile modulus or load bearing capacity increases
with brittleness. The deformation resistance increases with filler content therefore
the composite become stiffer (Raghavendra et al. 2012). The tensile modulus of
the pure polypropylene is 735.1 MPa. The tensile modulus for ESPMC composites
is 897.5 MPa which highest tensile modulus observed compared to IBTPMC only
560.5 MPa. Figure 9 shows the composites before and after testing.

Figure 10 shows the fractography using SEM to investigate the fractured surfaces
after undergoes tensile loading. It is shown that there was a small hole in the polymer
matrix which known as blister probably caused where air bubble trapped during
filling up the molten plastic into the mold (Kumar et al. 2013). Air pocket is a root
cause of bubbles and blisters. Water vapor, volatiles from the resin, or decomposing
by-products could create sink and gas entrapment causing blister (Bozzelli 2011).
Blister and crack propagation probably caused by incomplete wettability or bonding
betweenmatrix resin andfiber (Bozzelli 2011) as shown inFigs. 11 and 12. Figures 13
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Fig. 8 The comparison tensile properties of PMC and PP based on average value

(a) Before testing specimens (b) After testing specimens 

Fig. 9 Testing of tensile strength: a before testing specimens and b after testing specimen. The
circles indicate the fracture area of the specimens

and 14 are the fractography using SEM to investigate the fractured surfaces after
undergoes tensile loading.

From the izod impact testing machine, the energy loss could be obtained. The
comparison of impact strength is presented in Figs. 15 and 16. It isobserved the
IBTPMC performing better than ESPMC and PP which can hold the impact load
from 7.5 to 15.0 J. In the impact resistance of the composite, the fibers play a vital
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Fig. 10 The fractography of IBTPMC

Fig. 11 After testing specimens. The circles indicate the fracture area of the specimens
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Fig. 12 Defects inside the specimens are shown by the circles
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Fig. 13 The fractography of ESPMC

role as interaction with the crack formation in the matrix act as stress transferring
medium. It is also observed that the impact strength increases with increasing fiber
content (Mueller and Krobjilowski 2003).

For both experiments, IBTPMC shows the highest impact strength which for
hammer7.5 J, the impact strengthwas0.362 J,meanwhile for hammer15 J, the impact
strength was 0.472 J. Meanwhile, polypropylene shows the lowest value of impact
strength for both hammer. While Figs. 17, 18, 19 and 20 are the fractography using
SEM to investigate the fractured surfaces after undergoes tensile loading. Flexural
strength of composites and PP is shown in Fig. 20. The reasons for the lower flexural
are possibly due to the lower fiber to fiber interaction, void and poor dispersion of
fiber in the matrix (Mueller and Krobjilowski 2003). The flexural strength of the
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Fig. 14 Specimen after testing. The circles indicate the fracture/necking area of the specimens
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Fig. 15 Impact strength for 7.5 J load

pure polypropylene is 58.40 MPa. Meanwhile for IBTPMC and ESTPMC, both are
42.15 MPa and 53.46 MPa as shown in Table 8.

The wear performance of PMC and PP was observed in terms of applied load, and
disc speed as shown in Figs. 21 and 22. Figure 23 shows the correlation of wear rate
variation as the applied load and distance increases. It was observed during the test
that there was a high material removal process from either matrix or fiber regions. It
may be due to the increase in the applied load which influences the wear rate such a
behavior was also observed (Jústiz-Smith et al. 2008) as shown in Table 9.

Wear rate for ESPCMhas reduced by 64–66%by increasing the load and increased
by 87–92% by increasing the sliding distance and time. Wear rate for BITPCM
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Fig. 17 The fractography of IBTPM for load impact 7.5 J

shows increased by 13 times the initial wear as loading increases and reduced from
1 to 1.3 times as sliding distance increases. From the wear rate Figs. 23 and 24, it
shows that the banana fibre ruptured easily leading to higher wear in comparison
to egg structure whereby it has lower wear rate compared to banana trunk fibre and
polypropylene. On the other hand, eggs shell shows superior wear resistance due to
its homogeneous powdered structures as shown in Table 10 and observed in Figs. 27,
28 and 29. Similar observation was found by Raghavendra et al. (2012) on banana
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Fig. 18 The fractography of ESPMC for load impact 7.5 J at 1.00 mm magnification

length affecting tensile, (Nirmal et al. 2012) on bamboo fibres and also (El-Tayeb
2008) on sugarcane fibres. Hence, it is obvious that the fibre wettability plays a vital
role to abrasion test character whereby eggshells powder distributed evenly to the
PP easily to overcome the abrasion wear.

Coefficient of friction (COF) for IBTPMC shows increment from 0.38 to 0.45
with increasing the sliding distance and 0.39–0.55 with increasing loads. While
COF of ESPCM shows reduction value from 0.28 to 0.18 with sliding distance and
increased from 0.29 to 0.35 with increasing loads. Similar phenomena was reported
by (Alavudeen 2015; Gowtham 2014) whereby after cyclic abrasion with increasing
sliding distance, the fibre was abraded to form a thin film between the counter
surfaces and after successfully removed first layer, it forms a smoother surface,
therefore COF reduced after many cycles. Upon increasing the load, the pressure on
the contact surface enhance the interaction between the counter surfaces and resulting
the increasing on COF. From the frictional coefficient values as shown in Figs. 25
and 26, it shows that the banana trunk composites have higher COF compared to
eggs shell and polypropylene composites due to the pultruding and cellulosic prop-
erties that resist the motion of the composites upon abrading on the pin on disk
plates. In comparison to eggs shell and polypropylene whereby the structures are
made of powdered and melted beads formed as pictorial shown in Figs. 27, 28 and
29 as discussed by (Almomani et al. 2020) for eggshells performance and again by
(Bhoopathi et al. 2014) for banana-hemp glass fibre. From the wear rate in Fig. 30
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Fig. 19 The fractography of ESPMC for load impact 7.5 J at 500 um magnification

and summarized in Table 11, it shows that the banana fiber ruptured easily leading to
higher wear rate with increases of load and speed. This due to cellulosic properties
that resist the motion of the composites as proven by (Toro et al. 2007; Gowtham
2014).

The structure of the fractured surfaces due to the mechanical loading is observed
through SEManalysis. The SEMmicrographs are used to observe the internal cracks,
fractured surfaces and internal structure of the tested samples of the composite mate-
rials. The SEM micrograph of the sample subjected to tensile loading, impact test,
wear and friction is presented as shown in Fig. 31.

4 Conclusion

The material properties of fabricated natural fibre reinforced composites were
successfully fabricated using IM and VATRM techniques. The results indicated that
the banana fibers exhibited excellent mechanical properties on absorbed the energy
during impact test. Meanwhile, eggshell composite has the highest tensile modulus
as it is brittle compared to banana fiber and polypropylene. Tensile strength of the
PP is the highest in comparison to eggshell composites and banana trunk composites
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Fig. 20 The fractography of PP for load impact 7.5 J at 500 um magnification

Table 8 Flexural properties of PMC and PP

Sample Number Flexure modulus (MPa) Flexure Strain (mm/mm) Flexure Strength (MPa)

IBTPMC 1314.07 0.06425 42.15

ESTPMC 1886.59010 0.07113 53.46

PP 1496.01520 0.0850 58.40

due to slippage and poor wettability properties of the banana fibre and cracks prop-
agation in eggshell composites. Impact strength increases with the increase in the
fiber content. IBTPMC shows the highest impact strength. Specific wear rate and the
coefficient of friction of InjectionMolding (IM) composites depends on the structure
of polymer composite. Banana composite has the highest wear rate due to cellulosic
properties. Eggs shell and polypropylene lower wear rate due to the structures are
made of powdered andmelted beads formed. Specific wear rate and the coefficient of
friction of VARTM composite increased with increasing load and speed. The tensile
modulus for ESPMC composites is 897 MPa compared to IBTPMC only 561 MPa.
In izod impact test, IBTPMC shows the highest impact strength of 0.362 J, which
is superior then in ESPMC or pure polypropylene (PP). The flexural strength of
the pure PP is 58 MPa while for IBTPMC and ESTPMC, both are 42 MPa and
53 MPa respectively. Wear rate for ESPCM has reduced by 64–66% by increasing
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Fig. 22 Tensile modulus versus specimen

the load. Wear rate for IBTPCM shows increased by 13 times the initial wear as
loading increases and reduced from 1 to 1.3 times as sliding distance increases. It
shows that the IBTPMC fibre ruptured easily leading to higher wear in comparison
to ESPCM structure due to fibre wetting properties and distribution of fibre in the
matric interface. Coefficient of friction (COF) for IBTPMC shows increment from
0.38 to 0.55. While the COF for ESPCM increased from 0.28 to 0.35.
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Table 9 Table below shows the wear rate of PMC and PP

Specimens Distance (mm) Load (N)

30 60 90 10 30 50

Wear Rate
(mg/N)

IBTPM 9.93e-4 9.86e-4 7.4e-4 0.011 1.21e-4 9.05e-4

ESTPM 2.1e-5 2.38e-4 2.4e-4 2.92e-4 0.63e-4 0.34e-4

PP 1.17e-4 2.45e-4 6.2e-4 0.037e-4 0.057e-4 0.056e-4
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Fig. 24 Wear rate versus Load
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Table 10 Table below shows the coefficient of friction (COF) PMC and PP

Specimens Distance (mm) Load (N)

30 60 90 10 30 50

Wear Rate (mg/N) IBTPM 0.38 0.45 0.41 0.39 0.45 0.55

ESTPM 0.28 0.21 0.18 0.29 0.3 0.3

PP 0.31 0.36 0.21 0.35 0.37 0.39
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Direction of wear

Broken Particle

void

Shallow Groove

Fig. 27 IBTPM composite specimen for load 50 N a The red circle shows the worn surfaces b The
closed-up view SEM of the worn surfaces for 200 um of magnification
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Direction of wear

Void due to 
pull out

Broken Particle Particle

Shallow Groove

Shallow Groove

Fig. 28 ESPM composite specimen for load 50 N a The red circle shows the worn surfaces b The
closed-up view SEM of the worn surfaces for 200 um of magnification
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Direction of 
wear

Broken Matrix 

Void

Fig. 29 PP composite specimen under SEM for load 50 N a The red circle shows the worn surfaces
b The closed-up view SEM of the worn surfaces for 200 um of magnification
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Table 11 Wear rate of PMC and PP specimens

Load (N) Speed (rpm)

40 70 100

Wear Rate (mg/N) 10 1.3815e-3 1.990e-3 8.558e-3

20 2.761e-3 2.1715e-3 0.0142255

30 3.311e-3 0.00001 0.00001
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Fiber Damage

Fiber debonding

Resin

Fiber-resin 
debonding

Resin

Fiber

Resin Cracking

Worn Surfaces 
incuding void

Resin Cracking

Fig. 31 a SEM on VARTM specimen for 40 rpm and 10 N. b SEM on VARTM specimen for
40 rpm and 30 N. Figure above shown some of the damage occurred on the worn surfaces
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Friction and Wear Performance of Nano
Hydroxy Apatite (nHAp)
Polyoxymethylene Composites on 316L
Steel

Shubrajit Bhaumik, Rajeswar Bandyopadhyay, Tanveer Ahamed Rohit,
Anik Banerjee, Helen Annal Therese, and Rajan Pathak

Abstract Biomedical applications are important aspects in mankind. The word
“Biomedical” is recently been used in the researches where the materials are made
or synthesized from biological sources or these materials are used for various treat-
ment of living beings. Recently in biomedical applications, polymers have paved
their way in various applications such as implants, grafts, connective tissues etc.
and hence, understanding the tribological properties of these polymers becomes
an important factor to estimate their performance index. Polymethyl methacry-
late (PMMA), poly ether ether ketone (PEEK) and Ultra-high-molecular-weight
polyethylene (UHMWPE) has been extensively used for biomedical applications
but polyoxymethylene (POM) has not been explored in depth till date. This chapter
focusses on investigating the tribological properties of nano hydroxy apatite (nHAp)
added polyoxymethylene (POM) composites using a pin on disc tribometer. nHAp
prepared from egg shells by wet-precipitation method, were added in various weight
percentages (1%, 2%, 3%, 4%, and 5%) to POM. Several pins made of POM rein-
forced with nHAPwere used to investigate the tribological properties using a pin on
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disc tribometer. A 316L stainless steel disc was used as counter surface to these pins
during the tribo test. The shore hardness of the POM composites were measured
which exhibited an increase in hardness with the increase in concentration of nHAp
in POM.The tribo tests results exhibited a decrease in the coefficient of friction (CoF)
up to a certain concentration of nHAp (4% this case), beyond which the coefficient of
friction increased. In case ofwear rate, the lower concentrations of nHAp showed less
wear rate but the wear rate increased with the increase in concentration of nHAp. 1–
4% nHAp included POM pins exhibited as low as 77% wear rate compared to POM
compsite which did not contain any nHAp particles. The presented results indicates
that POM can be a good choice for several biotribo pairs, however the biocompati-
bility of POM is to be explored. The present work will be helpful in making various
composites for implants once the biocompatibility of POM is established.

Keywords Nano hydroxy apatite · Polyoxymethylene · Tribology

1 Introduction

This chapter aims to find a cost effective, easily available bio-material, for biomedical
application in bones and teeth. The main constituent of human bones and teeth is
calcium (Abou et al. 2016).With increasing harmful radiations and different kinds of
pollution the human body is prone to various diseases amongwhich, osteoporosis has
become a widely progressive bone disease, which decreases bone density and mass
(Letarouilly et al. 2018), resulting in bone fracture (Nishizwa et al. 2018) but with the
advancement of medical field, the solution comes in the form of various implants.
Titanium remained the most popular implant due to its ability to form excellent
oxide layer (Williams 1981), followed by Tetragonal zirconia polycrystals with low
porosity and high bending (Adatia et al. 2009) and Titanium zirconium alloys with
better mechanical attributes (Chiapasco et al. 2011). Nowadays bioactive ceramics
have gained much attention due to their osteo-conductive properties and ability to
promote the formation of continuous bone–ceramic interface, therefore allowing the
implant fixation mechanism (Pereira et al. 2003). Considerable research studies have
been devoted to the synthesis of various bio-ceramics (Ayatollahi et al. 2015). The
mechanical properties of bio-ceramics are usually quite different from thoseof natural
tissue, in particular their high elasticmodulus and low toughness and thus, restricts the
use of these materials in a wide range of applications (Pielichowska 2012). Amongst
different classes of bio-ceramics, hydroxy apatite (HAp) [Ca10(PO4)6(OH)2] is the
most emerging bio-ceramic, which is extensively used in various clinical applications
such asorthopedics and dentistry (Navarro et al. 2012). HAp is a crystalline form of
calcium phosphate (Kay et al. 1964). The intense use of HAp has been due to its
special chemical composition, and also its biological and crystallographic similarity
with the mineral portion of hard tissues. There are two main methods for producing
HAp; the first is inorganic synthesis such as wet-chemical method, sol–gel method
and hydrothermal method (Fathi and Hanifi 2007; Cengiz et al. 2008; Monmaturapoj
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2008). Natural rawmaterials such as eggshells, cuttlefish shells, and bovine bonesare
commonly used to synthesize Hap (Ooi et al. 2007; Kamalanathan et al. 2014).
Hydroxyapatite is an easily producible cost-effective material which has already
been identified as very good substitute material for human bones and teeth due to its
similarity in structure with bones and teeth (Vecchio et al. 2007).

HAp supports osteogenesis, a physiology term for bone formation and it is also
osteoconductive which is a type of bone healing process in which the bones grow
through the micro pores available in the implant and binds with the base material as
its own (Ripamonti et al. 2009). It has also shown the property of forming osteoblast
which is a cell that secretes the material of bone tissue (Liet al. 2018). A good bone
replacement material is the one that will allow the new cells to easily bond with bone
tissues and also facilitate the growth and penetration of new cells. And for this to
happen the material must be osteophilic and porous. This will help the new tissues
to grow easily and not let the implant loosen or move. Hydroxyapatite is observed to
possess minerals found in bone and also have outstanding osteophilic properties. A
huge amount of work had been done to develop porous scaffold of hydroxy apatite.
The grain growth and sintering of hydroxy apatite were studied to find an optimum
temperature for the preparation of porous scaffolds of hydroxyapatite (Saiz et al.
2007). These porosities should be interconnected to facilitate the ingrowth of cells,
diffusion of the nutrients and also vascularization. Also, it had been observed that
the porous interconnection which are less than 10 μm will not permit cell migration
(Simske et al. 1997; Itälä et al. 2001; Tamai et al. 2001). Hence, an approximate
size of around 100 μm is needed for the mineralized in growth as established by
Klawitter et al. (1971). Biocompatibility is one of the most wanted properties in the
bone replacements. Vecchio et al. (2007) synthesized biocompatible hydroxyapatite
from seashells for bone implants. Shell due to their dense and tailored structure were
selected as a natural source. The seashellswere converted to hydroxyapatite bymeans
of hydrothermalmethods. The produced hydroxyapatite wasmechanically tested and
the results were found to be close to that of bones. Then it was tested on rat femoral
for 6 weeks. At the end of 6 weeks the images of microtomography revealed that
there were no displacements of the implants. Formation and growth of bone tissues
around the implants were found in the histological studies. Fibrosis ring tissues were
not found around the implants which indicated that there was no loosening of the
implants. Thus, it indicates towards the excellent biocompatible and bioactive nature
of hydroxyapatite and hence it’s uses as bone implants. Hydroxyapatite from egg
shells using phosphoric acid were prepared by (Lee and Oh 2003). The synthesized
hydroxyapatite was highly sinterable and pure. The microstructure of the produced
powder was studied using XRD(X-Ray Diffraction) and SEM(Scanning Electron
Microscope) images, which concluded that egg shell is a potential source for the
synthesis of hydroxy apatite.

The advantage of natural raw materials for synthesizing HAp (Shashvatt et al.
2017) and better bonding of HAp with bone tissues (Swetha et al. 2010) makes HAp
favorable but the intrinsic brittleness and poor strength of sintered HAp restricts its
clinical applications under loadbearing conditions (Curtin and Sheldon 2004; White
et al. 2007). However, polymer matrices reinforced with a bioactive phase such as
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HAp combine the typical bioactive behavior of bio-ceramics with enhanced mechan-
ical properties that make them comparable to human tissue (Shuai et al. 2016).In the
cartilage tissue-engineering study, a recently adopted perfusion bioreactor system
is in use to grow cell-scaffold composite constructs (Baskaran et al. 2003). The
mechanical properties of polyoxymethylene, its tensile properties (76 MPa ultimate
at 23 °C), machining characteristics, shear strength, toughness, stiffness, and thermal
properties, and also its biocompatible nature were recorded through various charac-
terizations. Focusing on the medical adaptability of implants, scaffold or the broken
bones and cartilage has witnessed a wide density of mesenchymal cell with uniform
spatial density.

In 2006, researches have obtained a method of vacuum-aided seeding technique
to produce Hyaff-sponges (Hyaff is a hyaluronic acid-based biomaterial) and also
tested its properties and claimed that it is safe and most importantly reproducible and
the process is rapid as required, with controlled cell loading and uniform distribution
it can be installed in human body in places of scaffold (Solchaga et al. 2006). Studies
were conduction based on the two-phase composite grafting made up of calcium
phosphate and Hyaff sponges in the osteochondral defects and experimentation has
claimed that it actually provides a mechanical base to the superficial scaffold or
broken bone, cartilage to repair(Garg and Hales 2004).Constructs were made based
on mesenchymal stem cell which are used to repair cartilage and bones by use of a
chondrogenic medium (Solchaga et al. 2002).Polymer POM, acetal homopolymer,
polyacetal is unstable, and reverts to the monomer upon heating at 120 °C (Solcha-
gaet al. 2006). Laluppa et al. (1997) also claimed through his research that POM
is not biocompatible in human body but Penick et al. (2005) repeated the same
experiment and found completely opposite results as previously mentioned. He
confirmed it after testing his models with mesenchymal cells derived from human
bone that with the POM and secondly with human articular chondrocytes and POM
and clearly explained that the base, he used in his experiment is least harmful for
human body even after repeated machining and autoclaving (Penick et al. 2005).
POM was converted into prototypes of various body part and samples were drilled
and holes were made, threads were tapped to coin down results of various experi-
ments conducted, which results showed up excellent impact strength, low friction,
and good electrical insulator when constrained in various directions (Agnihotri et al.
1999). It is dimensionally stable, wear-resistant to an extent and chemically inert to
solvents. Its melting point is (as result obtained in Differential Scanning Calorimeter
(DSC)) 167 °C (Fig. 1), which is well above the normal steam autoclave temperature
and thus, has the ability to retain its shape andwithstand high heat (Fister et al. 1985).

POM also has some excellent biocompatibility and the characteristics which is
proved and has already been studied (Agnihotri et al. 1999). POM has a negligible
porosity and low moisture. The US food and drug administration under Code of
federal regulations under title 21 has clearly justified the use of POM in Food Pack-
aging under various condition and concluded its safety as food packaging. POM
also has long history of uses in animal studies and a long-term implant material in
variety ofmedical application. These includes cardiac valve prostheses (Björk 1972),
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Fig. 1 Differential Scanning Calorimeter reading of POM sample used in this work

temporomandibular joint reconstruction (MacAfee and Quinn 1992) and also tilting
disc valve prosthesis (Björk 1969).

2 Fabrication of Nano Hydroxy Apatite (nHAp)POM
Composites

nHAp was prepared from egg shells (Rivera et al. 1999) by wet precipitation method
(Cahyaningrumet al. 2018). X-Ray Diffraction was used to determine the phases of
the synthesized. Figure 2 shows the steps that was followed to produce nHAp in
this work. Egg shells were collected and washed using distilled water to remove any
dirt or impurities present and then were dried at room temperature. Then the egg
shells were crushed finely and were kept in alumina crucible which were thermally
decomposed to calcium oxide by heat treatment in muffle furnace at 900 °C for 8 h
starting with first heating the sample to 450 °C in 2 h then isothermal heating at
450 °C for 2 h and then again heating the sample from 450 to 900 °C in 2 h and then
again isothermally heating the sample for 2 h at 900 °C. It was then cooled inside
the furnace overnight and the resultant product formed was calcium oxide.

A solution of calcium hydroxide was prepared using the produced calcium oxide
and distilled water stoichiometrically as per requirement. Phosphoric acid was added
dropwise to the mixture at 60 °C with a constant stirring using glass rod till the pH
of the mixture was 7. The pH was measured using table pH meter. Then heat was
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Fig. 2 Flowchart of the nHAp produced in this work

removed and then sodiumhydroxide solutionwas added to themixture till the pHwas
11. After then themixture was left overnight for 24 h to form proper precipitate. After
proper precipitate formation the solution was decanted and washed using distilled
water until the pH was bought down to 7. At every wash the water was filtered
out using filter paper. After the required pH i.e. 7 was obtained, the precipitate was
allowed to dry normally in a petri dish. The dry precipitate was then kept in alumina
crucible and was sintered isothermally inside muffle furnace at 900 °C for 2 h. It
was allowed to cool overnight inside the furnace. At the end of the heat treatment a
fine white powder was obtained which is nothing but HAp. Then the sintered HAp
was made finer by ball milling in ball mill apparatus for 3 min in the presence of
toluene. Figure 3 shows the scanning electron microscope images and XRD analysis
of nHAp. The SEM images shows that the size of the nHAp varies from 79 to 500 nm

Fig. 3 a Scanning electron microscope images b XRD of the nano nHAp particles
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Table 1 Shore hardness of
the pins

Composite Shore D hardness

0% nHApPOM 70.8

1% nHApPOM 72.6

2% nHApPOM 73.6

3% nHApPOM 74.8

4% nHApPOM 74.2

5% nHApPOM 74.6

(Fig. 3a). Sharp peaks of CaO, CaCO3, and nHApwere detected usingXRD (Fig. 3b)
indicating acceptable purity of the synthesized nHAp powders.

The synthesized nHAp was then mixed with POM by weight percentages (0%,
1%, 2%, 3%, 4%, and 5%) (Pielichowska 2012). The mixture was melted and stirred
thoroughly for homogeneous composition and was then made into pins as per the
required dimensions (10 mm diameter and 25 mm length) using injection molding
method (500 bar and 170 °C). POM is a high-performance acetyl resin with several
desirable physical, mechanical and biomedical properties. Its approach and compat-
ibility with the human body is already well established (Pielichowska 2012). The
shore hardness of the pins was found out using as per ASTM (American Society for
Testing and Materials) D2240 hardness test method and tabulated in Table 1. The
tribological tests were carried out in pin-on-disc tribometer under dry conditionswith
low load 80 N and 156 rpm (Vinoth and Datta 2019). A disc of SS 316L was used as
it is widely used in biomedical applications (Chakraborty et al. 2016; Amanov et al.
2017).

3 Investigating the Tribological Properties of nHAp-POM
Using a Pin on Disc Tribometer

The anti-wear properties of the nHAp-POMcomposites were investigated using a pin
on disc tribometer (Fig. 4). The pins were made using injection molding as discussed
in Sect. 2. The disc made of 316L was rotated at a speed of 156 rpm under 8 N. The
tests were performed in dry conditions. Each surface of the pin was tested for 3600 s.
It is to be noted that the polymers have a tendency to align themselves along the
direction of sliding (Luengo et al. 2000) which affects the wear behavior hence,
the pin was rotated 90° after every 900 seconds in order to avoid the unidirectional
alignment of the polymer structures so that the polymer does not get oriented in a
single direction due to the constant force being applied in a particular direction.

From Fig. 4a, it can be seen that nHAp did not influence the coefficient of friction
till the concentration of nHAp reached 4%. The polymer composite containing 4%
nHAp showed a decrease of 21% CoF as compared to pure POM pin. The specific
wear rate of the pins was calculated as per Eq. 1.
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Fig. 4 a Coefficient of friction, b Specififc wear rate of nHApPOM composites

Specific wear rate = �w

ρLD
(1)

where, �w is the difference in weight of the pin before and after the test, ρ is the
density of the pin, L is the applied load and D is the wear track diameter.

The specific wear rate of the pins is shown in Fig. 4b. It can be seen that the nHAp
composites have exhibited less wear rate than pure POM. The wear rate was less
in lower concentrations of nHAp but increase with the increase in concentration of
nHAp. 1–4% nHAp included POM pins exhibited as low as 77%wear rate compared
to POM pin which did not contain any nHAp particles. The wear rate of the pins
increased as the nHAp concentration in the pin reached 5%. Even though the wear
rate was less in all nHAp-POM pins by 22–77% as compared to the 0% nHApp in
containing but an increase in the wear rate can easily be seen, indicating failure at
higher concentrations of nHAp in the polymer (5% in this case). Looking into the
formation of the surfaces after the test (Fig. 4b), it can be seen that 2% and 4%
nHAp-POM pin exhibited better anti wear behavior as compared to others. More
damaged surfaces can be seen in 5% nHAp-POM where a large amount of material
accumulated at the end of the contact surfaces. Chunk of material also seem to have
been removed from the surface in case of 5% nHAp-POM pin. Therefore, it can be
seen that nHAp nano particles can enhance the tribological properties of POMup to
a certain concentration.

4 Understanding the Tribo Mechanism Involved During
the Test

The behavior of polymers during the tribo test depends on many factors, but the fore-
most task is to analyze the structure of the polymer (Pielichowska et al. 2015). Poly-
oxymethylene is a (–CH2O) polymeric chain classified under thermoplastic polymer,
with wide range of application in field of mechanical, electrical, biomedical and
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automobile (Shi et al. 2009). Kern et al. (1961) reported that copolymer shows a
better thermal and mechanical stability over its homopolymer. POM used in this
work is a copolymer in nature. Hu et al. (2007) reported that POM is a crystalline
polymer having excellent friction and wear property. POM has a hexagonal structure
with folded crystal chain (FCC) and extended chain crystal (ECC), (Iguchi 1973)
which provides POM a stable crystalline structure and high dimensional stability (Li
et al. 2005).The mechanical properties of a homopolymer is very different from a
copolymer and thus, the polymer stability depends on the processing of the polymer.
According to Brew and Ward (1978), processes like extrusion, cold and hot drawing
enhances the mechanical properties of POM polymer along with high resistance to
wear and indentations and hence, the process of extrusion has been adopted in this
work to prepare the nHAp-POM pins. nHAp played a major role due to its biocom-
patibility and according to Pielichowska et al. (2012) it’s resistance to change the
crystallinity of the polymer.

In the presentwork, there has been a gradual decrease in thewear rate from0 to 4%.
The decreasing trend can be explained due to crystallinity and transfer mechanism
in between polymer and metal hard surface (Vande and Bahadur 1995). Addition
of nHAp enhanced the mechanical properties of the polymer and the hexagonal
structure becamemore stable due to the effective nucleating site in the polymerization
process (Pielichowska et al. 2011). Addition of nHAp also increases the Young’s
Modulus of the pin thus, decreasing the chances of failure and hence has low wear
rate (Pielichowska 2012). On investigating the hardness of the samples (Table 1),
it was observed that there was a slight increase in the hardness with the addition
of nHAp in POM. The hardness is the resistance of deformation of the materials,
thus the normal hardness measured due to deformation of the surface due to the
penetration of the indenter seems to have also played an important role in controlling
the wear rate. The sliding of the pin on the disc caused a dynamic deformation of the
surface specifically the ploughing mechanism due to the interfacial friction between
the pin and disc (Ayatollahi et al. 2015). As observed from Fig. 4a, it can be seen that
deep grooves were formed on the surfaces of the pins which did not contain nHAp,
while the surface of the pin containing 4% nHAp did not show any damage, thus
indicating a better wear resistivity of the nHAp containing samples up to a certain
nHAp concentration.

The formation of transfer layer also depends on the type of the tribo surfaces.
In the present work the counter bodies are polymer and stainless steel 316L, which
is a low carbon steel specifically used for biomedical applications (Chandrasekaran
2019).Due to low carbon content 316L is less brittle and has lowhardness (austenized
steel), (Song et al. 2011). Thismakes SS 316L suitable for highmachining operations
which helps to gain highly polished surface with minimal irregularities or defects,
The presence of 16.30% chromiummakes the fatigue failure stress high compared to
many other steel which ultimately makes the wear rate low when POM is used as pin
(Li and Bell 2004). In case of polymer interacting with hard surface, there are high
chances of transfer layer of polymer on the hard surface. This transfer mechanism
in polymer over a hard smooth surface takes place as follows:
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1. With the sliding the polymer particle get transferred to the disc surface.
2. Due to continuous sliding the transferred polymer is oriented in the sliding

direction.
3. Due to continuous sliding, also the later layer of transferred material gets

agglomerated and create grooves along the sliding direction (Sethuramiah 2003).

POM has a continuous structure and hence, a smooth layer is transferred on the
disc (Kern et al. 1961). It is a known fact that adhesion occurs more in similar
type of materials, hence initially the interaction between metal and the polymer will
lead to a less of adhesive wear but as the layers of POM gets transferred on steel
the adhesive wear increases (Hirst and Hollander 1974). In polymer-metal surface
interaction adhesion do not have a very strong role and so with the transfer of any
further layer on the previous layer the microgranules agglomerate and cause deep
grooves on the pin. The agglomerated polymer molecules have an increased strength
than the pin due to strain hardening and thus creates the plastic deformation in pure
POM. Figure 5 shows the Raman spectra of the wear track where a pin made of
POM without nHAp moved over the 316L disc. Peaks at 508, 1295 and 1443 cm−1

Fig. 5 Surface profiles a 0% nHAp b 2% nHAp c 4% nHAp d 5% nHAp
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Fig. 6 Raman spectra of the
wear track on 316L with
POM pin indicating
transferred POM on the wear
track

are close to those reported by Koenig (1971) and Sugeta et al. (1969), indicating
deposition of POM on the wear tracks (Fig. 6).

The nHAp added in POM behaved as nucleating agent and was an effective
nucleating site for the polymer. The nucleating agent has an ability to control and
regulate the crystallinity of a material and hence regulate its mechanical proper-
ties (Niaounakis 2015). HAp also facilitated formation of an apatite layer on the
polymer pin surface which facilitates any kind of bioactivity on the surface (Pieli-
chowska and Blazewicz 2010). It has been reported that nHAp inhibits the formation
of transfer layer (Blanchet andKennedy 1992) and the subsurface crack growth in the
composite pin material resulting a hindrance in material transfer (Marcus and Allen
1994). The sudden increase of the specific wear in 5% is due to the heterogeneous
nucleation. Though crystallization enhances with inclusion of nHAp but it is hetero-
geneous in nature and higher nHAp concentrations will hinder the crystallization
process resulting in more defect in the crystal (Czichos 1983) leading to an increase
in residual stress. Further to that higher percentage of nHAp have caused localized
vibration and chattering of polymer-metal interface (Buciumeanu et al. 2018).

Further to the transfer layer by POM, pure POMalso undergoes continuous plastic
deformation due to the applied load (Friedrich 2018). Melick et al. (1999) reported
that yield point of the polymer tends to decrease with increasing plastic deformation,
this is intrinsic strain softening which occurs due to progressive re-hardening at large
strain. In strain softening the surface in contact gets removed due to declination of
uniaxial stress resulting in increasing strain andultimatelymaterial failure resulting in
voids but the micro-void size of pure POM is very less (Myshkin and Kovalev 2018).
The nucleating agent nHApwhich regulates the crystallinity of the polymer, increases
the brittleness and hence inhibits the material transfer but the subsurface deformation
in the polymer continues (Pielichowska 2012). These dislocations pile up to a finite
distance from the surface and ultimately lead to the formation of micro-voids which
generally occur in between polymer layers.
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Fig. 7 Optical microscope images indicating the presence of voids in a POM without nHAp b 1%
nHAp c 2% nHAp d 3% nHAp e 4%nHAp f 5% nHAp

Figure 7 shows the presence of micro voids in the POM pins. The size of the
micro-void in 1% nHApPOM to 4% nHApPOM was observed to be in between the
range of 18–30μm.Themicro-voids in 5%nHApPOMsamplewas large in the range
40–45 μm. Czichos (1983) reported that crystallization process gets hindered in the
presence nHAp due to heterogeneous nucleation of POMwhile it was cooled down to
make the pin resulting in residual stresses within the layers. The high energy facture
mechanism responsible for this surface failure can be micro void coalescence, which
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is found evident in many engineering polymers (Williams 1981). Another reason can
be transverse crack growth which takes place in the lateral plain of the polymer and
micro void is generated relatively bigger (Rowe 2014).

5 Conclusions

The following can be concluded from the present work reported:

i. nHAp did not influence the coefficient of friction till the concentration of nHAp
reached 4%.

ii. The polymer composite containing 4% nHAp showed a decrease of 21% CoF
as compared to POM pin without nHAp.

iii. The wear rate was less in lower concentrations of nHAp but increase with the
increase in concentration of nHAp. 1–4% nHAp included POM pins exhibited
as low as 77%wear rate compared to POM pin which did not contain any nHAp
particles.

iv. Transfer layer of POM formed on the surface of 316L, nucleation of nHAp
particles in thePOMpin and concentrationof pin plays amajor role in controlling
the friction and wear of the POM pins.
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Influence of Surface Modification
on Tribological Properties of Elastomer
Composites

Dariusz M. Bielinski, Mariusz Sicinski, and Jacek Jagielski

Abstract Friction of elastomer materials, apart their volume composition and struc-
ture, should be also considered from a point of view of their surface layer. Simi-
larly, to the migration of low molecular weight components in rubber mixes, the
surface segregation also takes place in polymer blends. The produced surface layer
can either be of an amorphous or a crystalline character, lubricating the tribolog-
ical contact or making it stiffer adequately, in the both cases acting to reduce
friction. The surface hardness gradient of rubber vulcanizates is the result of the
surface profile of their crosslink density and structure. It can be modified either
by some changes to the composition of a curing system or by the application of
an appropriate post-treatment, realized by various chemical and physical modifi-
cations (halogenation, plasma, laser or ion beam), very often accompanied by the
changes to the surface microroughness and energy. Studies on the surface composi-
tion, structure and morphology and the related changes to hardness, microroughness
and the surface energy of elastomer composites revealed a great potential to modify
and/or to control their friction, what was discussed on some examples. The research
methodology included an equilibrium swelling and a thiol-amine analysis, infra-red-
, Raman-, X-rays photoelectron-, secondary ion mass- and Rutherford Back Scat-
tering spectroscopies, atomic force-, scanning electron- and optical microscopies, a
micro indentation, the surface profilometry and the contact angle determinations. The
experimental results were correlated to the friction of various elastomer composites
determined with a block-on-ring tribometer. The relations observed can be used for
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a knowledge-based designing of elastomer materials, their processing, modification
and exploitation, enabling for tailoring friction of these materials.

Keywords Elastomer · Rubber · Surface ·Modification · Friction

1 Introduction to the Friction of Elastomers: A Role
of the Surface Layer

Despite a long history of elastomer tribology, started from the pioneering works
of Schallamach (Schallamach 1957, 1971), most of the efforts have been focused
on studying the effect of mechanical properties of the materials on friction, taking
into account only their elasto-plastic bulk behaviour. In the seventies, Moore (1975)
proposed a fundamental equation, dividing friction force into two components: adhe-
sional and hysteretical, which in the versionmodified by Roberts (1979), considering
the possibility of lubrication, it has been commonly used up to now. The proposed
friction mechanism describes the phenomenon as the movement of material folds,
associated with the dissipation of deformation energy, attributing the effect to the
bulk properties of elastomers. According to Persson (1998), the energy is dissi-
pated by internal friction, dependent on their stiffness, which in turn is related to the
frequency of deformations. The relationship between frequency and elastic modulus
varies between different elastomers, based on their morphology and structure, repre-
sented by macromolecular rubber structure, crosslink density and structure, filler
loading, distribution and dispersion as well as rubber-filler interactions.

The situation changes when the stiffness of the friction contact increases or lubri-
cating conditions appear, due to the effect of the surface hardness gradient (Bieliński
2001a, b) or surface migration/segregation of low molecular weight components of
elastomers (Bieliński et al. 2005a, b) respectively.

1.1 Surface Gradient of Chemical Composition
and Structure of Rubber Vulcanizates

The surface layer of polymer materials undergoes significant physical and chemical
changes already during compounding, processing (the so-called “active” processing)
or the exploitation of elastomer composites (blooming, aging). Unfortunately, even
nowadays, the role of their surface layer is underestimated or even neglected in
polymer technology and engineering.

Surface migration of low-molecular weight components of the curing system and
products created during vulcanization clearly changes the character of the surface
layer of rubber vulcanizates, what brings important consequences for their tribolog-
ical properties. The observed changes concern not only surface polarity (Zaborski
et al. 1991), but also modify surface microroughness, morphology and mechanical
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characteristics of the surface layer (Bieliński 2001a, b). Crosslinking substances are
generally polar in nature and therefore manifest limited solubility in a non-polar
rubber matrix. Used in excess (in the case of sulfur curing systems, this limit usually
does not exceed 5 phr) are ineffective, migrating to the surface layer of material,
making it enriched with curing agents compared to their bulk content. Simultane-
ously, the crystalline by product of sulfur vulcanization or low molecular weight
components of rubber mixes, driven to the surface by the favourable crystalliza-
tion phenomenon, change the surface character of the vulcanizates. The most often
blooms of stearic acid, zinc stearate or microcrystalline isoparaffin waxes (added in
order to physically protect the rubber fromozone aging) respectively, can be observed
on the surface of vulcanizates—Fig. 1.

The limited thermal conductivity of elastomers makes the temperature of their
surface layer, in contact with the surface of the metal mould during vulcanization
higher, compared to the bulk of thematerials. For largemoulded goods, the difference

a)

b)

Fig. 1 Blooms of zinc stearate (a) and isoparaffinwax (b) on the surface of sulfur styrene-butadiene
rubber (SBR) vulcanizates. Atomic force microscopy (AFM)—tapping mode
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Fig. 2 Surface hardness profile of peroxide isoprene rubber (IR) vulcanizates. Spherical microin-
dentation

can achieve even up to 10°. Both of these effects are responsible for the surface
hardness gradient, as demonstrated for isoprene rubber (IR) cured with dicumyl
peroxide (DCP)—Fig. 2.

The hardness of cured rubber is proportional to its crosslink density (Boochathum
and Prajudtake 2001). However, in the case of sulfur vulcanizates, despite the surface
migration and temperature gradient, the phenomenon called maturing of networks,
based on braking long polysulfidic crosslinks and creating in their place more shorter
crosslinks, mainly monosulfidic ones, takes place in the surface layer of materials—
Fig. 3.

It is reflected by the surface gradient of the hardness of sulfur vulcanizates, as
demonstrated for isoprene rubber (IR) crosslinkedwith sulfur and diphenylguanidine
(DPG) system—Fig. 4.

The second degree polynominal, representing the IR/S+DPG vulcanizate, is the
result of the effect of the maturing of network, superimposed on the effect of the
crosslink density gradient. The gradient character of vulcanization, affecting the
dynamic and tribological properties of rubber vulcanizates to limited extent, has a
considerable impact on their friction studied in a microscale (2001a, b). Despite the
highest polarity and lability of crosslinks—reflected by the highest bulk hysteresis,
polysulfide rubber vulcanizates characterize themselves by the lowest microfriction
among the elastomers studied.

2 Influence of Chemical Treatment on Friction

Chemical modification, due to its versatility and low cost is the most popular surface
treatment of finished elastomer products. Usually, their surface is subjected to chlori-
nation (Perera 1987; Extrand andGent 1988;Martin-Martinez et al. 1991a, b; Pastor-
Blas et al. 2000), chloro-sulfonation (Roberts and Brackley 1990; Martin-Martinez
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a) TMTD (tetramethylthiuram disulfide): crosslink structure: C-S-C+C-C 

b) S + MBT (mercaptobenzothiazole): dominating crosslink structure: C-S2-C 

c) S + DPG (diphenyl guanidine): dominating crosslink structure: C-Sx-C, where x≥3
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Fig. 3 Influence of temperature (vulcanization under a temperature gradient in a steel mould) on
the structure of crosslinks of sulfur styrene butadiene rubber (SBR) vulcanizates

et al. 1991; Martin-Martinez et al. 1992) or sulfonation (Oldfield and Symes 1983;
Hace et al. 1990), while rather rarely to fluorination (Vega-Cantú et al. 2003; Schlögl
et al. 2011) or iodination (Bieliński et al. 1997a, b, 1998a, b). Halogenation is usually
accompanied by strong surface oxidation (Bieliński et al. 1995), manifesting itself
by a significant increase in material hardness, which can be tested with an elastomer
made of natural rubber (NR) subjected to chlorination—Fig. 5.
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Fig. 5 The influence of the time of the so-called wet chlorination on the hardness of the windshield
wipers made of natural rubber (NR) filled with carbon black. Spherical microindentation

Excessively long residence time of NR-based elastomers in chlorine solution
is not beneficial due to cracks appearing on their surface, which are the result of
the formation of thick and hard “skin”, badly cooperating with the elastic bulk of
the material. Extending of the duration of the modification leads to degradation
of rubber macromolecules and lowering of elastomer hardness. Gas fluorination of
rubber is not as often used as chlorination. However, it is becoming more and more
popular as a treatment that reduces the friction coefficient of finished elastomer
products, e.g. seals, gaskets and hoses. Taking into account that the thermal stability
and fuel resistance of elastomers (including those containing bio-components) can be
further improved in this way, this type of modification is nteresting to the automotive
industry (Bieliński et al. 2006a, b). Generally speaking, fluorination reduces material
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hardness—Fig. 6, develops surface roughness—Fig. 7 and modifies the chemical
composition of the surface layer of elastomers.

Interesting results were obtained for acrylonitrile-butadiene rubber (NBR) elas-
tomer or its hydrogenated analogue (HNBR), applying iodination (Bieliński et al.
1997a, b; Ślusarski et al. 1998). Immersion of the NBR sample in Lugol’s solu-
tion (Polish Farmakopea 1970) makes its surface geometry developed, whereas the
HNBR one in the other way round—its smoothing—Fig. 8.

In addition to the development of surface microroughness, fluoro-carbon
compounds of very good lubrication properties are formed in the surface layer of the
NBR elastomer, as confirmed by the FT-IR studies.

Attempts to apply iodination or bromination to modify the surface of elastomers
based on different rubbers, using respectively a gaseous phase (iodine vapours) or
a solution (bromine water), have failed (Bieliński 1993). The surface of the mate-
rials undergoes deep modification, reaching even several hundred micrometers. The

a) NBR containing 28 wt.% of acrylonitrile (AN) 

b) HNBR containing 34 wt.% of acrylonitrile (AN) 

V1 – single-stage process; 5% concentration of fluorine in a chamber 
V2 – process V1 carried out after pumping air out of a chamber  
V3 – two-stage process; both 5% concentration of fluorine and oxygen in a chamber 
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Fig. 6 Influence of gas-phase fluorination on the hardness profile of selected butadiene-acrylonitrile
rubber elastomers. Spherical microindentation
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a) virgin                                         b) after modification

Fig. 7 Modification of the surface morphology of a gas-phase fluorinated acrylonitrile-butadiene
elastomer (SEM)

accompanying oxidation causes a strong shrinkage of the surface layer, manifesting
itself by its visible cracking—Fig. 9.

Contrary to halogenation, the sulfonation or chloro-sulfonation of elastomers
generally leads to a smooth surface. The associated increase of hardness is greater
compared to the effect that can be achieved by any halogenation, but thanks to the
shallower modification range, the hard „skin” does not crack under load, working
well with the elastic bulk of elastomers under dynamic conditions prevailing during
friction. Effects of different chemical treatments on the friction of some synthetic
elastomers is presented in Fig. 10.

In general, the chlorination, and the iodination—but applied only to acrylonitrile-
butadiene rubber, proved to be most effective. In the latter case, it consists of the
development of surface geometry, combined with its curing by means of specific
interactions between iodine ions and nitrogen atoms from acrylonitrile groups. As the
result, a paracrystalline phase is formed, which increases the mechanical properties
of the surface layer of the modified material (Bieliński et al. 1998a, b). In the case
of a chlorination, the best results are achieved by optimising the process time. Tests
on natural rubber vulcanizates show, that if the wet chlorination process (solution
of chlorine in water) is too short, strong oxidation and degradation of the elastomer
prevails. If the treatment time increases, radical cross-linking occurs, which makes
the elastomer hardness increased. However, too long process leads to a thick and
rigid layer, that shrinks (strong crosslinking effect) and breaks eventually. The effect
is more pronounced when bromine water (bromine is a stronger oxidant compared
to chlorine) is used to modify the surface of elastomers. Very good tribological
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a) HNBR
unmodified        Lugol’s solution treated 

b) HNBR
unmodified       Lugol’s solution treated 

Fig. 8 Influence of various iodine treatments on the surface geometry of acrylonitrile-butadiene
rubber elastomers. AFM—tapping mode

effects, with the potential to reduce friction, can also be achieved by sulfonation (e.g.
using the so-called 100% sulfuric acid, i.e. a mixture of concentrated and fuming
sulfuric acid (Gibson and Bailey 1980) or chloro-sulfonation of the surface (applying
chlorosulfonic acid). However, not only the adhesion component (FA) but also the
hysteretical component (FH) of friction of elastomers sliding on hard substrates,
depends on the properties of their surface layer, because energy dissipation occurs
also in the surface layer of elastomers (Moore and Geyer 1974; Bieliński et al.
1998a, b). Due to the existence of surface gradient of mechanical properties, the
hysteresis component plays a decisive role in the friction of elastomers analyzed on
a macroscopic scale—Fig. 11.

The data presented show, that despite a similar surface energy value, chemically
modified elastomers clearly indicate a reduction in the coefficient of friction after
reaching a certain degree of the stiffness of the materials.
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a) virgin b) after modification

Fig. 9 Surface geometry of styrene-butadiene rubber (SBR) elastomer immersed in bromine water
(SEM)
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Fig. 10 Effects of different chemical treatments on the friction of selected synthetic elastomers

3 Influence of Physical Treatment on Friction

The effects of physical modification of a surface very often concern changes to its
chemical composition, structure andmorphology, therefore the division into chemical
and physical modification of a material is a contractual matter.
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Fig. 11 Effect of surface layer stiffness of elastomers (C1) subjected to various chemical
modifications (γs= 38 ÷ 41 mJ/m2) on their coefficient of friction against steel

3.1 UV Radiation

Ultraviolet radiation is commonly considered to be a negative factor, that causes the
ageing of polymers. However, when used in a limited dose, it turns out to modify
elastomers (Bieliński andGłąb 2005), whichmay be an advantage from a tribological
point of view—Fig. 12.

As a result of exposure of rubber products to UV radiation, hydrogen atoms
are released and the surface layer of material is gradually graphitized, which can be
clearly seen from the data of nuclear reactions analysis (NRA) (Feldman and Picraux
1978)—Table 1. The range of modification, limited to a depth of a few micrometers
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Fig. 12 Effect of exposition time to UV radiation on the coefficient of friction of carbon black
filled natural rubber (NR) vulcanizates against glass plate
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Table 1 Evolution of hydrogen atoms content in the surface layer (50–150 nm) of sulfur NR
vulcaniztes as the exposure time to UV increases

Concentration of H (at.%) 0 30 min 2 h 4 h 24 h 72 h

66 54 42 40 27 23

Fig. 13 Microcracks generated on the surface of NR windscreen wipers as a result of their ozone
aging: virgin sample (a), 2 h exposure (b), 4 h exposure (c), 24 h exposure (d), or 72 h exposure (e)

suggests, that the top layer of graphite may not be chemically bonded to the substrate,
forming a thin layer of grease on the surface of rubber vulcanizates.

Natural rubber (NR) is one of the polymers that softens (degradation of macro-
molecules) when aged. If only the effect of plasticization of its surface layer does not
obscure the effect of lowering the friction coefficient following graphitization, the
favourable tribological effect can be obtained, which is clearly visible from the anal-
ysis presented in Fig. 12 and Table 1. In the case of polymers which become harder
because of aging (as a result of macromolecules being crosslinked), e.g. polybuta-
diene (BR), the effect obtained is problematic due to the accompanying excessive
abrasive wear of the materials. The surface of the materials starts to be covered with
a grid of ozone cracks, which give rise to their destruction. Initial microcracks are
less visible to butadiene copolymers, like SBR and NBR, for which a low dose of
UV radiation is beneficial from a tribological point of view. The appearance of the
surface of car windscreen wiper blades after their exposure to UV is demonstrated
on pictures from optical microscopy—Fig. 13.

3.2 Plasma Treatment

The application of low temperature radio frequency (RF) plasma for surface treatment
of polymer materials has been tried since many years, mainly as an effective way to
improve the adhesion of polymers to other materials, in order to control their surface
energy and wettability or friction modification. The three main effects resulted from
the modification can be achieved and namely:
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• control of surface energy and wettability (Egitto et al. 1990),
• development of surface geometry, promoting mechanical adhesion (Morra et al.

1989), and
• plasma pre-treatment, promoting chemical adhesion (plasma induced modifica-

tion) (Dierkes et al. 2019) or plasma polymerization (Yasuda 1985).

The first one is realized by oxidation of the surface layer—Fig. 14, which
combined with modification of the surface microroughness of elastomers—Fig. 15,
makes possible to control their wettability. An increase in the content of carbonyl,
carboxyl and hydroxy groups of polar character, is clearly visible in the XPS spectra.

As the surfacemicroroughness increases—its Ra parameter ca. doubles, aa a result
of 6min of plasma treatment, the energy of its surface changes, allowing to control the
wettability of the surface. The polarity of the surface acts towards the hydrophilicity
of the elastomers, whereas the microroughness facilitates their hydrophobicity.

However, the effect observed proved to be impermanent—water contact angle
changed from 13° to 70° after 70 h, confirming the tendency of plasma treated
elastomer surfaces to return to their original wettability with storage time (Liu et al.
2016).

Plasma etching is shown to be useful in exposing of coarse morphological details
of semicrystalline polymers, such as spherulites, and in providing a convenient way
to rapid stripping of polymer materials (Garton et al. 1978). The increased surface
microroughness and accompanied chemical modification, together with decreased
frictional contact between hard asperities protruding from the polymer surface and
the counter-face, can facilitate decrease of a friction coefficient. Comprehensive
summary of plasma technology applications for selective surface etching of polymer

C=O
C=O

COOH

C-OH

Fig. 14 XPS spectra of ethylene-propylene-diene (EPDM) elastomer before (a) and after treatment
with nitrogen RF plasma (b)
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Ra = 0.24 nm

Ra = 0.42 nm

Ra = 0.52 nm

Fig. 15 Effect of RF nitrogen plasma treatment time: 2 min (a), 4 min (b) or 6 min (c), on surface
microroughness of ethylene-propylene-diene (EPDM) elastomer

materials and plasma polymerization for advanced applications, has recently been
presented by Puliyalil and Cvelbar (2016).

Frictional performance of several elastomers after plasma treatment. has been
examinedbyMartin-Martinez et al. (2012). In all cases, the treated elastomers showed
better performance than the corresponding untreated ones. Stronger treatments, in
terms of a longer process time and/or a higher substrate bias voltage, however, led
to a greater reduction in their coefficient of friction. This was interpreted as an
enhancement of rubber crosslinking and a reduction in elastomer tackiness due to
plasma exposure. The degree of improvement of a certain process depends on the
maximum working temperature of the materials. Therefore, the treatment is more
effective for more sensitive elastomers—Fig. 16.

3.3 Laser Texturing

Among the various surface treatment technologies used to obtain specific morpholo-
gies, laser ablation of material surface is particularly useful. Laser micromachining
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Fig. 16 Energy consumed during tribological tests for various elastomers after plasma treatment
(bias voltage of 600 V/25 min of Ar, followed by 10 min of Ar/H2)

can also be used to increase adhesion (Korzeniewska et al. 2014) or to shape struc-
tures on polymer substrates (Pawlak et al. 2017). Surface modification using laser
ablation is similar to plasma treatment (Khorasani et al. 2006; Song-Hua et al. 2011;
Sun et al. 2016) however, laser application can lead to the diverse effects, e.i. to
reduce surface wettability. The proper selection of the laser wavelength (photon
energy) and laser pulse duration, allows modifications of the surface chemistry and
topography, in order to control the wettability of elastomers. The application of a
nanosecond-pulsed IR laser beam towards elastomers filled with carbon fillers or
pigments, capable of absorbing its energy (e.g. iron oxide black), may not cause
any chemical changes to the materials, leaving a hydrophobic effect only to the
geometric pattern on the surface. Subtle changes in the laser beam pulse energy,
while preserving the same hatching distance did not significantly affect the contact
angle value, however increasing the hatching distance, already by0.02mm,makes the
contact angle increased significantly (even by more than 20°). For styrene-butadiene
rubber or acrylonitrile-butadiene rubber filledwithmultiwalled carbonnanotubes and
carbon black (SBR/MWCNT/CB andNBR/MWCNT/CB respectively), the relation-
ship between the contact angle (representing the wettability of a surface) and pulse
energy could be approximated by a linear function for the former and by a logarithmic
one for the latter—Fig. 17.

Based on the results obtained, fibre-pulsed laser texturing of surfaces can be
considered a very useful method for producing elastomers with a time-stable,
superhydrophobic surface. The most likely the effect is the result of generation a
hierarchical structure of MWCNT agglomerates, as demonstrated schematically in
Fig. 18.

Elastomers filled only with CB, also exhibit improved thermal conductivity, but
due to completely different morphology of the filler particles, the hierarchical struc-
ture was not produced. In the case of rubber filled with structural CB, the filler’s
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Fig. 17 Effect of beam pulse energy on the contact angle of the elastomer composites studied

bunches of MWCNT agglomerates

polymer/MWCNT composite substrate

Fig. 18 Schematic representation of the hierarchical structure on the surface of an elastomer filled
with MWCNT after laser ablation

tendency to form the internal structure prevailed over the agglomeration of its parti-
cles, therefore the hierarchical structure, contrary toMWCNT (as confirmed bySEM,
Siciński et al. 2018) was not generated.

Surface wettability plays a very important role in the friction of elastomers, not
only when friction takes place under lubricating conditions, determining the effi-
ciency of the lubricant applied, but also because of the lubricating effect of water
towards the polymers, as described by Borutto (Borutto et al. 1998).

3.4 Ion Beam Bombardment

The effect of surface layer graphitization of polymers was also observed when the
surfacewas bombardedwith high-energy particles, e.g. ion beams,which, due to their
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mass, unlike UV radiation or electrons (electron beam—EB), penetrate the material
only to a limited depth, usually not exceeding some micrometers. In the Raman
spectra obtained by a confocal microscope, the characteristic absorption bands D
and G, derived from graphite, can be seen with wave numbers of 1350 i 1600 cm-1

respectively (Ferrari and Robertson 2000)—Fig. 19.
Graphitization of the external ends of the polymer macromolecules, while leaving

their rest anchored in the subsurface layer, ensures the durability of the modification
(Pieczyńska et al. 2012). The use of beams with an energy density <0.1 μA/cm2,
avoids excessive temperature rise of the material, leading to its destruction. As a
result of the modification, hydrogen escapes from the polymer macromolecules, but
the effect of the modification stops at an atomic composition C:H = 1:1, regardless
of the type of ions and beam size, as can be seen for the example of high density
polyethylene (HDPE) (Turos et al. 2003)—Fig. 20.

Graphitization of macromolecules is accompanied by degradation and
crosslinking processes. The structure of the macromolecule determines which of
them will prevail. In the case of chloroprene (CR) or natural rubber (NR), there
is a reduction in hardness following the ion bombardment, while the surface layer
of butadiene rubber (BR) and its styrene (SBR) and acrylonitrile (NBR) copoly-
mers becomes additionally crosslinked. Crosslinking of macromolecules causes
shrinkage of the surface layer of the material shrunk, what results in its cracking,
ultimately increasing the surface microroughness. The effect is most visible for SBR
vulcanizates, resembling broken ice pieces on the water surface, whereas for NR
vulcanizates a more fine crack pattern is produced—Fig. 21.

The observed changes in surface microroughness, along with an increase in hard-
ness, make the actual frictional contact decreased, which contributes to a decrease
in the friction coefficient. The hardness of the elastomers studied changes—Fig. 22,
influencing their tribological properties (Bieliński et al. 2014).
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Fig. 19 Raman spectra of high density polyethylene (HDPE) surface layer subjected to ion
bombardment. For comparison the spectrum of the virgin sample has been placed at the bottom
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Fig. 20 Surface profile of the atomic hydrogen content of polyethylenes subjected to ion
bombardment with a helium ion beam of energy 130 keV

However, the adhesive properties of elastomers also play a significant role in fric-
tion. By analogy to the polyolefins subjected to ion beam bombardment, graphitiza-
tion makes progress, the degree of oxidation increases and the surface microrough-
ness of elastomers develops.Oxidation, alongwith an increase in surfacemicrorough-
ness, are responsible for improving the wettability of materials, which occurs even
for special elastomers—resistant to conventional chemical modifications—Fig. 23.

According to the hypothesis of Borutto (Borutto et al. 1998), the increase in
wettabilily helps to reduce friction of elastomers—Fig. 24.

The ion bombardment has proven effective, e.g. reducing the friction of Simmer
type seals made of fluorine rubber, working in power units by approx. 10–15%,
or lowering the resistance of seals moving from static to kinetic friction. This is
decisive from the point of view of choosing the size of hydraulic cylinders, that drive
themechanisms of panels and chassis. The seals used are made of special elastomers,
which are difficult tomodify in a conventionalway, such as by chlorination, iodination
or sulphonation, while in most cases the application of ion bombardment to modify
their surface works—Fig. 25. In some cases, e.g. for thermoplastic polyurethane
elastomer (TPU), the coefficient of friction could be reduced by over 2.5 times.

Modification by ion bombardment can be useful for special purpose elastomers,
for which conventional, „wet” chemical treatment is ineffective, which becomes
important for demanding aerospace and automotive applications. Friction modifica-
tion can be obtained for any kinds of ions used for bombardment, but its effectiveness
depends on the ion dose, what is demonstrated in Fig. 26.

The effect is of 0–1 character, becoming significant to the ion dose exceeding
1014 1/cm2, regardless of the kind of irradiated elastomer or the kind of applied ions.
A low coefficient of friction is likely to be associated with a graphite layer formed
on the surface of an elastomer treated with a high dose ion beam. The reduction
can be subscribed to changes in the mechanism of friction from the bulk—byMoore
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NR
a) b)

SBR
a) b)

Fig. 21 Changes in surface microroughness of natural rubber (NR)-based and styrene-butadiene
rubber (SBR)-based elastomers, subjected to ion beam treatment: a He+/3×1016 cm−2/130 keV or
b Ar+/1 × 1016 cm−2/130 keV

(1975), Persson (1998) to the surface sensitive one—described by Bowden and Tabor
(Persson 1998; Bowden and Tabor 1980; Rymuza 2004), shown in Fig. 27.

Dissipation of energy prevails over its accumulation in the case of elastomers
with hard but very thin surface „skin”, produced by ion bombardment, contrary to
virgin samples, for which energy accumulation due to hysteresis of the materials
is predominant (Moore 1975). The effect of the treatment is durable, despite the
cracking of the elastomer surface presented above. The delamination wear, charac-
teristic for conventional chemical modification of polymers can be avoided, due to a
very shallow extent of changes (Jagielski et al. 2011).

Apart from the discussed above changes in the friction mechanism, lower fric-
tion of elastomers can also originate from a smaller actual tribological contact, as a
result of increased surface microroughness and/or graphitization. Such possibility is
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Fig. 22 Effect of ion bombardment on microhardness of the elastomers studied. Spherical
microindentation
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Fig. 23 Effect of ion bombardment (Ar+ 3×1016 cm−2/130 keV) on the water contact angle
(wettability) of the special elastomers studied

demonstrated by the surface morphology shown in Fig. 28, and changes in the coef-
ficient of friction presented in Fig. 29 for butadiene-acrylonitrile rubber/multiwalled
carbon nanotubes composites (NBR/MWCNT), subjected to ion beam etching with
He+ or Ar+ ions.

The surface irradiation of the compositeswith heavyAr+ ions exposes large carbon
nanotube agglomerates, protruding above the elastomer substrate. Such „sliding
islands”morphology of the surface tends tomeet both of the abovementioned criteria
of low friction: reduction of the actual frictional contact (islands) and lubrication
(agglomerates of CNTs).
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NBR - acrylonitrile-butadiene rubber vulcanizate, CR - chloroprene rubber vulcanizate,
CR/NBR - 50:50 mixture of CR and NBR, NR - natural rubber vulcanizate elastomer,
SBR - styrene-butadiene rubber vulcanizate 
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Fig. 24 The effect of ion bombardment on the coefficient of friction of various elastomers. Steel
block-on-elastomer sample ring

4 Low Friction Coatings

Limited solubility of lowmolecular weight components of rubber mixes or elastomer
composites, their crystallization or thermodynamical incompatibilitywith a nonpolar
polymer matrix results in their surface migration. The surface layer of materials
becomes enriched with chemicals, that change its mechanical properties, lubricate
the surface or produce a kind of low-friction coatings.

4.1 Surface Migration of Low Molecular Weight Components

The blooming of low-molecular weight substances contained in the rubber mix
concerns not only the components of the curing system and the products of their
reaction. Nevertheless, the surface migration of softeners and protective waxes also
plays an important role, as they simultaneously plasticize the rubber surface layer and
modify its surface. It can be traced back to the surface images of SBR vulcanizates
containing low-molecular-weight fatty acids, with increasing length of the backbone
chain—Fig. 30 (Bieliński et al. 2005a, b).

Tribological properties of elastomers also depend on low molecular weight addi-
tives migrating to their surface, whose solubility limit in polymer has been exceeded.
The driving force behind the migration is very often crystallization, which occurs
more easily on the surface than inside a polymer matrix, or specific interactions such
as hydrogen bonds. This can be traced back to paraffin waxes differing in the content
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Fig. 25 Comparison of effectiveness of friction reduction by ion bombardment and conventional
„wet”, chemical treatment for the selected special elastomers. Steel block-on-elastomer sample ring

of linear phase (capable of crystallization), linear n-alcohols and n-carboxylic acids,
with a backbone length of C11 to C18—Table 2.

The bloom thickness was calculated based on the spherical microindentation data,
collected applying the so-called load-partial unload technique procedure (Briscoe
et al. 1998). The tribological properties of the rubber are also influenced by the
low molecular weight additives migrating on its surface, whose solubility limit in
the rubber has been exceeded. The driving force behind the migration is very often
crystallization, which occurs more easily on the surface than inside an elastomeric
matrix, or specific interactions such as hydrogen bonds. This can be again traced back
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a) bulk mechanism – Moore b) surface mechanism –
Bowden & Tabor 

Fig. 27 Effect of ion beam bombardment on the friction mechanism of elastomers

a) b)

Fig. 28 Surface morphology of NBR/MWCNT containing 5 phr of MWCNT, subjected to ion
etching: 1×1014 cm−2/160 keV/He+ (a), or 1× 1014 cm−2/130 keV/Ar+ (b)
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virgin
after ion beam treatment

virgin
after ion beam treatment

NBR/1 phr MWCNT NBR/3 phr MWCNT

Fig. 29 Effect of Ar+ ion bombardment on the friction coefficient of NBR/MWCNT composites
containing: 1 phr (a) or 3 phr (b) of MWCNT

1. 2. 3.

4. 5. 6.

Fig. 30 Blooms of carboxylic acids on the surface of peroxide cured styrene-butadiene rubber
(SBR) vulcanizates. AFM—tapping mode

to paraffin waxes, n-alcohols and n-carboxylic acids, with a backbone chain length of
C11 to C18. A higher ratio of n-paraffins (of linear macromolecules) to iso-paraffins
(of linearly branched macromolecules) increases the thickness of crystalline blooms,
however, their adhesion to the substrate decreases, they break and tear off, losing their
ability to further protect elastomers. From the point of view of friction and protection
of the rubber against aging, the composition of the waxes should be optimized due
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Table 2 Thickness, microroughness (Ra) and bearing area (B.A.) of the blooms of selected low-
molecular weight additives (5 phr) present on the surface of SBR, and their influence on friction.
Microfriction: 5 µm stainless steel ball/ 0.1 µm/s

Sample Bloom thickness
(μm)

Microroughness
Ra (nm)

Bearing area B.A.
(%)

Coefficient of
micro-friction

SBR – 6 98 0.18

SBR+SC11 0.02 8 71 0.37

SBR+SC12 0.20 35 25 0.22

SBR+SC16 4.74 227 52 0.27

SBR+SC17 4.47 129 44 0.16

SBR+SC18 3.42 256 71 0.24

SC11–SC18—low-molecular weight fatty acids containing from 11 (undecanoic acid) up to 18
(stearic acid) C atoms in a backbone chain

to the ratio of iso-paraffins to n-paraffins. An example of an amorphous bloom, that
reduces the friction coefficient of rubber vulcanizates, is zinc stearate, which acts as
a kind of grease. N-alcoholic blooms are not very effective from a tribological point
of view, due to their low cohesive strength, derived from weak internal hydrogen
bond interactions. N-carboxylic acid blooms are much more durable, with stronger
internal interactions. They can reach very large thickness, even up to a few μm—
Fig. 1. This results from the fact, that together with zinc stearate—always present on
the surface of sulfur vulcanizates (product of the reaction between ZnO and stearic
acid, formed during vulcanization with the sulfur system) (Jasiński 1988), they work
to reduce the friction coefficient of the rubber, even on a macroscopic scale—Fig. 31.

In the contrast to thermoplastics or resins, the addition of solid lubricants, such as
graphite or MoS2, is less effective in reducing the friction coefficient of elastomers
due to the simultaneous plasticization of the material, manifested by a significant
increase in the deformation component of the friction force (Bieliński et al. 1993a,
b). This is evenmore evidentwhen trying tomodify rubberwith lowmolecularweight
waxes, paraffin oil or silicone oil, acting even more effectively towards plastificizing
the rubber, especially its surface layer—Fig. 32.

The increase in the deformation component of friction prevails over the decrease
in its adhesion component, which is especially visible in the case of the addition of
paraffin oil, being of a similar solubility parameter to hydrocarbon elastomers and
therefore swelling them most effectively, while not manifesting surface migration.
A better lubrication effect can be obtained by admixing of silicone oil, which is
hardly soluble in NBR, but the lowest friction can be achieved by applying solid
lubricants, the presence of which in the top layer of the rubber makes their addition
most effective, which has been utilized in sealing technology.

The above observations are also very important from the point of view of car
users, who could accidentally standing on one of the tires on an oil or a grease stain,
or the safety of workers who have stepped into such spills of oil or grease. The danger
of slipping is generally only present at the beginning and only if oil or grease does
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Fig. 31 Influence of the selected low-molecular weight additives (5 phr) on the coefficient of
friction of SBR vulcanizates against steel. Rubber pin-on-steel disc

not swell the tread material of the tyre or the shoe sole. Due to the fact that most
of the elastomers used in the above mentioned applications are non-polar by nature,
slippage is expected mainly from polar oils and greases.
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c) n-carboxylic acids and their esters 

d) paraffin waxes

*) the tribological characteristic of the virgin elastomer is presented for comparison 
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Fig. 31 (continued)

4.2 Surface Segregation in Polymer Blends

The phenomenon of surface segregation is not only limited to low-molecular
weight components of rubber mixes. Its existence was also confirmed in relation
to elastomer-plastomer blends (Bieliński et al. 1997a, b; Bieliński 2004). This is
most likely the result of surface migration of the low-molecular weight plastomer



192 D. M. Bielinski et al.

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

200 250 300 350 400 450 500

Co
ef

fic
ie

nt
 o

f f
ric

tio
n

Loading [kPa]
virgin paraffin oil silicone oil graphite MoS2

Fig. 32 Effect of the selected lubricating additives: 1. Oils—5 phr, 2. graphite and MoS2—15 phr,
on butadiene-acrylonitrile rubber (NBR) friction. Rubber pin-on-steel disc

fraction. The phenomenon is dependent on molecular weight, the difference in solu-
bility parameters of both polymers and processing technology, allowing for surface
segregation in polymer mixtures, as demonstrated for a system of natural rubber
(NR)/trans-1,4-polypectenamer (TOR) (Bieliński et al. 1999a, b)—Fig. 33.

The surface layer of the blends (ca. 0.6–1.1 μm) is enriched with polyoctenamer
compared to their bulk composition. The low-molecular weight cyclic fraction of
TOR, segregating towards the surface, reduces thematerialmicrohardness. The effect
is most visible for low polyoctenamer contents, not exceeding 20–25 phr—Fig. 34.

The effect described above is reflected by a significant decrease in the friction
coefficient of the NR vulcanizates modified by TOR additive—Fig. 35.

An interesting phenomenon, known from industrial practice, is the protective
effect of admixing diene terpolymer (EPDM) or ethylene-propylene copolymer
(EPM) to styrene-butadiene rubber (SBR). Already added 5 phr of the former
significantly improves the resistance of the latter to ozone aging. Infrared analysis
(FTIR-ATR) indicates on the reversal of the ratio of the surface layer composition of
the mixture compared to the EPM/SBR ratio by volume. Unlike styrene-butadiene
rubber (SBR) filled with flexible polyolefines (EPDM or EPM), the system in which
ethylene-propylene-diene rubber (EPDM), of similar chemical structure, forms a
matrix for low molecular weight polyethylene (LDPE/EPDM), is characterized by
the presence of polyethylene crystals on the surface of their mixtures. The crystalline
phase of polyethylene is partially solvated by the amorphous matrix of elastomer
during mixing above the melting temperature of LDPE. Most probably, the main
driving force behind the surface migration of polyethylene in the system is its crys-
tallization, which occurs more easily on the surface. The resulting crystallites form
spherulitic structures only if the macromolecules of polyethylene exceed a certain
molecular weight of Mw = 1500 g/mol—Fig. 36.
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a) FTIR ATR in a range of 2800-3050 cm-1

b) FTIR ATR in a range of 1435-1470 cm-1

ZnSe and Ge – ATR crystals of different refractivity index
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Fig. 33 Composition of the surface layer of NR/TOR blends, calculated based on FTIR analysis.
The arrow points towards the blend surface

Surface segregation acts towards lowering of the coefficient of friction of polymer
materials, especially under low load and the effect is durable—Fig. 37, and influences
the mechanical properties of their surface layer—Fig. 38.

Morphology of the surface layer of polyolefine blends is also influenced by the
macromolecular structure of the elastomers, which of course also affects the surface
hardness profile and friction coefficient of the materials.

The largest surface segregation takes place in the system containing the elas-
tomer of statistical structure (completely amorphous). Despite the lowest mechan-
ical strength of the blend with its participation, the tribological effect achieved is the
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Fig. 35 Effect of the addition of polyoctenamer (TOR) on the friction of NR/TOR blends. Steel
block-on-elastomer sample ring

greatest, which once again confirms the significant role of the surface layer in the
friction of elastomers.

Molecular weight distribution (Mw/Mn) is also important. In the case of the
polyethylene of high Mw/Mn value, its low-molecular weight fraction is solvated by
a rubber matrix, limiting surface crystallization of the polyethylene. The application
of LDPE with the so-called bimodal distribution of molecular weight allows, with
appropriate mixing technology, to obtain an amorphous top layer consisting of a
low-molecular-weight fraction of the polyethylene, which gradually fills the surface
microroughnesses (Vijaybaskar and Bhowmick 2005)—Fig. 39.

In general, the addition of low-friction polymer additives like polytetrafluoroethy-
lene (PTFE), isotactic polypropylene (iPP) or various kinds of polyethylene (PE) to
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a) LDPE Mw = 4000 g/mol  Mw/Mn = 2.72 

b) LDPE Mw = 15000  Mw/Mn = 3.03 

c) PE-LD Mw = 35000  Mw/Mn = 2.73

Fig. 36 Crystallization of low-density polyethylene (LDPE) on the surface of 5 phr LDPE/SBR
blends. AFM – tapping mode
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LDPE1 – Mw=4000 g/mol; Mw/Mn=2.72 LDPE2 – Mw=15000 g/mol; Mw/Mn=3.03    
LDPE3 – Mw=35000 g/mol; Mw/Mn=2.73
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Fig. 37 Effect of molecular weight and structure of polyolefines (LDPE) on the friction coefficient
of 15 phr LDPE/SBR against steel. Steel block-on-elastomer sample ring

elastomers, acts towards to reduce the friction coefficient of polymer blends—Fig. 40
(Bieliński et al. 1993a, b).

Introduction of iPP into EPDM at a temperature above melting point of the crys-
talline phase of the plastomer allows for better homogenization of the components,
as a result of providing conditions for at least partial miscibility of the polymers
at segmental level (polymers are not thermodynamically miscible) and/or for the
co-crystallization of the propylene monomer units (Bielinski et al. 1997a, b). The
observed increase in degree of crystallinity in the iPP/EPDM system results in
decrease of friction coefficient of the elastomer. This can be explained, similar to
thermoplastic block elastomers, by the limitation of translational and conformational
mobility of flexible blocks. In contrast to iPP/EPDM blends, LDPE/EPDM systems
are characterized by a lower content of the crystalline phase than would be the case
with additive calculations.Most likely, an amorphous rubbermatrix solvates the crys-
talline phase of the plastomer. It is highly likely, that the tribological effect achieved
is due to the low molecular weight fraction that segregates to the surface, acting
further as a kind of grease.

4.3 Low-Friction Coatings and Solvent-Non Solvent
Treatment

Not every chemical or physical modification is effective in reducing friction of elas-
tomers. Difficulties arise particularly with regard to specialty elastomers, such as
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Fig. 38 Effect of the macromolecular structure of the elastomer matrix (EPDM) on the surface
hardness profile of their blends with low-density polyethylenes (LDPE). Spherical microindenta-
tion

ethylene-propylene or chloroprene rubbers, and specialty materials, e.g. fluorine and
silicone elastomers. Alternatively, various types of coatings can be applied to the
surface of materials, as required—containing pro-adhesive or lubricating substances
(Lawson 1987; Bieliński et al. 2003). The morphology of coatings—Fig. 41, deter-
mining their tribological performance, can be controlled rheologically bymonitoring
their viscosity.

Particles of solid lubricants such as graphite or molybdenum disulphide can
also be introduced directly into the surface layer of elastomer using the so-called
“solvent—non-solvent” treatment (Chen and Ruckenstein 1992). The method is
based on controlled swelling of the surface layer of elastomer by a suspension of solid
lubricant in thermodynamically good solvent for it. The solvent reduces the degree



198 D. M. Bielinski et al.

a) EPDM b) 5 phr LDPE/EPDM

c) 25 phr LDPE/EPDM

Fig. 39 Surface segregation in 5-25 phr LDPE of bimodal molecular weight distribution/EPDM
blends. AFM—tapping mode
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Fig. 40 Effect of admixing of 25 phr of selected polymers on friction of their blends with natural
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40 phr of graphite                 80 phr of graphite 

110 phr of graphite  

Fig. 41 Influence of graphite content (related to rubber mass) on morphology of coatings made of
the lubricant dispersion in toluene of SBR (SEM—100×)

of chain entanglement and packing, allowing the introduction of graphite or MoS2
particles into the vulcanizate surface layer. After extraction with another solvent in
which it dissolves well, but which does not swell rubber (non-solvent), the modi-
fier particles anchor mechanically in the surface layer of the elastomer (substrate),
providing a permanent effect of the modification—Fig. 42.

A coating with graphite, MoS2, or their mixture, can significantly reduce the
acrylonitrile-butadiene rubber vulcanizates friction against steel—Fig. 43. Themodi-
fication was successfully verified as an effective method of modifying seals used in
non-lubricated pneumatics (Ślusarski et al. 1996).

Similar modification can be made by applying to the surface of the vulcan-
izate a coating made of a mixture of solid lubricant (graphite or MoS2) and rubber

solid lubricant (graphite or MoS2)1 -
2 - elastomer substrate1 2

Fig. 42 Suggested morphology (cross-section) of low-friction coatings
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Fig. 43 Effect of solvent—non-solvent treatment on the friction characteristic ofNBRvulcanizates.
Rubber pin-on-steel disc

latex or solution—preferably of chloroprene rubber, which has good adhesion and
mechanical strength. In order for the coating to work effectively to reduce the fric-
tion coefficient, the solid lubricant particles must be distributed evenly, which can
be tracked using a scanning electron microscope equipped with an X-ray analyser
(SEM-EDX)—Fig. 44, or simply controlled rheologically.

The above coatings (“latex” coatings), contrary to the solvent—non-solvent ones
(Fig. 42), have layered structure—Fig. 45.

Unlike in “solvent—non-solvent” coating, this time the outer layer is made of
rubber and the friction occurs by slipping via a layer of lubricant (2), situated between
the rubber substrate (3) and the outer layer (1).

5 Tribochemical Modification and the so-Called „Third
Body” Formation

The least understandable aspects of friction are the phenomena occurring on the
friction surface. The concept of the so-called “third body” (Heinicke 1984) is the
basis on which the slip theories have been formulated—Fig. 46.

The so-called “third body” zone consists of wear and degradation products,
originated from both counterfaces, impurities and lubricants, that change the fric-
tion conditions by changing the contact surface and/or acting as a kind of grease
under the influence of plastic deformations, separating the rubbing bodies. Recently,
the approach to friction has begun to change due to tribochemistry (Płaza 1997).
Tribochemistry investigates chemical reactions taking place in the friction zone and
their influence on friction conditions. It explains the process of selective transfer of
the specimen material or its components to the counterface (Polak 1998), forming
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a) uncured coating - MoS2 agglomerates distributed statistically in 
a coagulated elastomer matrix

chlorine - chloroprene rubber               sulfur + molybdenium - MoS2

b) „sandwich” structure – solid lubricant particles just below the surface

chlorine - chloroprene rubber               sulfur + molybdenium - MoS2

c) MoS2 particles introduced deeper into the substrate material

chlorine - chloroprene rubber               sulfur + molybdenium - MoS2

Fig. 44 The distribution of chemical elements—representing components, in coatings. SEM-EDX
mapping
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1 - thick outer layer (coagulated CR latex) 
2 - thin layer of solid lubricant (graphite or MoS2)
3 - rubber substrate

1

2 3

Fig. 45 Schematic representation of the „latex” coating morphology

Sample

Counterface

Third body Surface adsorbed layers

Fig. 46 The “five-zone” scheme, representing the “third body” model

boundary layers, protecting against further wear or reducing friction. Amorphous
wear products, which are a consequence of abrasion and oxidation of “soft” polymer
material, form an intermediate layer (i.e. “third body” layer), capable of dissipating
mechanical energy (Myshkin 2000) and lubrication (Godet 1990). In the 1970s, the
phenomenon of selective transfer, was the subject of numerous literature reports,
especially in the Soviet Union, Central and East European countries. The selective
transfer, also known as the Garkunov effect, is based on the formation of a layer of
“pure” copper on the surface of the steel counterface being in frictional contact with
the copper alloy sample, under the conditions of boundary friction when lubricating
the contact with glycerine (Garkunov 1989). Significant reduction in the friction
coefficient and practically no wear of the metal elements in some polymer-metal
friction couples was also observed. The accompanying temperature rise in the fric-
tion contact zone favours the phenomenon of selective transfer of polymeric material
components, which then enter into a chemical reactions with the surface layer of the
metal counterface. So, the modification is not only limited to the polymer sample
(Rymuza 1986), but also affects the surface layer of the metal. An example is the
hydrogen wear of aluminium alloys, which cooperate intensively with a specimen
made of polymer materials (Starczewski 2004). In the subject literature, only a few
reports can be found on a similar modification, that would work towards reducing
friction (Morrison and Porter 1983; Grossiord et al. 1998; Wang et al. 2005a, b;
Bieliński et al. 2006a, b, 2007). It turns out, that as a result of intensive friction of
sulfur vulcanizates of butadiene-styrene rubber against a sample made of Armco
iron, a chemical modification of the surface layer of the metal occurs. Its range,
except from the obvious dependence on the free sulfur and its compounds content
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Fig. 47 Influence of the degree of crosslink sulfidity (S+S-S/Sn) of SBRvulcanizates on the relative
content of sulfur containing ions (ToF-SIMS), present in the surface layer of Armco iron counterface
after friction. Metal block-on-SBR ring

(originating from unreacted accelerators, and the products of vulcanization), which
tend to surface migration, also depends on the type (sulfidity) and degree of crosslink
density—Fig. 47.

From the results obtained it can be concluded, that the lower the sulfidity of
crosslinks (S+S−S concentration), the higher the extent of the modification of iron
counterface. The highest effect was detected in the case of iron counterace being
in the frictional contact with SBR cured with a sulfur effective system of short
(mono- and di-sulfidic) to long polysulfidic (S+S−S/Sn) crosslinks ratio equal to
0.55. The heat generated during friction facilitates the decomposition of polysulfidic
crosslinks, which characterize themselves by the lowest energy among the sulfur
crosslinks created during rubber vulcanization (Morrison and Porter 1983). Their
decomposition, responsible for the liberation of sulfur ions being highly reactive
towards iron, ismost probable.Thepresenceof 100–150nmdepth iron sulphide (FeS)
layer was confirmed by the depth profiling SIMS studies of iron Armco sample after
an extensive friction against SBRvulcanizates. FeS can effectively lubricate themetal
surface, reducing its friction coefficient against the rubber vulcanizates—Fig. 48.

FeS, characterizing itself by good lubricating properties, becomes easily spread on
the metal surface, filling its microroughnesses. Even a very thin layer of FeS can act
effectively to reduce friction in the rubber-metal friction couple, due to the adhesionof
the lubricating film to the metal surface. Metal oxides, being created simultaneously
(mainly Fe3O4), act synergistically together with FeS, making a significant increase
in the wear resistance of the metal counterface (Buckley 1981).

Attempts to modify the surface layer of light magnesium alloys, e.g. AZ 31 (96%
Mg, 3% Al, 1% Zn), applying the ”rubber friction” in order to achieve a lubricating
effect, were also successful—Fig. 49 (Bieliński et al. 2006a, b, 2007).
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Fig. 48 Influence of the surface modification of Armco iron counterface on the friction coefficient
and energy dissipation during friction of SBR vulcanizates against themetal.Metal block-on-rubber
ring

Due to the modification the friction between MZ 31 and SBR could be reduced
noticeably. The optimization of the efficiency of the metal counterface modification
was tried, studying the effect of:

• crosslink density of rubber (conventional sulfur rubber vulcanizate vs. ebonite),
and

• conformation of macromolecules, determining the stiffness of the polymer
(polysulfone vs. polysulfidic rubber).

Analysis of the ToF-SIMS spectra obtained, revealed that the highest amount of
S- and SH- ions was transferred to the surface layer of Armco iron subjected to
extensive friction against ebonite—Fig. 50.

The modification with SBR and crosslinked polysulfide rubber is also effective
(Siciński 2008). In the case of polysulfone, which characterizes itself by a strong
binding of sulfur to the main chain and exhibits different from the other polymers
studiedmechanical degradationmechanism, the effect of sulfur transfer to the surface
layer of the metal counterface is practically unnoticeable. The amount of iron sulfide
produced depends on the reactivity and the concentration of the sulfur-containing
polymer fragments present in the friction zone. Among the possible ingredients,
leading to the formation of FeS, the greatest affinity for iron is shown by the poly-
sulfide crosslinks and ionic products of their decomposition. They may be formed
only in the case of styrene-butadiene rubber and ebonite vulcanizates, because of
their structure. Distribution of all ions, present in the top layer of a metal sample
subjected to friction against various polymers containing sulphur, is homogeneous.
Again, apart from sulfuric ions, iron oxides are also formed on the metal surface,
which presence promotes sliding (Wang et al. 2005a, b; Siciński 2008). Iron sulfide
can be further oxidized during friction, leading to the formation of sulfones, that
show even better lubricating properties. The complementary results obtained using
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Raman spectroscopy, confirm the metal modification data obtained by ToF-SIMS
analysis—Fig. 51.

From the ToF-SIMS analysis it follows that only the spectra collected from the
surface of themetal sample after frictionwith ebonite, SBR and cross-linked polysul-
fide rubber, indicate on a modification of the surface layer of iron. The FT-Ramana
spectra of the metal counterface, obtained after friction with high-load ebonite or
polysulphone, contain only the absorption bands that can be attributed to the degraded
fragments of macromolecules or difficult to define compounds of carbon, hydrogen
and oxygen. The example of ebonite additionally illustrates, that an increase in fric-
tion load does not always work towards an increase in the modification effect of the
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A - virgin iron sample (before friction); B - polysulfone under a normal load of 21.4 N;
C - SBR under the normal load of 11.4 N; D - polysulfidic  rubber under a normal load
of 11.4 N; E - ebonite under a normal load of 21.4 N  

Fig. 50 The specific ToF-SIMS spectra of the surface layer of Armco iron samples subjected to
the friction against some polymer materials containing sulfur. Metal block-on-polymer ring; v=
0,12 m/s; T = 23±15 °C

surface layer of the metal. Under extreme conditions of friction, radical degradation
ofmacromolecules occurs, associatedwith their strong oxidation. Under these condi-
tions, the mechanism of ionic decomposition of crosslinks is not able to manifest
itself.

Tribological characteristics of the polymer—ion Armco friction couples are
presented in Fig. 52.

The tribological characteristics confirm the effect of the surface layermodification
of iron samples with sulphur compounds, which occurs during friction of Armco iron
against polymers containing sulfur. In the case of ebonite, the reduction of the friction
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Fig. 51 Changes in the ToF-SIMS spectra of an Armco iron sample subjected to the friction against
various polymers containing sulfur. Metal block-on-polymer ring; v= 0.12 m/s; T = 23±15 °C

coefficient is significant throughout the entire duration of the experiment, while its
replacement with styrene-butadiene rubber or crosslinked polysulfide rubber is only
effective for the first period of operation. Both the median friction force and the
discrete friction energy levels have the most stable runs for ebonite. Approximately
30% reduction of friction is visible for SBR. However, an increase in the coefficient
of friction occurs in tests with polysulphone, which end with abrasive wear of the
metal surface.

The tribochemical phenomena accompanying friction do not only concern chem-
ical reactions taking place in the surface layer of the friction couple elements of.
Physical or chemical sorption of the additive particles present in the lubricating
substances on the surfaces of the friction couple elements, is used in the synthesis
of agents capable of reducing friction and wear (Heinicke 1984). The transfer of
macromolecules from the lubricant to the surface of the metal counterface during
friction was also observed, depending on the diffusion rate and magnitude of the
interactions with the metal surface, which mechanism was proposed by Myshkin
and Belyi (1983). This may eventually lead to the phenomenon of tribopolymeriza-
tion, which can be described as the formation of oligomeric products called friction
polymers on the counter-surface, characterized by a very effective lubricating action,
also/especially under boundary friction conditions (Furey 1973). By the way, it is
worthmentioning, that as a result of the transfer of polymer to the counterface sample,
the microroughness of both elements of the polymer-metal friction pair is changed,
which obviously affects the friction conditions.
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b) friction against vulcanized polysulfide rubber (Thiokol A)

c) friction against ebonite 
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d) friction against polysulphone 
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Fig. 52 Tribological characteristics of the polymer—iron Armco friction couples. Metal block-
on-polymer ring (normal load 11.4 N for SBR and polysulfide rubber, 100 N for polysulphone and
ebonite); v= 0.12 m/s; T = 23±15 °C
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6 Summary and Conclusions

Tribological properties of elastomer materials, apart from the composition and struc-
ture of the polymer matrix, the kind of filler, filler loading and system morphology,
characterizing their bulk, should also be considered from the point of view of
their surface properties. The molecular weight distribution of polymers affects the
morphology of their mixtures and blends. Similar to the migration of low molecular
weight components (Bieliński et al. 2005a, b), also the surface segregation of compo-
nents takes place in polymer systems (Bieliński et al. 1997a, b, 1999a, b; Bieliński
2004; Bieliński and Kaczmarek 2006). If the produced surface layer exhibits amor-
phous character and does not swell the polymer substrate, it is likely to serve as a
some kind of lubricant (Bielinski et al. 2001a, b). However, if crystallization is the
driving force for migration, the surface skin created is stiff and thin enough, it can
withstand external loading, cooperating well with the elastic bulk of the polymer
material (Bieliński 2000). The application of new high sensitivity analytical tech-
niques, like AFM or nanoindentation enabled a deeper analysis of the surface struc-
ture of elastomer materials. It allows for a lot of phenomena accompanying their
exploitation, initiated on a submicron scale or even at nanoscale, to be explained.
The application of microindentation let the gradient character of vulcanization to
be revealed (Bieliński et al. 2005a, b). The phenomenon can be controlled in order
to optimize the characteristics and mechanical profile of the surface layer of rubber
vulcanizates. The crosslink structure is another important factor, besides the filler
loading and systemmorphology, influencing the tribological properties of the rubber.
They can bemodified either by changing the composition of crosslinking systemor by
applying appropriate treatment to the rubber products. The surface layer of polymer
materials undergoes significant physical and chemical changes during processing
(the so-called “active” processing), exploitation (aging) or is post-treated to obtain
the defined properties (modification).

During friction of polymers against metals a mutual modification of frictional
contact surfaces takes place. On the one hand, metal ions migrate to the surface
layer of the polymers, on the other hand, polymer decomposition products react
with the metal surface. Metal ions of variable valence facilitate the aging of poly-
mers, contributing to the mechanism of their mechanical wear, while fragments of
sulfuric crosslinks or free radicals of rupturedmacromolecules can reactswithmetals,
producing lubrication (due to the creation of sulfides or oxides) or causing wear of
a metal counterface respectively.

Unfortunately, up to now, the role of the surface layer is underestimated or even
neglected in polymer technology. The approach to the problem from the point of
view of material engineering and tribology reveals great potential, which has been
described in this work on examples of chemical (halogenation) (Bieliński et al.
1995; 1997a, b, 2006a, b; Ślusarski et al. 1998) and physical modification (solvent—
nonsolvent treatment (Chen and Ruckenstein 1992), plasma treatment (Egitto et al.
1990), ion bombardment (Turos et al. 2003; Pieczyńska et al. 2012; Bieliński et al.
2014) or laser patterning (Siciński et al. 2018). Due to the treatments it is possible to
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produce material with properties that precisely meet any requirements (the so-called
“tailored materials”). It is a cheaper alternative to the usually complicated and more
expensive synthesis of new materials.

The examples given in the work illustrate the issues presented above. They can be
applied as a starting point for further tribological investigations, knowledge-based
material design and modification from the point of view of controlling their friction.
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Ślusarski L, Bieliński D, Janczak T (1996) Application of solid lubricants to reduce the friction
coefficient of the rubber. PL Patent 168,619, 29 March1996

Song-Hua G, Li-Hua G, Ke-Sheng Z (2011) Super-hydrophobicity and oleophobicity of silicone
rubber modified by CF4 radio frequency plasma. Appl Surf Sci 257(11):4945–4950

Starczewski L (2004) Hydrogen wear of frictions’ elements of machines. Problemy Eksploatacji
4:47–57

Sun DL, Hong RY, Wang F, Liu JY, Rajesh Kumar M (2016) Synthesis and modification of carbon
nanomaterials via AC arc and dielectric barrier discharge plasma. Chem Eng J 283:9–20
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Tribological Study on Titanium Based
Composite Materials in Biomedical
Applications

S. Shankar, R. Nithyaprakash, and G. Abbas

Abstract Titanium (Ti) and titanium based alloy (Ti6Al4V) are known for its high
strength, high stiffness, resistance to corrosion and biocompatibility. Themechanical
properties as well as bio-compatibility of titanium lead to wide variety of applica-
tions in biomedical, environmental, aerospace, automotive and marine applications.
The titanium based composites are widely preferred at present to enhance the wear,
friction and corrosion behavior based on applications where it is used.Moreover, tita-
nium based bio-composites are widely preferred in biomedical applications because
of its improved friction and wear resistance properties. The present chapter empha-
sizes more on tribological study of titanium based composites in general and also
titanium based bio-composites in hip joint replacement on biomedical applications.
At the same time, the focus is also given to classify various coating techniques used
to produce the titanium composites and parameters used to analyze the tribological
behavior of titanium composites. This chapter also deals with approaches used to
test with and without bio-lubricant, tribological and corrosion properties of titanium
composites.

Keywords Titanium · Composite · Tribology · Biomedical · Techniques

1 Overview About Titanium Composites

Titanium composites are widely used in enhancing the tribological properties which
are used in applications like biomedical, aerospace and sometimes nanocomposites
are coated on titanium to treat waste water. Particular attention has been given to the
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tribological behavior of biomaterials. This chapter dealswith various techniques used
to fabricate titanium composites, tests carried out to study tribological properties and
effective use of titanium composites in biomedical applications.

2 Introduction to Titanium Based Composites

Titanium (Ti) and Titanium-based materials are generally used in diverse areas due
to its distinctive combination of excellent characteristics properties like strength
and wear resistance. The stiffness of conventional titanium alloys could be further
improved by using titanium-based matrix composites (TMCs) (Attar et al. 2018).
Due to excellent bio-compatibility, stiffness and high corrosion resistance titanium
based biocompatible materials are widely used in biomedical, chemical, aerospace
and automotive applications (Geetha et al. 2009; Okulov et al. 2014).

The common reinforcements used in TMCs are continuously reinforced TMCs
and discontinuously reinforced TMCs. For reinforcement of TMCs different partic-
ulates have been selected which include TiB2, B4C, TiN, ZrC, SiC, TiB, TiC, and
Al2O3 (Geng et al. 2008). The formation of severe surface fractures were prevented
by 20 vol% (TiB+ TiC) reinforcement in titanium based composites. The wear rate
of TMCs extremely decreased due to the reinforcements which reduced the surface
damage against the abrasive wear. The TiB + TiC reinforced composites was fabri-
cated by in-situ synthesis technique called investment casting process (Kim et al.
2013). The presence of hBN (hexagonal boron nitride) and titanium oxide (TiO2)
reinforcement coating in the Ti–6Al–4V alloy improves the antifriction property
and this is achieved by techniques of micro arc oxidation (Lu et al. 2016). The
reinforcing of Titanium Nitride (TiN) with titanium alloy provides higher electro-
chemical impedance, higher corrosion potential and lower corrosion density and this
is produced by the techniques called laser irradiation (Zhao et al. 2018). There are
several techniques which are used to produce titanium composites which include
in situ method, micro arc oxidation, spark plasma sintering, plasma electrolytic
oxidation, Plasma transferred arc (PTA) cladding process and laser processing tech-
niques like laser cladding process, laser irradiation, laser melting deposition and
laser alloying process. Among these methods, laser processing techniques is the
most preferable (Yu et al. 2017). The titanium based bio-composites include tita-
nium based hydroxyapatite (Ti6Al4V-HA), TiB-TiN reinforced Ti6Al4V, calcium
phosphate based Ti composites which are developed to enhance the load bearing
capacity of implants (Bandyopadhyay et al. 2016; Rahmati andKhodabakhshi 2018).
Figure 8.1 shows the properties of biomaterials and Fig. 8.2 shows properties of Ti
composites.

Some of the literatures reported the use of zirconium and ZrO2 composites in
Ti6Al4V with the help of coating techniques over the surface of Ti6Al4V to enhance
surface properties (Li et al. 2012b). The tribological study of titanium and tita-
nium alloy with composites include WC particle, TiO2/hBN ceramic composites,
TiCx reinforcedmetalmatrix composite, TiB,TiC particles, NiTi, graphite, TiNiZrO2
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Fig. 8.1 Properties of biomaterials

Fig. 8.2 Properties of titanium composites

composite, TiAlN (titanium aluminium nitride) nano composite, network structured
CNT, nanocomposite NiSi2/Ti5Si3, Ti5Si3 nanocomposite, gelatin functionalized
graphene oxide composites, Ni60A/B4C powder (Lu et al. 2016; Çelik 2013; Guo
et al. 2007; Jiang et al. 2015; Li et al. 2012a; Li et al. 2011b; Li et al. 2010; Lin et al.
2015; Liu et al. 2014a;Mu et al. 2012; Obadele et al. 2015; PremAnanth and Ramesh
2014; Umeda et al. 2015; Xu et al. 2013; Yan et al. 2015; Zhang et al. 2017). Few
studies used carbon steel and stainless steel coated with Ti, TiN and TiC compos-
ites to investigate the tribological behaviour. The tribological studies considering
biomedical applications were carried out with the bio-lubricants to identify better
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Titanium Composites
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Fig. 8.3 Overview of titanium composites

wear resistant biomaterials (Jin et al. 2015; Peng et al. 2014; Wang et al. 2014).
Figure 8.3 shows overview about Ti composites.

3 Types of Reinforcement Used

Reinforcement materials are added to the matrix materials to enhance the physical
properties of the final composites. The composites have anisotropic properties due
to the use of reinforcement in it. Generally, Composites are classified into three main
categories based on the reinforcement characteristics,

• Particle Reinforced
• Fiber Reinforced
• Structural.

In particle reinforced composites, particles are suspended in amatrix. Particle rein-
forced composites are further classified into two types, i.e. Large particle and disper-
sion strengthened. In fiber reinforced composites, fibers (either natural fiber or man-
made fibers) are reinforced in amatrix of composites. Fiber reinforced composites are
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classified into continuously reinforced and discontinuously reinforced composites.
In continuously reinforced composites, fibers are aligned in a definite manner but in
discontinuously reinforced, fibers are dispersed. Continuously reinforced composites
show more strength when compared with discontinuously reinforced composites. In
structural reinforcements, the classifications include laminated and sandwich panels.
Usually, Titanium metal matrix composites (TMC’s) can be classified into two main
categories depending on the form of reinforcements, continuously reinforced TMC’s
and discontinuously reinforced TMC’s. As discussed above, in continuously rein-
forced TMC’s, the reinforcement materials diffuses into amatrix in a definite manner
but in discontinuously reinforced TMC’s, the reinforcing materials is spread into
matrix of composites in a dispersed manner.

Commonly used reinforcements for the fabrication of TMC’s are Cr3C2, TiC, TiN,
Si3N4, SiC, TiB2, TiB, Al2O3 and Ti5Si3. Some other composites include zirconium,
ZrO2, TiO2/hBN Composite, calcium phosphate-based composite and Ti6Al4V-HA
biocomposites can also be used in biomedical field due to its improved wear resis-
tance and high bio-compatibility. (Li et al. 2012a) usedTiB andTiC as reinforcements
on Ti composites to enhance mechanical and microstructral properties. In another
study (Mu et al. 2012), TiO2/graphite is used as reinforcements on Ti6Al4V alloy
which exhibits better self lubricating property. Xu et al. (2013) used Ti5Si3 as rein-
forcement on Ti6Al4V substrate possess higher fracture toughness and hardness.
Liu et al. (2014a) showed that TiCx reinforcement on TC4 titanium alloy has higher
hardness. Jiang et al. (2015) synthesized TiB2-TiN-(h-BN) reinforcement by in-situ
approach for enhancingmicrohardness. For improving themechanical properties and
toughening mechanism (Lin et al. 2015) used TiB2/NiTi reinforcement on TMC.

4 Techniques Used in Producing Titanium Composites

4.1 In-Situ Approach

In-situ technique refers to precipitation of reinforcing material as a result of melting
of reinforcing material on substrate. The TMC of B4C and pure Ti was fabricated
using investment casting process also called lost wax. Three composite samples
of TiB + TiC were prepared and cut into cubic shapes to perform fretting wear
testing. The above process was carried out with vacuum induction melting (Kim
et al. 2013). Another study (Yu et al. 2017) used induction cladding (IC) approach
to form composite coating of TiC/Ti over Ti6Al4V specimen. The advantages of
this approach include reduced energy consumption, cost and highly reliable. The
TiN coating on Ti-35Nb-7Zr-5Ta (TNZT) alloy having high bio-compatibility was
developed through laser irradiation. The advantage of this process includes surface
texturing and gas alloying using laser. The specimen used was 15 mm × 15 mm ×
2 mm in size while laser source used was pulsed YAG: Nd laser (Zhao et al. 2018).
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4.2 Laser Alloying

The laser alloying technique with help of CO2 laser, composite coating of nitrogen
gas and silicon powder on Ti6Al4V substrate, with sample size of 10 mm × 10 mm
× 40 mm was developed (Tian et al. 2005a).

4.3 Laser Cladding

Energy from laser source is used to melt powder material to be coated over substrate
to form metallurgical bonding on substrate. Ni-based powder is commonly used for
titanium cladding. TiCp composite coating was developed with help of Nd:YAG
laser source (Candel et al. 2010). Another study (Dong and Wang 2009) reported
intermetallic composite coating of TiC/Ti–Ni–Si pre-mixed powders fabricated on
TA15 titanium alloy substrate with sample size of 10 mm × 30 mm × 50 mm. The
laser source used was CO2. Using TA15 substrate (Feng et al. 2012) with sample size
of 50 mm × 20 mm × 10 mm another study developed the intermetallic composite
coating of TiB-TiC/TiNi-Ti2Ni using Ti+ Ni+ B4C powder. Ti-Al coating on pure
titanium disc of diameter 31 and 10 mm in thickness was performed with help of
CO2 laser beam controlled by 4 axis computer numerical controlled (CNC) (Guo
et al. 2007). With the help of TiB and TiC particles TMC coating over Ti6Al4V
substrate composition of 6.5 wt% Al, 4.26 wt% V was performed. The substrate
was made in the form of cylinder of 50 mm in diameter and 10 mm in length. Ti-
B4C-Al or Ti-B4C-C-Al powders were used as the precursor materials (Li et al.
2010). Another study (Li et al. 2011a, 2012a) used TiB whiskers and TiC particles to
develop composite coating on Ti6Al4V of 50 mm in diameter and 10 mm thickness
usingCO2 laser. The coating of γ-NiCrAlTi/TiC+TiWC2/CrS+Ti2CS onTi6Al4V
alloy substrate of 50 mm × 40 mm × 8 mm using CO2 laser was performed and
the volumetric wear rate was noted (Attar et al. 2014). Another literature (Lu et al.
2016) developed Ni60-hBN composite coating by varying hBN content developed
on Ti6Al4V substrate with a dimension of 50 mm × 40 mm × 8 to evaluate its
tribological properties using DILAS SD3000L–3 kW diode laser. Another study
(Tian et al. 2005b) developed composite coating using graphite and silicon mixed
powders on Ti6Al4V substrate with sample dimensions 10 mm × 10 mm × 40 mm
using CO2 laser. Table 8.1 establishes several laser techniques parameters.

4.4 Micro-Arc Oxidation

The composite coating of hBN and titanium oxide was formed with the help of
micro-arc oxidation (MAO) on Ti6Al4V substrate made of round disc of (� 30 mm
× 3 mm) and its tribological behaviour was investigated (Lu et al. 2016).
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Table 8.1 Laser techniques parameters

Substrate
material

Specimen
Size

Laser used Scanning
Speed

Power output References

Ti6Al4V 10 mm ×
10 mm ×
40 mm

1.5 kW CO2 laser 3.5 mm/s 1200 W Tian et al.
(2005b)

Ti6Al4V �50 ×
5 mm

1 kW CW
Nd:YAG
laser

8–16 mm/s 400-800 W Candel et al.
(2010)

TA15
titanium
alloy

10 mm ×
30 mm ×
50 mm

6 kW continuous
wave CO2 laser

600 mm/min 4 kW Dong and Wang
(2009)

TA15 50 mm ×
20 mm ×
10 mm

4 kW YLSí4000
fiber laser

500 mm/min 3.5 kW Feng et al.
(2012)

Pure
titanium

31 mm in
diameter,
10 mm in
thickness

10-kW
transverse-flow
continuous-wave
CO2 laser

4 mm/s 5 kW Guo et al.
(2007)

Ti6Al4V Ø 50 mm
× 10 mm

5-kW CO2 gas
laser

5 mm/s 3.5 kW Li et al. (2011a,
2012a)

Ti6Al4V 50 mm ×
40 mm ×
8 mm

10 kW CO2 laser 6 mm/s 1.5 kW Attar et al.
(2014)

Ti6Al4V 50 mm ×
40 mm ×
8 mm

DILAS
SD3000L–3 kW
diode laser

4 mm/s 1.5 kW Lu et al. (2016)

4.5 Powder Metallurgy

The powdermetallurgy technique based on hot isostatic pressing (HIP), spark plasma
sintering (SPS) and vacuum sintering was processed for titanium–titanium boride
composites. Two different volume percentage namely titanium with 20% titanium
boride and other with 40% titanium boride was investigated (Selva Kumar et al.
2012).

4.6 Plasma Transferred Arc Cladding

Ti5Si3 composite coating using Plasma transferred Arc (PTA) cladding was carried
out over Ti6Al4V substrate usingTi53–Si32–Ni15, Ti43–Si26–Ni31 andTi30–Si18–
Ni52 (at.%) as precursor material (Liu et al. 2014c).
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4.7 Coatings and Its Behaviors

4.7.1 Coating Techniques and Materials

In order to enhance the mechanical properties of substrate, surface of the substrate
is coated with composite materials. In biomedical applications, coating is done for
improving the corrosion and wear resistance, biocompatibility of metallic implants.
There are several coating techniques for enhancing the physical properties of Tita-
nium composites. Figure 8.4 shows the different types of coating techniques. Laser
cladding of NiCrBSi/WC coating on titanium alloy showed reduced wear volume,
coefficient of friction and also it decreased crack susceptibility (Attar et al. 2014).
TC4 titanium alloy is used as a substrate which was coated by TiCx-NiTi2/Ti cermet
composite coatings which increasedmicrohardness to clad layer (Liu et al. 2014a). In
another study, carbon steel was coated with TiC composite coatings by laser cladding
method which showed improved hardness, reduced wear rate and friction (Peng et al.
2014). TiB-TiC coatings was coated on titanium based composites which increased
hardness and decreased thewear rate (Kim et al. 2013). TiAlNwas coated on titanium
alloy using the coating technique called cathodic arc PVD (plasma vapour deposi-
tion) which increased coating adherence and bonding strength (Prem Ananth and

Coating Techniques

In-Situ 
Method

Laser 
Alloying

Laser 
Cladding 

Laser 
Irradiation

Micro Arc 
Oxidation  

Plasma 
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powder 

TiB-TiC/Ti-Ni
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Ti43-Si26-
Ni31
Ti30-Si18-
Ni52

Fig. 8.4 Different types of coating techniques
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Ramesh 2014). Ti-TiN was coated on stainless steel using plasma surface alloying
which exhibited excellent wear resistance and chemical stability (Wang et al. 2014).
TiB2-TiN-(h-BN) coating on Q235 steel substrate improved microstructural unifor-
mity and compactness and also enhanced interfacial bonds of coating using plasma
cladding process (Jiang et al. 2015). The higher corrosion potential as well as elec-
trochemical impedance and lower corrosion current density was obtained by laser
irradiation method in which TiN was coated on Ti substrate (Zhao et al. 2018). Table
8.2 shows various coating and its coating techniques.

It is well known that, bio implants must have higher corrosion properties to with-
stand the human environment and it should not be reacting with body fluids. If the
metallic implants reacts with inner human environment, it causes severe bone cell
damages, corrode the implants and many side effects would be induced. For this
cause, the study of corrosion performance of the composites is essential. One of the
studies (Saba et al. 2018) showed that the corrosion resistance of Ti nano-composites
was enhanced with increase in nano-reinforcement up to 0.25 wt%. (Xu et al. 2012)
revealed that the nanocomposite NiSi2/Ti5Si3 bilayer film had higher corrosion resis-
tance than the Ti–6Al–4V alloy. Lee (2012) showed that addition of CNTs into Ni
coatings on Ti–6Al–4V improved the electrochemical resistance in hank solution.
Zhao et al. (2018) reported that the surface with TiN coating showed improved corro-
sion resistance of composites. Hu et al. (2016), revealed that β-Ta2O5 nanoceramic
coating on Ti–6Al–4V alloy showed excellent corrosion resistance.

5 Tribological Study of Titanium Composites

The tribological behaviour of pure titanium as well as titanium alloys against
composite materials were investigated in many previous literatures. Tkachenko et al.
(2013) which studied the tribological performance of Ti-Si based composites sliding
against silicon nitride balls which showed good wear resistance and less coefficient
of friction. In another study (Lee et al. 2008), alumina ceramic ball were used as
counter bodymaterial which sliding against TiB2-TiB composites with lightminerals
as lubricants with normal load of 49 N, exhibited excellent hardness and wear resis-
tance and also better corrosion resistance. In another study, Si3N4 ceramic ball was
sliding against TiAl matrix self lubricating composites with Graphite as a lubricant
under conditions of 10 N load showed better wear resistance and lubrication (Shi
et al. 2013). Yang et al. (2017) studied the tribological behaviour of TiAl composites
against Si3N4 ballswithmultilayer graphene, silver (Ag) as lubricant under 12N load,
0.8 m/s sliding speed which showed excellent wear properties. In another study, Li
et al. (2018) investigated the tribological performance of TiAl composites using pin-
on-disk tribometer with serpentine (solid lubricant) which exhibited good hardness
and wear resistance properties. Suthar and Patel (2018) performed the tribological
test under different loads with sliding time duration of 30 min in which TiB-TiC
composites was used against 52,100 bearing steel. The result showed better hardness
and reduced friction. The friction and wear behavior of TMCs using pin-on-disk
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(POD) wear tester under various conditions like sliding speed of 125 mm/s, load of
0.35 N and sliding time of 30min was investigated by Kim et al. (2011). The findings
showed enhanced mechanical properties for TMCs under above parameters. Table
8.3 shows tribological overview of various Titanium composites.

6 Titanium Based Bio-Composites in Hip Joint
Replacement

Biocompatibility refers to ability of an artificial material to medically interact with
human body without causing any side effects. Titanium based biocomposites are
mainly used in artificial joint replacements owing to its excellent biocompatibility,
high strength and corrosion resistance properties. The reinforcement mainly used
is zirconia, zirconium, hydroxyapatite and calcium phosphate. Sometimes coating
techniques are also used to deposit composite layer over titanium alloy to enhance
the tribological property to reduce wear debris being released into the human body.
This helps in reducing revision surgery and also enhances the life of implants.

6.1 Hydroxyapatite Based Titanium Composites

The applications of biomaterials are extended day by day. The introduction of hydrox-
yapatite (HA) is a scientific milestone in biomedical field because hydroxyapatite
and natural bone has identical chemical structure and it improves the on-growth
of natural bone (Berndt et al. 2014). HA is a hydrated calcium phosphate mate-
rial. Hydroxyapatite (HA) (Ca10(PO4)6(OH)2) is the foremost promising inorganic
element with excellent biocompatibility. It is mainly utilized for dental and bone
implants (Fathi and Zahrani 2009; Liang et al. 2004; Que et al. 2008). Except bone
tissue related applications, HA is also used for tissue repair and replacement. HA
exhibits better biocompatibility due to its chemical and crystallographic structure
being similar to that of natural human bone. HA is porous in nature, bioactive and
due to that, it is partially resorbed and replaced by naturally bone after some time
(Williams 1987; Niespodziana et al. 2010). Rao and Kannan (2002), Silva et al.
(2001), Mishra et al. (2017) suggested that, HA when reinforced with elements like
Al2O3, ZrO2, TiO2, showed reduction in brittleness without affecting its biocompat-
ibility. Ti is bio-active and bio-inert because of mechanical and chemical bonding
with natural bone (Khorasani et al. 2015). Most of the implants are prepared using
titanium or its alloy due to the outstanding mechanical properties, chemical stability,
endurance and low density in body fluid. Metal implants have good hardness and
mechanical strength but their biocompatibility is less. To enhance the properties of
these metal implants, HA is widely used because of its better biocompatibility and
chemical stability (Szcześ et al. 2017). Rathore (2015) showed 10% TiO2 with HA
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had excellent compressive strength of 59.8 MPa. Chen et al. (2012) showed hard-
ness and relative density of Ti–35Nb–2.5Sn/15HA was increased and wear rate was
decreased with the increase of HA powders. In another study, Rosu et al. (2012)
combination of TiN with HA was used because of its better mechanical and bone
tissue interactions.

6.2 Calcium Based Titanium Composites

Calcium phosphate (CaP) is a biomaterial and it is widely used in biological appli-
cations because of its excellent biocompatibility, bioactivity and osteoconductivity
properties, Calciumphosphate is a best artificial bone substitute (Adeleke et al. 2017).
Narayanan et al. (2008) reported that the electrochemical properties of Ti–6Al–6Nb
and Ti–6Al–4V were influenced by structure, composition and surface roughness of
CaP coatings. Titanium implants show good fixation to the bone when calcium phos-
phate coatings on their surface (Narayanan et al. 2008). In another study, titanium
was coated by Tricalcium phosphate ceramics to improve the bone cell-material
interactions and load bearing characteristics using Laser engineering net shaping
process (Roy et al. 2008). In order to produce a physically textured surface and
enhancing osseointegration, CaP coatings was deposited on a Ti–6Al–4V alloy by
using laser deposition method (Nag et al. 2013). In some of the literatures, adding
CaP to titanium increased hardness and strength. Also the addition of 5% wt. CaP
to Ti64 decreased the wear rate by 70% and its raises 0.2% offset yield strength,
ultimate compressive strength. So, the addition of calcium phosphate with titanium
made the implants to be applicable for load bearing applications (Bandyopadhyay
et al. 2016).

6.3 Approaches Used to Test with and Without Bio-lubricant

Bio-lubricant is a type of lubricantwhich is non toxic to human beings. Bio-lubricants
in hip joint replacement are mainly used for improving the wear resistance and
lifetime of implants. Bio-lubricants play an important role in reducing friction and
wear rate of bio-implants. Natural synovial joints, such as hip and knee joints, are
lubricated with synovial fluid present in the joints and thus prevents the friction
between boneswhilemovements (Scholes et al. 2016). There aremany bio-lubricants
used in hip implants (i.e., bovine serum solution, saline solutions, hank solution, solid
bio-lubricants and custom-made lubricants) (Brown and Clarke 2006). Luo et al.
(2013) investigated the wear rate, coefficient of friction, worn surface and the wear
mechanism of Ti6Al4V alloy under dry and three different lubrication conditions
(deionized water, physiological saline and bovine serum lubrications). The results
revealed that Ti6Al4V alloy had high CoF, high wear rate under dry friction but
showed lower wear rate and CoF under three different lubrications. Among three
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lubricants, bovine serum solution showed better tribological behavior. Razak et al.
(2015) explored the use of alternative bio-lubricants such as palm olein, palm kernel
oil and palm fatty acid distillate for improving tribological behavior in metal-on-
metal contact. Results revealed that palm oil could optimize the friction and wear
rate on metallic acetabular cup due to its unique physical and chemical properties.
Scholes et al. (2016) studied the potential synthetic bio-lubricant as an alternative
to bovine serum and their results reveals that the novel 0.5% gellan gum fluid gel
lubricant has lower wear when compared to bovine serum lubricant. The addition of
self lubricant CaF2 with anti-wear composite coating possessed superior in friction
reducing and anti-wear properties than no lubrication condition (Xiang et al. 2014). In
another study, (Yang et al. 2017) reported that the Ti–48Al–2Nb–2Cr self-lubricating
materials with 10 wt% solid lubricant produced lesser wear. Farnoush et al. (2013)
studied the Ti–6Al–4V samples in both dry and simulated body fluid (SBF) solution.
The samples studied under SBF solution showed better corrosion andwear resistance
than in dry conditions. In another study, Tkachenko et al. (2013) studied Ti–Si based
composites with 25% fetal serum solution+ sodium azide and ethylene diamine tetra
acetic acid exhibited good wear and corrosion resistance and also showed higher
hardness.

7 Approaches to Test the Corrosion Properties

Corrosion is one of the serious issues resulting in the failure of biomedical implants.
Corrosion resistance is one of the important properties for implants in biomed-
ical applications. In tribological perspective, tribocorrosion refers to “tribological
contact of materials leading to irreversible transformation caused by mechanical
surface interactions and simultaneous physicochemical reactions”. Corrosion in
metal implantsmainly occur due to electrochemical reaction between implant surface
and body fluids. In general corrosion is an electrochemical process. There are several
approaches used to evaluate the corrosion resistance properties of implant materials.
Some approaches are CHI660D electrochemical analyzer, Potentiodynamic polar-
ization and electrochemical impedance spectroscopy. Figure 8.5 shows some testing

Fig. 8.5 Some testing approaches for corrosion properties
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approaches for corrosion properties. Saba et al. (2018) investigated the corrosion
properties of Ti/nanodiamonds (NDs) nanocomposites by using CHI660D electro-
chemical analyzer. Corrosion test results showed that corrosion resistance of titanium
increased with increase in nano-reinforcements up to 0.25%wt of ND’s. To improve
the corrosion resistance of Ti6Al4V alloy, the novel NiSi2/Ti5Si3 bilayer film was
coated on to it by double cathode glow discharge method. The findings showed that
the electrochemical resistance of coated alloy was superior to that of Ti6Al4V alloy.
The above mentioned novel coated alloy’s electrochemical behavior was character-
ized by potentiodynamic polarization and electrochemical impedance spectroscopy
(Xu et al. 2012). Lee (2012) investigated the corrosion behavior of electrodeposited
Ni-CNT composite coating on Ti6Al4V alloy using Hank’s solution. The results
suggested that the adding CNTs (carbon nanotubes) to the nickel coating increased
the pitting corrosion resistance and it is verified by potentiodynamic polarization.

A novel β-Ta2O5 nanoceramic coatings was used to improve the corrosion resis-
tance of Ti6Al4V and the results showed that the corrosion resistance of β-Ta2O5

nanoceramic coatings was superior than that of Ti6Al4V alloy in 3.5%NaCl solu-
tion. The electrochemical behavior of novel composite coatings was examined by
potentiodynamic polarization and electrochemical impedance spectroscopy (Hu et al.
2016).

8 Advancements in Development of Titanium Based
Composite Materials

The recent advancement in titanium composites called Polyaniline (PANI)-Titanium-
supported nanocomposites were used as ion-exchanger material for waste water
decontamination. The above mentioned titanium composite was developed using
sol-gel method (Shahadat et al. 2020). The development of titanium dioxide-coated
biochar composites was used to remove organic pollutants in aqueous medium. The
composite was prepared using sol-gel method (Cai et al. 2018). One of the recent
literatures showed yttria stabilized ZrO2 nano coating was performed on titanium
substrate to enhance biocompatiblity, bioactivity and hardness. The coating was
done using electrode deposition (Yin et al. 2018). Self healing of materials was
investigated for SS304 modified with boron (B), cerium (Ce) and titanium (Ti) and
it showed improved creep resistance (Kilicli et al. 2018). The recent study reported
the fabrication of novel Ti–6Al–4V/TiB composites by hot pressing as well as spark
plasma sintering (SPS) showed improved tensile strength than wrought Ti–6Al–4V
(Luo et al. 2019). Another recent study revealed that the mechanical and biological
properties of the Ti6Al4V/HA composite porous scaffolds could be easily adjusted
by the 3D printing techniques and it is a promising one in bone tissue regenera-
tion (Yi et al. 2020). In the twenty first century, developing renewable energy is
one of the major scientific challenges. Recently various advanced TiO2 nanostruc-
tures have been developed for photo catalytic fuel production (H2 generation, CO2
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reduction, etc.) due to their low cost, abundance and environmental friendly in nature.
Zhang et al. (2020) discussed in detail about the several applications of hierarchically
mesoporous TiO2 materials in energy and environmental related areas, such as photo
electrochemical water splitting, chemical catalysis, photo catalytic degradation of
pollutants, lithium-ion batteries and sodium- ion batteries. The Ti3C2Tx@NiCO2O4

composite materials could be used for high performance microwave absorber due
to its good conductivity, high dielectric constant, and dielectric loss matching with
ohmic loss, magnetic loss and interface polarization. The above mentioned compos-
ites were prepared by simple hydrothermal method and annealing treatment (Hou
et al. 2020).

9 Conclusions

Titanium as well as titanium alloy along with coating of different materials are
discussed in this chapter. The different reinforcements and coating techniques used
for titanium composites help readers in choosing better technique for producing these
composites. Also titanium and its alloy are widely used for implants because of its
enhanced mechanical properties and its biocompatibility. Due to its excellent corro-
sion properties, it is widely preferred in biomedical applications. Also, Titanium has
better tribological properties and its mechanical characteristics could be enhanced by
several coating techniques. Hydroxyapatite with titanium exhibits excellent biocom-
patibility and bioactivity. Also calcium with titanium composites possess excellent
load bearing characteristics which could be used in joint replacements. The recent
development in titanium composite also showed it could be used in effective treat-
ment of waste water and self healing of materials. Moreover, the recently developed
titanium nanocomposites are used in energy conservation and degradation of pollu-
tants. This helps in maintaining ecosystem in balanced manner. Thus it is evident
from this chapter that, titanium and its composites have endless applications due to
its diversified properties.
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The Effect of Fillers on the Tribological
Properties of Composites
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Abstract Recent advances in the sphere of materials engineering have seen the
advent of a new generation of composite materials that have become a replacement
for the traditional materials used in different industries over the years. The proven
potential of composite technology to deliver in line with critical global trends in the
aerospace, automobile, and marine industries has placed it on top of other materials
in the market. As composite materials can be lightweight and durable, they score
very highly on efficiency measures with desired engineering properties required.
A careful and wise combination of matrices, reinforcements, and additives can be
tailored for specific applications of the end product. Traditionally, most of the fillers
were considered as additives, limiting their contribution to a composite only on
reducing their cost. However, the diversity of applications and a broad spectrum
of their usage has led to high demand for incorporating fillers in composite tech-
nology. In this perspective, the objective of this chapter is to explore the works of
literature for providing information about the fillers concerning processing, func-
tions, mechanical and tribological characteristics, environmental impact. Moreover,
the recent advances and challenges in employing different types of fillers in different
classes of composites have been briefly discussed.
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1 Introduction

“Filler is a solid material capable of changing the physical and chemical proper-
ties of materials by surface interaction or its lack thereof and by its own physical
characteristics” (Wypych 2016). Fillers are used for diverse industrial applications
all over the world based on the nature and needs of the application. These additive
components are incorporated in a mixture to elevate the properties and reduce the
cost of the composites. The fillers are commercially available in the form of gases,
solids, and liquids. Based on the requirements of the material’s applications, the
fillers are selected among the various available categories. These fillers not only
reduce the cost of the composite but also improve the processing and mechanical
behaviour of the composite. They serve for a variety of purposes in different indus-
trial applications such as adhesives, agriculture, aerospace, appliances, automotive
materials, bottles and containers, building components, business machines, cables
and wires, coated fabrics, coatings, paints, face creams and powders and health care
medicines, composites used for dental applications, fibres, film, foam, food feed,
friction materials, geosynthetics, hoses and pipes, magnetic devices, medical appli-
cations, membranes, noise dampening, optical devices, paper, railway transporta-
tion, roofing, telecommunication, tires, sealants, sports equipment, waterproofing
and windows (Wypych 2016).

Initially, fillers were mainly used to reduce the cost of the material, but it is also
subjected to particle size considerations. The effectiveness of a filler addition is influ-
enced by several factors such as purity, surface preparation, shape, and distribution.
Fillers can also be used to vary the density of a material. High-density polymer
material up to 2 g/cm3 can be obtained with the help of fillers. Similarly, low-density
polymers with lighter materials like foam as a filler can also be obtained (Chiellini
and Solaro 1996). The colour of a material can be altered with the help of metallic
powder fillers wherein the final polymer gazes like a composite metal. The surface
properties of a material can be improved using graphite, PTFE, MOS2 as fillers to
reduce the coefficient of friction, as these types of fillers possess self-lubrication
properties (Kano and Akiyama 1996). The shape of a material can be retained in
polymer foams with the help of fillers. Besides, the use of hollow spherical parti-
cles as a filler provides the best insulation to electric and thermal conduction. The
porosity of a material can also be influenced by the right choice of fillers (Srirangan
and Paulraj 2016). Fillers are known to significantly affect most of the mechan-
ical properties of materials (Asadi et al. 2011). Fillers contribute towards reducing
fire accidents by reducing the auto-ignition temperature, and it decreases the smoke
formation during hazardous conditions; also, it increases the char formation. The
fillers are also capable of reducing the heat transmission rate and prevent dripping.
Some of the critical properties of a material can be improved through the proper and
right use of fillers.
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2 Fillers in Composites

2.1 Role of Fillers in Composites

Additives, fillers, and reinforcements are mostly used to improve or change the
properties of a composite. These days, fillers are used in the composites to improve
the properties such as wear, friction, corrosion, heat conductivity, degradation of the
material, decrease the thermal expansion, electrical properties, reduce the amount
of shrinkage, and swelling. Incorporating fillers such as graphite and SiC particles
in the glass-epoxy composite systems significantly improve the friction behaviour
and exhibits superior wear-resistant properties (Suresha et al. 2006). For tribological
applications, short fibres are used as reinforcement in polymer composites. Fillers
in the polyetheretherketone (PEEK) composite have been used to reduce the wear
rate, but its level of influence lies on the capability of the composite layer to form
transfer films (Bahadur and Gong 1992). Lignin fillers are used in natural rubbers to
protect it from thermo-oxidative degradation in the air (Košíková et al. 2007). Fillers
that possess high thermal conductivity are added to epoxy composites to increase the
breakdown power (Li et al. 2011). The composites used in dental applications also
have fillers for several purposes, such as colour, strength, and bonding.

2.2 Classification of Fillers

Fillers are classifiedmainly by their material, size, and shape. Fibres and particles are
commonly used fillers in the polymer matrix and metal matrix composites, respec-
tively. They are either incorporated to serve as reinforcements or fillers. Particulate
fillers in the composites are classified based on its size are macrofillers, midifillers,
minifillers, microfillers, and nanofillers. The size limits of the particulate fillers are
prescribed as 10–100 μm, 1–10 μm, 0.1–1 μm, 0.01–0.1 μm, −0.005 to 0.01 μm,
respectively. The characteristics of the fillers are different from one another in the
various aspects such as surface properties of the filler, shape, size, distribution of
the particles, and impurities. From the literature survey, it was observed that finer
particle sized fillers produced composites of better mechanical properties, whereas
the coarser particles showed a declining trend of the properties in the composite.
Impurities may create serious problems such as unwanted chemical reactions with
the matrix materials during elevated temperatures (Nassar et al. 2017; Muraliraja
et al. 2018). The toughness of the thermoplastics can be improved by adding rubbery
kind of fillers. Layers of fibrous fillermaterials are implanted in the plastic or polymer
material to increase the strength (Raja and Retnam 2019). Fibres are mainly classi-
fied into two categories, namely natural and manmade. Natural fibres are extracted
from animals, plants, and naturally available minerals. The artificially synt6hesized
organic and inorganic are the manmade fibres used in composites (Nassar et al. 2017)
Fig. 1.
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Fig. 1 Classification of
fillers (Nassar et al. 2017)
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2.3 Fillers in Different Processing MethodsWypych (2016)

The preparations composites based on different fillers are mentioned in the table
given below. The goal of this section is to identify the different types of processes or
methods used to incorporate fillers in newly formulated composite materials Table
1.

Table 1 Different processing methods used to incorporate fillers in composites

No Fillers Process/methods References

1 Glass fibre Blow moulding Palutkiewicz et al. (2019)

2 Carbon fibre sheet Compression moulding Wulfsberg et al. (2014)

3 Particulate filler
(nano-YSZ)

Dip coating Bakhsheshi-Rad et al. (2016)

4 Particulate fillers Dispersion Li et al. (2012)

5 Biomass residues as fibre
fillers

Extrusion Bajwa et al. (2011)

6 Wood fibre Foaming Matuana et al. (1998)

7 Cellulose fibre Injection moulding Graupner et al. (2016)

8 Glass fibre (treated) Pultrusion Chen et al. (2017)

9 Silane treated glass fibre Reaction injection moulding Yoo et al. (2017)

10 Natural fibre (Jute) Resin transfer moulding Ashworth et al. (2016)

11 Natural fibres (agave, coir,
and pine)

Rotational molding Cisneros-López et al. (2017)

12 Chopped carbon fibre Sheet molding Tang et al. (2019)

13 Multi-walled carbon
nanotubes

Spinning Lai et al. (2015)

14 Hemp fibres Thermoforming Ciupan et al. (2017)
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2.4 Factors Affecting the Functions of Fillers

Fillers generally reduce the weight of the composite without compromising its
strength. They also reduce the cost of the matrix material by replacing the specific
content of the matrix. The main factors influencing the properties of the composites
are the shape and the size of the fillers. Fillers are generally in the shapes of spheres
and flakes. Typically, fillers that are sized in between of micrometers and nanometers
are preferred, as they have more surface to the contact area. Based on the size and the
shape, different fillers tend to exhibit different effects on the properties and behaviour
of the composites. In particular, the fillers are selected as per the application forwhich
the composites are developed.

2.5 Effect of Fillers on Mechanical Properties
of the Composites

The addition of fillers to a base matrix tends to enhance the mechanical properties
of the composite. Factors like, “dispersion, distribution and adhesion of fillers along
with the interface between filler andmatrix” have an influential role over themechan-
ical behaviour of the composites. Polymer-based composites showed enhancement of
themechanical properties like ultimate tensile strength, impact strength and hardness.
Both natural, as well as artificially prepared fillers, have demonstrated a significant
contribution in improving the properties of the base material. Composites with filler
provide additional energy-absorbing damagemodes, effective stress transfer between
the particles and the matrix with combined advantages of the constituent phases.

In an experimental study by Naidu et al. (2019), the influence of graphitic carbon
nitride (g-C(g-C3N4) nanofillers on the mechanical properties of epoxy-glass fibre
composites was investigated. Various proportions of the filler (1, 1.5, 2, 2.5, and
3%) were added to the epoxy matrix and mechanical characterization of the filled
composites revelated that for 2wt%of g-C3N4 filling, the tensile and flexural strength
was enhanced by 11% and 13% respectively (Naidu et al. 2019). Pandian and Jailani
(2019) performed a comparative study on the effect of silica fumes on themechanical
attributes of jute-linen composites. The composites were prepared with and without
incorporating silica fumes (1 wt%). The results inferred that the tensile strength
of the filler added composite had increased by 7% and the flexural property too had
improved by 5.2%,whichwasmore than that of the composite without filler (Pandian
and Jailani 2019). The researchers also explored the effect of industrial waste silica
fumes as fillers on polymer composites. The dynamicmechanical properties of indus-
trial waste silica fumes (1, 2 and 3 wt%) incorporated natural fibre fabrics reinforced
polymer composites were evaluated. The incorporation of a small quantity of silica
fumes had significantly increased the composite’s dynamic mechanical properties
(“storage modulus, loss modulus, and glass transition temperature”). However, for a
higher weight fraction (above 2%) of silica fume addition, no further improvement
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in the mechanical properties of the composite was observed, which could be ascribed
to the agglomeration of silica fumes (Arvinda Pandian and Siddhi Jailani 2019).

Nano silicon dioxide of different concentrations (0, 5 and 10%)were incorporated
into jute-epoxy composites, and their influence on the fatigue, flexural and tensile
attributes were studied. The Young’s modulus, peak load, ultimate tensile and flex-
ural attributes were found to be the highest in case of 5% filler loaded composite.
Similarly, in the fatigue test, the composite with 5% nano silicon dioxide withstood
the highest number of cycles and exhibited good results compared to the other loaded
composites (Ashik et al. 2017). The potential of molybdenum disulphide or shun-
gite, organo-modified montmorillonite, graphite nanoplates as fillers in Ultra-high-
molecular-weight polyethylene (UHMWPE) was investigated. The deformation and
strength characteristics of UHMWPE composites for filler content of up to 0.06
vol% were studied. This study showed that filler addition had a significant effect on
the deformation and strength characteristics. Under the filler contents of up to 0.06
vol%, the highest increase in the elastic modulus of composites was provided by the
lamellar nanofillers, namely graphite nanoplates and montmorillonite (Grinev et al.
2018). Mohanty et al. (2014) studied the effect of alumina nanoparticles, glass fibre
and carbon fibre on the tensile properties of the incorporated epoxy composites. Four
different types of composites were preparedwith different concentrations of the addi-
tives mentioned above and their properties were evaluated. Alumina particles, short
glass and carbon fibres were added separately in the range of 1–5 wt% in the first
three types of composites, while the fourth type was synthesized by combining both
alumina particles (2 wt%) and fibres. Of all the synthesized composites, the combi-
nation of alumina particles and fibres in the epoxy composites exhibited excellent
tensile strength and modulus.

An interesting study by Swain and Biswas (2017) on the influence of moisture on
different mechanical attributes of jute/epoxy with Al2O3 fillers at wet and dry condi-
tions was conducted. The maximum impact and flexural attributes were 1.902 J and
72.94 MPa, respectively. The observations from the experimental results indicated
that the mechanical properties began to decrease on absorbing water (Kane et al.
2016). A similar study by Sideridis et al. (2017) to examine the effect of water
absorption on the flexural attributes of low-content iron particle–epoxy composites
was performed. The flexural strength and strainwitnessed a decreasewith an increase
in the filler content in the presence of water (Sideridis et al. 2017).

Aveen et al. (2019) developed the glass epoxy composite with aluminium powder,
mother of pearl and fly ash powder as fillers. The study was conducted to determine
themechanical properties of fabricated composites by conducting flexural and tensile
tests. In the total volume, the filler material was varied in percentage composition by
3, 6 and 9%. From the tests, it was found that the composite with aluminium filler
material exhibited better tensile property while the fly ash filler composite exhibited
better flexural property (Aveen et al. 2019). Sudheer et al. (2014) investigated the
mechanical characteristics of potassium titanate whisker (PTW) incorporated epoxy
composites. PTW inclusions showed a positive effect on hardness, density and stiff-
ness properties of the composites (Sudheer et al. 2014). Investigation on the effects
of polymer–filler and filler–filler interactions on mechanical as well as dynamic



The Effect of Fillers on the Tribological … 249

rheological properties ofHigh-density polyethylene (HDPE)–wood compositeswere
conducted. The results indicated that enhanced filler–filler interaction increased the
complex viscosity and storage modulus of composites and decreased the mechanical
properties. Enhanced polymer–filler interaction increased the complex viscosity and
storage modulus and also improved the mechanical properties (Yang et al. 2010).

2.6 Environmental Benefits and Health Hazards

In modern days, there are hundreds of sources of industrial waste polluting the
environment, consequently having damaging effects on the earth and its inhabitants.
Also, owing to “ecological necessities and strict regulations”, incorporating natural
fibres in the place of synthetic fibres has become inevitable “for the manufacturers to
accomplish new composite materials originated from renewable sources” (Arvinda
Pandian et al. 2017). Hence the “whole gamut of engineering sector” has started
shifting towards natural fibre-oriented materials from synthetic materials (Arvinda
Pandian and Siddhi Jailani 2018).

Several natural fillers such as coconut coir, rice husk and wheat husk fillers were
incorporated as fillers, and the mechanical attributes of filled glass/epoxy composites
were characterized. Amongst the different composites, the composite with coconut
coir had exhibited excellent mechanical attributes (Dhawan et al. 2013). In another
study, ground walnut shells, organic waste fillers were used to modify the properties
of epoxy composites. Composites with 20, 30, 40, and 50 wt% of walnut shell
were prepared and tested. The composites containing the natural filler exhibited
a considerable degree of improvement in hardness and stiffness, yet witnessed a
decrease in the impact, and tensile properties (Salasinska et al. 2018). Bamboo, E-
glass, and coconut shells were also used in polyester composites, and a significant
improvement in the fatigue life and tensile strength of the composite was observed
with the addition of coconut shell powder as a filler (Raja and Retnam 2019).

3 Effect of Fillers on Tribological Properties of Composites

3.1 Tribology

Theunderstanding of the design, friction,wear, and lubrication of interacting surfaces
in relative motion are described in the scope of tribological science. Almost every
industrial part or component is subjected to different types of direct and indirect tribo-
logical loadings, namely adhesive and abrasive, during their service. Therefore, the
tribological behaviour of materials becomes an essential criterion to be considered
in the design of any mechanical part. Wear is the dominant reason behind material
wastage and loss of mechanical, thermal, or electrical performance of the related
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application. Friction is the primary reason behind wear and energy loss because it
affects the period of complete utilisation of the material. The two influential tribolog-
ical properties of a mechanical system, i.e., friction and wear, are neither mutually
exclusive nor completely inclusive. It is hardly discerned that tribology affects the
life of people to a much greater extent than what is actually realized. Any reduction
in wear or improvement friction control in an application can result in a considerable
amount of savings. Several measures have been developed to reduce the coeffi-
cient of friction as much as possible by either eliminating or at least controlling the
factors such as surface finish, temperature, operational load, relative speed, nature
of relative motion between the surfaces, and lubrication characteristics. Friction
in a mechanical system can generally be reduced by the use of sacrificial bearing
surfaces made of wear-resistant or low shear materials, modifying the surface of the
moving or stationary component by coating the surface, replace sliding friction by
rolling friction, or improve the lubricity between the sliding surfaces by changing
the viscosity, use of improved additives or suitable lubricants (Kumar and Srivastava
2016; Vinayagamoorthy 2018).

The huge amount of direct and indirect costs incurred by tribological deficiencies
and failures dramatically affects the economy of a country. The expenditure mostly
incurs due to the simultaneous loss of material and energy on every mechanical
component in operation. Among the two characteristic properties in the tribological
behaviour of a system, wear is a more critical factor compared to friction as excessive
wear of a component in a machine may result in catastrophic failures and operational
breakdowns,which can adversely impact productivity and hence, cost (Holmberg and
Erdemir 2017; Tzanakis et al. 2012). There is a need to emphasize the importance of
sustainable tribology in our era to showing that tribology is frequently the primary
cause and, simultaneously, the solution for most of the mechanical maintenance
problems. The development and deployment of modern tribological solutions for
engineering systems can providemeasurable beneficial, financial, and environmental
outcomes to society and the industry.

Studies have revealed that 90% of failures in mechanical parts and components
occur as a result of tribological loadings (Jost 2006). Therefore, a substantial sum
of expenditure involved in repair costs can be lowered if a proper understanding
of tribological principles and its applications are made. In tribology, the friction
and wear of a material depend on some of the essential parameters such as surface
roughness, relative motion, velocity, type of material, load, temperature, stick-slip,
relative humidity, lubrication and vibration (Blanchet 2012). Nonetheless, effective
modern methodologies for good tribological design can be very costly, yet efficient.
An understanding of the nature of wear and friction in the system is essential to
formulate the right mechanism to control their tribological behaviour. The criteria
by which the wear life or frictional behaviour of a product is regulated may vary
strongly across different segments of application. In some applications, the function
is far more critical than manufacturing costs. One effective way of reducing wear
and controlling friction is by the use of lubricants, which comprises of dry and
wet lubricants. A wide range of liquids and soft solids have been studied to exhibit
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effective lubricant properties and have also proven to be cost-effective solutions. The
apparent advantageof solid lubricationover oil lubricants is their superior cleanliness.

Composite materials emerged as a potential alternative for several classes of
other materials in engineering technology, wherein two or more natural or artifi-
cial elements are combined by a series of chemical or physical processes to obtain a
final product with added strength, efficiency or durability. The technical advantage of
employing composites for manufacturing mechanical components or devices is that
they can be prepared with the desired engineering properties by a careful selection of
matrix and a compatible reinforcement. In the scope of tribology, compositematerials
are expected to provide a viable support structure to support the load and frictional
heat. The inherent nature of the composite system exhibits mechanical stability and
also fashions the attractions of means of dissipating frictional work. The continuous
progress and innovations in modern technology are laying out newer rheological
demands on lubricants, which are not often met by conventional lubricants (Dorri
Moghadam et al. 2015; Omrani et al. 2016). On the other hand, self-lubricating
composites have gained importance, as they can be tailored by using a base matrix,
reinforcements, solid lubricants, or additives that may be required for the typical
application. Advancements in the field of tribo-engineering have offered attractive
solutions as self-lubricating composites, which are mostly compositions of metallic,
ceramic or polymeric matrices added with functional fillers providing the desired
tribological functionality (Erdemir 2005).

In general, the role of a filler in a composite material is versatile, and the nature
of role purely is influenced by the composite matrix and the filler material itself.
Some of the unique advantages of using fillers are to strengthen the matrix (load
carrying capacity), improve the sub-surface crack arresting ability, enhancement of
the thermal or electrical conductivity of the material, and providing a lubricating
effect at the interface by decreasing the shear stress. Although fillers demonstrate
superior behaviour in terms of the mechanical and tribological properties, the use of
a specific type of fillers (e.g., particulate type) may somewhat affect the other prop-
erties; therefore, proper optimization of the mechanical and tribological properties
of the composite has to be carried to avoid this disadvantageous compromise of the
behaviour. Occasionally, in some cases, fillers are also used as cheap additives, as
they reduce the material costs in polymer applications besides enhancing the tribo-
logical behaviour of the material (Bobby and Samad 2017; Saba et al. 2014; Senbet
2008).

3.2 Common Testing Methods for Tribology Tests

There is an endless number of methods that can be employed to characterize the
tribological behaviour of a particular material. In order to make meaningful interpre-
tations of the tribological outcomes, the most suitable test for the particular purpose
needs to be selected. The nature of results obtained from a tribo test does not merely
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relate to the behavioural characteristics and properties of the composite but repre-
sents the mechanical system as well. Proper testing of composites using standardised
methods can reveal information on the likely product life of the system. In the tribo-
logical characterisation of composites, the experimental attributes such as thematrix,
type and structure of reinforcement, filler-matrix interface, and internal lubricants
usually influence the measurement of wear and friction. The testing of wear and fric-
tion differ for different tribological systems, and therefore, composites need to be
tested under standardised procedures before application of the actual results. Stan-
dard testing methods and devices have been elucidated in several references (Nirmal
et al. 2011). Most of the methods have been exclusively published by the Society
of Automotive Engineers (SAE) and American Society of Standards and Materials
(ASTM) as standardised procedures for testing and evaluating material properties.
Following the standard guidelines will enable the use of identical devices to obtain
very nearly identical results facilitating comparability and correlatability.

Some of the commonly used tribological testing machines are dry sand rubber
wheel (based on ASTM G65), pin on drum (based on ASTM A514), pin on disc
(ASTM G99), Linear tribo-machine, Block on ring (ASTM G77, G137-95), Block
on disc (ASTM G99), and 4-ball test (ASTM D2266) (Bhushan 2000; Singh et al.
2016). One of the most widely used methods for evaluating the tribological charac-
teristics is the Pin-on-disc wear and friction testing that follows the methods as per
the ASTMG99 standard. The specimen (pin) is held vertically or horizontally under
loading against a rotating counterface (disc). The counterface exhibits a constant area
of contact throughout the test as a result of which the method is more suitable for
application involving sliding wear. The distinct operating parameters include applied
load, sliding distance, wet or dry sliding condition, sliding velocity while the spec-
imen contact area is maintained constant with res0pect to sliding time. The Pin on
drum wear test rig is built based on ASTM A514 standard. The specimen travels
horizontally (linearly) against a rotating drum that rotates at the desired speed using
a drive chain. While the wear test can be conducted for both abrasive or adhesive
conditions, wear simulates the applications of goods on rotating rollers or conveyor
belts.

The Block on ring wear testing, which is based on ASTM G77 standard has a
working principle very similar to that of Pin on disc testing method. The specimen is
held against a rotating wheel or ring at 90° to the wheel or ring axis of rotation. The
characteristic operating parameters include applied load, sliding velocity, temper-
ature, sliding distance, wet or dry sliding condition but the specimen contact area
is varied with respect to sliding time. This testing method simulates applications
such as pulleys and camshafts. The Dry sand rubber wheel wear testing is based on
the ASTM G65 standard. The specimen is held against a rubber wheel, while sand
is introduced to the rubber interface to simulate an abrasive testing condition. The
testing method can also be used for adhesive testing in the absence of sand. This kind
of wear test typically simulates the applications such as tyres, bushes, bearings and
rollers.
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Although the standard methods of testing can produce adequate results to predict
the failure mode or lifetime of a tribological system, the standard tests may not simu-
late the experience of the composite in the practical system. Although simple bench
model tests can easily, quickly, and cheaply evaluate an extensive range of materials
under well-controlled and simulated test conditions, they do carry some limitations.
Generally, the practical representation and realism of the data and features of surface
damage, and the prospects of making reliable inferences about the performance or
usability from the tests to an application is somewhat decreased as we move from
a field test to a simpler model test. The primary criterion for confirming whether a
chosen model test is applicable or not is based on to what extent the wear mech-
anisms appearing in the application during the actual service conditions are being
reproduced. Moreover, it is critical to comprehend the actual mechanism of wear for
accurately characterizing the tribological behaviour of the tested materials.

3.3 Wear and Frictional Behaviour of Filled Composites

The addition of filler materials to composites is mainly targeted towards improving
the thermal, mechanical and tribological properties. In the scope of improving the
tribological properties, the ability of the fillers lies mainly in influencing the develop-
ment of transfer film and counterface adhesion. Composites are classified based on
the type of the primary matrix, or reinforcement or the nature of the interface while
the fillers used in composites are generally categorised into metallic fillers, ceramic
fillers, polymeric fillers, and mineral fillers. Most of the time, micro- and nano-sized
inorganic fillers are used for modifying the tribological behaviour of composites.
The systemic effect of a filler on the tribological behaviour of a composite only
becomes noticeable when the filler is at the surface. The ability of fillers to reduce
friction depends on the degree of fineness of the filler particles, as they need to
be fine enough to effectively increase the deflection temperature of the matrix near
the surface because frictional heating and matrix softening are two factors respon-
sible for high friction. In terms of the contribution of fillers towards wear resistance,
the proportion of the filler in the matrix will determine the property. In general,
for composites, the best abrasion resistance and low coefficient of friction will be
obtained with those fillers providing the highest packing fraction (Pf) or at concen-
trations approaching Pf. With the development of mature technology, industries have
begun using fillers in diverse applications asmultifunctional additives rather than just
cost-reducing expedients. PowderedTeflon, graphite,micro-sizeCuO, silica,CaCO3,
PTFE andmolybdenum sulphide (MoS2) and so on, are some of the prominent fillers
used in composites for improving the tribological behaviour. A considerable amount
ofwork on the evaluation of the tribological behaviour of composites has been carried
out previously. The scope of this review is limited to briefly examining the various
kinds of fillers used in composites for improving their tribological behaviour.
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3.3.1 Ceramic Fillers

Ceramics, such as metallic oxides, carbides, borides, nitrides, silicides, etc., are
known to retain their mechanical properties at higher temperatures. This inherent
property of ceramics has been exploited in ceramic fillers which are primarily
compounds of the aforementioned inorganic groups. The properties of the filler and
their functionality comes from the inherent nature of the base ceramic itself. The
inherent advantages of ceramics in terms of their high hardness, strength, melting
point, and abrasion resistance make them a much-preferred variety of fillers in
composites operating in high-temperature applications. While the most usual type of
bonding observed in ceramics is a combination of ionic and covalent, Van-der-Waals
forces or ametallic componentmay also be present depending on the type of ceramic.
Some of the commonly used ceramic fillers in composites are AlN, Al2O3, SiC,
Si3N4, Sr2Ce2Ti5O16, zirconium silicate (ZrSiO4), wollastonite (CaSiO3), silicon
dioxide (SiO2), beryllium oxide (BeO), CeO2, boron nitride (BN), and ZnO.

Addition of ceramic particulate, whisker or microfibre fillers to composites
or nanocomposites have revealed a dramatic improvement in the wear resistance
of composites as much as three times the magnitude of the unfilled composites.
Nanometer-sized particles have been extensively used as fillers for obtaining supe-
rior tribological characteristics.Hong-BinQiao et al. (2007) investigated thewear and
friction properties of the Al2O3 particles (5%) filled polyetheretherketone (PEEK)
and polytetrafluoroethylene (10%) PEEK against medium carbon steel (AISI 1045
steel) ring under dry sliding conditions. The PEEK composites exhibited a notable
decrease in the wear rate with the addition of the nanometer and micron-sized Al2O3

(in the absence of PTFE) but had less effect on the friction coefficient. In contrast,
the wear rate, as well as friction coefficient, had significantly lowered for the pure
PEEK composite filled with 10 mass % of PTFE. But, when 10 mass % PTFE was
filled into the Al2O3/PEEK composites, the behaviour contradicted the expectation
wherein the coefficient of friction decreased while the wear rate increased (Qiao et al.
2007).

A comparative evaluation of using SiC and Al2O3 on the wear behaviour of
jute/epoxy composite was conducted by varying the weight percent of fillers with
respect to the resin. In the absence of fillers, the jute–epoxy composites were easily
subjected to wear under higher normal loads and sliding velocities whereas the addi-
tion of ceramic fillers displayed considerably lowered the wear rate of jute epoxy
composites. The lowest coefficient of friction was observed in 15 wt% filled jute–
epoxy composites which complemented its higher wear resistance. Furthermore,
Al2O3 filled jute epoxy composites exhibited a lower coefficient of friction and
wear loss compared to SiC filled composites for all compositions. The wear mech-
anism of the in-filled was characterized by microcracking, pit and debris formation
in contrast to the unfilled composite, which was dominated by fibre breakage and
plastic deformation (Sabeel Ahmed et al. 2012).

In another study, the effect of different loads and abrasion distance was investi-
gated for Polyamide 66/Polypropylene (PA66/PP) blend, nano clay filled PA66/PP
and short carbon fiber reinforced PA66/PP nanocomposites based on the three-body
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abrasive wear mechanism. The addition of nano clay/short carbon fiber and PA66/PP
had exhibited a sound effect on thewear rate for different abrading distance and loads.
On comparison of the effects of their addition, nano clay/short carbon fibre compos-
ites demonstrated a lowerwear rate than short carbon fiber filled PA66/PP composites
(Ravi Kumar et al. 2009). The possibility of using Rice bran ceramics (RBC) as fillers
were explored, as the hard-porous carbon material, made from rice bran provide low
friction and high wear resistance characteristics (Shibata et al. 2014). The tribolog-
ical properties of the thermoplastic resin-basedRBCcompositeswere experimentally
determined for polyamide 66 (PA66), polyamide 11, polyoxymethylene, polybuty-
lene terephthalate, andpolypropylenematrix resins.Higherwear resistance and lower
friction levels were observed for thermoplastic-based RBC compared to their pure
resins. Also, the RBC fillers had the upper hand over Glass fibre (GF) fillers, as
a substantial improvement in the strength of the composites was noticed whereas
the friction coefficient and wear did not witness any effect. The RBC particles, in
addition to improving the fracture toughness of the composite, also contributed to
a decrease in the friction coefficient, resulting in mild wear. Thus, the RBC based
composited indicated their great potential as an anti-wear hard particulate filler in the
industry (Shibata et al. 2014, 2012). So far, four different forms of glasses, namely
plain GFs, hollow glass beads (GBs), solid GBs, and glass flakes have been incorpo-
rated in glass-filled thermoplastic composites. Of all the forms, the lowest wear rate
was observed for GF-filled composites and solid GB-filled composites, whereas the
hollow GB-filled composite showed the highest wear (Klaas et al. 2005).

Metallic compounds such as ZnO, TiO2, CuO have been exploited as filler owing
to their desirable tribological properties. Addition of ceramic fillers in polymers had
improved the performance during abrasive wear. The effectiveness of the filler to
function as a wear-resisting material is determined by factors such as the content of
filler added, the interaction of filler matrix and the type of the matrix used (Suresha
et al. 2010). Nanosized CuO filled and short carbon (CF) and aramid (Kevlar)
fibres-reinforced polyphenylene sulfide (PPS) composites prepared by compression
mouldingwere investigated for their tribological behaviour using a pin-on-disc appa-
ratus. In case of the filled composite, a steady-state wear rate was observed while it
was reduced to half of that in the case of filledCF reinforcement composite. However,
the addition of CuO filler had not contributed to improvement in the wear resistance
of the fabric-reinforced composites owing to the poorly developed transfer film in the
presence of fibres and as a result, the composites became fragile (Bahadur and Poli-
neni 1996). Li et al. (2002) reported the use of nano ZnO as filling material to PTFE
to reduce the wear rate of the polymer. The wear rate obtained for the composite
containing 15 vol% nano ZnO was determined as the optimum level of nano ZnO
to be incorporated, however a higher coefficient of friction was observed for the
nanocomposite than that of the unfilled PTFE (Li et al. 2001). Short carbon fibre
(SCF), graphite flakes, and microparticles of TiO2 and ZnS were used as fillers in
thermoplastic composites, such as polyetheretherketone (PEEK) and polyetherimide
(PEI). The tribological characteristics of the two types of high-temperature-resistant
filled thermoplastic composites were evaluated under dry sliding conditions against
steel counterparts. The addition of fillers like SCF and graphite flakes demonstrated
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considerable improvement in the wear resistance and the load-carrying capacity of
the base polymers.

Nonetheless, with the addition of microparticles of TiO2 and ZnS, the coeffi-
cient of friction and wear rate of the composites had further reduced especially
at high temperatures (Chang et al. 2007). TiO2 and ZrO2 were incorporated as
ceramic fillers in the reinforcement of bamboo-glass hybrid polymer composites.
These compounds have identical morphology and were incorporated as fillers with
particular emphasis on exploring their effect on the tribological behaviour of rein-
forced thermosets (including micro-particle). Among the two inorganic fillers, the
comparison of the wear characteristics of bamboo-glass-epoxy hybrid composites
revealed that ZrO2 fillers gave better strength and wear-resistant properties when
compared to the TiO2 filled composite (Latha and Rao 2018).

The potential of Silicon carbide (SiC) or boron carbide (B4C) ceramic fillers
was investigated by introducing them into three-dimensional needled carbon fibre
to prepare ceramic modified carbon/carbon (C/C) composites. On observing their
morphology, the pore size distribution was found to be uniform on the addition of the
ceramic fillers in the C/C composites. Further, the ceramicmodification considerably
lowered theCOF fade in seawater conditions forC/C composites. C/C-SiCf displayed
superiority over C/SiC for its excellent stable friction behaviour without any fade
in seawater conditions. Also, a cumulative effect of lubrication from water film and
SiO2 film seemed to increase the COF fade for C/SiC compared to that of C/B4C
(Cai et al. 2013). A combination of nanostructured fillers based on BN and SiO2

micro powders was used to reinforce AK12M2MgN alloy. The structure of the fillers
led to a uniform dispersion of the structural components of the alloy and resulted in a
considerable increase in itswear resistance and a decrease in the coefficient of friction
(Komarov et al. 2013). A synergistic effect was observed for epoxy based composited
filled with varying concentrations of short carbon fibre (SCF) and solid lubricants,
i.e. PTFE and graphite. These composited were also supplemented with the addition
of varying amounts of sub-micron sized TiO2 (300 nm). In the investigation by Zhang
et al. (2004), it was inferred that the synergistic effect was subjected to tribological
characteristics of the composites in comparison with monolithic systems (Zhang
et al. 2004).

Nanoparticles of SiO2, SiC, Si3N4 and ZrO2 used as fillers have demonstrated
to be very effective in lowering the coefficient of friction and specific wear rate of
PEEK composites when sliding against the steel counter surfaces (Wang et al. 2000,
1996). Apart from these, nano laminated Ti3SiC2, granite dust and powder, porcelain
waste, nanodiamond and Ti3AlC2TiC particles and fly ash have also been as fillers
in metal matrix and polymer matrix composites.

3.3.2 Carbon and Organic Fillers

Carbon black and carbon fibres have been used as additives in a wide range of ther-
moplastic, and thermoset resins. The layered structure of graphite, which is charac-
terized by a weak Van-Der Waals force between the layers possess a high electrical
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conductivity. The nature of the graphite structure also helps in reducing friction and
wear by forming a lubricant film between the mating surfaces, which is utilized in its
application as a filler. Carbon black, on being incorporated as fillers in composites
showed attractive tribological characteristics. The addition of carbon black fillers (at
1–5% filling) along with PTFE composites exhibited a tremendous increase in the
wear resistance of up to 700 times. The excellent dispersion of fillers in the PTFE
matrix enhanced the interaction effect of carbon black in the dry conditions of testing
against smooth metal surfaces.

Moreover, the wear rate of a PTFE composite mainly depends on the properties
of an ultra-disperse filler, such as its specific surface area. With an increase in the
specific surface area of the addedfiller, thewear ratewitnesses a proportional increase
due to the increase in the area of interphase interaction of the components per unit
mass of the filler and high activity at its surface centres (Aderikha and Shapovalov
2010). Carbon black derived from wood apple shell, obtained by pyrolysis at 400 °C
was also used as a filler in an epoxy resin. Carbon black particulates composite
showed minimum wear on comparison with raw particulate composite (Ojha et al.
2014). Hybrid fillers containing multi-walled CNTs and carbon black in natural
rubber were also investigated for dry friction and wear behaviour. It was inferred
that a considerable increase in the wear resistance and unexpected reduction in the
friction coefficient resulted from the increase in the applied load for every fixed
sliding speed (Ojha et al. 2014). The investigations on the mechanism of wear in the
low-filled PTFE-CB composites revealed a delamination mode of wear wherein the
changes in the wear resistance was relatable with the structural transformations of
the composite.

The exceptional properties of the single and multi-walled carbon nanotubes
(CNTs) favour them as a recognized filler for epoxy-based composites and coat-
ings. Various boating and automotive applications utilised a wide range of reinforced
polymer–matrix composites because of the capacity of these composites to withstand
longer durations of sliding contact-based wear conditions. The tribological response
of an epoxy matrix of polyamide filled with graphite and/or carbon nanotubes was
highlighted by the enhanced wear resistance which was owing to the carbon fillers
dispersed in the epoxymatrix. Of all the carbon-based fillers, themost desirable result
was obtained for the composited filled with TCNTs. The TCNTs were well dispersed
in the epoxy matrix due to the presence of the NH2 groups. Despite the enhanced
wear resistance exhibited by EpCNTs and Ep-Graphite, Ep-Hybrid demonstrated
relatively much inferior tribological properties. Subsequently, even the combination
of graphite and CNT fillers did not witness any synergistic effect (Sakka et al. 2017).
Sam-Daliri et al. (2019) found a novel method to improve the tribological behaviour
of an unsaturated polyester matrix wherein a relatively small amount (0.2 wt%) of
well-dispersedMWCNTswithin thewood flour polyester composite was used a filler
in the polyester matrix. The enhanced tribological behaviour was attributed to the
transfer of a soft layer of wood flour on the worn-out area during the wear process,
which acted as a self-lubricating material (Nabinejad et al. 2019). Composites were
developed with a novel combination of multiwalled carbon nanotubes (MWCNTs)
and short carbon fibres (SCF) as fillers for an automotive brake system. All the
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combinations of the composite with the carbon fiber had shown superior properties
of lower wear rate and coefficient of friction (Gbadeyan et al. 2018).

Researchers have extensively used carbon fibres for their desirable mechanical
properties. Surface modified carbon nanofibres (CNF) filled PTFE composites were
subjected to tribological characterization under dry sliding conditions. The CNFwas
treated with HNO3 followed by coupling agent treatment before incorporation to the
PTFE matrix. The optimum content of CNF in the PTFE resulted in reduction of the
wear rate, almost 30% lower than that of untreated CNF filled PTFE for an applied
load of 200 N (Shi et al. 2008). Suresha et al. (2010) compared the wear characteris-
tics of carbon–epoxy and graphite filled carbon–epoxy composites at different loads
in abrasive condition using different grades of SiC abrasive paper (150 and 320 grit
size). Improved abrasion resistance was witnessed for graphite filled carbon-epoxy
composites investigated for different loads and distances of abrasion. The improve-
ment in the properties corresponds to the filler to filler interaction and uniformity in
the distribution of the added fillers in the carbon-epoxy matrix (Suresha et al. 2010).
The abrasion and attrition wear of experimental composites related to dental appli-
cation with samples of different resin viscosities was investigated. Although raising
the resin viscosity lowered the wear resistance, it had minimal influence on compos-
ites holding nonbonded nanofiller. However, an increase in resin viscosity increased
abrasion and attrition in composites containing silanated nanofiller, with equivocal
effects in composites containing unsilanated nanofiller (Musanje et al. 2006).

Any discussion on carbon-based fillers is incomplete without highlighting the
use of graphene/graphene oxide fillers. The tribological properties of metal matrix
composites containing graphene were reported in several papers earlier. The func-
tional advantage of using graphene fillers is that multilayer graphene and reduced
graphene oxide can not only enhance the strength drastically but also reduce the
friction coefficient and wear rate of composites (Li et al. 2017a, b; Llorente et al.
2019). Carbon fibre composites have gained much importance in marine, sports,
construction industries besides aerospace applications.

3.3.3 Metallic Fillers

Mild steel substrates coated with metallic fillers such as micro-nickel, aluminium,
silver and zinc powders have demonstrated remarkable tribological properties and
surface energy characteristics. The attractive results exhibited by the metallic filler-
based composites has encouraged several other metallic powders to be explored as a
viable possibility. Three types of metallic fillers, namely steel fibers, brass fibers and
copper powder, were used in the preparation of non-asbestos organic (NAO) compos-
ites. The tribological properties of the composites were evaluated for different loads
and speeds. Although the addition of metallic fillers led to enhancement in friction
performance of the composites, for every subsequent increase in the amount of the
metallic filler, the wear resistance exhibited an increase. The higher wear resistance
due to increasingmetallic contents resulted in an increase in the thermal conductivity
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(TC). Especially, copper filler (10%) based composites showed significant perfor-
mance from both wear and friction properties followed brass, while iron powder
based composite showed moderate behaviour (Kumar and Bijwe 2010).

Researchers attempted to investigate the influence of various metallic fillers (Cu,
steel, or Al) on the friction and wear performance of brake pad composites. The
experiments were conducted using a small-scale friction tester against two counter
disks (grey cast iron and aluminium metal matrix composite (Al-MMC)) at ambient
and elevated temperature ranges. The ambient temperature tests against grey cast
iron disc revealed that the composites with Cu fibers showed a noticeable negative
μ–ν (friction coefficient versus sliding velocity) inferring that stick-slip may occur at
low speeds. At higher temperatures, wear tests showed that the Cu-fiber composites
exhibited better wear resistance than the other composites. The tests with steel fibers
revealed that they were not well-matched with Al-MMC disks due to substantial
material loss and irregular friction behaviour during sliding at elevated temperatures
(Jang et al. 2004). The use of copper and its alloys to increase the thermal diffusivity
at the friction interface has become a common practice. The natural tendency of
copper to endure the high temperatures attained at the interface for higher levels
of the friction coefficient is taken as an advantage. During high temperatures, the
copper oxide formed at the interfacial layer dissipates the frictional heat effectively.
Hence, copper and its alloys are added as fillers to regulate the friction level while
avoiding the fierceness against the counterpart. Likewise, aluminium fibers are also
added to the composites in applications where aluminium metal matrix composite
(Al-MMC) brake rotors are used (Wilson and Alpas 1996; Urquhart 1991).

Steel fibres have also been presented as a potential replacement for other fillers that
lack themechanical properties as that of steel. Qu et al. (2004) examined thewear and
frictional characteristics of composites filled with continuous steel fibres. The fibre
orientations are hosted concerning the sliding direction, namely parallel (P) normal
(N) and antiparallel (AP) along the fibre direction. The wear rates were found to
increase with changing sliding directions and exhibited a dependency on the stability
of the film. The friction coefficient (range 0.49 to 0.54) also remained dependent on
the fibre alignment directions. At higher temperatures, the iron-rich transfer film
formed on the specimen promotes adhesive interaction, and steady-state friction
is observed (Qu et al. 2004). The wear and friction characteristics of the friction
materials reinforced by brass fibres against grey cast iron demonstrated superior
wear resistance of the composite. The interacting elements showed fatigue wear
mechanism which was confirmed based on the following inferences: (i) formation of
a copper transfer film on the friction surface of the grey cast iron counterpart (ii) the
worn surface of the counterpart revealed fatigue cracks. The wear loss and coefficient
of friction increased slightly when the mass fraction of brass fibres was over 19%
(Xian and Xiaomei 2004). Compression moulding technique to add the carbon fibres
and nanofillers like Al and Zn as reinforcements to epoxy hybrid composites proved
to be effective in reducing the specificwear rate up to 0.5wt.% ofAl/Zn filler loading
(Divya and Suresha 2018).

Apart from the above mentioned, steel wool, nickel, silver, brass fibres, copper
powder, sodium are the other types ofmetallic fillers used in the composites. Besides,
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mineral silicates (Vasilev et al. 2019), talc (Zhao et al. 2012), feldspar (Cai et al.
2015), nano clays (Bobby and Samad 2017), calcium carbonate are also being used
as fillers for many polymer applications. Polyvinyl chloride, polyolefins, phenolics,
polyesters, and epoxies are all resins compatible with CaCO3 as fillers, which is not
only attributed to economic but performance considerations as well (Palanikumar
et al. 2019).

3.3.4 Polymeric Fillers

Polymers have become more of a commodity and relatively less expensive these
days. Addition of fillers to reduce cost has become a less significant factor because
by judiciously combining the filler with the resin, one can achieve a spectrum of
materials with properties intermediate between those of the two ingredients. Poly-
meric fillers are generally classified into natural and synthetic varieties, wherein
natural polymers consist of cellulose fibres, graphite fibres, wood flour, flax, cotton
and starch. Synthetic polymers are not available in the natural environment, so these
are tailored polymer materials catering to different applications, namely polyamide,
polyethene, polytetrafluoroethylene, polyester, aramid, and polyvinyl alcohol fibres.
Polymeric fillers usually limit their usage to controlling permeability, instilling soft-
ness to the matrix, damping control, and imparting the desired tribological behaviour
to the composite system.

Polymer-based fillers such as fluorinated polyether ketone (aryl ether ketone)
(FPEK) and polytetrafluoroethylene (PTFE) have also been used to modify the prop-
erties of epoxy-based composites. The nature of FPEK tends to render the composite
extremely resistant to scratch and as a result, its presence in the correspondingmatrix,
the composite resists even higher degree of abrasion (Saba et al. 2014). The friction
coefficient of the composite is considerably lowered with the addition of PTFE fillers
to the composite. PTFE is a commercial filler that could reduce the frictional coef-
ficient, and, due to this fact, sometimes also the wear rate of polymeric composites
is reduced. The unique molecular and morphological structure of PTFE renders
the polymer its extraordinary tribological properties. A third-body transfer film is
formed when the polymer slides against the steel counterparts, which is the mech-
anism behind the lowering of the frictional coefficient (Zhang et al. 2004; Şahin
2018).

4 Recent Advances, Challenges and Future Trends

Composite materials have become a sustainable alternative to conventional materials
used in automotive, aerospace and other industries in the last fewyears. The speciality
of this technology is that the end product material can be engineered with desired
specific properties by a careful combination of matrix and additives. Although the
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composites offer many attractive properties, it is unquestionable that the manufac-
turing process involved in commercializing these materials present new challenges
day by day. On the other hand, the technological capabilities and diversity of appli-
cations of different reinforced composites have steadily increased. The broadening
spectrum of applications of composites is driven by the need to replace an existing
expensive material, usually a metal. While most of the metals are facing pressing
demand and acute shortage in metal processing industries, traditional composites
have been facing a need for up-gradation to fulfil the demand for superior properties
and high performance. In this aspect, nanocomposites are evolving as a promising
solution to cater to the needs and requirements of modern industries. The advan-
tages of the newer generation of composites are their ability to improve two or more
desired properties simultaneously. The tribological research on the nanocomposites,
particularly hybrid nanocomposites and polymer nanocomposites is still at an early
stage and has great potential to cater to many domestic and industrial applications.

Traditionally, most fillers were considered as additives, considering their contri-
bution to a composite only focused on reducing their cost. However, the diversity of
applications and a broad spectrum of their usage has led to high demand for fillers
or reinforcing fillers in composite technology. Although the diversity of fillers has
crossed countable limits, the challenge is to select the most suitable and appropriate
filler by understanding the performance criteria of the composite being developed.
Several commercial polymer composites survived the rigorous market demands,
because of the right blending of ingredients tomaximize themagnitude of the desired
property and simultaneously mitigating the loss of others. Apart from these, filler
manufacturers have to necessarily take environmental concerns, such as recycling,
sustainability and life cycle impact into consideration. Natural, preferably biolog-
ical and organic fillers are gaining more dominance over synthetic owing to their
environmentally friendly properties. There is no doubt that more emphasis will be
imposed to improve the durability and viability of the fillers used in the future. Many
reasons such as lack of familiarity, limited availability have so far prevented large
scale penetration of natural fillers. However, tremendous growth is still anticipated
with large companies entering the market and technological advances being made.

Thus, a stable and healthy advancement in tribological research of nanocompos-
ites is anticipated to take over the current scenario as the trend is moving towards
developing novel, green measures, chemical or physical alterations of improving the
tribological behaviour of polymer composites (pristine, hybrid and nanocomposites).

5 Conclusion

In this chapter, the different fillers used in the composite have been reviewed broadly
for the first time. The most important contribution of the current work is identifying
various fillers used in the composite materials and its influence on the tribological
behaviour of the composite. It is expected that the review would be beneficial to
the researchers seeking guidance on different types of fillers for the preparation of
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newly formulated compositematerials. The roles, classifications, processingmethods
and the influences of different categories of fillers in the composites are discussed
intricately. The challenges faced during the fabrication of composited are highlighted.
The recent advancements in the processes of incorporating the fillers in composites
and the future possibilities of the research have also been briefly reviewed.
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Effects of Lubrication on Tribological
Properties of Composite MoS2-TiO2
Coating Material

Avinash V. Borgaonkar, Ismail Syed, and Shirish H. Sonawane

Abstract Molybdenum disulphide (MoS2) is widely used in various applications
because of its lubricating properties. However, its performance needs to further
improve. In the present work Molybdenum disulphide (MoS2) based composite
coating with addition of TiO2 (having different particle size and weight% addition)
were developed and coated on AISI52100 steel substrate. The substrate specimens
were pre-treated using phosphating to improve the porosity which helps to enhance
the bond strength between the coating and steel substrate. A tribological study of this
developed composite coatingwas carried out at different contact pressures and sliding
speeds using the pin-on-disc test rig. It was observed that particle size of TiO2 and
its different wt% significantly affects the tribological properties of the developed
composite coating. In case of all considered operating conditions with developed
samples of composite MoS2-TiO2 coating, the sample C (63.3 nm particle size with
15 wt% addition) of TiO2 depicts about 31% lower coefficient of friction and 39%
lower wear rate compared to pure MoS2 coating.

Keywords Coating · Composite ·MoS2 · Tribological properties · TiO2

1 Introduction

As a part of surface modification techniques, bonded solid lubricants exhibits excel-
lent tribological properties. Solid lubricants can be effectively employed in unusual
circumstances like space application, where liquid lubricants are prohibited due to
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their out gassing under vacuum and high temperature (Erdemir 2000), food and
textile industries where products are likely to get contaminated with liquid lubri-
cants and greases (Menezes et al. 2013), at high load and cryogenic temperatures,
in strong radiation fields and in corrosive environments (Sharma and Anand (2016).
Most commonly MoS2, graphite and PTFE have been used as solid lubricants in
industrial applications. Among these, MoS2 solid lubricant has the highest load
carrying capacity (Gadow and Scherer 2002) and low coefficient of friction (COF)
(Xuet al. 2003; Fridrici et al. 2003).Therefore,MoS2 has beenwidely used in different
applications to reduce the COF and wear rate (Chen and Jia 2001; Xu et al. 2007).

Luo et al. (2011) and Shen et al. (2017) performed rotational fretting wear test
of bonded MoS2 coating on the medium carbon steel substrate. The counter body
material is 52100 steel. The study depicts that in comparison with the uncoated spec-
imen, MoS2 coated specimen exhibits lower COF and wear rate due to its lubricating
property. Hiraoka (2001) performed tribological study of the journal bearings with
bonded MoS2 solid lubricant in air as well as vacuum environment. The shaft and
bearing bush made up of steel. Before application of the coating, both the substrate
surfaces were pre-treated using sand-blasting method. The MoS2 coating along with
phenolic resin binder was applied on the pre-treated surface by spraying technique.
The experimental results show that the MoS2 coating exhibits high endurance life in
vacuum as compared with air. This is due to lowCOF in vacuum. The COF is directly
related to the shear stress at the interface of coating and substrate. Another similar
kind of study was carried out by Ye et al. (2009) on bonded composite MoS2-Sb2O3

coating using reciprocating tribometer. The substrate made up of AISI 1045 steel
was pre-treated using sand-blasting process to improve the bond strength between
substrate and coating. The compositeMoS2-Sb2O3 coating alongwith novolac epoxy
resin binderwas applied on the pre-treated surface by spraying technique. The bonded
MoS2 coating exhibits excellent tribological properties under fretting condition.With
increase in load, the coating material transferred onto the counterbody surface which
in turns reduced COF. In addition the compositeMoS2-Sb2O3 coating possesses high
load carrying capacity.

Zhu et al. (2003) studied the tribological performance of the sputtered MoS2 and
composite MoS2-Ti coatings under fretting and pin-on-disk test rig using different
counter body material such as steel and corundum. The test results show that MoS2
exhibits better tribological performance in fretting with a corundum counterbody
as compared to steel. This is due to the low shear strength of the MoS2 which
results into formation of a transfer film onto a counterbody surface under fretting
conditions. The MoS2-Ti composite coating exhibits better tribological performance
with pin-on-disk tests as compared to MoS2. The addition of Ti improves the wear
resistance of the coating without affecting the lubrication property of the MoS2.
Arslan et al. (2004) and Bulbul and Efeoglu (2010) confirms that in comparison
with the pure MoS2, composite MoS2-Ti coating improves the endurance life. Since
the addition of Ti in MoS2, the hardness of the coating material improved which in
turn enhances endurance life. The hardness of composite coating improved due to
denser and stronger microstructure of Ti. Shang et al. (2018) developed multilayered
composite MoS2/Pb-Ti coating and studied its tribological and corrosion resistance
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properties. Theobtained resultswere comparedwith the pureMoS2 coating to analyse
the performance of the both coatings. The results show that multilayered composite
MoS2/Pb-Ti coating exhibits better tribological performance in ambient as well as
in high humid environment, since the doping of Ti improves the hardness at the
same time dual doping improves the microstructural properties which reduces the
COF. However, pure MoS2 coating exhibits a high COF and low endurance life in
high humid environment or used after long-time storage. Themultilayered composite
MoS2/Pb-Ti coating also exhibits better corrosion resistanceproperties in comparison
with pureMoS2 by inhibiting the permeation of oxygen and other corrosive elements
in both ambient and in high humid environment.

Kubart et al. (2005) carried out the tribological analysis ofMoS2 andMoSe2 coat-
ings deposited on steel substrate by magnetron sputtering. The study was performed
using ball-on-disc high temperature tribometer considering different humidity. The
obtained results reveal that theCOFofMoSe2 was not affected byhumidity.However,
the wear rate of MoSe2 in dry air was significantly higher as compared with MoS2.
Moreover in case of humid air sudden increase in the wear rate of MoS2 has been
observed. Whereas the wear rate of MoSe2 remained unaffected. Shankara et al.
(2008) performed tribological analysis of different bonded solid lubricants. The
different solid lubricants used for analysis were pure MoS2, composite MoS2-ZrO2

and MoS2-graphite-ZrO2. The study was carried out in ambient air at room temper-
ature and at 200 °C temperature. At ambient condition the moisture present in air
absorbed into the coating and leads to deteriorate its tribological performance. At
high temperature due to evaporation of moisture the tribological performance has
been significantly improved. The comparative study shows that MoS2-ZrO2 and
MoS2-graphite exhibits better tribological performance than the pure MoS2. The
ZrO2 helps to improve the endurance life of the coating due to improved hardness
whereas the graphite is a soft material which helps to reduce the COF values. Vadiraj
et al. (2012) performed the tribological analysis of four different solid lubricants
such as MoS2, boric acid, TiO2 and graphite. The tests performed at constant load
varying the sliding speed. The obtained results compared with pure dry condition.
The tests result reveals that MoS2 and graphite helps to reduce the wear rate by
30–50% compared to dry condition at all sliding speeds because of good lubricity
and adherence to the surface. The reduction in COF was observed with increase in
sliding speed in case of all solid lubricants compared to dry condition. It may because
of with increase in speed the temperature and shear force goes on increasing which
results into reorientation of lubricant layers. Out of these solid lubricants boric acid
experiences high COF andwear rate because of conversion of boric acid into abrasive
boric oxide.

Essa et al. (2017) studied the friction andwear characteristics of compositeMoS2-
ZnO coating material. The composites prepared by addition of 10% MoS2 into
steel, 10% ZnO into steel and each MoS2 as well ZnO 10% into the steel. The
tribological analysis of these composites have been carried out and compared with
the pure steel specimens. The study has been carried out at different temperatures
ranging from room temperature to 800 °C. The test results reveal that due to syner-
getic effect of composite MoS2-ZnO exhibits enhanced lubrication performance at
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wide range of temperatures. In all temperature range the composite steel-MoS2-
ZnO exhibits lowest COF whereas composite steel-MoS2 exhibits lower wear rate
as compared to pure steel and other composite materials. Ramamoorthy et al. (2017)
analysed the machining performance employing three different conditions such as
wet machining with cutting fluid as a lubricant, dry machining without any lubricant
and drymachining with solid lubricant. In this study graphite has been used as a solid
lubricant. The test results reveal that surface finish has been significantly improved
due to lowered COF at the tool workpiece interface with solid lubricant assisted
machining in comparison with other two conditions.

Till now the attempts have been made to enhance the tribological properties of the
bonded MoS2 coating with different composition of metals (MoS2/Pb-Ti, MoS2-Ti),
selenide (MoS2-WSe2) and oxides (MoS2-ZnO, MoS2-ZrO2). However, very few
researchers reported the effect of particle size and wt% addition of doping material
into the base coating material. The tribological behaviour of such composites is still
dramatic in nature, and meticulous examination of the contacting surfaces coated
with such composite films (with different wt% addition and particle size of other
doping material into MoS2 base matrix) under various operating conditions is still
needed.

In the present study, a tribological analysis of developed composite coatingMoS2-
TiO2 (with in-house synthesized TiO2 having different particle size andwith different
wt% addition)was carried out on pin-on-disc friction andwear test rig under different
operating conditions like contact pressure, speed. Eventually, the findings of this
study will enable us to understand the effect of microstructure of coating and its
composition on the tribological properties of the composite coating.

2 Materials and Methods

2.1 Materials

In order to develop pureMoS2 coating,MoS2 (with average particle size 170–200nm)
powder was purchased from Sisco Research Laboratories Pvt. Ltd., Mumbai, India.
Further to prepare the composite MoS2-TiO2 coating, the TiO2 has been synthe-
sized. For the synthesis of TiO2, the different chemicals were used such as titanium
tetra isopropoxide (TTIP), acetone, methanol and sodium hydroxide (NaOH) were
purchased from S. D. Fine Chemicals Ltd., Mumbai, India. The procured chemi-
cals were used as in received condition from the supplier unless stated otherwise.
A magnetic stirrer and reactor equipped with ultrasonic horn (M/s Dakshin Ltd.,
Mumbai, India) with 20 mm tip diameter made up of titanium were used separately
to synthesize different sizes of TiO2.
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2.2 Characterization

For characterization different instruments have been used, those are elaborated in
following sub-section as below.

2.2.1 Particle Size Analyser

The Particle Size (PSA) size of nano-dispersions analysis was done using Malvern
Zetasizer (Nano S90 version 7.02). Dilute solution of TiO2 was characterized using
dynamic light scattering method.

2.2.2 Surface Roughness Tester

The surface roughness of the pin (before pre-treatment process) and the counter face
disc surface (before wear test) was measured using the Surtronic S-100 (Taylor
Hobson) Series Surface Roughness Tester. The required surface roughness was
achieved by polishing with different grades of silicon carbide papers.

2.2.3 Scanning Electron Microscopy (SEM)

After application of the coating, the morphological study and coating thickness
were examined by scanning electron microscopy (SEM) in a higher resolution field
emission gun microscope, Hitachi-4800 (Tokyo, Japan), equipped with an energy
dispersive x-ray analysis (EDAX) detector (Bruker, XFlash4100, Billerica, MA,
USA).

2.2.4 Vickers Microhardness Tester

TheMicrohardness of the coated samples ismeasured using ECONOMETVII-1MD
Microhardness tester supplied byChennaiMetcoPvt. Ltd., (Chennai, India) equipped
with testing force range 10–1000 gf and automatic loading–unloading dwell period
50–60 s. The maximum resolution is 0.0625 µm.
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3 Development and Application of the Composite Coating

3.1 Development of Composite MoS2-TiO2 Coating

The development of composite MoS2-TiO2 includes different steps such as synthesis
of TiO2 powder, particle size analysis of synthesis of TiO2 powder, mixing of TiO2

with MoS2 (having different particle size and wt% addition).

3.1.1 Synthesis of Titanium Dioxide (TiO2) Particles

The titanium dioxide exists in different phases out of which the rutile phase is chem-
ically stable. TiO2 is non-toxic. It does not react with any other material at ambient
temperature and not soluble in water. It has good thermal stability. Rutile titanium
dioxide has amelting point of 1850 °C. The titanium is having high strength andwear
resistance. Due to these advantages, TiO2 is selected as a reinforcement material to
form a composite coating. In order to study the influence of TiO2 particle size on the
tribological performance of the composite MoS2-TiO2 coating, the different particle
size of TiO2 powder have been synthesized by different methods.

The typical procedure reported by Hernandez-Perez et al. (2012) for synthesizing
TiO2 nanoparticles is by using ultrasound approach described using a flow chart as
shown in Fig. 1.

3.1.2 Particle Size Analysis

The average hydrodynamic diameter and poly-dispersity index (PDI, Malvern defi-
nition) were finding out by quasi-elastic light scattering. Before putting the samples
to analysis it was diluted to 1/300 in De-ionized (DI) water and bath sonicated for
5–10 min for uniform dispersion of particles and it was used for size analysis. The
parameters used for carrying put the analysis mentioned in Table 1.

The particle size distribution for the different synthesized TiO2 samples obtained
from the particle size analyser and depicted in Fig. 2.

From the particle size analysis, the size of the synthesized TiO2 nanoparticles
were estimated and displayed in Table 2.

3.2 Application of the Composite MoS2-TiO2 Coating

The application of coating involves different steps such as pre-treatment of the
substrate surface, bonding of the compositeMoS2-TiO2 coating using sodium silicate
as a binder on the pre-treated surface.
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Fig. 1 Synthesis procedure for TiO2

Table 1 Parameters of particle size analysis

Dispersant name Water

Dispersant refractive Index 1.33

Viscosity 0.8872

System temperature 25 °C

Fig. 2 Particle size analysis of synthesized TiO2 samples
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Table 2 Z-Average values (particle size) from particle size analysis histogram

TiO2 sample Z-average (nm) PDI % intensity

Sample A 301.5 0.054 95

Sample B 102.6 0.047 91

Sample C 63.3 0.041 93

3.2.1 Pre-treatment Process

The pre-treatment process has been used to enhance the bond strength between
coating and substrate. As per the previous findings, different pre-treatment processes
such as salt-bath nitriding, sand-blasting, shot peening, micro-arc oxidation, phos-
phating and abrasive blasting process were used. Among these, more emphasis was
given by Duszczyk et al. (2018) on the phosphating as it creates micro-porous which
helps to trap the solid lubricant into the interstices between the phosphate crys-
tals which results in enhanced bonding strength as reported by Rajagopal and Vasu
(2000). Due to this advantage, phosphating was used as a pre-treatment process
in the present analysis. For the phosphating, the required chemicals such as phos-
phoric acid (H3PO4), magnesium carbonate (MgCO3), sodium nitrate (NaNO2), and
sodium hydroxide (NaOH) were used. These were purchased from Sigma Aldrich
Ltd., Mumbai, India.

3.2.2 Phosphating Process

Sankara Narayanan (2005) elaborated about phosphating process which involves
different steps such as degreasing, pickling, rinsing, phosphating, rinsing and drying.
The phosphating process was carried out as mentioned by Pokorny et al. (2016).

3.2.3 Bonding of the Composite MoS2-TiO2 Coating on the Pre-treated
Substrate Surface

In the present study sodium silicate (Na2SiO3) is used as a binder to hold together the
MoS2 and TiO2 powders in order to apply on the substrate surface. While forming
the gel type mixture it is found that, less amount of Na2SiO3 fails to absorb the
powders, whereas excess amount causes poor adhesion. After carrying number of
trials, optimum proportions of MoS2 and Na2SiO3 for pure MoS2 coating have been
found out (by wt% 1:2.2).

In case of composite coating to finalise optimum % of TiO2 to be mixed with
MoS2 which will provide better tribological properties, the % of TiO2 varied from 5
to 25%. In proportion to that amount of Na2SiO3 was added. These prepared coating
applied onto the phosphated steel samples by brushing. These coated samples dried
and cured at 150 °C for two hours in a furnace.
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4 Experimental Analysis

4.1 Pin on Disc Friction and Wear Test Rig

The friction tests were performed using pin-on-disk tribometer (Magnum, India) and
referring to ASTM Standard G99-95 (2010). A schematic set up of the pin-on-disk
test rig is shown in Fig. 3. The disk material is EN-31 and comprised of 165 mm
diameter and thickness of 8 mm. The substrate material for pin is AISI 52100 steel
(12 mm diameter and 25 mm length).

While estimating the tribological performance parameters of the coating, such as
friction coefficient (COF) and wear rate the sliding distance was kept constant as
3000 m for every test. This was achieved by changing the disc speed and the track
radius. The weight loss i.e. (difference between initial weight and final weight) is
used to estimate the wear rate of the coating. In order to get the reliable data each
experiment was repeated three times.

Before performing each test, the disks surfacewas cleaned using acetone, and then
dried thoroughly. The tests have been performed as per the detailed test parameters
and the operating conditions mentioned in Table 3.

Fig. 3 Pin-on-disc friction and wear test rig schematic set up
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Table 3 Test parameters and ranges

S. No. Parameters Operating conditions

1 Normal load 176, 442, 707 kPa

2 Sliding speed 1, 2, 3 m/s

3 Track radius 40 mm

4 Sliding distance 3000 m

5 Results and Discussion

The tribological properties such as COF and wear rate of the composite MoS2-TiO2

coating have been studied. While analysing the performance, the effect of particle
size and different wt% addition of TiO2 has been considered and elaborated in the
following sub-section.

5.1 Effect of Particle Size and Different Wt% of TiO2 on COF

The effect of particle size and wt% addition of TiO2 on the COF at a contact pressure
of 176 kPa and a sliding speed of 1 m/s is shown in Fig. 4. Form the test results it
has been observed that composite coating exhibits better COF as compared to pure
MoS2 coating. In composite MoS2-TiO2 coating, the 15 wt% addition of TiO2 shows
a lower COF. In addition, at 15 wt% of TiO2, a lower particle size (Sample C) of TiO2

Fig. 4 Effect of addition of different wt% TiO2 on COF with operating conditions 176 kPa contact
pressure and 1 m/s sliding speed
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depicts a further reduction in COF among the other considered particle size samples.
The Sample C at 15 wt% addition of TiO2 exhibits near about 31% reduction in
COF value as compared to the pure MoS2 coating. The pure MoS2 coating shows
higher values of COF as compared to other samples due to poor bonding between
the substrate and coating, the coating was worn out at a faster rate from the substrate
(see Fig. 6a). This is in line with the previous study reported by Shankara et al.
(2008) and Shang et al. (2018), where they reported that pure MoS2 coating exhibits
low wear resistance due to which it worn out at a higher rate. The addition of TiO2

into MoS2 base matrix resulted into improved tribological properties of composite
MoS2-TiO2 coating. However, the higher amount of addition reinforcement material
leads to improper mixing between the additive and base matrix which leads to poor
bonding due to which a reverse trend in the tribological properties was observed as
reported by Ding et al. (2010).

5.2 Effect of Particle Size and Different Wt% of TiO2
on Wear Rate

The effect of particle size and wt% addition of TiO2 on the wear rate at a contact
pressure of 176 kPa and a sliding speed of 1 m/s is shown in Fig. 5. Form the test
results it has been observed that composite coating exhibits higher wear resistance
as compared to pure MoS2 coating. In composite MoS2-TiO2 coating, the 15 wt%
addition of TiO2 shows a lower wear rate. In addition, at 15 wt% of TiO2, a lower
particle size (Sample C) of TiO2 depicts a further reduction in wear rate among the
other considered particle size samples. The Sample C at 15 wt% addition of TiO2

Fig. 5 Effect of addition of different wt% TiO2 on wear rate with operating conditions 176 kPa
contact pressure and 1 m/s sliding speed
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Fig. 6 Pin surface after wear test. a PureMoS2, composite coating with TiO2 addition of b 15wt%,
c 25 wt%

exhibits near about 39% reduction in wear rate value as compared to the pure MoS2
coating.

It can be depicted from Fig. 6b that in composite coating with the addition of TiO2

upto 15 wt%, the coating still remains on the pin surface after the test, due to which
it exhibits lower COF and wear rate. However, for higher concentration i.e. 25 wt%
of TiO2 the coating has been worn out from the substrate as shown in Fig. 6c. This
may be due to improper mixing of TiO2 particles into MoS2 matrix which may lead
poor bonding between them and lead to an increase in COF as well as wear rate.

In order to confirm this EDAX analysis of the pure as well as composite MoS2-
TiO2 coating before and after wear test has been carried out with same operating
conditions. Figure 7 shows the EDAX spectrum and mapping analysis for different
elements present onto the coated surface. The initial spectrum (a) represents different
elements which constitute for the composite MoS2-TiO2 coating with 15 wt% addi-
tion of TiO2 (i.e. TiO2 with sample C) beforewear test. It shows that different element
present such asMo, Ti, Na, Si, O andC and the spectrum (c) for the same coating after
wear test. While the other spectrum (b) represents EDAX spectrum for pure MoS2
coating after wear test which shows some traces of Fe along with above mentioned
elements. The EDAX analysis clearly shows that under same operating conditions
pureMoS2 coating wears out at a faster rate due to poor bonding strength. After worn
out of the coating, asperity contact between the contacting surfaces has taken place.

6 Conclusion and Future Scope

Within the scopeof this study, a successful attempt has beenmade for the development
of composite MoS2-TiO2 coating material with different wt% of TiO2 and particle
size. The tribological properties of the developed composite coating at different
contact pressure and sliding speed have been investigated. The test results reveal
that, in comparison with the application of pure MoS2 coating, the composite MoS2-
TiO2 coating exhibits excellent tribological performance in all considered operating
conditions due to the synergistic effect of bothMoS2 andTiO2.At ambient conditions,
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Fig. 7 EDAX spectrum a before wear test and c after wear test for composite MoS2-TiO2 coating
with 15 wt% addition of TiO2 (sample C), b pure MoS2

the introduction of TiO2 into the MoS2 matrix helps to improve the bond strength
without spoiling the lubricating property of MoS2 and in turns lead to enhance the
endurance life of the coating. In comparison with all considered combinations, the
sample C (63.3 nm particle size) with 15 wt% of TiO2 depicts the lowest COF
and wear rate. The enhanced tribological performance of composite MoS2-TiO2

coating turns into prominent replacement coatingmaterial as compared to pureMoS2
coating. Further research for the improvement of the performance of the composite
MoS2-TiO2 coating is needed to explore the followings:

• To study the tribological performance of composite MoS2-TiO2 coating with
different environmental conditions such as high temperature, vacuum and
moisture.

• To study the influence of this composite MoS2-TiO2 coating on the tribological
performance in combination with surface texturing.



280 A. V. Borgaonkar et al.

References

ArslanE,Bulbul F, Efeoglu I (2004)The structural and tribological properties ofMoS2-Ti composite
solid lubricants. Tribol Trans 47(2):218–226

ASTM AS. G99 (2010) Standard test method for wear testing with a pin-on-disk apparatus, pp 1–5
Bulbul F, Efeoglu I (2010) MoS2-Ti composite films having (002) orientation and low Ti content.
Crystallogr Rep 55(7):1177–1182

Chen JM, Jia JH (2001) Investigation of the tribological behavior of an aluminum alloy with
embedded materials. Mater Sci Eng 302(2):222–226

Ding XZ, Zeng XT, He XY, Chen Z (2010) Tribological properties of Cr-and Ti-doped MoS2
composite coatings under different humidity atmosphere. Surf Coat Technol 205(1):224–231

Duszczyk J, SiuzdakK,KlimczukT, Strychalska-Nowak J, Zaleska-MedynskaA (2018)Manganese
phosphatizing coatings: the effects of preparation conditions on surface properties. Materials
11(12):1–22

Erdemir A (2000) Solid lubricants and self-lubricating films. In: Bhushan B (ed) Modern tribology
handbook. CRC Press, US, pp 4–39

Essa FA, Zhang Q, Huang X, Ali MKA, Elagouz A, Abdelkareem MA (2017) Effects of ZnO and
MoS2 solid lubricants on mechanical and tribological properties of M50-steel-based composites
at high temperatures: experimental and simulation study. Tribol Lett 65(3):1–29

Fridrici V, Fouvry S, Kapsa P, Perruchaut P (2003) Impact of contact size and geometry on the
lifetime of a solid lubricant. Wear 255(7–12):875–882

GadowR,SchererD (2002)Composite coatingswith dry lubrication ability on lightmetal substrates.
Surf Coat Technol 151:471–477

Hernandez-Perez I,Maubert AM, Rendon L, Santiago P, Herrera-Hernandez H, Diaz-Barriga Arceo
L, Garibay Febles V, Palacios Gonzalez E, Gonzalez-Reyes L (2012) Ultrasonic synthesis:
structural, optical and electrical correlation of TiO2 nanoparticles. Int J Electrochem Sci
7:8832–8847

Hiraoka N (2001) Wear life mechanism of journal bearings with bonded MoS2 film lubricants in
air and vacuum. Wear 249(10–11):1014–1020

Kubart T, Polcar T, Kopecky L, Novak R, Novakova D (2005) Temperature dependence of
tribological properties of MoS2 and MoSe2 coatings. Surf Coat Technol 193(1–3):230–233

Luo J, Zhu MH, Wang YD, Zheng JF, Mo JL (2011) Study on rotational fretting wear of bonded
MoS2 solid lubricant coating prepared on medium carbon steel. Tribol Int 44(11):1565–1570

Menezes PL, NosonovskyM, Ingole SP, Kailas SV, Lovell MR (eds) (2013) Tribology for scientists
and engineers. Springer, New York

PokornyP, Tej P, SzelagP (2016)Discussion aboutmagnesiumphosphating.Metalurgija 55(3):507–
510

Rajagopal C, Vasu KI (2000) Properties of phosphate coatings and influencing factors. In:
Conversion coatings: a reference for phosphating, chromating, and anodizing processes. Tata
McGraw-Hill, New York, pp 62–70

Ramamoorthy R, Venkatesan T, Rajendran R (2017) Solid lubricant assisted machining—an
environmental friendly clean technology to improve the surface quality. SAE Tech Pap 28(1):1–4

Sankara Narayanan TSN (2005) Surface pretretament by phosphate conversion coatings—a review.
Rev Adv Mater Sci 9:130–177

Shang K, Zheng S, Ren S, Pu J, He D, Liu S (2018) Improving the tribological and corrosive
properties of MoS2-based coatings by dual-doping and multilayer construction. Appl Surf Sci
437:233–244

Shankara A, Menezes PL, Simha KRY, Kailas SV (2008) Study of solid lubrication with MoS2
coating in the presence of additives using reciprocating ball-on-flat scratch tester. Sadhana
33(3):207–220

Sharma SM, Anand A (2016) Solid lubrication in iron based materials—a review. Tribol Ind
38(3):318–331



Effects of Lubrication on Tribological Properties … 281

Shen MX, Cai ZB, Peng JF, Peng XD, Zhu MH (2017) Antiwear properties of bonded MoS2 solid
lubricant coating under dual-rotary fretting conditions. Tribol Trans 60(2):217–225

Vadiraj A, Kamaraj M, Sreenivasan VS (2012) Effect of solid lubricants on friction and wear
behaviour of alloyed gray cast iron. Sadhana 37(5):569–577

Xu J, ZhuMH, Zhou ZR, Kapsa P, Vincent L (2003) An investigation on fretting wear life of bonded
MoS2 solid lubricant coatings in complex conditions. Wear 255(1–6):253–258

Xu J, Zhou ZR, Zhang CH, Zhu MH, Luo JB (2007) An investigation of fretting wear behaviours
of bonded solid lubricant coatings. J Mater Process Technol 182(1–3):146–151

Ye Y, Chen J, Zhou H (2009) An investigation of friction and wear performances of bonded
molybdenum disulfide solid film lubricants in fretting conditions. Wear 266(7–8):859–864

Zhu X, Lauwerens W, Cosemans P, Van Stappen M, Celis JP, Stals LM, He J (2003) Different
tribological behavior of MoS2 coatings under fretting and pin-on-disk conditions. Surf Coat
Technol 163:422–428



Tribology of Composite Materials
and Coatings in Manufacturing

M. H. Sulaiman, N. A. Raof, and A. N. Dahnel

Abstract The chapter presents studies regarding the tribological performance
of composite materials and multilayer composite coated tools in manufacturing
processes carried out by the authors. Two manufacturing processes were inves-
tigated—metal forming and metal cutting. In metal forming, the study aimed to
explore lubricant-free forming utilizing multilayer DLC composite hard coating as
the potential tool coating. The experimental studies on the coating include charac-
terization of the coating, and tribological analysis of the coating using commercially
available pin-on-disk, laboratory tribology simulative test and industrial ironing of
stainless steel. In order to examine the influence of temperature and contact pres-
sure along the tool/workpiece interface on friction, Finite Element analysis was
performed. Meanwhile, in metal cutting, two environmentally benign machining
techniques were investigated to determine their potentials in delaying tool wear
progression. First, sustainable machining by coupling multilayer ceramic composite
coated-tool with cryogenic coolant as the cutting fluid. Second, the machining
of Carbon Fibre Composite and Titanium alloys stacks using Ultrasonic Assisted
Drilling (UAD) technique. Both techniques include investigations on machining
conditions with varied cutting tool speeds. The examinations on the experimental
results were focused on temperature, tool wear, surface integrity and metallurgical
structure of near-surface region.
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1 Introduction

While lubrication has been the leading edge to improve tribological performance
in manufacturing processes, environmental-friendly manufacturing with or without
inclusion of lubricants is new and presents extremely demanding solutions for
sustainable manufacturing. Driven by environmental concerns and the enforce-
ment of restrictive legislations to ban the use of lubricants, extensive studies on
environmental-friendly manufacturing, either by looking at new alternative to lubri-
cation or manufacturing techniques, has attracted great attention from worldwide
researchers. Since a large amount of lubricant is necessary for a high volume manu-
facturing production, this will further increase the risks to health hazards. Up to
these days, efficient lubricant containing environmentally hazardous extreme pres-
sure additives is being employed in production as the only reliable solution to impede
tool wear. Such lubricants are activated by gradual temperature increase and due
to repetitive sliding between the workpiece and the tool surface, thereby a good
boundary film is created by the reaction with the material of workpiece, usually
involving the combination with coated tools for improved tool wear resistance (Bay
2013; Ceron et al. 2014). Aside from the good boundary lubricants, increasing trends
of using vegetable oils (Syahrullail et al. 2011; Zulhanafi and Syahrullail 2019)
and tailor-made ionic liquids (Amiril et al. 2017) in manufacturing and industrial
engineering has become future prospects of better lubrication with anti-friction and
anti-wear properties as opposed to a lot of biolubricants, and mineral oils that are
synthetic and petroleum-based.

Manufacturing processes with effective boundary lubricants alone may not neces-
sarily improve tool wear resistance unless other mechanical engineered surface
techniques are applied. For instance, anti-seizure tool materials, structured surface
topographies, and anti-seizure tool surface treatments (either by coatings or by ther-
mochemical diffusion). To date, some of them are being used in real manufacturing
processes, i.e., application of structured workpiece surfaces with the use of big rolls
roughened by Shot Blast Texturing (SBT) or Electro Discharge Texturing (EDT)
(Kijima andBay2007).Apart from that, hard coating is largely used today.Composite
coating, for example, is known to decrease tool wear of approximately 2–50 times in
abrasivewear conditions while for sliding conditions, beyond four times compared to
the reference uncoated steel (Holmberg et al. 2014). For hard coatings in regard with
manufacturing applications, the design of coating architecture is important to release
residual stress and to avoid the initiation and generation of cracks so that the life span
of a tool can be lengthened. In metal stamping, multilayer Diamond-Like Carbon
(DLC) composite coating has shown positive influence to promote an improved adhe-
sion strength for DLC and the tool substrate, thus a longer tool lifetime (Sulaiman
et al. 2017a). The multilayer coating structure allows the coating in restraining and
decelerating crack initiation and propagation rate. Owing to successive microcrys-
talline coatings with a smoother surface and columnar grain structures, themultilayer
DLC composite coatingworked satisfactorily so that the coating damage resistance is
improved, and even performed well in dry friction condition (Sulaiman et al. 2017b).
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A study of WC-Co tools with monolayer, MCD/NCD coating and multilayer
diamond/β-SiC composite hard coating using Rockwell and scratch tests has demon-
strated that themultilayer composite tool is superior to other hard coatings. The exper-
iment revealed the positive impact of usingmultilayer diamond/β-SiC composite hard
coating which improved the mechanical properties, by means of high hardness, high
Young modulus and residual stress that is low, leading to enhanced adhesion and
crack propagation resistance (Yuan et al. 2020). Composite hard coating has such
mechanical properties that are excellent that it has been supported by optimized
thermal expansion coefficient matching amidst the substrate and coating as well as
contributed directly by internal mechanical interlock effect of the co-deposition of
diamond and β-SiC phase. As a result, this has improved interfacial adhesion of the
substrate and MCD/NCD multilayer top coating, in which the diamond functions
as high strength structure phase while the bonding phase is represented by β-SiC.
A similar result in metal cutting, engineered nano-scale multilayer TiAlN/Al2O3

composite coating has enabled for an optimum combination between the high adhe-
sion strength and the tool substrate along with the work material adhesion to the tool
surface that is minimum (Vereshchaka et al. 2014). The experimental results after
the dry machining concluded that the multilayer TiAlN/Al2O3 composite coating
can work effectively to decrease the wear rates, thereby promoting longer opera-
tional life of the cutting tool significantly. On the other hand, there is a number
of researches on exploring new environmentally benign machining techniques of
composites materials. For example, drilling of aerospace composite materials using
cryogenic lubrication technique (Barnes 2013; Barnes and Ascroft 2015) and using
Ultrasonic Assisted Drilling (UAD) technique (Dahnel et al. 2015, 2016). Both tech-
niques are feasible alternatives to provide low friction and wear rate at controlled
temperatures below 300 °C besides enhancing the tool lifetime and drilling hole
quality. However, utilizing cryogenic lubrication technique during the machining of
the composite materials has no significant influence on tool wear, despite reduced
temperature between work material and cutting tool.

The aim of this chapter is to present the discussion of the mechanical and tribo-
logical behaviour of composite tool coatings with environmental-friendly lubrica-
tion system or without applying lubricants at all, and the tribological performance in
environmental-friendlymachining techniques of compositematerials.Most work are
centered on evaluating the tribo-mechanical performances with and without lubri-
cants on how severe the tool wear and product surface quality are. Some studies were
carried out at elevated temperatures and hence the discussions are made separately
for room and high temperature, categorized by the types of manufacturing processes.
The broader impact of the chapter ends with concluding remark of the present tribo-
logical composite work in manufacturing processes which are needed for exploring
the tribological behavior of new and greatly classes of composite specifically, and
for tribology generally.



286 M. H. Sulaiman et al.

2 Metal Forming

2.1 Forming of Stainless Steel Sheets with DLC Composite
Hard Coating

Studies on eliminating the harmful lubrication in metal forming is growing tremen-
dously. Although adopting anti-seizure hard coatings is imperative to improve tribo-
logical performance of tool surface in metal forming, the coated tool lifetime is
limited when forming is operated under dry friction condition. This is associated
with coating architectures and adhesion bond that is weakwhich connects top coating
layer and tool substrate at high loads (Chuan et al. 2013; Merklein et al. 2015). A
solution to this adhesion strength issue is the introduction of interface layer, i.e.
TiAlN (Wang et al. 2007; Biksa et al. 2010; Lukaszkowicz 2011; Sulaiman 2017).
With the aim to enable lubricant-free forming and to promote environmental-friendly
tribosystem, a newmultilayer DLC/CrCN/CrN/TiAlN composite coating was devel-
oped and deposited onto the tool substrate. The composite coating was tested and
evaluated using three different tribological test methodologies. First, tribological
pin-on-disk test (Sulaiman et al. 2019a). Second, simulative tribology test (Sulaiman
et al. 2017a). Lastly, simulation of industrial ironing of stainless steels (Sulaiman
et al. 2019b). All involved approaches adopted experiments at room and elevated
temperatures. To investigate the effects on the tool wear following the experimenta-
tion, the measurement on the workpiece surface roughness was taken using a tactile
roughness profilometer. This was followed by the detection of material transfer to the
die surface in the area of contact utilizing a light optical microscope (LOM). Lastly,
in order to examine the wear scar elements at the top of coated die surface following
the experiment, scanning electron microscopy and energy-dispersive X-ray spec-
troscopy (SEM–EDX) were used. Before the experimentation, a cleaning process
was performed on all worn surfaces by immersing them repetitively in acetone
bath. A Finite Element simulation combining analyses on mechanical and thermal
were conducted to discover material deformation along with heat generation impact
towards the stress conditions of workpiece during forming operation and the friction
at the interface of die–workpiece.

2.1.1 Properties of Multilayer DLC Composite Coating

Figure 1 displays the transection perspective of the multilayer
DLC/CrCN/CrN/TiAlN composite coating. The coating is formed by DLC
film (top layer) and TiAlN film (bottom layer) on top of the substrate (tool steel
Vanadis 4, with 62 HRC surface hardness). The die roughness following the coating
was equivalent as the previous one: Ra = 0.02 μm. The coating was accumulated
through the process of Physical Vapour Deposition (PVD) which is related to
unbalanced magnetron sputtering (Neergaard 2017). The table next to Fig. 1,
presents the coating’s mechanical properties and surface characteristics, in which
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Properties Value 

Hardness 3,000 HV 
Roughness 
Ra 0.026 μm 

Fig. 1 Design, microstructure, surface characteristics and mechanical properties of the multilayer
DLC composite coating

the uncertainty values constitute three to five times of the variations observed in
the examined regions. The framework for every DLC/CrCN/CrN/TiAlN composite
coating layer disclosed their coating films thickness which were 2.4 and 2 μm,
each. Based on the SEM images, TiAlN film (intermediate layer) was found to
bond ideally with DLC coating film (top layer) and the Vanadis 4 substrate (bottom
layer). It was due to Cr interlayer, as specified by the EDX results in Fig. 2 (top), in
which the stress gradient at the interface amidst the DLC and TiAlN coating films
was released (Kim et al. 2016). It was also indicated from the EDX results that
adhesion strength was enhanced because of the use of the elements, Cr and Ti, in
the multilayer DLC/CrCN/CrN/TiAlN composite coating, which then produced low
energy, a chemical bond that is stable and strong, and a low stress gradient at the
interface (Hong et al. 2001b; Strano et al. 2013; Yasa et al. 2012). A composition that
is congregated and rough was exhibited from the first DLC layer, different compared
to the framework of the TiAIN layer which was fine and smooth. Good composite
coating adhesion is explicable by the composition of CrCN/CrN interlayer under the
first DLC layer, that is big and has columnar grain (Kaynak 2014; Dhar et al. 2001).
Figure 2 (bottom right) shows the thick microstructure of TiAIN coating that has a
steady cylindric architecture with several pores along with inclusions. Meanwhile,
Fig. 2 (middle) shows TiAIN coating that contains high level of Al, which causes the
multilayer DLC/CrCN/CrN/TiAlN composite coating to enhance its rigidity. It is
therefore suggested that the TiAIN interlayer is weak in cutting stress for the sake of
enhancing the strength of adhesion amidst the DLC film and the Vanadis 4 substrate,

DLC/CrCN/CrN coating TiAlN coating Tool steel, Vanadis 4 

Element Weight% Atomic% 
Cr 73.54 41.92 
N 13.88 29.38 
C 8.77 21.63 
O 3.81 7.07 

Element Weight% Atomic%
Ti 45.01 24.80 
Al 31.33 30.64 
N 23.65 44.56 

Element Weight% Atomic%
Fe 87.82 72.08 
Cr 5.16 4.55 
O 3.57 10.22 
C 3.45 13.15 

Fig. 2 Elemental compositions of the multilayer DLC/CrCN/CrN/TiAlN composite coating



288 M. H. Sulaiman et al.

as the adhesion strength is increased by Cr interlayer by the means of stress gradient
reduction between TiAIN and DLC coating films (Sulaiman et al. 2019b). Hence,
the combination of these effects could result in reduced sliding-originated surface
tensile stresses of the multilayer DLC/CrCN/CrN/TiAlN composite coating, which
helps with the prevention of severe wear and die lifetime extension.

2.1.2 Tribological Pin-on-Disk Experiment with Multilayer DLC
Composite Coating

Commercially available pin-on-disk test was adopted for studying tribological effects
of the composite hard coating. Figure 3 shows the experimental setup for two
conditions; lubricated and dry friction for a friction pair comprised a 100Cr6 steel
ball along with a Vanadis 4 tool steel flat surface with and without the multilayer
DLC/CrCN/CrN/TiAlN composite coating. Table 1 shows the list of test parame-
ters application in the pin-on-disk experiment. In order to examine the wear scar on
DLC coated and uncoated tool steel surfaces following the experimentation, a tactile
roughness profilometer and a Light Optical Microscope (LOM) were applied.

The remarkable influence of engineered tool surface by using hard coating is
apparent. When there is no application of coating to the tool steel at the time
of operation, bigger friction coefficient is observable easily in Fig. 4 (left). For
specimens with multilayer DLC/CrCN/CrN/TiAlN composite coating, the value

Fig. 3 Schematics of pin-on-disk experimental setup

Table 1 Test parameters Test parameters Values

Sliding speed ν 100 mm/s

Normal load FN 10 N

Stroke length L 16 mm

Max. strokes 500 laps

Temperature 32 °C
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Fig. 4 Friction μ (left) and wear depth profiles after pin-on-disk experiment (right)

of friction coefficient in stable-state condition was observed at its lowest in both
conditions of lubricated and dry friction. This explains the capability of multilayer
DLC/CrCN/CrN/TiAlN composite coating in frictional effects reduction and also its
capability to reach value that is stable after a long experiment. The positive influ-
ence of using such composite coating is supported by roughness measurement on
the wear scar profiles with an optical profilometer, in which there was a discovery
of only minor scratches on the wear track of the multilayer DLC/CrCN/CrN/TiAlN
composite coated tool, see Fig. 4 (right). In having good mechanical properties and
wear resistance for the multilayer DLC/CrCN/CrN/TiAlN composite coating, the
coating characteristics have shown positive improvements in adhesion between the
coating and tool substrate to lessen the tool steel wear, hence the tool lifetime is
improved.

2.1.3 Tribological Strip Reduction Test (SRT) with Multilayer DLC
Composite Coating

In performing the off-line evaluation of the same multilayer DLC/CrCN/CrN/TiAlN
composite coated tool as described in Fig. 1, a Strip-Reduction Test (SRT) was
chosen, see Fig. 5 to the far right. The SRT was chosen because the simulative test

Fig. 5 Experimental strip reduction emulating industrial ironing (Ceron and Bay 2013)
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imitates operation 4—industrial ironing of stainless steel sheets, see Fig. 5 to the
far left. The selection of test parameters was made in congruence with the industrial
production process: 24% reduction, 50 mm/s drawing speed, idle time between each
stroke of 1.8 s and 10 mm sliding length. The materials and lubricant for the test are
detailed in Tables 2 and 3, respectively.

The multilayer DLC/CrCN/CrN/TiAlN composite-coated tool was tested under
dry friction condition and lubricationwith environmentally benignmineral oilwith no
Extreme Pressure (EP) additives, refer to Table 3. Figure 6a shows constant drawing
load and stable tool rest temperature despite following 1000 strokes, and none of the
pick-up signs on the tool surface was remarked. The verification is made through
sheet roughness Ra measurement as in Fig. 6b, in which the original workpiece
roughness was found to be higher than sheet surfaces performed under conditions of
lubricated and dry friction. Hence, the findings have revealed the capability of the
multilayer DLC/CrCN/CrN/TiAlN composite coating to ironing the stainless steel
sheets with no lubrication, or else will be highly susceptible to galling. Thereby,
adopting the multilayer composite coating film by depositing an interlayer metallic
coating film like TiAlN, CrCN and CrN in between the DLC film and the tool
substrate can therefore improve adhesion strength of the DLC composite coating

Table 2 Test materials for the strip-reduction test

Components Dimension (mm) Roughness Ra (μm)

Tool (Vanadis 4) Ø15 × 34 0.02

Workpiece (EN1.4307) W30 × t1.0 0.14

Table 3 Properties of the test lubricant

Oil type Product name Kinematic viscosity η (cSt @ 40 °C)

Mineral oil CR5 Houghton Plunger 660
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and even perform well under the extreme test conditions in ironing of stainless steel.
A coupled mechanical and thermal simulation analysis utilizing Finite Element (FE)
software LS-Dyna shown in Fig. 7a has supported the experimental findings. As seen
in Fig. 7b, a minimum quantity of the hazard free lubricant is sufficient to minimize
the friction, and no significant difference of the normal pressure along the contact
region, reaching 400 and 1000 MPa in dry and lubricated conditions, see Fig. 8a.
However, it is anticipated that the temperature would be higher at the tool/workpiece
assemblage by the Finite Element analysis using strip reduction test in dry condition
as opposed to that of lubricated, see Fig. 8b. This indicates the temperature change
�T alongside the assemblage of the tool/workpiece has been reduced due to a smaller
friction coefficient and thereby, no lubricant film breakdown. This further suggests
that the composite coating improves wear resistance for the DLC coated tool surface
for the sake of protecting the DLC coated tool for a longer tool lifetime.
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3 Machining

Machining is important in almost all manufacturing processes. However, draw-
backs of poor machinability are becoming prevalent in industry. This is espe-
cially pronounced when machining aerospace and automotive composite mate-
rials. The primary problems concerning machining in regard with such work mate-
rials are mostly associated with tool wear and also surface quality. Contributed
by the generation of heat which occurs near the tool/workpiece sliding surfaces,
many machining techniques have been developed so that the amount of heat gener-
ated can be controlled, for instance, the application of cutting fluid. Recent trends
of environmental-friendly machining with the use of cryogenic cutting fluid are
becoming popular. The cryogenic machining employed varied cryogen types like
helium (LHe), liquid nitrogen (LN), ethane, argon, methane, and oxygen in reducing
the cutting temperature (Shokrani et al. 2012). Due to this, researches have been
conducted concerning the impacts of cryogenic application in various kinds of
work materials, namely Inconel 718 (Courbon et al. 2013; Kaynak 2014; Wang
and Rajurkar 2000), Ti-6Al-4V (Wang and Rajurkar 2000; Bermingham et al. 2011;
Hong et al. 2001a, b; Strano et al. 2013; Yasa et al. 2012), various steels (Dhar et al.
2001; Paul and Chattopadhyay 1996; Venugopal et al. 2007; Pušavec et al. 2011;
Rotella et al. 2012), shape memory alloys (Kaynak et al. 2011, 2013a, b), magne-
sium alloys (Pu 2012) and the rest of engineering materials (Wang and Rajurkar
1997), which showed positive improvements towards the machining outputs like
the cutting temperature, cutting forces, surface quality, and tool wear. In drilling,
two elements that are acknowledged in common to be hard in materials machining
are Carbon Fibre Composite (CFC) and titanium (Ti) alloys. Therefore, it is highly
desirable for techniques that can substitute conventional drilling as alternative in
which drilling performance of such materials can be improved. A new alternative to
replace the conventional way of drilling of CFC/Ti stacks with Ultrasonic Assisted
Drilling (UAD) has demonstrated that the life of Tungsten Carbide (WC) drills has
improved by 300%. Owing to titanium adhesion and flank wear reduction, reducing
cutting temperatures is achievable as cutting tool vibration during drilling resulted
in improved evacuation of the hot titanium chips from the cutting zone and leading
to the cooling of cutting tool (Dahnel et al. 2015; Pecat and Brinksmeier 2014). In
regard with burr formation upon drilling, the report observation stated that there was
improved hole quality with less burr on aluminum alloy 1100 and Inconel 738-LC
holes with the use of Ultrasonic Assisted Drilling (UAD) (Dahnel et al. 2015). This,
however, requires ultrasonic amplitude of 4–10 μm and the frequency of 20–21 kHz
(Chang and Bone 2005; Azarhoushang and Akbari 2007). While for CFC drilling,
surface roughness and circularity of the drilled holes experienced 50% improvement
with the aid of ultrasonic (Makhdum et al. 2014). The UAD techniques have shown
positive influence to enhance tool wear resistance with remarkable cutback of thrust
force and torque.This section reported studies on tribological composite inmachining
processes—cryogenic turning with composite coated tool (Raof et al. 2019) along
with Ultrasonic Assisted Drilling (UAD) of CFC/Ti stacks (Dahnel et al. 2015, 2016;
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Dahnel 2017). Comparisons were made between the investigated machining tech-
niques and the conventional ones. The assessment of machinability was conducted
for its thrust forces, surface integrity, tool wear, burr and delamination. Dominant
types of tool wear were also studied.

3.1 Cryogenic Turning

AISI 4340 alloy steel that had gone through quenching and tempering, with the diam-
eter of 100 mm and 317 HB hardness, was the material for the test. Figure 9 shows
a typical lath-martensitic structure microstructure of the work material was exam-
ined before the turning experiment. A CNC lathe machine with a CVD TiCN/Al2O3

composite ceramic carbide insert was used to turn on the work material. Table 4
shows the listing for cutting parameters. For cryogenic flushing, a connection was
made between a flexible hose and Liquid Nitrogen (LN) tank, and a copper pipe
functioned as the nozzle pointing to the clearance face of the insert.

3.1.1 Effects of Cryogenic Turning Condition on Temperature, Tool
Wear and Surface Integrity

The measured cutting temperatures occurring during turning in dry and cryogenic
flushing are shown in Fig. 10. Cryogenic LN application during turning has managed
to cut down the cutting temperature as much as 35–55% in comparison to dry
turning, particularlywhen thiswas done at cutting speeds thatwere higher. Cryogenic

Prior austenite grain boundaries

Fig. 9 Microstructure of the work materials before the turning experiment

Table 4 Test parameters in turning experiment

Parameters Description

Cutting speed (m/min) 160, 200, 240

Feed rate (mm/rev) 0.3

Depth of cut (mm) 1.0

Coolant Dry and cryogenic (LN)
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machining has lower temperatures which is beneficial as machined surface amend-
ments due to thermal activity can be reduced. Nevertheless, in terms of Ra values of
the work material at distinct cutting speeds, there was not much apparent and signif-
icant difference observed in cryogenic turning. It was discovered that when using
higher speeds, effective result was generated in producing cryogenic cooling effect
that controlled the generation of heat caused by cutting speeds. This phenomenon
is related to the formation of chip morphology that occurs during the cutting. When
higher speeds are used, the chip will become curlier and thinner. Sudden cooling by
cryogenicwill harden the chips and improve their fragility. Thus, thiswill ease the LN
to penetrate into the chip-tool interface, hence the reduction in cutting temperature.

In this research, the impact of cutting toolwear towards the roughness ofmachined
surface was also examined. Figure 11 illustrates the readings of average surface
roughness as a function of cutting tool condition. The measurement of Ra values
occurred at flank wear, VB = 0 μm (new tool), VB ≥ 0.15 μm (medium wear), and
VB ≥ 0.3 μm (wear). Based on the observation, a few patterns of the graph relation
were recorded between the roughness of surface and tool wear. Various conditions of
machining resulted in better surface roughness when a worn tool was used in cutting.
This might be explained by the efficient flattening of the tool nose due to increased
worn flat on the tool flank (More et al. 2006), which in turn increasing the tool nose
radius as in Fig. 12, hence a better quality of machined surface is produced. Using
a worn tool at cutting speed of 240 m/min in cryogenic condition generated critical
reduction in roughness value which might be due to the combination of higher speed
and cryogenic application that improves surface roughness as in previous discussion.



Tribology of Composite Materials and Coatings in Manufacturing 295

Fig. 11 Roughness Ra of AISI 4340 alloy steel surface with different cutting speeds under dry and
cryogenic environment (f = 0.3 mm/rev)

r = 0.4 mm

(a) 0.5 mm

r ≈ 0.48 mm

(b) 0.5 mm

Fig. 12 Measurements of tool nose radius and surface condition of CVD TiCN/Al2O3 composite
ceramic carbide insert a before and b after machining

The improvedwear resistance of the CVDTiCN/Al2O3 composite ceramic as protec-
tive coating for the carbide insert is explicable by the examination of microstructure
of the CVDTiCN/Al2O3 composite hard coating. Figure 12c shows the cross-section
of TiCN/Al2O3 composite coating (Gassner et al. 2018). TiCN coating coupled with
Alumina Oxide Al2O3 top layer were accumulated on cemented carbide insert. Due
to its hardness and firmness which are high, the use of the TiCN/Al2O3 composite
coated carbide insert exhibited less flank wear for the cryogenic turning. In appli-
cations involving elevated temperatures and shear stresses as in turning of steels,
the Alumina Oxide Al2O3 top layer coupled with TiCN coating could enhance the
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cutting performance by increasing adhesion (Gassner et al. 2018), thereby improve
tool life.

Meanwhile, several other machining conditions produced rougher machined
surface when cutting using a worn tool. Increasing machining time leads to dete-
rioration of tool sharpness and degradation of surface roughness (More et al. 2006).
Apart from that, one factor that may contribute towards bad finishing surface is
the work material adhesion between the tool edge and the tool flank face. When
cutting was performed using a worn tool at the cutting speed of 200 m/min in cryo-
genic condition, it was found that the roughness value increased significantly. In this
machining condition, the cutting tool used was found to have fracture wear on the
tool flank face when observed closely. This might result in more deterioration of the
machined surface as opposed to the rest of machining conditions.

3.1.2 Effect of Cryogenic Turning Condition on Metallurgical
Structure of Near-Surface Region

In this study, the machining introduced two surface layers that have different charac-
teristics: the refined grain layer (RL) and also the transition layer (TL), see Fig. 13.
There are distinct attributes between the two layers; the mechanical features and
chemical structure in comparison to bulk material. Many factors have been identi-
fied to influence the layers’ properties and also thickness which are the temperature
produced and the rate of heating–cooling duringmachining, original size of grain, and
the original mechanical features that belong to the bulk material. As seen in Fig. 14,
the increased hardness of the machined surface is greater, while lower hardness is
marked with increasing profile depth.

A greater hardness value was observed for cryogenically machined surfaces as
opposed to dry machined surfaces in all variations of speeds. The reason is the
degradation of thermal softening effect and the strain hardening of the work which
occur at low temperatures, resulting in higher density of refined carbide particles
in cryogenically machined surfaces. This is closely associated to ultrafine white

Fig. 13 Hardness distribution profile of the machined surface
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Fig. 14 Hardness distribution of machined surface (Holmberg et al. 2014)

Fig. 15 Ultrafine particles of the machined surface in a dry, and b cryogenic cutting (160 m/min)

globular particles with a diameter smaller than 200 nm as noted in dry and cryo-
genic machining, see Fig. 15 for 50k× magnification of a Fe-SEM microstructure
of machined cross-section. Significant heat builds up in dry turning has led to a
high hardness characteristics of M/A island particles, Fig. 15a, and this has been an
influential contributing factor in initiating cracks and brittle fractures. Alternatively,
cryogenic turning is advantageous since it has shown positive impact in control-
ling the heat production below the austenitizing temperature. This, in turn, leads
to enhancement towards carbide particles precipitation into martensite matrix, and
encourages carbide particles purification with a more identical ultrafine white glob-
ular carbide particle distributions within the martensite matrix, see Fig. 15b, that has
increased the hardness (Shokrani et al. 2013; Jawahir et al. 2016). This investigation
has revealed that excessive heat caused by high cutting speed is undesirable. As a
result, there will be thermal damage occurring at the machined surface and subsur-
face which affects the surface quality, increases tensile residual stresses, and reduces
the dimensional accuracy that belongs to the work material.
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3.2 Ultrasonic Assisted Drilling (UAD)

Titanium alloys and Carbon Fibre Composite (CFC) have been placed in a lime-
light in a lot of industries following the demands for materials of high performance,
lightweight that keep increasing. It was in preference to drill CFCs using tungsten
carbide cutting tools,with the cutting speed of 100–200m/min and 0.01–0.05mm/rev
feed rates (Liu et al. 2012). Nevertheless, such materials drilling can possibly lead to
stratification (CFC), formation of burr (titanium) and accelerated tool failure (Wang
et al. 2014; Shyha et al. 2011). Therefore, new alternative to drill such difficult-to-
machine materials like CFC/Ti stacks is desired. Ultrasonic Assisted Drilling (UAD)
technique was proposed in this research. This includes a comprehensive evaluation
on UAD tribological performance on CFC/Ti6Al4V stacks with regard to tool wear
as well as tool life when three cutting speeds that are different and consistent feed
rate are used instead of conventional drilling. UAD can be understood as a process
of composite machining of which its cutting motion is such a superimpose of that
of conventional drilling, having high frequency ultrasonic vibration in centre direc-
tion (Babitsky et al. 2007). In this study, drilling experiments were performed on
aerospace materials—4 mm thick CFC (multidirectional (0°, 45°, 90°, 135°) carbon
fibres with Bismaleimide (BMI) resin) and 4 mm thick titanium alloy Ti6Al4V.
DMGUltrasonic 65Monoblock machine tool and 6.1 mm diameter tungsten carbide
2-flutes twist drills were used in the experimentation to compare between conven-
tional drilling and UAD of CFC/Ti6Al4V stacks. The empirical setup for conven-
tional drilling of CFC/Ti6Al4V stacks (with cutting fluid) and with ultrasonic using
0.05 mm/rev feed rate is shown in Fig. 16. Table 5 illustrates the cutting parameters.

Fig. 16 Experimental setup for ultrasonic assisted drilling (UAD)
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Table 5 Drilling parameters

Drilling experiment Cutting speed (m/min) Total no. of holes

1 Conventional 25 40

UAD

2 Conventional 50 80

UAD

3 Conventional 75 80

UAD

3.2.1 Effects of UAD Drilling Speed on Tool Wear and Surface Integrity

Figure 17 shows the comparison between the flankwear rate among the drills utilized
in conventional drilling and of UADwith 25, 50 and 75 m/min cutting speeds. Based
on the graph, the result of using UAD lowered the rate of tool wear and extended the
tool life at all cutting speeds that were used. According to ISO 3685 standard, once
the flank wear reaches 300 μm, that is when the tool life ends (Tool-life testing with
single-point turning tools 1993). The observation shows that when CFC/Ti6Al4V
stacks drilling was conducted, the characteristics of tool wear were the adhesion
of titanium, edge chipping, along with dull cutting edges. Using 75 m/min cutting
speed, conventional drilling showed failure of the cutting tool after 28 holes were
being drilled, while UAD showed failure after 34 holes as the edge chipping andwear
reached 300 μm. Meanwhile, when lower cutting speed of 50 m/min was used, it
extended the tool life in which conventional drilling lasted with 62 holes drilled, and
UAD with 80 holes. Therefore, in regard with tool life, the optimum cutting speed

Fig. 17 Tool wear at different cutting speeds of 25, 50 and 75 m/min for UAD and conventional
drilling of CFC/Ti6Al4V stacks
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is 25 m/min as it showed the lowest tool wear rate, and UAD is proven to provide
tool life which is longer compared to conventional drilling, see Fig. 17.

As opposed to drilling conventionally, UAD resulted in lower tool wear which
reduced the thrust forces (for both CFC and titanium) that is desirable to improve the
hole quality. Figures 18 and 19 show the result in UAD using 25 m/min cutting speed
which led to 10–42 N lower thrust forces for CFC, while 36–78 N lower thrust forces
for titanium alloy, as opposed to conventional drilling. Meanwhile, when cutting

Fig. 18 Thrust forces at different cutting speeds of 25, 50 and 75 m/min for conventional drilling
(CD) and UAD of CFC stacks

Fig. 19 Thrust forces at different cutting speeds of 25, 50 and 75 m/min for conventional drilling
(CD) and UAD of Ti6Al4V stacks
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Fig. 20 Tool wear at different cutting speed of 25, 50 and 75 m/min for UAD and conventional
drilling of CFC/Ti6Al4V stacks (images were taken after drilling 40 holes)

speed was changed to 50 m/min in UAD, lower thrust force was generated by 3–
58 N for CFC, and 70–164 N for titanium alloy compared to conventional drilling.
When the cutting speed was raised to 75 m/min, the outcome was similar in which
the thrust forces were lower in UAD (by 15–40 N for CFC; by 13–66 N for titanium)
in comparison with conventional drilling.

Figure 20 exhibits the cutting edges state after 40 holes were drilled in
CFC/Ti6Al4V stacks with 25, 50 and 75 m/min cutting speeds. As observed, using
higher cutting speeds led tomore adhesion of titanium,which occurredmost probably
as a result of higher cutting temperatures being used. Despite there was no measure-
ment of cutting temperatures in this study, Li and Shih’s work (Li and Shih 2007)
in regard with drilling of titanium-only had established that increasing the cutting
speed from 24 to 73 m/min raised the cutting temperature from 480 to 1060 °C.

Titanium is a material that is reactive and the stimulation of chemical reaction
between titanium and the material of cutting tool will occur when the temperature
during drilling increases (Hosseini and Kishawy 2014). During the drilling process,
instead of sliding along the cutting edges, there were separation and adhesion on the
cutting edges for part of the titanium chip that was in contact with the tool. When
there was removal of titanium, chipping of the cutting edges happened and part of the
tool material was also taken away. In addition, in regard with hole quality, it was not
desired for the adheredmaterial upon the cutting edges as it is unstable and has uneven
surface which causes the dimension to be inaccurate and the machined part to have
poor surface finishing (Dahnel et al. 2015). Based on the observation as in Fig. 20,
during UAD, there was fewer titanium adhesion on the cutting edges in comparison
with conventional drilling; caused by the vibration of tool that partly prevented the
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titanium chip from continual connection with the cutting edge. In Fig. 21, the new
cutting edge state is shown, while the state of chipped cutting edge is shown in
Fig. 22, in which irregular and coarse tungsten carbide grains were disclosed. As
a consequence, such conditions caused the cutting edges to be more prone towards
bigger tool fracture during drilling, and resulted in rapid tool failure.

With 75 m/min as the cutting speed used for drilling, the main instrument for tool
wear is edge chipping resulting from removal of adhered titanium. Conventional
drilling had more edge chipping as opposed to UAD. However, drilling with lower
cutting speed of 25 m/min resulted in no edge chipping at all until 80 holes for both
conventional drilling and with ultrasonic; the drills were also wearing out by galling
instrument. Recurrent cutting is the reason that correlates to slower progression of
tool wear in UAD. It was a challenge to determine thewear after 40 holes were drilled
in the stacks with the cutting speeds of 50 and 75 m/min resulting from compelling
titanium amount that covered the majority of the cutting edges. Figure 20 shows the
images taken of the cutting edges following the drills exit through titanium layer in
the stacks. Therefore, after 40 holes were drilled, for clear cutting edges and graph

Fig. 21 Cutting edge on the tool surface with remarkable grind marks due to tool sharpening

Fig. 22 Chipped cutting edge of tungsten carbide tool
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Fig. 23 Tool wear images just right after CFC drilling and before drilling titanium

Fig. 24 Abrasive wear on the tungsten carbide tool surface

plotting of the tool wear rate as in Fig. 17, the measurement of the wear was taken
after CFC plate was drilled and before titanium plate was drilled as in Fig. 23. The
tungsten carbide grains underwent grounding and smoothening by rough carbon
fibres as shown in Fig. 24. The observation was done on the edge rounding, in which
abrasive tool wear characteristic was evident, as a result of abrasive carbon fibres
that rub against the cutting edges.

3.2.2 Effects of UAD Machining Condition on CFC Delamination
and Ti-Alloy Exit Burr

An analysis was conducted on delamination factor that is a ratio of CFC delami-
nation extent at the hole entrance to the hole diameter. Figure 25a, b demonstrate
the comparison between conventional drilling and UAD, in terms of CFC delami-
nation at the hole entrance after 40 holes were drilled. The result showed that for
UAD, the delamination length at the hole entry for the 40th hole was 3 mm, while
for conventional drilling was 1.5 μm; hence UAD produced further length of hole
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Fig. 25 CFC entry delamination at hole 40 produced by a conventional drilling, and b UAD

delamination. Moreover, there were more CFC delamination during UAD because of
the cutting tool which experienced more vibration energy effects. When the drilling
penetrated Ti6Al4V, the back and forth oscillation of the drill flutes against CFC
surface, combining with tool wear and high thrust forces, exerted more pressure on
the CFC layers which then pulled the layers, hence causing the CFC to separate or
delaminate.

Figure 26a, b illustrate the burr size comparison between conventional drilling
and UAD, around the 40th hole. It was found that the burr produced at the 40th
hole after drilled conventionally had 111 μm of thickness and 162 μm height, each.
Meanwhile, the burr of the 40th hole drilled by UAD had 68 μm of thickness and
128 μm height which meant, the burr thickness was smaller by 39% and its height
was smaller by 21%. Minimization or elimination of the burr formation is highly
desired in industry especially in securing assembly of parts. UAD application in

Fig. 26 Titanium exit burr at hole 40 produced by a conventional drilling, and b UAD
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this study has shown its potentials for hole production with fewer or smaller burr as
compared to conventional drilling.

4 Concluding Remarks and Future Perspective

The chapter presents a comprehensive investigation on tribological behaviors of
tools that were involved in manufacturing processes of various engineering mate-
rials. In the field of metal stamping, the use of multilayer DLC composite coating
on a tool has shown to be effective to prolong the tool life. This could relate with
high hardness, high young modulus and also low residual stress of DLC composite,
which lead to improved adhesion strength amidst the DLC and tool substrate. For
machining application, alternative techniques which involve cryogenic cutting fluid
and ultrasonic assisted cutting tool are recommended in order to enhance the tool
life and machined surface quality. The application of Liquid Nitrogen (LN) as cryo-
genic cutting fluid to turn AISI 4340 alloy steel has demonstrated improvement in
reducing cutting temperature by 35–55%. This could lead to a reduction in both tool
wear and the alteration of machined surface. Whereas, the utilization of ultrasonic
assisted cutting tool for drilling Carbon Fibre Composite and Titanium stacks has
prolonged the tool life and enhanced the hole quality as a result of reduction in tita-
nium adhesion, tool wear and improved titanium chip evacuation. The alternative
techniques proposed in this chapter are seen as feasible solutions to environmental-
friendly manufacturing operations. On another note, more scientific research are
needed to develop advanced composite hard coatings and environmentally benign
manufacturing techniques in order to realize the requirements of industry to achieve
sustainable manufacturing environments, higher productivity and lower production
costs. For metal forming, the development of advanced composite hard coatings,
ie. nano-multilayer composite coatings, with super hardness, good thermal stability,
high oxidation resistance and high wear resistance are a necessity for lubricant-free
formation. In machining operations, the cryogenic cooling coupled with ultrasonic
assisted machining technique could be a feasible solution in overcoming severe
tribological loads at the tool/workpiece interface, and is a future challenge in making
manufacturing attractive.

Acknowledgements The authors are grateful for the support fromTribology Innovations forManu-
facturing (TriboMAN) IIUM research group. M.H. Sulaiman would like to thank Taiho Kogyo
Tribology Research Foundation (TTRF) for the financial support, and CemeCon Scandinavia A/S
for the coatings.



306 M. H. Sulaiman et al.

References

Amiril SAS, Rahim EA, Syahrullail S (2017) A review on ionic liquids as sustainable lubricants
in manufacturing and engineering: recent research, performance, and applications. J Clean Prod
168:1571–1589. https://doi.org/10.1016/j.jclepro.2017.03.197

Azarhoushang B, Akbari J (2007) Ultrasonic-assisted drilling of Inconel 738-LC. Int J Mach Tools
Manuf 47:1027–1033

Babitsky V, Astashev V, Meadows A (2007) Vibration excitation and energy transfer during
ultrasonically assisted drilling. J Sound Vib 308:805–814

Barnes S (2013) Drilling performance of carbon fiber reinforced epoxy composite when machined
dry, with conventional cutting fluid and with a cryogenically cooled tool. In: ASME 2013
international mechanical engineering congress and exposition, pp 1–10

Barnes S, Ascroft H (2015) Study of cutting forces and surface roughness in milling of carbon fibre
composite (CFC) with conventional and pressurized CO2 cutting fluids. In: Proceedings of the
ASME 2015 international mechanical engineering congress and exposition, pp 1–8

Bay N (2013) New tribo-systems for cold forming of steel, stainless steel and aluminium alloys.
In: Proceedings of 46th International Cold Forging Group (ICFG) plenary meeting, pp 7–04

Bermingham MJ, Kirsch J, Sun S, Palanisamy S, Dargusch MS (2011) New observations on tool
life, cutting forces and chip morphology in cryogenic machining Ti-6Al-4V. Int J Mach Tools
Manuf 51:500–511. https://doi.org/10.1016/j.ijmachtools.2011.02.009

Biksa A, Yamamoto K, Dosbaeva G, Veldhuis SC, Fox-Rabinovich GS, Elfizy A, Wagg T, Shuster
LS (2010) Wear behavior of adaptive nano-multilayered AlTiN/MexN PVD coatings during
machining of aerospace alloys. Tribol Int 43:1491–1499. https://doi.org/10.1016/j.triboint.2010.
02.008

Ceron E, Bay N (2013) A methodology for off-line evaluation of new environmentally friendly
tribo-systems for sheet metal forming. CIRP Ann Manuf Technol 62:231–234. https://doi.org/
10.1016/j.cirp.2013.03.062

Ceron E, Olsson M, Bay N (2014) Lubricant film breakdown and material pick-up in sheet forming
of advanced high strength steels and stainless steelswhen using environmental friendly lubricants.
Adv Mater Res 967:219–227. https://doi.org/10.4028/www.scientific.net/AMR.966-967.219

Chang S, Bone G (2005) Burr size reduction in drilling by ultrasonic assistance. Robot Comput
Integr Manuf 21:442–450

Chuan P, Ghani JA, Jameelah M, Ria T (2013) Characterization of TiCN and TiCN/ZrN coatings
for cutting tool application. Ceram Int 39:1293–1298

Courbon C, Pusavec F, Dumont F, Rech J, Kopac J (2013) Tribological behaviour of Ti6Al4V and
Inconel718 under dry and cryogenic conditions—application to the context of machining with
carbide tools. Tribol Int 66:72–82. https://doi.org/10.1016/j.triboint.2013.04.010

Dahnel AN (2017) Conventional and ultrasonic assisted drilling of carbon fibre reinforced
polymer/titanium alloy stacks (Doctoral dissertation, University of Warwick)

Dahnel AN, Ascroft H, Barnes S, Gloger M (2015) Analysis of tool wear and hole quality during
ultrasonic assisted drilling (UAD) of carbon fibre composite (CFC)/titanium alloy (Ti6Al4V)
stacks. In: ASME 2015 international mechanical engineering congress and exposition, pp 1–10

Dahnel AN, Ascroft H, Barnes S (2016) The effect of varying cutting speeds on tool wear during
conventional and ultrasonic assisted drilling (UAD) of carbon fibre composite (CFC) and titanium
alloy stacks. Procedia CIRP 46:420–423. https://doi.org/10.1016/j.procir.2016.04.044

de Neergaard A (2017) Personal communication with M.H. Sulaiman
Dhar NR, Paul S, Chattopadhyay AB (2001) The influence of cryogenic cooling on tool wear,
dimensional accuracy and surface finish in turning AISI 1040 and E4340C steels. Wear 249:932–
942. https://doi.org/10.1016/S0043-1648(01)00825-0

Gassner M, Schalk N, Tkadletz M, Pohler M, Czettl C, Mitterer C (2018) Influence of cutting speed
and workpiece material on the wear mechanisms of CVD TiCN/α-Al2O3 coated cutting inserts
during turning. Wear 398–399:90–98

https://doi.org/10.1016/j.jclepro.2017.03.197
https://doi.org/10.1016/j.ijmachtools.2011.02.009
https://doi.org/10.1016/j.triboint.2010.02.008
https://doi.org/10.1016/j.cirp.2013.03.062
https://doi.org/10.4028/www.scientific.net/AMR.966-967.219
https://doi.org/10.1016/j.triboint.2013.04.010
https://doi.org/10.1016/j.procir.2016.04.044
https://doi.org/10.1016/S0043-1648(01)00825-0


Tribology of Composite Materials and Coatings in Manufacturing 307

Holmberg K, Laukkanen A, Ghabchi A, Rombouts M, Turunen E, Waudby R, Suhonen T, Valtonen
K, Sarlin E (2014) Computational modelling based wear resistance analysis of thick composite
coatings. Tribiology Int 72:13–30. https://doi.org/10.1016/j.triboint.2013.12.001

Hong SY, Ding Y, Jeong W (2001a) Friction and cutting forces in cryogenic machining of Ti–
6Al–4V. Int J Mach Tools Manuf 41:2271–2285. https://doi.org/10.1016/S0890-6955(01)000
29-3

Hong SY,Markus I, JeongW (2001b) New cooling approach and tool life improvement in cryogenic
machining of titanium alloy Ti-6Al-4V. Int J Mach Tools Manuf 41:2245–2260. https://doi.org/
10.1016/S0890-6955(01)00041-4

Hosseini A, Kishawy H (2014) Cutting tool materials and tool wear. In: Davim J (ed) Machining
of titanium alloys. Springer, Berlin

Jawahir IS, Attia H, Biermann D, Duflou J, Klocke F, Meyer D, Newman ST, Pusavec F, Putz M,
Rech J, Schulze V, Umbrello D (2016) Cryogenic manufacturing processes. CIRP Ann Manuf
Technol 65:713–736. https://doi.org/10.1016/j.cirp.2016.06.007

Kaynak Y (2014) Evaluation of machining performance in cryogenic machining of Inconel 718
and comparison with dry and MQL machining. Int J Adv Manuf Technol 72:919–933. https://
doi.org/10.1007/s00170-014-5683-0

Kaynak Y, Karaca HE, Jawahir IS (2011) Cryogenic machining of NiTi shape memory alloys. In:
6th international conference and exhibition on design and production ofmachines and dies/molds,
pp 123–128

Kaynak Y, Karaca HE, Noebe RD, Jawahir IS (2013a) Analysis of tool-wear and cutting force
components in dry, preheated, and cryogenic machining of NiTi shape memory alloys. Procedia
CIRP 8:498–503. https://doi.org/10.1016/j.procir.2013.06.140

KaynakY,KaracaHE,NoebeRD, Jawahir IS (2013b) Tool-wear analysis in cryogenicmachining of
NiTi shapememory alloys: a comparison of tool-wear performancewith dry andMQLmachining.
Wear 306:51–63. https://doi.org/10.1016/j.wear.2013.05.011

Kijima H, Bay N (2007) Contact conditions in skin-pass rolling. CIRPAnnManuf Technol 56:301–
306. https://doi.org/10.1016/j.cirp.2007.05.070

Kim KS, Kim HK, La JH, Lee SY (2016) Effects of interlayer thickness and the substrate material
on the adhesion properties of CrZrN coatings. Jpn J Appl Phys 55:01AA02. https://doi.org/10.
7567/JJAP.55.01AA02

Li R, Shih A (2007) Tool temperature in titanium drilling. J Manuf Sci Eng 129:740–749
Liu D, Tang Y, Cong W (2012) A review of mechanical drilling for composite laminates. Compos
Struct 94:1265–1279

Lukaszkowicz K (2011) Review of nanocomposite thin films and coatings deposited by PVD and
CVD technology. Nanomaterials 145–162. https://doi.org/10.5772/25799

Makhdum F, Phadnis VA, Roy A, Silberschmidt VV (2014) Effect of ultrasonically assisted drilling
on carbon fibre reinforced plastics. J Sound Vib 333:5939–5952

Merklein M, Schmidt M, Wartzack S, Tremmel S, Andreas K, Häfner T, Zhao R, Steiner J (2015)
Development and evaluation of tool sided surface modifications for dry deep drawing of steel
and aluminum alloys. Dry Met Form Open Access J 1:121–133

More AS, JiangW, BrownWD, Malshe AP (2006) Tool wear and machining performance of cBN–
TiN coated carbide inserts and PCBN compact inserts in turning AISI 4340 hardened steel. J
Mater Process Technol 180:253–262. https://doi.org/10.1016/j.jmatprotec.2006.06.013

Paul S, Chattopadhyay AB (1996) The effect of cryogenic cooling on grinding forces. Int J Mach
Tools Manuf 36:63–72. https://doi.org/10.1016/0890-6955(95)92629-D

Pecat O, Brinksmeier E (2014) Tool wear analyses in low frequency vibration assisted drilling of
CFC/Ti6Al4V stack material. Procedia CIRP 14:142–147

Pu Z (2012) Cryogenic machining and burnishing of AZ31Bmagnesium alloy for enhanced surface
integrity and functional performance
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Tribo-analysis of Polymer Composite
in Spur Gear
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Abstract In the recent years, several studies have been carried out the feasibility of
the application of polymer composite spur gears in tribological applications. Due to
the heterogeneous nature of composite materials, its wear property behaves differ-
ently during meshing of gears. Hence, the present chapter studied different types of
polymers and polymer composites and their wear behaviours and wear test in spur
gear application. It also provides the importance of fillers in polymer in wear related
application. This is an attempt to present a review on tribological performance of
polymer and its composites. Tribological analysis is an important role to decide the
friction and wear behaviour of polymer spur gear during the meshing of gears. The
process parameters like temperature, applied torque, stress and speed affect the fric-
tion and wear property of polymer spur gear. The failure of polymer spur gear is
widely affected by these parameters generated on tooth. The optimum value of all
these parameters reduces the wear and improves the life of gear. Further, the addition
of proper functional fillers on polymer are also able to improve the wear property. It
is a novel technique to add fillers in neat polymer which is not only a cost effective
but also a method to modify the various property of the polymers.

Keywords Spur gear · Reinforcement · Polymer composite · Friction and wear ·
Fatigue

H. Jena
School of Mechanical Engineering, KIIT Deemed To Be University Bhubaneswar, Odisha
751024, India
e-mail: hemalata.jenafme@kiit.ac.in

J. K. Katiyar (B)
Department of Mechanical Engineering, SRM Institute of Science and Technology, Tamil Nadu
603203, India
e-mail: jitendrv@srmist.edu.in

© Springer Nature Singapore Pte Ltd. 2021
M. T. Hameed Sultan et al. (eds.), Tribological Applications of Composite Materials,
Composites Science and Technology, https://doi.org/10.1007/978-981-15-9635-3_12

309

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-9635-3_12&domain=pdf
mailto:hemalata.jenafme@kiit.ac.in
mailto:jitendrv@srmist.edu.in
https://doi.org/10.1007/978-981-15-9635-3_12


310 H. Jena and J. K. Katiyar

1 Introduction

Nowadays, polymer spur gears are widely use to replace metallic gears mainly in
low load conditions. Polymer spur gears are most important type of power trans-
mission system which have straight teeth, and are mounted on parallel shafts. Tribo-
performance of polymer composite in spur gears get much attention due to its suit-
ability in low load condition and attractive alternatives to traditional metal gears.
The other properties like light weight, ability to create low noise, shock and impact
and high flexibility in gear geometry are also suitable to make polymer spur gear.
But the applications of polymer spur gear are still limited due to its low strength and
their teeth are worn away easily. The polymer spur gears are usually failed due to
thermal stress which causes wear, pitting, root and pitch crack which do not occur in
the metal gear (Yousef 1973). Similarly, the other significant problems of polymer
spur gears are:

• Low load-carrying capacity.
• High initial cost of moulding.
• Poor mechanical properties at high and low temperature.
• Poor dimensional stabilities due to poor moisture absorption resistance and high

coefficient of thermal expansion.
• Adverse effect when in contact with certain chemicals or lubricants.
• Costs of plastics vary closely with the pricing variation of the petrochemical base

material, and thus its cost is more unstable in comparison to the cost of metals.
• Lower accuracy.

These limitations of polymer spur gear as compared to metallic gear restrict
its application in a specified domain. But increase in research and development in
polymer and its composite, gears are also used in heavy duty application like agri-
cultural, healthcare and automotive engineering. It is observed that 70% decrease
in mass, 80% decrease in inertia and up to 9% cut in fuel consumption have been
occurred in automotive engineering when polymer spur gears are used instead of
metal (Mao et al. 2015). Different polymers are used to manufacture the spur
gear which details are given below. Tribological analysis of polymer and polymer
composite is a complex phenomenon. For this, mechanical, thermal, wear prop-
erty etc. are important factor for making an effective gear. Mechanical property
like high flexural strength, shear strength to resist the fracture of teeth, compressive
strength, stiffness are preferred for the gear. It is required to study the wear behaviour
under different loading condition, torque, speed etc. during the meshing of polymer
composite gears.
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2 Polymers in Spur Gear

Different polymers are used in making the spur gear. These polymers are used for
specific application as its properties are varying from polymer to polymer. Polymer
spur gears aremade of thermoplastic of biodegradable or non-biodegradable polymer
as shown in the Table 1. Mostly, thermoplastic polymers are easier to process, and
have better flexibility to make a gear than thermosetting polymers. These gears are
commonly used in low tomedium power transmission like gears used in fax, printers,
facsimiles, copy machines and paper mill gears. The high abrasion resistance and
self-lubrication property of the polymer are advantageous to use in the gear. Polymer
spur gears are usually low load gears, but due to advancement on polymer, they are
also used in high load application. Table 2 shows the important mechanical property
of polymer which decides a standard gear for power transmission. A brief review of
polymers used in gear are given below.

2.1 Acrylonitrile Butadiene Styrene (ABS)

It is a general thermoplastic triblock copolymer derived from petrochemical origin. It
ismainly contained acrylonitrile, butadiene and styrenewhich indicate its name itself.
Acrylonitrile is basically a monomer from propylene and ammonia, where butadiene
is a petroleum hydrocarbon generated from the C4 fraction of steam cracking and
styrene is a dehydrogenation of ethyl (Mukherjee and Saravanan 2019). ABS has
good impact strength, rigidity, chemical inertness, adhesive, and resistance to solvent
cracking. It is widely used to automotive body parts.

Table 1 Different polymers for gear making (Singh et al. 2018; Adams 1986)

Non-biodegradable Polymer Biodegradable Polymer

High Density Polyethylene (HDPE) Polylactide (PLA)

Acetal (Polyoxymethylene-POM) Polybutylene Succinate (PBS)

Nylon (Polyamide) (PA)

Polyetheretherketone (PEEK)

Polybutylene-terephthalate (PBT)

Polycarbonate (PC)

Polyphenylene sulphide (PPS)

Acrylonitrile Butadiene Styrene (ABS)
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2.2 High Density Polyethylene (HDPE)

Polyethylenes (PE) are largely prepared olefinpolymers of all the thermoplasticmate-
rials. Different families of PE arewell established in the polymermarket, each having
a different structure, behaviour, properties and applications (Feldman and Barbalata
1996). High density polyethylene (HDPE) is one of the families of PE which has
good tribological property, cost effective, low temperature, and high moisture resis-
tance. Design and preparation of HDPE gear by compression moulding technique is
quite easy, simple and well performed.

2.3 Acetal (Poly-Oxymethylene)

The acetal polymer is strongest, stiffest among all thermoplastics. It is a crystalline
thermoplastic polymer that is used either in its pure state or slightly altered state. It has
good abrasion resistance, malleability, resilience, fatigue life, electrical properties,
and sharp melting point, high strength, stiffness and toughness. Low moisture sensi-
tivity, dimensional stability, low coefficient of friction, eases of machinability, and
resistance to solvents and chemicals make it to a special polymer for gear (Raman-
janeyulu et al. 2017). The mechanical and chemical properties can also sustain in a
variety of environmental conditions (Zahran 1998). Due to this, it is a major struc-
tural constituent of pump and fan propellers, bearing liners, rings and etc. The higher
crystallinity level of Polyoxymethylene (POM) (approximately up to 70%) distin-
guishes it from other structural polymers. Due to this, higher content of crystallinity,
local macromolecular arrangements form into lamella-like aggregates (fibrilles). The
group of these fibrilles (form of grains) are termed as spherolites. As a result of these
special structures, POM exhibits excellent mechanical (Dziadur 2001).

2.4 Polybutylene Succinate (PBS)

Polybutylene Succinate (PBS) is a biodegradable polymer derived from petrochem-
ical resources. It is an aliphatic polyester of 1, 4-butandiol and succinic acid. It is
generally used in the packaging field like disposable dishware, flexible packaging,
and coated paper etc. (Xu and Guo 2010). It is also mainly used to make eco-friendly
fishing gear (Deroine et al. 2010).
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2.5 Nylon (Polyamides)

Polyamide gears offer low friction, weight, cost along with noise free operation and
oil-less condition (Senthilvelan and Gnanamoorthy 2006a). It is a commonly used
material for fishing gears due to its persistence in the marine environment for several
hundred years. It is also used in the automotive industry. Due to its low load-carrying
capacity, small service life, and low heat resistance, it is avoided in particularly
intense load, speed, or high ambient temperature conditions application (Lin and
Kuang 2008). Nylon of different types (Nylon6, Nylon 6–6, and Nylon 11 etc.) are
widely used for making gears.

2.6 Polyetheretherketone (PEEK)

Polyetheretherketone (PEEK) shows good resistance to high temperature generated
during friction. It is a special kind of polymer inwhich the glass transition andmelting
range can be customized by varying the ketone and ether groups in the polymer chain
(Friedrich 1995).

2.7 Polylactide (PLA)

Polylactide (PLA) is a biomass which is derived from renewable resources like
corn starch or sugar cane. It is a non-petrolium polymer unlike most plastics. It is
biodegradable polymer which has similar features of polypropylene (PP), polyethy-
lene (PE), or polystyrene (PS). Hence production of PLA gears from already existing
manufacturing equipment used for petrochemical industry plastics like PP, PE, PS
are cost effective. It is found that 3D printed spur gears manufactured from PLA
plastic have better operational characteristics than the ones manufacture from ABS
plastic (Aleksandar et al. 2018).

2.8 Polybutylene-Terephthalate (PBT)

Polybutylene-Terephthalate (PBT) is a thermoplastic semi-crystalline polymer of
polyester group. Some of the remarkable properties of PBT are: high dielectric
strength, good electrical properties, high chemical and heat resistance, good strength
and modulus at elevated temperatures. Its property like dimensional stability, easy to
manufacture due to fast crystallization and fast cooling is made to possible a standard
gear (Haruhara et al. 2009).
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2.9 Polycarbonate (PC)

Polycarbonate (PC) polymer is having carbonate groups (–O–(C=O)–O–). This
amorphous polycarbonate polymer has good thermal, electrical, optical, mechan-
ical properties and UV resistance. Its transparency property is similar to that of the
acrylic (Siva Prasad et al. 2012). It is mainly used without any reinforcement phase
condition.

2.10 Polyurethane (PUR)

Polyurethane (PUR) is a special kind of polymer which may be a thermosetting or
thermoplastic polymer. Two types of polyurethane are common: polyester based and
polyether based. It has good abrasion resistance, but it has low resistance to organic
solvent and poor stability in direct sunlight (Patel and Purohit 2017).

3 Polymer Composite Gear

Investigations on plastic gear performance have been widely increased due to their
several advantages over the metal as discussed above. But in order to improve the
performance of the neat polymer in the field of mechanical, wear, thermal etc., it is
advisable to add reinforcement as second phase in the neat polymer like fibre or filler.
This is known as polymer composite. Researchers have incorporated the fibres like
glass, carbon, natural fibre etc. andfillers like graphene, carbonnanotube,MoS2, glass
bead, etc. in the polymer to achieve the better mechanical and wear characteristics in
polymer. Jena et al. (2013), have added the cenosphere in bamboo-epoxy composite
to improve its mechanical property. Addition of filler/fibre not only reduces the cost
of polymer and consumption of petroleum based non-degradable polymer but also
improves the property of neat polymer. Short-fibre reinforced polymer composite
materials are used as reinforcement in the thermosetting polymer. Table 3 shows the
gear geometry of different polymer and polymer composite to gather the knowledge
of polymer composite used for gear application.Manufacturing of polymer spur gears
are same with the machining process as metal gears, usually milling or hobbing from
a blank. It can also be fabricated either by injection moulding or machined from a
rod (Singh et al. 2018) and additive manufacturing.

Kurokawa et al. (2000a, b), have used carbon fibre (CF) with PEEK,
Polyamideimide, in the ratio of 15 vol.% and 30 wt.%, respectively and polyphenyle-
nesulphide (PPS) containing glass fibre (GF) of 30wt.%. It is observed that CF-PEEK
has high performance load bearing capability and better performance as compared
to the other two polymer composite gear. Similarly, glass fibre of 28 wt. % rein-
forced in POM (Polyoxymethylene) shows 50% better load capacity, compared to
neat POM gear pair (Mao et al. 2019). It is observed that polyoxymethylene (POM)
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has minimum wear rate as compared to acrylonitrile butadiene styrene (ABS), high
density polyethylene (HDPE) (Singh and Singh 2018). Kurokawa et al. (2000a, b),
have studied the wear behaviour of POM composites containing silicon carbide
(SiC) and/or calcium salt of octacosanoic acid (Ca-OCA) and polytetrafluoroethy-
lene (PTFE). It is observed that combine effect of SiC and Ca-OCA is decreased the
coefficient of friction and wear rate due to the lubrication effect Ca-OCA. Addition
of 30 wt. % of glass fibre addition in nylon 66 improve the wear resistance of the
composite (Singh 2017). Similarly 28 wt. % of glass fibre in POM gives minimum
wear rate (Mao et al. 2019). Kurokawa et al. (2003), have investigated the effect of
carbon fibre in nylon 6, nylon 12, nylon 46, and nylon 66 in related to wear rate and it
is noted to be minimum at nylon 12. Senthilvelan and Gnanamoorthy (2006b), have
prepared the nylon 66 spur gear with addition of short carbon fibre. Due to the influ-
ence of fibre/filler in neat polymer, several authors have attempted to improve the
wear property of the polymer which is a new emerging technique in the composite
research (Jena et al. 2016; Patnaik et al. 2010). Table 4 also shows that addition
of fibre/filler in polymer are capable to modify the coefficient of friction and wear
resistance of the neat polymer.

Table 4 Coefficient of dry friction of polymers at friction with steel (Starzhinsky 2013; Kurokawa
et al. 2000a, b)

Materials Static coefficient of
friction

Dynamic coefficient of
friction

Wear rate (10–5 m2/N)

POM 0.20–0.35 0.35–0.45 35.0

PA6 0.20–0.40 0.20–0.30 1.0

PA6.6 0.30–0.60 0.25–0.50 5.0

PEEK 0.45–0.55 0.30–0.50 10.0

PPS 0.25–0.40 0.25–0.40 2.0

PI(polyimide) 0.35–0.50 0.30–0.40 2.0

PBT 0.41–0.46 – –

PC 0.35 – –

PAI(polyamide
imide)

0.15–0.30 – –

Graphite filled
Nylon 6

0.20–0.40 – –

Glass fibre filled
Nylon 6

0.28–0.32 – –

Glass fibre filled
PBT

0.19–0.24 – –

Neat POM
SiC filled POM
SiC and Ca-OCA
filled POM
PTFE filled POM

0.45
0.70
0.30
0.30

–
–
–
–

80.0
0.2
3.0
0.03
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4 Friction and Wear of Polymer Spur Gear

Wear property like wear resistance and low coefficient of friction and thermal prop-
erty like high heat resistance are preferred for making an effective gear. When plastic
gears are mesh with same polymer spur gear or metal gear, the heat generation in
the friction of these pairs is more prominent than for metal–metal pairs. The wears
are mostly generated due to sliding, corrosion, and erosion (Jena 2019). The gears
are encountered mostly with sliding wear where removals of materials are due to the
mechanical, chemical, or other external interaction.Wear in gears is never acceptable
as it reduces the kinematics accuracy and causes the tooth fracture. Estimation of
wear can be done by using factors like: wear rate, coefficient of friction. Coefficient
of friction of polymer plays an important role in heat liberation during meshing of
gear tooth. Because the objective is to decrease the heat generation in the friction
unit of polymer spur gear. Thermoplastics gear are used for meshing pairs without
lubrication can be employed only at low and intermediate loads and operating temper-
atures up to 100°. Table 4 shows the coefficient of friction of different polymers and
polymer composites which are measured at 23° at dry friction against steel. From
the table it is observed that addition of filler/fibre in neat polymer, the coefficient of
friction has been modified.

The wear rate of polymers is also important factor for determination of effective
gear. Table 4 shows the wear rate of polymer which is also measured at 23 °C at dry
friction against steel. Efficiency (ρ) of designing kinematic power transmissions is
also an important factor for spur gears which can be determined from the following
expressions:

ρ = 1− Cμπ

(
1

z1
− 1

z2

)

where

C = (Ft + 2.920)

(Ft + 0.174)

µ = Coefficient of friction.
Z1 = Number of teeth in driver gear.
Z2 = Number of teeth in driven gear.
Efficiency values for a cylindrical gear pair, bevel gear pair are 0.96–0.98 and

0.95–0.97 respectively (Starzhinsky 2013).
Yousef et al. (2015) have developed an in-house universal test rig which can be

able to measure the wear characteristics of different types of polymer spur gears
such as spur, helical, bevel and worm. The test rig has three different units. First
unit is used to investigate the bevel gears, second unit used to investigate the spur
and helical gear and third unit is used to investigate the worm gear. The developed
universal test rig is shown in Fig. 1. It is observed that only two types of wear i.e.
rolling and sliding are found in the gear. Moreover, the wear rate in helical, bevel and
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Fig. 1 Developed universal test rig (Reproduced with permission of Yousef et al. 2015)

worm gear is more as compare to spur gear. This is because of the presence of axial
load, bending stress and contact stresses. The different phases present in different
types of gears are presented in Table 5.

5 Process Influence the Wear Behaviour of Polymer Spur
Gear

Every polymer material has different elastic modulus and thermal conductivity. So
that polymer spur gears behaves differently as from metallic gears. Tooth deflection,
melting of tooth, pitting effect, surface and subsurface cracks, fracture on tooth, etc.
are responsible for failure of polymer spur gears in various investigations. Due to
these failure modes, Jain et al. (2019) have categorised the failure criteria into three.
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Table 5 Wear phase in different types of polymer spur gears (Reproduced with permission of
Yousef et al. 2015)

Running-in phase Linear phase Rapid-wear phase

Acetal pair of spur
gears

Duration from 0 to 15
× 103

Cycles weight loss
2.3 mg

Duration from 15 ×
103 to 200 × 103

cycles weight loss
11 mg

Not found

Acetal pair of helical
gears

Duration from 0 to 16
× 103

Cycles weight loss
4 mg

Duration from 16 ×
103 to 85 × 103

cycles weight loss
14 mg

Duration from 85 ×
103 to 200 × 103

cycles weight loss
26 mg

Acetal pair of bevel
gears

Duration from 0 to 45
× 103

Cycles weight loss
7 mg

Duration from 53 ×
103 to 145 × 103

cycles weight loss
16 mg

Duration from 53 ×
103 to 200 × 103

cycles weight loss
29 mg

Acetal pair of worn
gears

Duration from 0 to 12
× 103

Cycles weight loss
4.4 mg

Duration from 12 ×
103 to 90 × 103

cycles weight loss
19 mg

Duration from 90 ×
103 to 200 × 103

cycles weight loss
35 mg

These are failure due to wear, failure due to temperature and failure due to cyclic
loading. Thematerial properties of polymer composites are affected by all three types
of failure. Nozawa et al. (2009) have studied the polymer metal hybrid gears. They
have used nylon66/poly (phenylene ether) polymer sheet over steel gear teeth and
performed the test at 1000RPMspeed andhigh torque against steel gear for evaluation
of friction coefficient, surface morphology under molybdenum grease. It is observed
that a periodical torque change when speed is varied. Further, noise is abruptly
reduced as comparison to steel/steel pair but when polymer sheet delaminated then
it is increased further. The delamination is occurred due to poor adhesive strength.
Yakut et al. (2009), have studied the load carrying capacity and failure of PC/ABS
spur gear. They have applied three different loads with two different speeds on FZG
test rig. For calculation of specific wear rate, they have used the following formula

Wv = V

2zmbN

where Wv is the wear volume in mm3, z is the number of teeth in pinion gear, m
is the module of gear in mm, b is the tooth width in mm and N is the total number
of revolution. It is reported that at lower load and speed, the accumulated heat on
steel gear spreads out easily but at higher load, thermal failure is occurred due to the
melting of tooth.

Further, Hoskins et al. (2011), have discussed about the noise generation due to
friction and wear between two mating gears even though polymer spur gears are
considered as a low noise component because of their lower modulus of elasticity
and self-lubrication property. They observe the noise level between twomating gears
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using acoustic emission. For study, they have taken different polymer materials and
tested under different load and speed. It is observed that the sound level is proportional
to load but inversely proportional to speed in case of POM but for other materials it
is proportional to both speed and load which is shown in Fig. 2. Moreover, surface
roughness of materials also affects the noise level and wear is directly proportional
to the surface roughness.

Mostly three process parameters are reported by researchers which adversely
affected the wear behaviour of polymer spur gears. These are cyclic loading, temper-
ature, mechanical properties of polymers (Yakut et al. 2009; Chernets et al. 2018;
Myshkin and Kovalev 2018). Some researchers also reported the failure of spur gears
due to contact stresses and bending stresses (Lu et al. 2019; Miler et al. 2019). At
lower load and speed, the temperature generated on gear tooth is very well spread out
but when speed and load increases, the temperature increased drastically and crossed
the thermal equilibrium because of the more frictional forces at the interface. Due
to which the failure occurs on gear tooth is known as failure due to thermal damage

Fig. 2 Variation on sound level under different load and speed for different polymer materials
(Reproduced with permission of Hoskins et al. 2011)
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which makes the materials brittle and materials structure shows the glassing proper-
ties. To reduce the wear of gear tooth, the process parameters such as temperature,
applied torque, speed are very important to optimize so that higher life of gear tooth
can be achieved.

Yousef et al. (2013), have blended the carbon nanotube (CNT) in polymer
composite and fabricated a spur gear. The test is performed at 1420 RPM speed,
13 and 16 Nm torque for 200 × 103 cycles. It is observed that addition of 15 wt%
of CNT, the wear resistant is increased. This is because of the change in mechan-
ical properties such as young’s modulus, stiffness etc. Afifi et al. (2018) have added
the multilayer graphene nanoplatelets (MLNGPs) in varying concentration (0.1–0.5
wt%) on polyamine 6 for fabrication of spur gear usingmelt mixingmethod followed
by injection moulding process. The fabricated gear is having the capacity to derive
the system i.e. 1.5 hp. The addition of fillers make the gear of chemically resistance,
thermally stable and moisture resistance. The obtained results reveal that 0.3 wt %
MLGNPs gives the 40% higher Young’s modulus, 25% higher microhardness, 37%
higher storage modulus, and 14% higher glass transition temperature. Further wear
is decreased by 35% at 16 Nm torque and 54% at 13 Nm torque. Kalin and Kupec
(2017) have studied the failure due to fatigue on polymer spur gears.

They have reported that temperature from 30° to 70° influences the fatigue
failure of gears. It is observed that increasing in temperature reduces the fatigue
life of polymer spur gear. Furthermore, the increment in temperature decreases the
efficiency of gear.

Singh and Siddhartha (2017,2018) have developed the in-situ method for fabri-
cation of functionally graded material-based polymer composite gears. Durability
analysis of polymer-based gears such as ABS, HDPE and POM under various torque
levels and different rotational speed are conducted by using power absorbing type
gear test rig (CM-9108) of DUCOM instruments, India. The gear is manufactured
by using injection moulding process. They have reported that the failure in ABS gear
occurred because of the excessive wear of the gear teeth whereas HDPE fails because
of cracking on the root of the teeth. POM gear shows the better life from ABS and
HDPE even after 2 million cycles. They have also reported that the increment in
torque increases surface temperature. The following relation shows the relationship
among rotational speed, contact period and strain rate of gear tooth. It indicates
that contact period decreases at higher speed, strain rate and increases with reduced
contact period at a constant torque.

Contact of a tooth = 1

Number of tooth× Speed

Stain rate or rate of loading = Torque acting on the tooth

Contact Period× Contact ratio

It is also observed that loading rate on gears is inverse relationship with contact
period and contact ratio.Moreover, Zorko et al. (2019), have conducted durability test
on steel/PEEK gear pair under various torque as well as dry and lubricated conditions
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Fig. 3 Test rig and area of the temperature measurements at 1.2 Nm and 1600 rpm and failed after
5.94 × 106 cycles (Reproduced with permission of Zorko et al. 2019)

at room temperature. In all test steel gear act as a driver and polymer spur gear act as
a driven. The combination is shown in Fig. 3. From test, they reported that the life
of polymer spur gear increased by 1.23 times at greasy environment. Further, some
additional treatment by trovalisation (it is a surface treatment process in a vibratory
machine using abrasive materials) extend the life by 2.54 time.

After test, they have also observed the mode of failure of polymer spur gear and
reported that in both cases flanks of the polymer spur gears are heavily worn and
also the cracks in Dedendum flank area which is shown in Fig. 4.

Sarita and Senthilvelan (2019), have prepared the gear through injection moulded
and performed durability test on power absorption test rig under lubricated condition.
It is observed that the combination of rolling and sliding between gear tooth causes
the hysteresis heating and frictional heating. Further fatigue performance of the gear
have shown cracks, local softening, and plastic deformation on gear tooth. They have
reported the summary of failure modes which is shown in Table 6.

Miler et al. (2019), have predicted the friction coefficient of polyoxymethylene
spur gear paper under dry film lubricant using full factorial method. It is reported
that friction coefficient is widely influenced by sliding velocity, relative curvature
and applied load. From optimization, it is observed that radius of relative curvature
above 5 mm have no influence in friction coefficient. Mao et al. (2019), have tested
the polymer composite gears with or without glass fibre reinforcement. They have
manufactured gears by injection molding process and performed the friction test
polymer against polymer spur gear. It is noticed that around 28% and 50% increment
betweenwith andwithout reinforcement polymer composite gear in performance and
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Fig. 4 PEEK-gear wear during operation with no added lubrication at torque 1.0 Nm, rotational
speed 1600 rpm, wear after 9.13 × 106 cycles (Reproduced with permission of Zorko et al. 2019)

loading capacity, respectively. It is also reported that below the critical value, specific
wear rate is very low. Furthermore, Lu et al. (2019), have investigated the failuremode
in PEEK and steel gear pair under lubricated condition. They have performed the test
in FZG test rig with C type gear pair and observed the pitting induced tooth breaking
under lower and moderate loading condition while under heavy load condition, it is
observed a tooth root breakage because of the insufficiency of the bending strength.
It is observed a micro pits near the pitch line which is shown in Fig. 5.

6 Conclusions

Present study reveals that polymer is widely and effectively used to prepare the spur
gear which play an important role in power transmission system. Thermoplastic
polymer is more convenient as compared to thermosetting polymer for fabrication
of polymer spur gear. Moreover, the tribological study of polymer spur gears are
very important because it is widely dependent upon the properties of polymers and it
decides the life of the polymer spur gear. The failure of polymer spur gear is widely
affected by temperature, applied torque, speed and stresses generated on tooth. The
optimum value of all these parameters are very important to increase the life of gear.
These failures can be overcome by adding the fillers on polymer but the selection
of appropriate fibre/filler content also very important according to the application of
polymer spur gear. Fillers like graphene, carbon nanotube etc. and fibre like glass,
carbon are added in the neat polymer to improve its wear property.
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Table 6 Summary of failure mode at different torques (Reproduced with permission of Sarita and
Senthilvelan 2019)

Test conditions Loads (Nm) Failure mode of test gear Life (105 cycles)

Dry 1.8 Pitting (pitch region), subsurface crack (near
edge of the face and front face of the pitch
region), plastic flow (middle of the face
region) and mild sliding marks (lower flank
region)

8.6

Lubricated 1.8 No plastic flow (middle of the face region),
scuffing (flank region), and no sliding marks
(lower flank region)

14.4

Dry 3.5 Local softening (pitch region), subsurface
crack (near the edge of face and front face of
the pitch region) and abnormal wear/plastic
deformation (root region), and sever sliding
marks (lower flank region)

2.8

Lubricated 3.5 Plastic flow (face region), and scuffing (flank
region), and very sliding marks (lower flank
region)

5.7

Dry 4 All modes of failure similar to the 3.5 Nm dry
condition failure but comparatively severe in
nature, subsurface crack (front face of the
region), and accumulated sliding material
(pitch region)

1.4

Lubricated 4 Flake off of fragment (middle of the face
region), scuffing and ripple (flank region), and
sever sliding marks (lower flank region)

4.3

Dry 4.5 Severe plastic flow (middle of the face region),
subsurface cracks (near the edge of face and
front face of pitch region), severe thermal
damage (pitch region) and abnormal
wear/plastic deformation (root region)

1.29

Lubricated 4.5 No subsurface cracks (near the edge of the
face region), and sever scuffing (root region)

2.8

7 Future Scope

• In depth study is required of influence of fibre/filler in polymer for preparation of
spur gear

• Bevel gears, step gears, herring bone gears, worm gears, and others should be
studied in the wear related application.

• Study the effect of manufacturing process of spur gear on wear behaviour.
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Fig. 5 The micro-pits on the PEEK gear under the case of 15 Nm (Reproduced with permission of
Lu et al. 2019)
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Tribological Evaluation of Solid
Lubricant Enriched in Modified
Jatropha-Based Oil as Minimum
Quantity Lubrication (MQL) Oil
for Composite Material

N. Talib, R. M. Nasir, E. A. Rahim, W. K. Lee, H. Abdullah, and A. Saleh

Abstract The use of lubricant during the machining process plays an important
role to reduce friction and wear. Mineral-based oil is the most widely used lubri-
cant that provided high-quality lubrication properties. However, mineral-based oil
has poor biodegradability and causes long-term pollution to the environment and
harmful to human. Implementation of environmental-friendly lubricant was encour-
aged to achieve sustainable manufacturing practices. The inherent biodegradability
of vegetable-based oil with solid particle offers greater benefit to the environment
and lubrication performance. The study aims to evaluate the influence of green solid
particle (hexagonal boron nitride, hBN) enriched in the modified jatropha oil (MJO)
through tribology testing using four-ball tribotestermachine. hBNparticle was added
inMJOat various concentration ratio; 0.05wt%and 0.5wt%. TheMJO sampleswere
compared with the crude jatropha oil and commercial synthetic ester. The tribology
testing was conducted according to ASTM D4712. The value of coefficient of fric-
tion, wear scar diameter, worn surface analysis and surface roughness were evalu-
ated. The lowest concentration of hBN particles in MJO (MJO + 0.05 wt% hBN)
has reduced the coefficient of friction with smaller wear scar diameter and better
surface roughness quality. The worn surface analysis from the ball lubricate by MJO
+ 0.05 wt% hBN had light and shallow grooves. The study proved that MJO +
0.05 wt% hBN exhibits better lubrication ability and suitable as an alternative for
the environmental-friendly lubricant especially for minimum quantity lubrication
(MQL) oil.
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1 Introduction

Lubricant is substance formulated using various types of additive to be applied in
several applications such as engine oil, grease, hydraulic fluids, metalworking fluid
and air compressor lubricant. As reported by Lukoil (2013), the global consump-
tion of mineral-based oil production will gradually increase and by 2025, the quan-
tity would reach 105 million barrels of oil per day. In response to the demand for
sustainable product, environment-friendly lubricant was recently explored to reduce
the use of hazardous mineral-based oil that negatively affect the environment and
human (Zainal et al. 2018). The use of edible and non-edible vegetable-based oil
as lubricant promising good lubricating properties and excellent friction as well as
the wear behaviour. Vegetable-based oil has a high viscosity index (VI) and high
flash point compared to the mineral-based oil which showed excellent lubrication
film behaviour (Mobarak et al. 2014). Ullah and Dhar (2018) experimentally investi-
gated the machining of kevlar composite material using vegetable-based oil cutting
fluid. They conducted drilling process at three different machining conditions; dry,
conventional-based cutting fluid (VG-68) and the olive oil. It was found that the
olive oil perform well than the dry and conventional-based cutting fluid conditions.
The olive oil tends to lower the cutting temperature and displayed better surface
roughness quality. This is because of the olive oil has good lubrication properties
and successfully deposited at the sliding surfaces thus forms a lubrication layer.

1.1 The Potential Used of Solid Particles as Lubricant Oil

Lubricant promotes a thin film layer that acts betweenmoving parts to reduce friction
and wear. Additionally, thin film of solid lubricant which form at two sliding solid
bodies is favourable to reduce the amount of interaction due to various operating
speed and loads. Gunda and Narala (2016) indicated that an optimum particle size
and concentration of particle added in the lubricant oil prolong the life time of the
surfaces. The experiment used molybdenum disulphide (MoS2) particles at three
different sizes: 10 µm, 30 µm, and 50 µm and the concentration of MoS2 were
varied from 0.1 to 0.5 wt%. MoS2 particles was mixed with SAE 40 mineral-based
oil. Tribological effect through pin-on-discwear and friction testingwas investigated.
The result found that 0.2 wt% of MoS2 particle demonstrated low friction reduction
and the smallest size of MoS2 (10 µm) acts as an effective solid lubricant film.

Reeves et al. (2013) experimentally investigated the tribological effect of bio-
based lubricant with hexagonal boron nitride (hBN) particle using pin-on-disk
tribometer. hBN particles blended in canola oil at various hBN particle sizes: 70 nm,
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0.5, 1.5, and 5.0 µm. The result showed that smaller particles size (70 nm) have
the ability to establish a thin film layer between the contact surfaces. The green
solid lubricant hBN consisting of lamellar crystal structures produces protective film
layer that attached to the contact surfaces thus enhanced the anti-wear ability of
sliding surfaces. Çelik et al. (2013) analysed the friction and wear behaviour of hBN
particles in SAE10W mineral-based oil. Three types of hBN added in oil sample at
different viscosity values were prepared and compared with SAE10W. The experi-
ment was carried out through ball-on-disc tribometer. The result concluded that the
high viscosity of hBN sample form a sufficient lubrication layer that completely
cover asperities at the sliding surfaces. The mending effect occurred and exhibited
the lowest friction and wear rate. Furthermore, Abdullah et al. (2014) experimen-
tally investigated the effect of additive particles on the tribological performance of
engine oil using a four-ball tester. The 70 nm sized hBN and alumina (Al2O3) were
mixed in SAE 15W40 diesel engine oil. They found that the presence of 0.05 vol%
of hBN particles in SAE 15W40 had a ball bearing effect which altered the sliding
friction to a rolling friction between the contact surfaces. The hBN particle provide
the anti-wear effect by lowering the coefficient of friction value, reduce wear rate
with smoother worn surface. Nguyen et al. (2012) carried out ball-milling experi-
ment through minimum quantity lubrication (MQL) method. In the experiment, 0.1
and 0.5 wt% of hBN particles and 0.1 wt% nano-graphite platelets were mixed with
vegetable oil (Unist-Coolube 2210). They concluded that the mixture of 0.5 wt% of
hBNparticle (particles diameter < 15µm) substantially improved thewear behaviour
by reducing flank and central wear of the ball mill tool.

Mosleh et al. (2019) analysed the influence ofMQLwith nanofluids when drilling
titanium. This study used MoS2 and hBN particles at 70–100 nm in size added in the
commercial MQL lubricant, Boelube 70104. The result show that bothMQL oil with
MoS2 and hBN had fewer frictional torque variation at lower peaks. They noted that
the nanoparticles exhibited anti-wear behaviour thus enhanced the drilling perfor-
mance. Furthermore, Sen et al. (2019) indicated that the application of nanofluid as
MQL oil significantly enhanced the machining performance. They summarized that
the addition of nanoparticle such as Al2O3, MoS2, nano-diamond, silicon dioxide
(SiO2), nanoplatelet and carbon nanotube (CNT) in MQL-based oil providing better
lubrication thin film layer at the tool-chip contact zone. The nanoparticles added in
the MQL-oil was able to withstand the high contact pressure at the sliding surfaces
causes lower values of surface roughness, reduction in cutting force and cutting
temperature and less tool wear. This phenomenon occurred due to the several lubri-
cationmechanismof nanoparticle at the sliding surfaces such as rolling effect, surface
protective film, mending effect and polishing effect.
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1.2 Implementation of MQL Method During Machining
of the Composite Material

MQLmethodwas implemented through themachining process to reduce lubricant oil
usage. This method represents a green machining technology when a small quantity
of lubricant is mixed with compressed air to form an aerosol. The lubricant was
projected to the cutting zone using a nozzle. Sharma et al. (2016) had reviewed
that MQL method was used in many machining operations such as turning, milling
and grinding processes. The finding shows that MQL method efficiently reduces the
friction coefficient thereby reducing the cutting force. Besides, the workpiece surface
roughness had been improved by reduction of adhesion occur at the cutting tool, thus
prolonging the tool life.

In recent years, the MQL method was employed in the machining of composite
materials. Teti (2002) stated that composite material is difficult to cut thus increase
the wear rate of the cutting tool. However, the widespread use of composite material
in automotive, aerospace and buildingmaterial industries challenging the researchers
to investigate the machining criteria for composite material. Previous study by Adibi
et al. (2017) which usedMQLmethod during grinding of carbon fiber-reinforced SiC
matrix composites (CMCs). Themachining parameter were varies in terms of cutting
speed, feed rate, depth of cut and lubricant method (dry,MQL and flood) which using
the corn oil as the MQL oil. The results indicated that the usage of MQL method
obtained the lowest value of grinding energy subsequently reduced the grinding force.
The projected oilmist from theMQLmethod formed excellent lubrication layer in the
contact surfaces thus generated better workpiece surface quality. Senthilkumar et al.
(2018) carried out the drilling process of carbon fibre reinforce plastics (CFRP) using
MQL method using LRT 30 oil as the MQL oil. They initiated that MQL efficiently
supplied the lubricant at the cutting zone during themachining process, thus reducing
force and produce better hole quality. Furthermore, James and Annamalai (2018)
evaluated the turning performance of aluminium metal matrix composite (MMC) by
MQL method. The MMC used in this study was AA6061 while the reinforcement
material was ZrO2. They found that the practise of MQL method had decreased the
workpiece surface roughness and tool wear. This method also prevent the built-up-
edge formation thus enhanced the surface roughness quality.

Helmy et al. (2018) analysed the effect of different machining condition on ultra-
sonic assisted edge trimming of multidirectional CFRP composites. The experiment
was carried out using 5-Axis DMGUltrasonic 20-Linear millingmachine. They used
flood and MQL methods of coolant. The result shows that MQL method increased
the cutting force due to poor heat transfer at the cutting zone and shortage of coolant
to flush chips. However, MQL method still revealed comparable result with flood
coolant and promoted positive impact by reducing the machine coolant contamina-
tion. Furthermore Wang et al. (2017), studied the secondary cutting edge corners of
one-shot drill bit when drilling CFRP at varies cooling position. They had performed
drilling process of aerospace grade T800 CFRP using GONA 5 axis machine centre
with dry andMQL coolant conditions. MQLwas internally supplied through coolant
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holes of the drill bits. The coolant was projected out at the secondary cutting edge
from the supply outlets. The result showed that the delivering of MQL coolant to the
secondary cutting edge had reduced the tool wear and lower the smaller maximum
drilling torque value.

Moreover Schneider and Beckenlechner (2016), conducted a drilling process
of CFRP using minimum quantity dry lubrication (MQDL)-process. They used
compressed air with graphite powder as a lubrication medium during the drilling
process. The result showed that minimal amounts of graphite powder in MQDL
process tended to reduce the tool wear. In order to applied sustainable manufacturing
through environmentally-friendly machining process, Nandakumar and Rajmohan
(2018) reviewed several studies investigating the potential of vegetable oil as MQL
lubricant for MMC during the grinding process. They stated that the usage of
nanofluid from vegetable oil as MQL oil will has a great impact to the grinding
performance in terms of surface roughness quality and grinding force. MQL offers
good machining performance from high cooling and lubrication ability. It was found
that lack of studies reporting on the influence of nanofluid from vegetable oil as the
MQL-based oil for machining of the composite material. The combination use of
nanofluid and MQL method are one step towards achieving sustainable machining
which are environmentally-friendly, clean and safe method.

Therefore, in this study the influence of solid lubricant (hexagonal boron nitride)
enriched in vegetable based-oil from modified jatropha oil was evaluated through
tribology testing. The finding from this study was essential in the development of
the environmentally-friendly MQL oil.

2 Methodology

2.1 Preparation of the Lubricant Sample

Earliest, the jatropha methyl ester (JME) was formulated through a two-step acid–
base catalysed transesterification using crude jatropha oil (CJO). Next, TMP ester
was produced from the reaction between JME with trimethylolpropane (TMP) and
indicated as modified jatropha-based oil (MJO). The formulation of TMP ester in the
MJO increasing the polar functionality which increased the absorption ability on the
metal surface (Talib and Rahim 2018). TheMJOwas blended with hBN particle with
the size of 2–5µm. The experiment was performed at operating temperature of 60 °C
for one hour with the speed of 700 rpm using a magnetic stirrer Nguyen et al. (2012).
has concluded that the hBN particle that less than 15 µm in size provided a better
anti-wear behaviour. The concentration ratios of hBN were blended at 0.05 wt% and
0.5 wt% based on the lubricant weight.

Table 13.1 displayed the physicochemical properties of hBN particle.
Figure 13.1a, b presented the powder and themorphological structure of hBNparticle
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Table 13.1 Physicochemical properties of hBN (Talib and Rahim 2018)

Properties Values

Density (g/cm3) 2.3

Young’s modulus (MPa) 20–102

Thermal expansion coefficient (10−6/°C) 1

Thermal conductivity (cal/cm s K) at 293 K, directional average 0.08

Fig. 13.1 a hBN powder and b FESEM micrograph of hBN particles

which captured using a field emission scanning microscope (FESEM) at magnifica-
tion 10000×. hBN is a green solid lubricant that formed extremely stable compounds
and produced a lubrication film that is safe to handle (Reeves et al. 2013). Figure 13.2
shows the MJO samples and were compared to the commercial synthetic ester (SE,
Unicut Jinen MQL) and the CJO. Table 13.2 shows the properties of the lubricant
samples.

Fig. 13.2 Lubricant samples; a synthetic ester, b crude jatropha oil, c MJO + 0.05 wt% hBN and
(d) MJO + 0.5 wt% hBN
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Table 13.2 Physical properties of lubricant samples (Talib et al. 2017)

Sample Density
at 15 °C
(g/cm3)

Kinematic
viscosity, v at
40 °C (mm2/s)

Kinematic
viscosity, v at
100 °C (mm2/s)

Viscosity
index, VI

Flash point
( °C)

SE 0.9500 19.05 4.33 137 250.0

CJO 0.9143 30.66 6.67 183 240.0

MJO +
0.05 wt%
hBN

0.9221 17.13 4.66 211 222.0

MJO +
0.5 wt%
hBN

0.9397 17.56 4.90 228 223.7

2.2 Tribology Test (ASTMD4712)

The tribology test was performed according to ASTM D4712 using four ball
tribotester equipment as presented in Fig. 13.3a. Every sample was tested with four

Fig. 13.3 a Tribotester machine, DUCOMTR-30L-IAS, b ball pot assembly and c stationary balls
in the ball pot with lubricant sample
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Fig. 13.4 Tribology test diagram (Talib et al. 2017)

steel (AISI 52100) balls with the hardness from 64 to 66 HRC and the diameter of
12.7 mm. The stationary balls were fixed in the ball pot assembly (Fig. 13.3b) and
were tightened using a torque wrench. As shown in Fig. 13.3c, 10 ml of sample
was placed into the ball pot assembly. After that, the ball pot was installed in the
tribotester and a normal load of 392 ± 2 N was gradually pressed to avoid intense
stress. Gradually, the sample has been heated to 75± 2 °C at a constant temperature.
The speed was set at 0.461 m/s (1200 rpm) to rotate the rotating ball. The experiment
was conducted for 60 min. The schematic diagram of the tribology test is shown
in Fig. 13.4. The heater was switched off after the operating time and the ball pot
assembly was removed out. The sample was then poured out of the ball pot. The
tribology test was repeated twice for each lubricant sample.

The wear scar diameters (WSD) of the stationary balls were determined based on
the average lengths of horizontal and vertical scars using an optical microscope. The
coefficient of friction (COF) was measured from the average tangential load from
the friction torque values taken at 30 readings/minute. The COF was automatically
calculated from the friction torque data using Winducom 2010 software. The worn
surfacemorphologywas observed via scanning electronmicroscopy (SEM) equipped
with the energy dispersive x-ray spectroscopy (EDX) at magnifications of 100× and
200×. The worn surface roughness (Ra) was examined according to ISO4288:1996
by surface roughness tester.

3 Results and Discussion

3.1 Friction and Wear

Figure 13.5 displayed the COF and WSD of lubricant samples. SE had the highest
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Fig. 13.5 Coefficient of friction and wear scar diameter of lubricant samples

COF and WSD which were 0.0895 and 1.5529 mm, respectively. Meanwhile, the
usage of CJO sample had reduced the COF and WSD by 42% and 57% when
compared to SE. This occurrence was due to the longer molecular chain of CJO
ranging between 16 and 18 carbon atoms per molecule, compared to SE (8 and 10
carbon atoms per molecule). As reviewed by Zainal et al. (2018), the tribological
properties was influenced by the length of the carbon chain. However, unneces-
sary amounts of long-chain fatty acids in vegetable oil lowers the low-temperature
behaviour, thus cause oxidation to occur. Therefore, the modification of the crude
vegetable oil by chemical modification process and added reformulation of additives
was suggested by Shashidhara and Jayaram (2010).

It can be observed that both MJO samples (MJO + 0.05 wt% hBN and MJO
+ 0.5 wt% hBN) had the lowest COF (0.0217 and 0.0287) compared to CJO and
SE. MJO-based oil consists of long molecular and branches chains, while CJO only
has long molecular chains. Therefore, MJO offers better low-temperature behaviour
and formed a good lubrication film. In term of wear, MJO + 0.05 wt% hBN had
reduced 23% of WSD than SE. The addition of 0.05 wt% hBN in MJO yielded
superior lubrication properties. This is because of the rolling effect of the particles
between the two contact surfaces, which significantly reduced the COF and WSD.
The results were in agreement with Rahmati et al. (2014) who noted that the addition
of nanoparticle enhanced the lubrication performance. Meanwhile, MJO+ 0.5 wt%
hBN sample had reduced only 3% of WSD compared to SE. This is because the
excessive amount of particles lead to agglomeration, thus increased friction and wear
(Padmini et al. 2016). Based on the finding of Talib et al. (2017), the phenomenon
of MJO + 0.05 wt% hBN and MJO + 0.5 wt% hBN can be explained in Fig. 13.6.
A thin lubrication film layer was developed at the lowest amount of additive particle



340 N. Talib et al.

Fig. 13.6 Lubrication film mechanism in MJO samples; a MJO + 0.05 wt% hBN and b MJO +
0.5 wt% hBN (Talib et al. 2017)

(0.05 wt%) which reduce the area of contact, substantially reduced the friction and
wear. 0.05 wt% hBN creates more damage in the contact surface caused of the
excessive amount of particles trapped in the asperity valley, thus lead to the formation
of abrasive wear.

3.2 Analysis of Worn Surface

Figure 13.7 shows the worn surfaces morphology for lubricant samples at the magni-
fications of 100× and 200×. FromFig. 13.7a, theworn surface of SEwas inconsistent
rough and had deep grooves. The observation was proved by the result of the surface
roughness value of SE which also had the highest of Ra at 0.73 µm. The finding
was paralleled with the COF value of SE. The high value of COF (1.5529) showed
that SE had poor lubrication film thus increased the wear behaviour at the contact
surfaces. The abrasive wear occurred at themetal surfaces. The lubrication film of SE
unable to support the applied load and only little part of the metal surfaces separated
(Zulkifli et al. 2013). The worn surface of SE also had the highest Ra value which
was 0.73 µm. The EDX spectrum in Fig. 13.8a showed that C, Fe, Cr, Mn, Si, S and
P were the elements found on the worn surface from SE. Based from Fig. 13.7b, the
worn surface of CJOwas smooth compared to all samples and had the lowestRa value
(0.13 µm). This results showed that the CJO had good anti-wear behavior. However,
a darker region on the worn surface of CJO is caused by the oxidation process due to
the contamination of inorganic compound in CJO (Haseeb et al. 2010). The oxidation
process was proven from the EDX spectrum (Fig. 13.8b) which showed the addi-
tion of O element found on the worn surface from CJO. Besides, there was material
transfer on the worn surface of CJO caused by metallic contact.

Figure 13.7c showed the worn surface from MJO + 0.05 wt% hBN which had
thin and shallow grooves. However, the worn surface fromMJO+ 0.5 wt% hBN had
deep and wider grooves as displayed in Fig. 13.7d. The roughness of worn surface
from MJO + 0.05 wt% hBN recorded the lowest value of 0.32 µm compared with
MJO + 0.5 wt% hBN which was 0.54 µm. This phenomenon was in agreement
with the finding of Padmini et al. (2016) which revealed the highest concentration
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Fig. 13.7 Worn surface micrograph on the stationary balls using SEM
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Fig. 13.8 Energy Dispersive X-ray (EDX) spectra at worn surface lubricate by a SE, b CJO and
c MJO + 0.05w t% hBN (Talib et al. 2017)

of particles caused non-uniform dispersion in the lubricant, thus broke the micro-
joints and creates grooves. The lowest concentration of particles (0.05 wt%) formed
a lubrication film that tends to fill the valleys between asperities. The hBN particle
deposition on theworn surface is shown in the EDX spectrum displayed in Fig. 13.8c.
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Fig. 13.8 (continued)

4 Conclusion

From this study, the influence of solid lubricant (hBN) in MJO was successfully
evaluated through tribology testing. The use of low concentration of hBN particle
in MJO resulted in lower COF, WSD and Ra values. hBN particles had formed a
thin lubrication layer that provided anti-wear behaviour. The worn surface of ball
lubricate by MJO + 0.05 wt% hBN had light and shallow grooves. The results
showed that MJO + 0.05 wt% hBN had better lubrication ability and suitable as
the alternative for MQL oil. This finding can be used as the fundamental approach
of the implementation of solid particle in MQL oil during machining the composite
material.
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Tribological Properties of Natural Fibre
Reinforced Polymer Composites

Qumrul Ahsan, Zaleha Mustafa, and Siang Yee Chang

Abstract In this chapter, authors aim to highlight the prospect of natural fiber rein-
forced polymer composites (NFRPC) as tribo-materials for different engineering
system. Incorporation of fibers originate from plants in polymer composite is not
new as they provide environmental friendly lighter composite demanded by automa-
tive sectors where the conservation of energy is concerned. First two section gives
a brief understanding on treatment of fiber surface for efficient compatibility with
polymer matrix and their arrangement in composites and followed by composite
fabrication for thermoset and thermoplastic composites using natural fibers. Later
authors compile some published research works in order to interprete the tribo prop-
erties based on the different test parameters and composite systems impregnated by
different types fibers various arrangements. Finally prospect of using hybrid poly-
meric composite incorporated with natural fiber and synthetic micro and Nano fillers
as tribo materials is highlighted.

Keywords Tribology · Natural fibre · Polymer composites

1 Introduction

Tribology, where the two contact surfaces are in sliding with each other, mainly
focuses on studying metal/metal or metal/ceramic systems for vehicles, machinery
and other industrial equipment. Later, polymers light in weight and easy to fabri-
cate are increasingly replacing the metals or ceramics in tribology. Therefore, more
attention is now surfacing on the use of metal/polymer and polymer/polymer tribo-
contacts. Comparing the surface characteristics of polymers, it is completely different
from metals and ceramics in terms of friction and wear mechanism. Polymers are
susceptible to provide almost smooth and less friction motions when encounters
moving counterfaces of any materials, therefore give low coefficient of friction. On
the other hand, it abrades very fast when it comes into the contact of materials
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i.e. it is very weak resistant to wear. Hence, to enhance the tribo behaviour of poly-
meric materials by avoiding adhesion and increasing strength and stiffness (Friedrich
2018), fillers are frequently incorporated in the various polymeric systems (Aldousiri
et al. 2013; Friedrich 1997; Reinicke et al. 1998) which include thermoset, thermo-
plastic and elastomer. Fillers are usually introduced as in the form of particles or
fibers (short/long or continuous) from synthetic origin. Usually graphite and PTFE
fillers act as internal lubricants in matrix which reduces the adhesion with counter-
part material by forming friction reducing transfer films (Hager and Davies 1993).
Whereas, artificial or synthetic fibers mainly glass and carbon fiber or special fiber
aramid having high strength and stiffness are commonly added as reinforcing fillers
that may retain the polymer matrix systems from tribological failure resulted from
secondary crack in matrix, bended, broken and debonded fibers and generation of
wear debris. One of the major concerns in tribo system is the generation of heat due
to friction between two mating surfaces and because of non-conducting nature of
polymer and fiber, they raise the temperature which in turn reduces the mechanical
properties of composites. Therefore, polymer composites could attain resistance to
thermal degradation with the introduction of carbon nano tube (CNT) and graphene
particles which are termed as nano fillers with high thermal conductivity. Addition-
ally, these nano fillers combinedwith othermicro fillers result minimising the friction
and improving the wear resistance of composite (Zhang et al. 2004).

In the recent time, environmental regulations limit the use of synthetic materials
for engineering components especially in automation industries. Synthetic fillers
have nondegradable constituents and adverse ecological effect for global warming.
By taking advantages of the growing demand, utilisation of natural fibers lead to
development of green tribo materials which are renewable and biodegradable mate-
rials (Elkhaoulani et al. 2013; Menezes et al. 2011) but have strength equivalent to
synthetic fibers. These tribo materials are termed eco-friendly as the natural fibers
are lighter in weight which ultimately reduce the energy consumption and pollu-
tion during use. However, natural fibers are difficult to wet by polymeric resins
and compatability between fibers and resins are very low. Fibers also absorb mois-
ture from environment due to their hydrophilic in nature. All these are affecting
dimensional instability of the components with tribological failuremainly fromweak
interfacial adhesion between fiber and matrix (Omrani et al. 2016). However, these
drawbacks are partly minimised by using chemically treated fibers and including
additives. Considering the above issues, using natural fibers as an alternative to
synthetic fibers could not provide better performance. Therefore, development of
hybrid composites is introduced where both natural and synthetic fibers are blended
in order to provide better adhesion and bonding either between fibers or between fiber
and matrix (Karthikeyan et al. 2017). Eventually, the extent of performance of tribo
engineering polymeric materials controls by the distribution and form of fibers or
fillers as reinforcement in the polymer matrix. Components related to the properties
and morphology of composites in a tribo-system are shown in Fig. 14.1.
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Fig. 14.1 Components for tribo composite system

2 Fiber Characteristics for Tribo Composite Preparation

2.1 Surface Modification of Fiber

Fabrication of the fibre reinforced polymer composite may pose challenges
due to incompatibility between these materials. Natural fibers are polar and
hydrophilic, sensitive to themoisture absorptionwhile polymericmatrix quite often is
hydrophobic, Raw natural fibres contain non-cellulosic component consist of pectin,
lignin and hemicelluloses sensitive to hydroxyl and carboxylic acid groups that make
them prone to water absorption (Lilholt and Lawther 2000; Zulkafli et al. 2019). Poor
fibre/matrix interface bonding may hinder efficient stress transfer from matrix to the
fibre which may produce inferior polymer composite with poor mechanical prop-
erties and low life span. However, surface modifications can be adopted to change
the interfacial chemistry and physical nature of the fibre and reduced the incompati-
bility of the materials (Fadzullah and Mustafa 2016). While many approaches could
be utilized to improve the surface characteristic of the natural fibers, amongst only
three most widely used surface treatment process such as alkaline treatment, silane
treatment and maleated coupling agent treatment will be discussed in next sections.

2.1.1 Alkaline Treatment

Chemical modification using alkaline solution is themost utilizedmethod to improve
the bonding of the natural fibres in the polymeric matrix. The method is simple,
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cheap yet effective. In this method, sodium hydroxide NaOH solutions are used to
modify the cellulosic molecular structure of the natural fibre (Ramli et al. 2017;
Gholampour and Ozbakkaloglu 2020). The cellulose micro molecule was separated
and the alkali sensitive OH groups removed from the fibre structure together with
somehemicellulose, lignin, pectin andwax components (Campilho 2015;Ahsan et al.
2019). These reduce the hydrophilic nature of the fibre made it more compatible
in hydrophobic polymer matrix as well as increase the moisture resistant of the
fibre. Removal of the lignin and wax components from the outer surface of the fibre
resulting in smoother surface conditions and smaller fibre diameter thus increase the
length/diameter aspect ratio as well as the effective fibre surface area. This provides
better adhesion at the fibre/matrix interface (Walker 2006). While optimum alkaline
concentration should be used to ensure the effectiveness of the treatment, higher
concentration of the alkaline solutions could lead to damage of the fibres. Edeerozey
et al. (2007) reported that the strength of the kenaf fibre was optimumwhen treated in
6%NaOHconcentration, however further increasedof the concentration to 9%NaOH
resulting in weakening of the fibre, lower than untreated fibre. Similar observation
was reported by Boopathi et al. (2012) in their study of alkaline treated Borassus fruit
fiber. They reported that the fibre strength was optimum when treated at 5% NaOH
and further increased of the NaOH concentration (10% and beyond) significantly
weaken the fibre. Brígida et al. (2010) reported that usage of the alkaline treatment
on the coconut fibre not only able to retain their native hydrophilic characteristic
but improve their thermal stability. In study by Nam et al. (2011) reported that the
interfacial shear strength of the coir fiber reinforced poly (butylene succinate) was
optimum when treated with 5% NaOH for 72 h. Morphology analysis revealed that
the 5% NaOH coir fibre reinforced composite failed due to breaking of the fibre
instead of interfacial failure indicating better adhesion was achieved in the alkaline
treated composite in comparison to the untreated composite. Other study reported
that the inclusion of the surface treatment using alkaline solutions not only able to
improve the mechanical but the tribological characteristic of the composite as well
(Swain and Biswas 2017; Sampath and Kumar 2019). Valášek et al. (2018) studied
the influence of the alkali solutions onto the mechanical and abrasive wear of the
coir reinforced epoxy composites and reported that alkaline treatment effectively
improved the tensile strength as well as wear resistance of the composite.

2.1.2 Silane Treatment

In this method, the fibre is immersed in the silane solution for a period of time
allowing the coupling agent in the solutions to coat the micro pore on the surface
of the natural fibre. Silanol then formed using the hydrolyzable alkoxy group that
present. The bonding between natural fibre and matrix forms via a link known as
soloxage bridge. One end of the forms sialon chain attached to surface of the natural
fibre surface by creating a formation with their cellulose OH group and the other end
links with functional group in the matrix thru a condensation process (Faruk et al.
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2012). Subsequently, molecular continuity is created across the fibre/matrix inter-
face (Campilho 2015; Gholampour and Ozbakkaloglu 2020). Reports have shown
that mechanical properties of the composite using silane treatment could be signifi-
cantly improved, often better than alkaline treatment. This is due to alkaline treatment
removed impurity on the natural fibre and provided bonding via mechanical inter-
locking while silane provides chemical links attachment from the coupling agents.
Yallew et al. (2014) reported that while all treated jute fibre showed improved wear
resistance when imbedded in polylactide matrix composite, silane treated jute exhib-
ited highest wear resistance resulting from the strong interfacial adhesion produced
by coupling linkage. Mayandi et al. (2018) reported that the mechanical strength
of natural fibre exhibits better mechanical properties and thermal stability when
subjected to silane treatment in comparison to alkaline treatment. Liu et al. (2019)
investigate the impact of silane treatment on mechanical, tribological properties of
the corn stalk fiber (CSF) reinforced bio-polymer composites while selecting four
different silane concentration (1, 5, 9 and 13 wt%). This work revealed that while
silane-treated CSF could not effectively improve the friction performance, however
it is able to significantly increase the wear rate of the polymer composites.

2.1.3 Maleated Coupling Agent Treatment

In this approach, maleic anhydrite (MA) is grafted with the polymer which is used
as a matrix material; then it is allowed to react at the interface of the natural fibre and
matrix. MA reacts with hydroxyl group that is located in the amorphous region of
the cellulose structure to form a covalent bond while the aliphatic chain of MA gets
diffused and linkswith polymer chains ofmatrix via carbon-carbon bonds (Fuqua and
Ulven 2008; Anbupalani et al. 2020). The MA chemically attached to the surface
of the fibre serves as a bridge between the fibre and matrix in order to improve
the interfacial adhesion. Hong et al. (2008) attempted to modify the surface of jute
fibres by maleic anhydride treatment and to improve the interaction between jute
fibre and matrix phase and to enhance the mechanical properties of the jute fibres
reinforced polypropylene. Morphology analysis revealed that treated jute fibre were
broken without complete pull-out in comparison to the untreated composite. This
indicated improved fibre-matrix adhesion at the interface as the result of the MA
modification. Kakou et al. (2014) investigated the dispersion of the oil palm fibre in
the high density polyethylene (HDPE) matrix in the presence of maleated coupling
agent. They reported that the treatment has effectively boost the stiffness due to
better adhesion between the fibres and matrix. Catto et al. (2014) evaluated the effect
of various MA concentration on the tensile strength and stiffness of the maleated
polyethylene grafted recycled HDPE and eucalyptus fibre. They reported that addi-
tion of 3% of MA in composite shows the highest mechanical properties indicated
better compatibility and improved interfacial adhesion achieved in the presence of
MA.
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2.2 Size and Texture of Fiber Pattern (Short, Long and Mat)

The fibre can be arranged in the matrix in various designs such as continues or
discontinues, woven arrange in form unidirectional or bidirectional, random as well
randomly distributes (Fig. 14.2). The fibers are very significant part of a fibre-
reinforced composite material, since the fibre characteristic such as length, orienta-
tion and their loading significantly alter the mechanical properties of the composite
(Jusoh et al. 2015; Fadzullah et al. 2016) and may as well its ultimate tribological
behaviour.

In order to study the influence of the fibre orientation onto the wear properties of
the composite, the sliding direction could be applied in three conditions as shown in
Fig. 14.3 such as:

• Parallel (P-O): fibre mat and fibre orientation are in the parallel direction to the
sliding direction

• Normal Orientation (N-O): fibre mat and fiber are in normal orientation to the
applied force and parallel to the sliding direction

• Anti-Parallel (AP-O): fibre mat and fiber are in the perpendicular direction to the
sliding direction.

(a) Discontinuous fibre (b) unidirectional fibre 

(c) Bi-directional fibre
(d) Woven mat 

Fig. 14.2 Various types of fibre reinforcement pattern



Tribological Properties of Natural Fibre Reinforced Polymer … 353

Random Short Fiber (Independent of Sliding Orientation)

Long and Unidirectional

(a) Normal -O (b) Anti-parallel- O (c) Parallel-O
Woven and Non Woven Mat

(a) Normal -O (b) Anti-parallel-O (c) Parallel-O

Fig. 14.3 Schematic illustration of composite orientations and sliding direction
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3 Processing of NFRPC (Tribo Composite)

3.1 Natural Fibers in Thermoset Composites

Processing of natural fibers reinforced thermoset polymers mainly depends on the
size type and texture of natural fibers as well type of thermoset. Usually fibers
are in the form of short, long or mat. Thermosets also known as resins are in the
liquid form where the short fibers are impregnetaed randomly or resin-saturated
long continous fiber are placed layer by layer in unidirectional, bidirectional woven
mat form and allow for curing either at ambient temperature or at elevated temper-
ature with or without pressure. The fiber impregnated resin is completely solidi-
fied to composite through polymerisation of resins. Hand lay-up, spray lay-up, hot
compression molding are low cost and popular techniques used to fabricate unsatu-
rated polyester and epoxy composites. On the other hand complicated and expensive
techniques such as resin transfer moulding (RTM), pultrusion, vacuum bagging are
being used for higher quality epoxy or phenolformaldehyde composite products.

3.2 Natural Fibers in Thermoplastic Composites

In case of thermoplastic composites, dispersion and distribution of short fibers in
plastic matrix or the wetting of long continous fiber by thermoplastic are the crit-
ical issues in composite fabrication as the plastic resins are in the solid form. Short
fibers are mixed with plastic resins in cyclone vortex or internal mixer where both
fibers and thermoplastic are premixed and converted to pellet shape. Later these
pellets are used in injection or hot compression molding. Whilst for long or mat
fibers hot compression molding or thermoforming processes with different time and
temperature interval stages are utilisied for proper wetting of the fibers by ther-
moplastic. Usually the fabrication cost for natural fiber thermoplastic composites
are usually high as they are produced by expensive equipment such as extrusion,
injection molding or hot compression molding machine but as the natural fibers are
less abrasive the maintance cost of the equipment are low in composite produc-
tion. Usually, engineering thermoplastics are required high temperature in the range
of 200–350 °C which is not suitable for natural fibers as most of them degrade at
or above 180 °C. This processing factor, therefore, limits the use of engineering
thermoplastics whereas PE, PP and PU which have low processing temperature are
being used with lignocellulosic fibers. Some typical natural fiber compatiable ther-
moset and thermo plastic products using different processing techniques are shown
in Table 14.1 (Karthikeyan et al. 2017).
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Table 14.1 Processing methods of various natural fiber reinforced thermoset and thermoplatic
composites in tribilogical applications (Karthikeyan et al. 2017)

Fiber Matrix Test conducted Processing method

Banana and Kenaf Polyester Mechanical wear test Hand lay-up

Rice straw dust/rise
husk dust

Phenolic Friction assessment and
screening test

Hot pressing

Sugarcane/glass Polyester Adhesive friction and
wear

Hand lay-up

Linen/jute Polyester Dry friction wear test Casting process

Sisal Phenolic Constant speed tester Hot compression

Betelnut Polyester Mechanical pull-out
wear and friction

Hand lay-up

Sea shell nano powder Poly-methyl
methacrylate

Wear micro-hardness Mold

Jute PP Injection molding
machine

Kenaf PU Hot compression mold

4 Tribological Characterization of NFRPC

Natural fiber reinforced thermoset and thermoplastic composite materials are now
attempting to fabricate as tribo materials specially to perform in dry and non-
lubricated condition. This is due to the composite’s low density contributed from
using light weight natural fiber and in some cases, these composites have better
specific stiffness and strength provided tribological properties comparable to many
tribo materials that are currently used. Tribology of natural fiber reinforced polymer
composites (NFRPC) usually provide information on tribo properties andwearmech-
anisms in composite system. First term is closely related to material removal and
energy dissipation at the surface through transfer layer formation, contact tempera-
ture, and degradation of composites whereas the last termmainly focuses on damages
of fibers and polymer matrix, debonding of fibers characteristics of wear debris.

4.1 Testing and Evaluation of NFRPC

All of the above features are characterised by considering the typical test parameters
that are relativemovement of test piece and counter surface, surface nature of counter
face, sliding speed, sliding distance, applied load, test temperature and environment
etc. used in tribo testing. So far research test data for NFRPC obtained from dry
sliding wear test using pin on disk (POD), block on disk (BOD) or block on ring
(BOR) test systems in order to determine the coefficient of friction μ, wear loss, wL

and the specific wear rate ws by the following equations:
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μ = FR/FN (1)

where FR is the friction force and FN is the normal load measured in N.

wL = Dm = wi−wf, in g (2)

where wi is the initial weight and wf is the final weight taken before and after the
test respectively

and

ws = �m/(ρFNL) = �V/FNL; expressed in mm3/Nm (3)

where �m is the weight loss, ρ is the density of the composite material, �V is the
volume loss, and L is the sliding distance.

The specific wear rate can be termed as “material property” or “wear factor (k*)”
of the material (Friedrich 2018) in tribology and could be comparable between
tribo materials as long as test conducted under equivalent condition. From test data,
researchers also calculated the wear rate depth wt. (reduction of specimen per unit
time) and plotted against the pave product (normal pressure times sliding velocity)
and found that there exists a nearly straight line relationship with a slope of ws or
k* (= wt /pv) provided ws is independent and not influenced by changes in either
contact pressure (p) or sliding velocity in the test system and the relationship is
plotted schematically in Fig. 14.4 (Friedrich 2018). Figure 14.4 clearly shows that
ws remains constant up to certain pv product beyond that ws is no longer constant

Fig. 14.4 Test parameters for the enhancement ofwear behaviour of polymer composites (Friedrich
2018)
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and indicates the unstable behaviour of the material. Therefore, pv limit is used to
indicate the onset of catastrophic failure of composites due to thermal softening and
fracture. It is also evident from Fig. 14.4 that using different reinforcements and
fillers in given polymer reduce the slope (lowering ws) and push the limiting pv
values towards higher values (Friedrich et al. 2018). Therefore, it is expected that
incorporation of natural fibers in polymer matrix would manifest lower slope inwt vs
pv plot construction as compared to that in matrix alone. The tribological properties
such as friction and wear of natural fiber reinforced polymer composites (NFRPC)
are controlled by the adhesion between the polymer matrix and metallic counterpart
and worn out of natural fiber respectively in performance system.

4.2 Friction in NFRPC

It is associated with the release of energy due to chemical-mechanical damages
take place at the mating surfaces as adhesion and/or for the loss of material due
to ploughing (Briscoe and Friedrich 1993). The term friction force and its value
are generally used to monitor the adhesion of surfaces of polymer composites and
metallic counterpart. The initial rise of the friction force in tribo system is due to
unstable adhesion film formation (unsteady state) on the contaminated surfaces.
With further progress of sliding, deformed asperities cause increase of surface areas
which increases adhesion and stabilise the friction force shortly after starting the test.
Previously theory of friction was adhesion based where friction force associated
with friction originated from contact area of surface asperities. But experimental
values of friction coefficient in most cases do not tally with theory. Hence bulk
properties such as ploughing is also considered in addition to adhesion to narrow
down the discrepancy between the experimental values and theoretical values of
friction coefficient.

Evidence of lower friction force or friction coefficient for the presence of natural
fiber either in nondegradable or biodegrables polymers were reported by researchers
(Yallew et al. 2014; Bajpai et al. 2013). The friction force and coefficient of friction
in pure polypropylene matrix and polymer matrix wth jute fiber mat at three different
sliding speeds and applied loads were studied for a total sliding distance of 3000 m
(Yallew et al. 2014). In both cases steady state friction force values reached within
a very short period of travel and it is indepedent of applied load but the friction
force increases as the applied load increases and at any applied load (Fig. 14.5).
The friction force and coefficient of friction of pure PP is always higher than that of
PP-Jute Fiber composite. In case of pure polypropylene, plastic debris once sticks to
the sliding interface, instead of getting thicker it deforms by consuming energy and
thus increases the friction force as it can be seen in SEM of polypropylene surface.
On the other hand, in NFRPC, usually steel surface is very hard and rough which
usually ploughs the softer polymer surface, removes the polymeric materials and
causes wear of sliding surface. That is why ridges are observed along the sides of
ploughed grooves under the scanning electron microscope.
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Fig. 14.5 Variation of a friction force against the sliding distance for PP and Jute/PP at sliding
speed of 3 m/s and b friction coefficient against applied load for PP and Jute/PP (Yallew et al. 2014)

Similar effects were also observed by Bajpai et al. (2013) when they studied tribo
behaviour poly lactic acid (PLA), PLA-glass and PLA-sisal composites (Fig. 14.6).
Interestingly, sisal fiber in composites has observed a lower value of friction force and
COF as compared to pure PLA and PLA-Glass composite at any contact load. CoF
is not an intrinsic property of materials, it also depends on the test type, temperature,
type of film formed and nature of fiber used. Unlike metals, polymer softens with
the rise of temperature and for this, fiber easily debonded from the polymer matix
and mix with polymer debris which alter the charecteristics of polymer adhesion
later. Obviously natural fiber like sisal stiffens the polymer layer but not like as glass
polymer layer. Hence polymer protective layer with the presence of natural fibers
deforms platically more which reduces the friction co efficient (El-Tayeb 2008a, b;
Yousif and EI-Tayeb 2008).

4.3 Wear in NFRPC

In tribo system, wear is defined as the loss of materials of two bodies when their
contact surfaces are moving relative to each other [Chand and Fahim (2008)].
Although wear does not cause sudden failure of material, but certainly reduces the
performance characteristics from changing and deforming the shape of the compo-
nents or from surface damage. Hence volume changes in materials causes vibration
and surface damages formed secondary cracks thatmay lead to collapse of the compo-
nents. Although the common forms of wears are adhesive (sliding), abrasive, corro-
sive, erosive and fretting but first two forms prevail mainly in NFRPC. Schematic
illustration of the major form of dry sliding wear mechanisms are summarized in
Fig. 14.7.
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Fig. 14.7 Schematic illustration of different dry sliding wear mechanisms (Rajini et al. 2012)

The tribo properties such friction and wear are dependent on the total test system
and not sole related to material properties and vary by changing the test param-
eters. Although no direct relationship could be made between tribo properties and
mechanical properties (strength, stiffness, hardness etc.) of materials, but mechanical
properties are utilised to explore the correlation between wear resistance and friction
coefficient. It is widely established that synthetic reinforcements (fibers and fillers)
are stronger and more wear resistant than polymer matrix therefore, the presence of
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fiber not only utilise to transfer load from matrix to fiber and increase the strength of
the composites but also minimise the exposition of the polymer for counterface. The
wear performance of fiber reinforced polymer composites depend not only on the
size, shape, volume and orientation and type of fiber but also the extent of adhesion
between fiber and matrix. Proper wetting of fibers by polymers is one of the biggest
issue in processing of composites and beyond the optimum loading, usually fibers
starves from matrix wetting resulted in low mechanical and tribo properties as the
fibers can readily debonded from the matrix, Generally, long fibers usually impreg-
nated in the form of bi- or uni-directional mat in polymer matrix improve the wear
resistance of composites very significantly, whereas short fibers are easily wetted
by polymer which may improve the friction and rapid mouldability. Usually natural
fibers are hydrophilic (attracted by water) and polymers are hydrophobic (repels
water) which may cause poor interfacial bond between fiber and matrix and may
lead to poor wear performance of the composite. In addition, natural fibers easily
absorb water which may cause swelling of the composites with debonding of fibers.
It can also easily be attacked by the microorganism and become weak which may
reduce the composite service life.

Therefore, chemical treatments on natural fibers are usually carried out to increase
the hydrophobicity and to improve the interface bonding between fibers and poly-
mers. One of the prime consideration in polymer and its composites is load-
temperature interaction. Hence, temperature at wear surface is usually measured
during wear test in order to monitor the thermal softening of polymer that can lead to
increase in the real areas of contact resulted in rapid increase of both the coefficient
of friction and the wear.

In case of natural fibre reinforced composites, various kinds of fibers (jute, sisal,
coir, oil palm, flax, hemp, bamboo) are reinforced in thermosets and thermoplastics
either as chopped short or continuous fibers. The chopped short fibers are randomly
distributed in polymer matrix as reinforcement, whereas continuous fibers not as
long as synthetic fibers are placed in matrix as uni- or bi-directional woven fabric or
mat. The direction of sliding force to orientation (parallel, anti parallel and normal)
of natural fibers also control the properties of composites. Table 14.2 summarizes
the tribo test results obtained from published research work for various polymer
composites impregnated with different types natural fibers. The table also provides
information on the fiber treatments and their corresponding consequence on friction
and wear rates that are plotted in Fig. 14.8.

It is apparent from Fig. 14.8 that pristine thermoplastic polymers with low specific
wear rates manifest significant improvement in wear resistance when impregnated
with reinforcing natural fibers. Jute has been reported as high strength and high
modulus (Chand and Fahim 2008), therefore jute fiber reinforced polypropylene
exhibits the lowest wear rate a lower ws of the order of 10−7 m3/Nm and a low
friction coefficient of 0.3 while coir reinforced polyester composites exhibit a high
ws of the order of 10−4 m3/Nm and a high friction coefficient of 0.6. Improvement
on wear resistance and friction for jute composite compared to coir composite is
attributed to higher stiffness and strength with better selflubricating (lesser abrasive)
ability of jute fibers. Once again jute or oil palm fibers reinforced epoxy also exhibit
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Fig. 14.8 Friction coefficient and specific wear rate of various natural fiber reinforced polymer
composites in sliding wear mode. (Data are collected from research works included in Table 14.2)

equivalent tribo properties compared to glass fiber reinforcement in different wear
modes. This may attribute to the fact that the high fiber contents in thermoset resins
act as load bearing agents that control tribological properties by fiber reinforcement.

Figure 14.9 shows the specific wear rate results of glass fiber, untreated and
alkaline treated oil palm and coir fibers under similar tested conditions (Yousif and
EI-Tayeb 2008; Yousif et al. 2009) and their test details are provided in Table 14.2.
Specific wear rate of the composites predominantly varies by the sliding distance
except for glass fiber composites which shows steady wear rate and almost inde-
pendent of sliding distance. Results also manifest that for unidirectional coir epoxy
composite, longer the sliding distance, higher the specific wear rate whereas specific
wear rate of the randomly distributed oil palm fibers in epoxy composites increases
with increase in sliding distance. On comparison, for alkali treated both fibers reveal
better wear resistance than the composites with untreated fibers. Result from fiber
treatment with NaOH resulted in removal of gummy contents (pectin, lignin etc.),
which may rise the roughness of fiber surface and develop better mechanical locking
with high-interfacial adhesion between fibers and matrix. The SEM studies of worn
surfaces for two treatment conditions are different where the surface cracking, fiber
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debonding with abrasion (ploughing) are predominant in untreated fiber reinforced
composite compared to that in treated fiber reinforced composites.

4.4 Fiber Orientation on Wear

The role of fibers as reinforcements in composites affect the composite wear espe-
cially when the sliding force direction of sliding plane encounters the fibers at
different orientations i.e. parallel, anti-parallel and normal respect to the sliding
plane. Usually short fibers imbedded in composite are in all directions therefore
wear in composite is independent of sliding direction but for long continuous fiber
depending on its orientations the effect of wear is substantial as the combination of
different wear mechanisms are controlled by the fiber orientation. The effect of the
type of fiber orientations on specific wear rate and friction coefficient under different
test conditions are summarized in Table 14.3 and Fig. 14.10.

Among all the composites in Fig. 14.10, carbon fiber reinforced in a thermoset
resin exhibits the lowest wear rate and friction coefficient in sliding wear mode
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Fig. 14.10 Effect of fiber orientation on friction coefficient and specific wear rate of various natural
fiber reinforced polymer composites in sliding wear mode (Data are collected from research works
included in Table 14.3)

where bamboo fiber reinforced composites have the highest wear rate and friction
coefficient. Although, for any group of composites fiber orientations have substantial
contribution on wear rate, friction coefficient of composite exhibit low to high value
in the order of N < AP < P orientation. El-Tayeb (2008a, b) conducted a series of
studies on the tribological properties of natural fibre. In order to evaluate the effect
of the fibre length onto their wear properties, sugarcane fibre with length ranging
from 1, 5 and 10 mm were arranged in random orientation (R–O) and subjected to
20–80 N of applied normal loads, at constant sliding velocity of 2.5 m/s, and constant
sliding distance of 2.25 km. The main finding indicated that wear rate were decrease
with increase of fibre length. In his second study (2008), he focused on influence
of the fibre orientation by using two conditions where the sliding forced direction
was applied in anti-parallel orientation (AP–O) and parallel orientation (P–O) with
respect to the mat orientation. He reported that P–O shown a significantly higher
weight loss than AP–O. Morphological analysis revealed that no obvious fracture in
the AP-O due to high interfacial adhesion of the fibres and matrix as compared to
the P-O direction. This is because that in P-O orientated fibre, there was a higher
chance for the failure due to fibre pull-out as the sliding force is applied in parallel to
the fibre orientation. Narish et al. (2011) studied the wear properties of treated kenaf
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fibres reinforced polyurethane (PU) composites at different applied loads (30–60 N),
at constant sliding velocity of 2.8 m/s at different fibre orientations of anti-parallel
orientation (AP-O), parallel orientation (P-O) and normal orientation (N-O). They
reported that wear performance compared to neat PU, giving an improvement in
specific wear rate (Ws) at 78% in comparison to neat composite. In regards to PU,
adhesion film forms during wear and manifests low friction due to smoother sliding
resulted from thermal softening of PU. Considering the case for composites, fibers
debond from matrix but it adheres with the soft PU film and makes the film stiffer
that may improve the wear performance but with high friction. Alshammaria et al.
(2018) aims to correlate the influence of fibre orientation on tribological performance
of the alkaline treated jute mat in the epoxy matrix. They were using three different
orientations with respect to sliding force such as N-O, AP-O and P-O. The main
finding of their work revealed that fibre orientation has very significant contribution
to the wear and friction properties of the composite. The optimum condition of the
wear resistancewas obtainedwhen the compositewas tested in antiparallel condition.

Figure 14.11 shows the effect of fiber orientation on specific wear rate of kenaf
and bamboo fiber composites at different sliding distances in similar test conditions
(Chin and Yousif 2009; Nirmal et al. 2012). Obviously presence of kenaf or bamboo
fibers in composite shows the improved wear performances as compared to that of
neat epoxy under same tribo conditions and the specific wear rate of the composites
decreasewhen sliding distance increases. For normally oriented (N) kenaf fiberswear
rate is lower when compared with P or AP conditions. This is attributed to more film

E-Epoxy, K-Kenaf, B-Bamboo, P-Parallel, AP-Antiparallel and N-Normal
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Fig. 14.11 Effect of fiber orientation on specific wear rate for different sliding distances of kenaf
and bamboo fiber reinforced epoxy composites at a sliding speed of 2.8m/s in similar test conditions
(Plots are reconstructed from research works of Chin and Yousif 2009 and Nirmal et al. 2012)
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formation by normal (N) oriented fibers as compare to normal AP/P conditionswhere
debonded fiber volumes are higher and worn out of the matrix rapidly instead of
forming film. Usually in normal orientation fibers are perpendicular to worn surface
so the contact area is only the diameter of each fiber whereas in parallel or anti
parallel orientations fibers in length wise are exposed. Therefore, for a given volume
fraction of fiber, the effective fiber contact area is less for N orientation as compare
to A or AP orientation.

Chin and Yousif (2009) proposed the wear mechanism for the three tested orien-
tations shown in Fig. 14.12 in terms of damages of fibers that are different for P,
AP and N orientations. In case of P orientation (cf. Figure 14.12a), long length of
fibers encounter sliding force which could bend and break the fibers along the sliding
direction if the sliding force exceeds the interfacial adhesion strength. Even at certain
conditionwhen the sliding force is lower than the adhesion strength, splitting of fibers
may occur and finally fibers could tear and break. For AP orientation, in addition to
debonding and bending, detachment of fibers may occur when the sliding force is
higher the interfacial adhesion as shown in Fig. 14.12b. On the other hand, there is
less possibility of fiber debonding when the fibers are in N orientation (Fig. 14.12c)
where the fibers diameters are only exposed and the fibers are embedded inside the

Fig. 14.12 Proposed wear mechanism of the composites in a parallel, P, b anti-parallel, AP and
c normal, N orientations (Chin and Yousif 2009)
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Table 14.4 Polyethylene-based composites (Satov 2008)

Function Material Dosage range (%)

Matrix component Polyethylene resin Difference from total of
other components of
100%

Reinforce component Natural fiber 30–60

Coupling agent Maleated polyolefin 2–5

Lubricant(s) Stearates/esters/EBS/other 3–8

Antioxidants Phenolics/phosphites 0–1

Acid scavengers Stearates/hydrotalcites 0–1

UV protection HALS/benzophenones/benzotriazoles 0–1

Mineral filler Talc 0–10

Biocide Zinc borate 0–2

Density reduction Microspheres\chemical or physical
blowing agent

0–5

UV protection/aesthetics Pigments As required

Flame retardants/smoke
suppressants

Various As required

matrix along their length. But the sliding forcemay generate secondary crack perpen-
dicular to matrix around the fibers due to shearing force. Worn surface morphology
characterised by SEM further clarified the proposed mechanism.

4.5 Role of Additives in NFRPC

Additives are part of the important recipe in fabricating tribo-composites owning
to its role in manufacturing process and end product performance. Generally, addi-
tives are used based upon typical formulas and industrial norms, and are modified
whenever necessary. Satov (2008) revealed that composite industries tend to use
additives to make up for process deficiencies due to the lack of coordination between
end product requirements and materials-process technology, resulting in an increase
of operational cost in a long run. It is, hence necessary to optimize the usage of
additives through proper integration of materials, process technology and product
performance. Tables 14.4 and 14.5 summarize the functions, materials and dosages
for polyethylene- and polypropylene-based composites.

4.5.1 Solid Lubricants

In order to develop a good tribo-composite component, incorporating the compos-
ites with specific fillers and/or additives is essential to achieve special requirements
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Table 14.5 Polypropylene-based composites (Satov 2008)

Function Material Dosage range (%)

Matrix component Polyethylene resin Difference from total of
other components of
100%

Reinforce component Natural fiber 30–60

Lubricant(s) Stearates/esters/EBS/other 3–8

Antioxidants Phenolics/phosphites 0–1

Acid scavengers Stearates/hydrotalcites 0–1

UV protection HALS/benzophenones/benzotriazoles 0–1

Mineral filler Talc 0–10

Biocide Zinc borate 0–2

Density reduction Microspheres\chemical or physical
blowing agent

0–5

UV protection/aesthetics Pigments As required

Flame retardants/smoke
suppressants

Various As required

for tribological applications, such as exhibiting low friction characteristics while
maintaining good mechanical strength. Solid lubricants such as graphite, molyb-
denum disulfide (MoS2), poly-tetrafluoroethylene (PTFE) (Chang and Friedrich
2010; Konovalova and Suchanek 2012; Panda et al. 2016; Shalwan and Yousif 2013,
2014; Sharma et al. 2017; Subramanian et al. 2016), hexa-boron nitride (hBN), tung-
sten disulphide (WS2) (Panda et al. 2016) and boric acid (H3BO3) (Mutlu et al. 2007;
Reeves et al. 2013) have been widely employed in polymer composites to enhance
wear performance by reducing wear rate and friction coefficient of the composites.

These solid lubricants are generally useful in developing a uniform transfer layer
on the surface of hard metallic counterpart, which hamper the direct contact between
the two sliding bodies and thus protect the composites from severe abrasive wear
(Chang and Friedrich 2010; Shalwan and Yousif 2013). The molecular structure of
these solid lubricants which is composed of layers of atoms bonded together by
weak van der Waals force rendered the formation of transfer film upon dry sliding
(Reeves et al. 2013). Figure 14.13 illustrates schematic representations of the layered
crystal structure of graphite, MoS2, hBN and H3BO3 molecules. Addition of these
solid lubricants in the composites leads to the development and usage of a new class
of materials called self-lubricating polymer matrix composites, which are highly
sought after in mechanical and tribological components such as gears, cams, wheels
and impellers. These self-lubricating composites fulfilled the increasing industrial
demand to operate in machineries subjected to relative movement where no external
and/or fluid lubricant shall be used (Suresha et al. 2010).

In general, the presence of solid lubricants demonstrated significant reduction of
coefficient of friction and wear rate in various polymer matrix composites (Bijwe
and Indumathi 2004; Hashmi et al. 2007; Shalwan and Yousif 2014; Zhang et al.
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Fig. 14.13 Illustration of layered crystal structure of a graphite C, bmolybdenum disulfide MoS2,
c hexa-boron nitride hBN and d boric acid H3BO3 molecules (Reeves et al. 2013)

2008). Several researchers reported on the reduction of coefficient of friction and
wear rate as a function of solid lubricant concentration (Hashmi et al. 2007; Suresha
et al. 2010; Zhang et al. 2008). Coefficient of friction as low as 0.1 was reported
in poly-(phthalazinone ether sulfone ketone) (PPESK) composites filled with 30
wt% graphite (Zhang et al. 2008) under 500 N sliding load. Nevertheless, it is also
noted that the presence of high solid lubricant content results in the deterioration
of mechanical properties of the respective composites (Shalwan and Yousif 2014;
Zhang et al. 2008). However, Suresha et al. (2010) inferred that treating the graphite
filler with silane coupling agent led to improved interfacial adhesion and proper
dispersion of graphite filler in carbon-epoxy composite, and subsequently enhanced
the tensile strength, Young’s modulus and hardness of the composite.

Whilst these solid lubricants exhibited desirable frictional characteristics, thermal
conductivity of these solid lubricantsmust also be considered as frictional heat gener-
ated could harshly affect the friction and wear mechanisms. Solid lubricants having
high thermal conductivity are preferable in tribo-composites applications, allowing
heat dissipation from the tribo-surface and hence minimizing damage to the compo-
nent surface. Hashmi et al. (2007) reported that contact interface temperature reduced
with increasing amount of graphite filler in their work on graphite/cotton fibre rein-
forced polyester composites under sliding wear condition. Similar trend was also
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Fig. 14.14 Interface temperature of different epoxy composites based on graphite and/or date palm
fibre at different applied loads after 5.04 sliding distance using block-on-ring (BOR) technique.NE:
neat epoxy; GE: 3% graphite/epoxy; FE: Date palm fibre/epoxy; GFE: 3 wt% graphite/date palm
fibre/epoxy (Shalwan and Yousif 2014)

observed by Shalwan and Yousif (2014) wherein the lower interface temperatures
were recorded in wear test when 3% graphite was added into both neat epoxy and
date palm fibre reinforced epoxy composites, as illustrated in Fig. 14.14.

However, among all the solid lubricants, graphite and hexa-boron nitride (Panda
et al. 2016) are the promising candidates and their related properties are detailed in
Table 14.6. In fact, Bijwe and Indumathi (2004) found that the PTFE is not the right
choice for high temperature lubrication in tribo-composites, unless PTFE is used in a
combination with graphite and MoS2. More recently, Panda et al. (2017) highlighted
that synergistic effect of two solid lubricants (15% graphite and 5% hBN) incorpo-
rated in the glass fibre reinforced polyaryletherketone (PAEK) exhibits the lowest
friction coefficient (0.04) and specific wear rate (5.68× 10−16 m3/Nm) compared to

Table 14.6 Characteristic properties of high performance solid lubricants (Panda et al. 2016)

Material h-BN Graphite PTFE

Density (g/cm3) ~2.1 ~2.1 2.15

Bulk modulus (GPa) 36.5 34 1.8

Thermo-oxidative stability (°C) 1000 570 260

Thermal conductivity (W/m K) 600a; 30b 200–2000a; 2–800b 0.25

Thermal expansion (10−6/°C) −2.7a; 38b −1.5a; 25b −148

Specific heat capacity (J/kg K) 710–830 840–1610 1000

Effect of fiber orientation on tribo properties
aParallel to planes/layers; bPerpendicular to planes
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that of single solid lubricant. It is expected that such remarkable synergism at 15%
graphite and 5% hBN was due to improved thermal conductivity and fibre-matrix
adhesion (Panda et al. 2017).

4.5.2 Nanoparticles

In line with the advancement in nanomaterials, incorporation of various nano-sized
inorganic particles such as ZrO2, Al2O3, SiO2, SiC, TiO2 and CuO in polymer
matrices has attracted great attention due to significant enhancement in tribological
performance (L. Guo et al. 2017). Konovalova and Suchanek (2012) emphasized
that significant size reduction of these particles down to nano-scale level leads to a
completely distinct wear behaviour and better properties under dry sliding conditions
with advantages of:

i. Generally lower abrasiveness due to reduced angularity;
ii. Enhanced strength, modulus and toughness due to defect-free structure;
iii. Higher specific surface areas and thus, improved filler-matrix adhesion; and
iv. High effectiveness at very low contents.

Several researchers (Cho and Bahadur 2005; Guo et al. 2009; Shao et al. 2004)
pointed out that the enhanced bonding between the nanoparticles and polymermatrix
due to the high surface area-to-volume ratio of the nanoparticles, led to strengthening
of the transfer film. The transfer film formed during the dry sliding wear was fairly
thinner and smoother, hence providing a better coverage on the steel counterpart
surface, resulting in lower friction coefficient and wear rate of the composite mate-
rials. Furthermore, it was highlighted that the smaller the particles, the better was the
wear resistance of the composites; and the optimum filler content of these nanopar-
ticles ranges between 1 and 4 vol.% to avoid the tendency of particle agglomeration
(Zhang and Friedrich 2005).

On the other note, Chang and Friedrich (2010) investigated the effect of TiO2

nanoparticles on the dry sliding wear of short carbon fibre reinforced polymer
composites with addition of conventional tribo-fillers, i.e. graphite and PTFE. It
was found that addition of 5 vol.% of nano-TiO2 could significantly reduce the fric-
tion coefficients and contact temperature, especially under high pv (the product of p
(pressure) and v (velocity)) conditions. The results clearly indicated that the presence
of nano-TiO2 which acts as ‘spacers’ at the contact region effectively reduce the adhe-
sion between the transfer film and polymeric specimen, rendering a lower coefficient
of friction. Figure 14.15 compares the wear mechanisms for sliding wear of short
fiber reinforced polymer (SFRP) composites between with and without inclusion of
nanoparticles.
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Fig. 14.15 Schematic illustration of the failuremechanism for the slidingwear of SFRP composites
a with and b without nanoparticles (Chang and Friedrich 2010)

5 NFRPC as Tribo Materials

NFRPCs have emerged as a potential alternative to synthetic fiber reinforced
composite as theyminimize harmful pollutants and reduce the environmental impact.
In some occasions natural fibers are expected to perform close to that of synthetic
fibers especially brake pads for automotive. With great care fabrication must ensure
the homogeneous distribution of fibers with a high thermal resistance to withstand
severe temperature during braking. Several research teams are developing automotive
components dedicated to tribo system by replacing a substantial amount of synthetic
fibers by natural fibers (ECOPAD). Various natural fibers reinforced polymer hybrid
composites with limited tribological applications have been illustrated in Table 14.7.



Tribological Properties of Natural Fibre Reinforced Polymer … 377

Table 14.7 Various natural fiber reinforced hybrid composites in tribological applications
(Karthikeyan et al. 2017)

Fiber Matrix Fiber treatment Tribological
application

Banana and Kenaf Polyester NaOH, sodium lauryl
sulphate

Clutch

Rice straw dust/rise husk
dust

Phenolic Untreated Brake pad

Sugarcane/glass Polyester Untreated Bearing

Linen/jute Polyester Untreated Bearing

Sisal Phenolic Silane coupling Brake pad

Sea shell nano powder Poly-methyl
methacrylate

Untreated Dental

6 Conclusion and Future Perspective

The concept of completely replacing synthetic fillers by natural fiber does not provide
solutions for using materials as engineering components while considering its prop-
erties and dimensional stabilities. Although natural fibers polymer composites are
lighter as compare to synthetic composites but degrades drastically when come to
contacts during service even though the natural fibers aremodified chemically. Incor-
porating synthetic fillers in NFRPC not only enhance load-carrying capacity, but also
considering for the improvement of wettability and compatibility between the fiber
and the matrix. The role of hybridisation by blending natural and synthetic fillers in
polymer composites has not been elaborated substantially in tribo testing of compos-
ites. Therefore, the design of hybrid composites using natural fibers and synthetic
fillers mainly focuses on the reduction of water or moisture absorption with adequate
adhesion between fiber and matrix for the development of improved wear and fric-
tion properties. Cotton fiber and graphite filler in modified polymers were designed
initially to develop hybrid composite with significant reduction in the specific wear
rate as well as reduction in contact temperature at the interface due to presence of
conductive graphite filler. Subsequently, nanomaterials such as carbon nanotube and
graphene are found to be efficient nanofillers for polymer composites due to their
good mechanical strength with high thermal conductivity which resist the thermal
gradation of composites. These synthetic nanofillers not only transport the heat effi-
ciently but also reduce the abrasion as they have high aspect ratio with reduced
angularity edges. Hence the wear performance of nano filler composites may be
significantly improved better from that of micro-particle filled systems.

Introduction of nano fibrillated cellulose (NFC) synthesised from any plant fibres
rich in cellulose (e.g. oil palm empty fruit bunches, bamboo pulps, jute fibers, kenaf
and others) as nano fillers in tribo composite materials could be the key challenge
for future research projects. NFCmay display thermo-mechanical properties compa-
rable to available synthetic and non-biodegradable graphene/CNT nano fillers and
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ensure to fabricate tribo-composites which till date has not been reported in research.
Eventually, the overall research activities will emphasize the benefits of fabricating
natural and environmentally friendly tribo materials in order to convert renewable
resources to high value end products which possess lesser or no harm to environment.
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Friction and Wear Properties of Natural
Fiber Reinforced Composites

T. P. Mohan and K. Kanny

Abstract The objective of this chapter is to review the recent progress on the tribo-
logical properties of natural fiber reinforced composites (NFRC). Specific emphasis
is given to plant based fibers as they are abundantly available and share major portion
of natural fibers than other natural fibers extracted from animal and mineral sources.
The various factors affecting the friction and wear properties under dry and wet
medium conditions of NFRC materials are discussed. An outline of the tribolog-
ical test in NFRC materials are discussed with emphasis on test methods, NFRC
materials and types of fibers. A general trend on the tribological properties with
influencing parameters is represented in graphical format for readers to understand
the interplay of various effects. The wear mechanism of NFRC and nanoparticle
treated (such as nanocellulose and nanoclays) materials with respect to transfer film
forming capabilities and measurement techniques were discussed. Commonly used
theoretical analysis such as artificial neural networks (ANN) models for predicting
frictional properties of NFRC were discussed. Overall, this chapter provides the
reader a conscience and succinct information about friction and wear properties of
NFRC materials that are studied in last two decades.
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1 Introduction

During the past five-decade advancement ofmaterials have resulted in rapid growth of
technology and application. Several type ofmaterialswere developed that suit various
application ranging from electronic to aerospace industries (Faruk et al. 2012; May-
Pat et al. 2013). Among these application, search for light weight material occupied
the heart of research, growth and innovation. Composite materials were developed
that were very lowweight but superior properties than that of steel and ceramics were
obtained. A typical density of glass fiber reinforced epoxy composite have about two
times higher density than water (1 g/cc) and has almost equal strength to that of
plain carbon steel. Composite material is a type of material that has two distinct
physical phases, one being ‘matrix’ and other being ‘reinforcement’. The composite
material is just a mere physical and mechanical combination of two distinct phase
material develop for specific objectives and goals.Matrix phase is a continuous phase
while reinforcement phase is a discontinuous phase.Matrix are commonly, polymers,
ceramics and metallic materials. Reinforcement also made of polymer, ceramics or
metallic, however, the property of composite depend upon the type of architecture of
the reinforcement. Reinforcement can be in the form of fibers, particles, laminates or
sandwich types, with dimensional size ranging from macro to nano-size (Gbadeyan
et al. 2017; Gu et al. 2017). Among these various types of composite materials,
polymer reinforced fiber composites have attracted significant interest due to their
lightweight, low cost and highmechanical properties. In one hand rapid advancement
in light weight composite technology were happened in the past five-decade, on
other hand there caused a significant damage to environmental pollution and scarcity
of natural resources. Most of the reinforcement and polymers are extracted from
synthetic sources such as oil and heavy industrial processes of natural minerals.
Currently human kind never seen such an environmental damage due this industrial
development and came to tipping point where several policy makers and scholars to
focus urgent attention on alternative green materials. During the past two-decade,
researchers have started focusing attention on green materials to reduce the impact
of environmental damages (Boopathi et al. 2012; Mohammed et al. 2015). Several
type of greenmaterials were startedmanufacturing and already finding application to
certain extent in commercial, consumer and household applications. As composite
materials are extensively used in mechanical application, this paper focus on the
tribological application of natural fiber reinforced composites (NFRC). Virtually all
the parts and materials undergo wear and tear during application. The study of wear
of NFRC materials are relatively scare and this report present a precise progress in
friction and wear properties of NFRC materials.
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2 Natural Fibers

The term natural fibers meant the fibers that are extracted from natural sources.
Extraction from natural source is a speculative terms, where different authors view
in different ways. However, they have an overriding common consideration about
‘extraction’, which includes, organic, regenerative, naturally available, cultivable,
biodegradation, environmentally friendly, cause no or meagre harm to environment,
green, etc. Natural sources are plants, animals, minerals, etc. However, focus of the
natural fibers are skewedmore towards plant sources than that of animals andmineral
sources. This is due to the higher percentage of natural fibers produced from plant
source (~80 to 85% of world natural fiber production) (Tong et al. 1995; Yi and Yan
2007; Cai et al. 2015; Chegdani et al. 2016). Although natural fibers can be extracted
from animal and mineral sources, it involves certain level of destruction to the eco
system when compared with natural fiber extracted from plant sources. Figure 1
shows the classification of natural fibers and various types of natural fibers.

It can be seen that different type of fibers can be obtained from different natural
resources. This is the significant advantage of natural fibers. For instance, fibers
obtained from silk and sisal fibers possess entirely differentmicrostructure and chem-
ical constituents, which in turn adds benefit to tailor make the properties for various
applications.

Fig. 1 Sources of natural fibers
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2.1 Mechanical and Structural Properties of Natural Fibers

Table 1 shows the tensile properties of selected natural fibers and synthetic fibers
(Tong et al. 1995; Yi and Yan 2007; Cai et al. 2015; Chegdani et al. 2016). It can
be seen that the tensile properties are comparable to that of synthetic fibers. In
particular, specific modulus (ratio of modulus to density) of natural fibers are several
times higher than that of glass fiber, which indicate a promising potential in the light
weight high strength application. In one study, the hardness of the natural fiber (hemp
and flax) reinforced composites reported higher than that of glass fiber reinforced
polymer composite.

Few drawbacks of NFRC are high water mass absorption, reduced flammability,
inconsistent chemical composition of fibers, the stage of growth and maturity of the
plant during fiber extraction. These factors heavily affect the thermal andmechanical
properties of NFRC materials. The hydrophilic characteristics of the natural fibers
attracts moisture and deteriorates hardness and surface properties. This in turn affects
the tribological properties (Tong et al. 1995; Chand and Dwivedi 2006; Yi and Yan
2007; Cai et al. 2015; Chegdani et al. 2016, 2015).

Structural of natural fibers based on plant sources are represented by a typical cell
wall type layered structure as shown in Fig. 2. Figure 2 shows the microstructure
of a plant based fibril structure. Almost all plant fibers consist of hollow lumen
structure surrounded by cell wall structure. Cell wall structure composed of primary

Table 1 Comparison of the tensile properties of various natural fibers with synthetic fibers

Fiber Density (kg/m3) Tensile strength (MPa) Tensile modulus (GPa) % Elongation

Jute 1460 300–800 10–30 1.5–2

Sisal 1450 200–400 8–20 2–15

Pineapple 1440 400–1700 30–90 0.8–1

Kenaf 1400 200–300 4–5 0.1–2

Flax 1500 300–1500 20–80 1–3

Hemp 1480 500–900 60–80 1.4–1.8

Banana 1350 500–800 5–15 1–4

Coir 1150 100–300 4–6 15–40

Bamboo 910 400–600 30–40 1–1.8

Palm 100–200 300–400 2–3 10–15

Bagasse 100–200 200–300 10–15 10–15

Cotton 1600 200–600 5–15 3–10

Ramie 1500 200–1000 40–130 2–5

E-glass 2550 3400 70–75 3–4

S-glass 2550 4500–4600 80–90 4–5

Carbon 1820 2500–2700 200 1.2–1.4

Aramid 1400 4000 220–250 1.4–1.8
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Fig. 2 Typical microstructure of a plant fiber and its segments

and secondary cell wall, where the secondary cell walls significantly influence the
mechanical and structural properties of the material. The cell wall structure made
up of cellulose, hemi cellulose, lignin pectin and other minor chemical constituents.
Among these chemical constituents, cell wall is a strong and hard phase due to their
crystalline structure and affects the mechanical properties. The size of the secondary
and thickness of secondary wall along with cellulosic content of the plant fiber
determines the mechanical properties of the fibers. A typical approximate chemical
constituents of plant fibers is shown in Table 2.

Since all the fibers possess hydroxyl group (OH) on surface, the fibers were
commonly surface treated to remove this hydroxyl group and coated with chemical

Table 2 Average chemical composition of selected natural fibers

Fiber Cellulose (%) Hemicellulose (%) Lignin (%) Pectin (%) Moisture (%)

Jute 65 12 0.5 12 10

Sisal 65 12 10 1 10

Pineapple 65 8 8 2 Negligible

Kenaf 45 22 18 9 Negligible

Flax 65 16 2 2 10

Hemp 68 16 16 1 7

Banana 55 12 18 3 3

Coir 28 14 42 6 1

Bamboo 65 25 12 1 10

Palm (oil) 55 25 20 Negligible Negligible

Sugarcane bagasse 42 25 22 Negligible Negligible

Cotton 82 5.5 28 6 10

Ramie 68 13 1 2 10
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that enhances fiber-matrix adhesion properties, thermal stability, mechanical and
barrier properties improvement. Commonly used treatments are alkaline (mercer-
ization), grafting, coupling, peroxide and bleaching treatments (Tong et al. 1995;
Chand and Dwivedi 2006; Yi and Yan 2007; Cai et al. 2015; Chegdani et al. 2015,
2016). Each treatment induces different type of surface characteristics on the fibers
and influence the properties mentioned for specific application.

A review article published in 2015 (Nirmal et al. 2015) shows that research article
publication focusing specifically on tribological properties are steadily growing since
year 2000. The number of research reports on tribological properties of NFRC
increased from 30 in early 2000 to 250 in year 2014. This suggests the growing
importance and significance of the application of NFRC materials in tribological
application. The common prediction of the outcomewas that the study on this subject
continuous to grow as different type of NFRC materials can be tailor made to suit
the performance and application.

3 Tribology of NFRC

The study of tribological properties of NFRC is a complex subject, as it involves
multi-level understanding of many subjects, such as type of NFRC material, test
method, friction, wear, lubrication and environmental effects (El-Tayeb 2008; Chin
and Yousif 2009; Nordin et al. 2013; Zhang et al. 2014).

3.1 Material Type

NFRC material can be classified based upon type of matrix and reinforcements.
Matrix materials are commonly thermoset, thermoplastics or elastomers. The
processingmethodofNFRCcomposites are influenced by the type ofmatrix polymer.
In general, casting and molding methods are suitable for thermosets, while elevated
temperature induced processing are suitable for thermoplastics and vulcanization for
elastomers based NFRC materials. Reinforcement are dependent upon the architec-
ture of the fiber type. The reinforcement are of different types, namely, particles,
short fibers, long fibers and laminar types.

Particle type reinforcement include spherical particles, filler, flakes or nanoparti-
cles (nanoclay, carbonnanotube, nanocellulose, etc.). short fibers are typically 3–5 cm
long, randomly dispersed on the matrix polymer. Thermoplastic based composites
were commonly prepared by short fiber reinforced composites, due to temperature
effect. Long fibers reinforced thermoplastic composite are in general difficult to
produce due to the high temperature operation (>150 °C). Long fibers are typi-
cally longer than 5 cm, however, they are not continuously reinforced in the matrix
polymer. Commonly they are produced for thermoset and chopped strand mat type
of composites. Laminar type of fibers reinforcement is continuous reinforcement
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where the fiber reinforcement carried out in layered manner. In this work, natural
fibers extracted from plant source are specifically focused. The study applies to all
types of plant fibers that are extracted from stem, leaf or root section of the fibers.

3.2 Test Method

Tribological properties of material is about the study of friction, wear and lubrication
of a material. Two type of friction and wear tests of NFRC material were focused,
namely, dry andwet conditions testing. In dry testing condition, there is not any liquid
or barriermedium betweenwearmaterial and counter face. Inwet condition, medium
such as water, lubricant or barrier medium were present in between the rubbing
surfaces. Friction and wear properties also depended upon the type of lubricant used
in the system. In general carbon based lubricant induce reduced frictional properties
than that of other lubricant material.

The friction andwear propertieswere commonly carried out using different type of
tribometers. Different type of tribometers are available which predict the friction and
wear properties. Commonly used tribometers, are pin on drum, pin on disc, block on
ring, pin/block on wheel types. All these instruments are designed to study the basic
tribological mechanisms and are focused in this study. The study and understanding
themechanisms leads to advancement in threemain areas of tribology, viz.—friction,
wear and lubrication.

3.3 Fiber Orientation and Nomenclature

Since tribology is study about rubbing surfaces and itsmechanisms, the orientation of
fibers with respect to sliding direction (or rubbing direction) plays a significant role
in the tribology properties of composites. Figure 3 shows the different orientation of
fibers orientation to that of sliding direction and its nomenclature. The nomenclature
used in this manuscript for four different commonly oriented fibers is as follows:

P-O: Parallel orientation of fibers with respect to (w.r.t) sliding direction
AP-O: Anti-parallel orientation of fibers w.r.t sliding direction
N-O: Normal orientation of fibers w.r.t sliding direction
R-O: Randomly oriented fibers w.r.t sliding direction.
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Fig. 3 Different types of fiber orientation and their nomenclature with respect to sliding direction

4 Friction

4.1 Static Friction of NFRC

Static friction is an important property that deals with the friction of material under
static condition. Commonly determined static properties are angle of repose (�) and
static coefficient of friction (µs). These properties determine the stability of braking
and load bearing characteristics of vehicle or structure under stationary condition.
Static frictional properties of natural fiber (bananafiber) reinforced epoxy composites
were examined (Sinha et al. 2009; Dayma et al. 2011; Mohan and Kanny 2019) and
the results are shown in Table 3. The result showed improved� andµs for the banana
fiber reinforced epoxy composites than that of neat epoxy polymer. The result also
shows that the µs and � values of composites are dependent on fiber content. As
fiber content increases these values (µs and �) shows increasing trend. The fiber
addition induces friction to the composites due to the reinforcement effect.
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Table 3 Static friction properties of a typical NFRC material

Material Fiber content, wt% Angle of repose, degree
(°)

Coefficient of static
friction, µs

Neat epoxy 0 24 0.38

Banana fiber reinforced
epoxy composites

20 27 0.43

40 33 0.47

60 37 0.51

4.2 Dynamic Friction of NFRC

Dynamic frictional properties ofNFRCwere examined under dry andwet conditions.
In general it is reported that the dynamic friction coefficient (µd) increases due to
natural fiber reinforcement. However, the level of improvement depends upon fiber
type, fiber orientation, concentration and test parameters. Frictional properties were
examined for several types of NFRC materials, and the general trend obtained in the
result under dry condition are discussed herewith.

Commonly literature report shows that the frictional properties of NFRC were
examined in sliding distance up to 3000 m, varying normal loading condition 10–
50N, varying sliding velocities up to 3m/s. The relationship between sliding distance
and frictional force is shown in Fig. 4. Frictional force increases as loading and sliding
distance increases (Nirmal et al. 2010, 2012; Bajpai et al. 2013; Correa et al. 2017).
The µd also depends upon sliding distance and loading conditions. Figure 5 shows
the effect of µd at various loadings as a function of sliding distance. In general, µd

increases as sliding distance and loading increases. The µd also depend upon sliding
velocity and loading conditions, as shown in Fig. 6. As the sliding velocity increases,
the µd tend to increase. Whereas, when the loading increases at a particular sliding
velocity and initial stage, the µd decreases.

Fig. 4 Effect of frictional force on normal load and sliding distance of NFRC
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Fig. 5 Effect of dynamic friction coefficient (µd) on sliding distance and normal load of NFRC

Fig. 6 Effect of µd on sliding velocity and normal load of NFRC

Friction also depended upon the type of fiber reinforcement in the composite.
Different types of fiber reinforcement were examined, namely, randomly oriented
(RO) and dispersed fibers, parallel oriented (PO) fibers with respect to sliding direc-
tion, anti-parallel orientation (AP-O) in the polymer matrix. It was observed the µd

depended upon the type of fiber orientation. Figure 7 shows the effect of µd on the
type of fiber orientation. In general, the fiber reinforcement decreases the µd when
compared to neat polymer matrix. However, the variation of µd among the fiber
orientation is different. AP-O oriented fiber composites resulted in least µd when
compared with other fiber oriented series. Figure 8 shows the µd tested under wet
condition. In wet condition, the composites show higher bearing of applied load than
dry condition with increased frictional properties.
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Fig. 7 Effect of µd on different orientation of fibers with respect to (w.r.t) sliding distance

Fig. 8 Effect of µd on normal load under wet condition

5 Wear

5.1 Dry Sliding Condition

The wear behavior of NFRC materials was extensively analyzed in recent past as a
function of various material constituent, experimental parameters and test methods
(Tong et al. 2005; El-Tayeb 2008; Russo et al. 2015; Omrani et al. 2016).

Figure 9 shows the effect of effect wear resistance as a function of applied load
and fiber length of sisal fiber. It is observed that wear resistance depends upon applied
load and fiber length. Wear resistance tends to increase as the fiber length increases,
up to critical length of fiber. Beyond the critical length of fiber, the wear resistance
tend to decrease due to entanglement. Up to certain level of applied normal load
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Fig. 9 Effect of wear resistance on fiber length under varying normal loads

(approx. 40 N) wear resistance tend to decrease, but there after increases. Possibly,
the load transfer effect might be affected up to lower load level.

Figure 10 shows the effect of wear rate as function of fiber length and applied
normal load. As applied load decreases, wear rate increases and amount of wear
rate depends upon fiber length. Figure 11 shows the effect of wear rate of NFRC
as a function of sliding velocity. The result shows that as sliding velocity increases,
wear rate also increases. The wear rate also depends upon the amount of normal
applied. Figure 12 shows the effect of wear rate on the type of fiber orientation. The
normally oriented NFRC materials shows lowest wear rate than that of other fiber
types. Figure 13 shows the trend of wear rate of NFRC material as an effect of fiber

Fig. 10 Effect of wear rate on applied normal load and fiber length



Friction and Wear Properties of Natural Fiber Reinforced … 395

Fig. 11 Effect of wear rate on sliding velocity and applied normal load

Fig. 12 Effect of wear rate on different types of fiber orientation under varying normal load

type and sliding velocity. The result shows sliding velocity is independent on wear
rate, however, it affects unfilled near polymer matrix.

The wear mechanism of NFRC materials are extensively studied (Yousif et al.
2009, 2010; Correa et al. 2015; Mohan and Kanny 2019). It was observed that the
material transfer phenomenon was the primary mechanism of wear. This material
transfer is accompanied with the help of adhesion, microcracking and ploughing,
which also depends upon loading and other experimental conditions. In general,
adhesion and microcracking are accompanied at lower loading and sliding velocity
conditions. Whereas, ploughing and cutting are accompanied at higher loading and
sliding velocity conditions. Another important observation was the ability to form
a stable transfer layer due to the natural fiber reinforcement. The natural fibers are
able to form a stable transfer layers that are generated during wear. The wear debris
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Fig. 13 Effect of wear rate on different types of fiber orientation under varying sliding velocity

of fiber, polymer and counter face constituents of transfer layer. Figure 14 shows
the formation of transfer layer over the counter face surface during wear before and
after the test of 40 wt% natural fiber (nanoparticle infused banana fiber reinforced
composite), and the chemical concentration of counter face and wear track is shown
in Table 4. This stable layer resists the material from further damage and wear
and decreases the wear loss and friction. The EDX result of the selected area of
Fig. 14b at counter face and wear track shows the transfer layer was formed by
material constituents of banana fibers, nanoparticles and polymer matrix. Overall
result shows that the characteristics of transfer layer depends upon type of natural
fibers, orientation and architecture of fibers. Long fiber tend to have more stable
transfer layer formation than that of short fiber reinforced composite materials.

5.2 Wet Sliding Condition

Figure 15 shows the effect of sliding velocity onwear rate of a natural fiber reinforced
with varying normal load. In wet medium, the composite bears more load than that
of dry medium test condition (Nirmal et al. 2010). The wet surface acts as a lubricant
and reduces friction thereby increasing more load bearing. The result shows that the
as the applied load increases, wear rate increases. In general, sliding velocity doesn’t
have any effect on the wear rate, however, at higher applied normal load level.
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Fig. 14 Scanning electron microscopy (SEM) image of a steel counter face and b wear track of
modified banana fiber reinforced epoxy composite. [Spectrums 1 and 2 are selected areas for energy
dispersive x-ray (EDX) analysis]

6 Effect of External Factors

External factors such as counter face characteristics, temperature, lubricant and
barrier medium affects the friction and wear of NFRC materials (Nasir 2013; Tahir
et al. 2016; Sanjay et al. 2018). Figure 16 shows the effect of different type of
metallic counter faces on the friction properties of natural fiber reinforced compos-
ites. Results shows the effect of µd as a function of fiber content with respect to two
types of metallic counter face surfaces (Al and Cu), under same set of experimental
and material conditions. The result shows that theµd depends upon metallic surfaces
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Table 4 EDX analysis of steel counter face and modified banana fiber reinforced epoxy composite

Element Steel counter face (Spectrum 1) Wear track of 20 wt% nanoparticle treated
banana fiber reinforced epoxy composite
(spectrum 2)

wt% wt%

C 7.25 27.23

O 35.36 70.47

F 2.31 –

Al – 0.51

Si 0.14 1.43

Cl – 0.02

S 0.03 –

K – 0.30

Cr 0.04 –

Mn 0.51 –

Ca – –

Fe 54.36 0.01

Rb – –

Mo – 0.03

Total 100.00 100.00

Fig. 15 Effect of wear rate on applied normal load and sliding velocity under wet condition

and fiber concentration. However, at optimized fiber content (~30 vol/wt%), the µd

decreased considerably, irrespective of counter face metallic surfaces being used.
Figure 17 shows the effect of counter face surface roughness on the wear rate of the
NFRCmaterial. The coarse surface counter face tends to show higher wear rate when
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Fig. 16 Effect of dynamic friction coefficient (µd) on different metallic surfaces

Fig. 17 Effect of dynamic friction coefficient (µd) on different metallic surfaces

compared with fine counter face roughness, due to high asperities. Wear properties
also depends upon the hardness of the test materials and operating temperature. As
the temperature increases, the hardness of the material decreases and hence the wear
resistance. The variation of hardness versus temperature of a typical NFRC material
is shown in Fig. 18.

It was observed that lubricant also plays a significant role in the tribological prop-
erties of NFRC materials. The NFRC materials had resulted in in improved tribo-
logical properties (decreased friction, wear and volume reduction) in the presence of
lubricant medium when compared with neat polymer matrix. Wear of NFRC mate-
rials are also affected with barrier medium. NFRC material are exposed to moisture
and water medium shows mass uptake and affects the tribological properties. The
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Fig. 18 Effect of hardness on temperature of NFRC

mass uptake increases as fiber content increases in the matrix. The high mass uptake
resulted with decreased hardness in the NFRC materials, which in turn reduces the
wear resistance.

7 Wear of Nanocellulose Reinforced Polymer Composites

During the past two decades, nanoparticles were extracted from plant sources
(Dufresne 2013; Phanthong et al. 2018; Mohan and Kanny 2019). Commonly
extracted nanoparticles are nano cellulosicfibrils, nanocrystalline cellulose and lignin
nano particles. These nanomaterials are a smallest entities of the plant fibers. The
properties of these material are stronger than that of metallic steel material. Dramatic
properties were observed in thermal, physical, chemical and mechanical properties
when nanocellulose are filled in polymer matrix. Few studies on wear properties of
nanocellulosic (NC) particle filled polymer composites are available in the literature.
The NC filled polymer composites shows improved frictional and wear properties
when compared with polymer matrix. In some instances, the wear properties are
even better than that of conventionally filled synthetic nanoparticle filled polymer
composites, such as nanoclays, nanosilica, CNTs, etc. The level of property improve-
ment in this NC filled polymer composites depends on the purity of the cellulosic
phase, aspect ratio of the nano fibril and dispersion in the polymer matrix.

It is observed that the nanoparticles (such as nanoclay, nanocellulose) when rein-
forced or filled into the polymer, they are capable of forming a stable transfer layer,
which significantly improves the friction and wear properties. A schematic illus-
tration and mechanism of transfer film forming capabilities of nanoparticle infused
natural fiber reinforced composite is shown in Fig. 19.
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Fig. 19 Schematic illustration of formation of a wear debris in a untreated banana fiber reinforced
composites and b stable transfer layer in the nanoparticle (such as nanoclay or nanocellulose)
infused banana fiber reinforced composites

The nanoparticles (such as nanocellulose) due to their hard characteristics are
able to hold the wear debris and form a stable transfer layer. These layers are formed
at certain sliding distances, and after the formation of the layer, the further material
loss and damage are prevented during dynamic friction and wear conditions.

8 Artificial Neural Networks (ANN) Models

Tribological properties of NFRC materials are examined theoretically using ANN
models (Rapetto et al. 2009; Nirmal 2010). The ANN model has an accuracy of up
to about 99% in prediction experimental friction coefficient values. ANN model is
developed and inspired based upon the biological nerve system having the ability to
learn and be trained. Significance of this model is that the lengthy experiments can
be avoided and applied in ANN model to get experimental values. The development
of ANN model involves following steps, namely

• Collection of experimental data related to the work.
• Prediction of friction coefficient of a typical NFRC material.
• The ANN model is subjected to three different input parameters.
• A database consisting of ~500 sets of experimental friction coefficient values of

different set of NFRC materials is used to develop the ANN model.
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• Prior to inputting the data to the ANN network, data coding was performed to the
input parameters.

• Upon coding, all coded datasets were converted intoMATLABmatrix files which
were used to develop ANN models.

• The ANN model was configured based on trial and error methods.
• Predicted values that were closer to the experimental values were chosen.
• The network is a four layer ANN model with two hidden layers.
• Logical transfer functions were incorporated in both hidden layers while a pure

linear transfer function was incorporated in the fourth layer; output layer.

The developed multi layered ANN model showed high accuracy in predicting
the frictional coefficient values of NFRC composites, (e.g. treated banana fiber rein-
forced plastic (T-BFRP) composite in three different orientations). Remarkably, the
developed ANN configuration for the current work is equally competitive in terms
of its performance rating (B = 0.994077).

A schematic illustration of the operation of ANN model is shown in Fig. 20,
which consists of three set of operations, namely, input, hidden and output. The
work sequence of these three sets are as follows:

Input—External data (number of neurons dependent on user)
Hidden—Processing takes place (number of neurons based on optimum perfor-

mance)
Output—The end result (number of neurons dependant dependent on user)
An example of a ANN model is 4-[10-20]-3, Whereby the ‘4’ represents the

number of neurons in the input layer, the [] show hidden layers, The ‘10’ represents
the number of neurons in the first hidden layer, the ‘20’ represents the number of
neurons in the second hidden layer and the ‘3’ indicates the neurons in the output

Fig. 20 Schematic illustration of ANN model sequence
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layer. The connections among the neurons is based on the transfer function and
weight embedded within the neurons. The formula for this relationship is:

X(n+1)
f = F

(∑
i

W(n)
ji X(n)

i

)

X(n+1)
f Vectors output of unit j in the nth layer of composite

F Transfer function
W(n)

ji Weights from unit i in the nth layer to unit j in the (n + 1)th layer

X(n)
i Vectors input of unit I in the nth layer.

Sum Squared Error (SSE)

SSE = 1

2

N∑
N=0

(Ai − Oi )
2

Ai is the ith ANN output data
Oi is the ith experimental data
n is the nth number of data set.

Commonly, there are three different types of fiber orientations, viz, Anti-parallel
(AP), Parallel (P) and Normal (N). Subjected to different loads between 5 and 30 N
and sliding distances between 0 and 6.72 km under dry contact condition.

The ANN prediction on friction coefficient resulted in high accuracy and closely
compared to experimental values for the three different orientations. Where there
is a sudden increase/decrease in experimental friction coefficient ANN is able to
predict the exact values of these friction coefficients points but instead follows a
general trend of the experimental friction coefficient values throughout the predicting
process. ANN shows poor predicting performance during ‘running in’ process (tran-
sition period from static to kinetic friction) but good predicting characteristics during
‘steady state’ transition region (e.g. kinetic coefficient of friction). To show the level
of accuracy for the developedANNmodel, the coefficient of determination B is equal
to:

B = 1−
∑n

i = 1
[
Ai
i − Oi

i

]2
∑n

i = [
Oi

i − O
)2

n is the number of test data
A(i)
i is the ith predicted friction coefficient

O(i)
i is the ith measured value

O is the mean value of O(i)
i .

As a result of the various literature work on ANN of NFRCmaterials, it was found
that the ANN model showed promising results in predicting the friction coefficient
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of the T-BFRP composite in three different orientations (AP, P and N orientations)
of fibers and subjected to different applied normal loads and sliding distances.

9 Future Perspectives

In recent years, there are much talk about 4th industrial revolution (4IR). In our
view, developing natural materials in tune with 4IR will hold a promising future for
economy and societal benefits.

Apart from cost saving, the impact on damages to environmental and natural
resourceswill be greatly reduced.NFRCcan be processed using someof the futuristic
technologies such as 3D printing, automation, nanotechnology, etc. to cater products
ranging from automotive and aerospace industries.

Apart from this, there are several issues that need to addressed on NFRC material
itself. Issues such as obtaining uniform and consistent concentration and properties
will also hold a key issue on development of this material. A reliable extraction
method of nanocellulosic (particles, crystals and fibrils) also play a significant role
on the future development of these materials.

10 Conclusion

This chapter presents the review on tribological properties of NFRC materials.
The static and dynamic friction and wear properties are discussed. A conscience
and general trend on the various effects of experimental condition on friction and
wear properties are examined. The experimental condition for tribologial studies of
NFRC materials with emphasis on material type, test methods and fiber orientation
is outlined. Commonly used theoretical models such as ANN in prediction frictional
properties of NFRC materials is also discussed. The wear mechanism in NFRC and
nanoparticle filled NFRC materials are discussed with illustration, which shows the
ability of transfer layer formation.
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