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Tribological Aspects of Additive Manufacturing provides a technical discussion
on the roles of the 3D printing process in processing polymeric-, metallic-, and
ceramics-based additive manufactured products in order to improve the tribological
properties. It explores design flexibility, waste minimization, and cost reduction.

Emphasizing the various types of additive manufacturing technologies, this book
demonstrates how these can effectively influence the tribological properties of addi-
tively manufactured components. It examines 3D printing process parameters, carbon
fiber reinforcement, natural fiber reinforcement, and surface structure on tribological
properties of 3D-printed parts. This book also covers wear and friction resistance of
additively manufactured parts prepared with natural fiber and carbon fiber.

This book will be a useful reference for undergraduate and graduate students and
academic researchers in the fields of materials science, tribology, additive manufac-
turing, maintenance engineering, and 3D printing.
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Preface

The book entitled Tribological Aspects of Additive Manufacturing aims to deliver
various additive manufacturing processes to study the tribological properties (wear,
friction, and lubrication) of additively manufactured parts, suitable for demanding
industrial and biomedical applications. This book provides a comprehensive over-
view of the tribological aspects of AM. It covers the fundamentals of tribology, the
tribological behavior of AM-produced materials, and the design and manufacturing
of AM components for tribological applications. This book is intended for a wide
audience, including engineers, scientists, and students who are interested in learning
more about the tribological aspects of AM. The purpose of this book is to empha-
size the role of various types of additive manufacturing technologies that can effec-
tively influence the tribological properties of additively manufactured components.
This book provides a collection of roles for 3D printing process parameters, carbon
fiber reinforcement, natural fiber reinforcement, and surface structure on tribologi-
cal properties of 3D-printed parts. The literature, methodology, experimental results,
and theoretical aspects of tribology in 3D printing are discussed in the chapters of
this book. This book is designed to cover the significant contribution of the research
fraternity, across the world, for different classes of 3D printing process roles in tribol-
ogy field and end applications. This book is designed as a key source of information
on the tribological aspects of 3D-printed parts.

Dr. Rashi Tyagi
Chandigarh University, India

Dr. Ranvijay Kumar
Chandigarh University, India

Dr. Nishant Ranjan
Chandigarh University, India
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’I Tribological Study
of 3D-Printed

Thermoplastic Polymers

Vishal Thakur, Rupinder Singh, and Ranvijay Kumar
Chandigarh University

1.1  INTRODUCTION

Additive manufacturing (AM) is a technique that has the capability to manufacture
3D-printed parts with customization in mechanical properties, but there are
some factors that affect the tribological properties of the manufactured parts.
Tribology is a study related to friction, wear, and lubrication properties at the
interacting surfaces. Adsorbed, self-assembled, or functionally grafted molecu-
lar structures that develop near or on the surface as the outcome of physical and
chemical processes are referred to as interfacial molecular films (Jabbarzadeh,
2018). Numerous tribological applications including extremely precise ball bear-
ings, shock absorption components, and bushings in diesel fuel injection pumps
can be made with polymers and polymeric composites (Roy and Mukhopadhyay,
2021). Acrylonitrile butadiene styrene (ABS) materials were used for the fabri-
cation of the 3D-printed parts by using the fused deposition modelling (FDM)
process. The process parameters used for the fabrication of parts are layer height,
orientation, infill density, raster angle, width of the raster, and bed temperature,
and these process parameters influenced the tribological properties of the ABS-
printed parts or structures. The addition of graphite, carbon fiber, and calcium
carbonate is also beneficial for the enhancement of the tribological properties of
ABS (Kaur et al., 2022). 3D-printed parts were manufactured by FDM process
with composites of polyamide (PA6) blended with 10, 20, and 30 wt.% of tita-
nium dioxides (TiO,). The pin-on-desk tribometer was used for the investigation
by varying loads of 5, 10, 15, and 20N at sliding speeds of 1.256 m/s for 5- and
10-minute run times. The wear rate was observed minimum for PA6-30wt.%
TiO, (Soundararajan et al., 2019). In order to conduct tribological testing against
a water-sensitive skin model, two low-friction 3D printing materials such as
thermoplastic polyurethane (TPU) and polyamide (TPA) were used. A gelatine-
based model constructed with cotton and crosslinked with glutaraldehyde was
used to create the skin model. TPU/TPA was tested tribologically against a skin
model in both dry and wet circumstances. In comparison to the dry condition,
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the wet condition showed a greater coefficient of friction (COF). To lower the
greater friction, heat pressing was used to create TPA/TPU-sodium polyacry-
late composites, which considerably reduced the COF of TPU and TPA in wet
circumstances by around 40% and 75%, respectively (Kasar et al., 2022). The
polycarbonate (PC)-ABS composite structure was fabricated by using FDM with
varying process parameters consisting of layer thickness, air gap, raster angle,
build orientation, road width, and the number of contours. The previous studies
have reported the impact of various FDM fabrication parameters on the tribologi-
cal behaviour and wear behaviour of manufactured prototypes was investigated.
The layer thickness of 0.127 mm, air gap of 0.00275 mm, raster angle of 81°,
build orientation of 9°, road width of 0.4693 mm, and five contours were the opti-
mum input parameters that yielded the lowest wear rate (Mohamed et al., 2017).
Due to self-lubrication, corrosion resistance, and vibration-dampening capac-
ity properties, the polymeric materials have employed for tribological applica-
tions (Briscoe and Sinha, 2008). PLA, high-temperature PLA (HT-PLA), and
Polyethylene Terephthalate Glycol (PETG) were used for the manufacturing of
test specimens for the investigation of tribological properties. HT-PLA observed
low COF and wear, which confirms its potential to be used for tribological appli-
cations as compared to PLA and PETG thermoplastic materials (Hanon et al.,
2020b). Carbon nanotubes (CNTs) were used to strengthen polyphenylene sul-
fide (PPS), and the FDM method was used to create composite structures. The
mechanical properties of printed parts are enhanced by CNT, which also plays a
significant role in load transfer. Tribological performance was greatly modified
by CNT reinforcement (Pan et al., 2021). ABS material was used for the fab-
rication of structures to explore the friction and wear behaviour in context to
the effect of process parameters such as load, speed, and orientation. Friction
is more influenced by sliding speed than by orientation under a constant load.
Wear patterns, such as abrasion, fatigue, corrugation, erosion, and cavitation,
often harm contact surfaces. Due to changes in the spaces between the solids
in contact, abrasive wear frequently causes irreversible alterations to the body’s
shapes. The wear rate typically oscillates between a minimum value and a value
where it stabilizes and follows a fixed linear rate (Gurrala and Regalla, 2014).
The changes in the mechanical and tribological properties are dependent on the
process parameters and materials being used for 3D printing (Noraniet al., 2021).
Although the 3D-printed surface had a lower surface pressure than the turned
surface, the adhesion wear mechanism on the turned surface initially altered to
smoother and stronger than that on the manufactured area. The previous study
has revealed the comparison between the turned part and the 3D-printed part on
the tribological viewpoint (Hanon et al., 2019). The 3D printing materials used
for manufacturing of structures/components for tribological applications such as
bearings, brakes, rolling or sliding components, gear drives and other innovative
applications (Friedrich, 2018; Gbadeyan et al., 2021; Hanon et al., 2020a, Slapnik
et al., 2020).
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1.2 BACKGROUND

The database, which is available on the www.webofknowledge.com website, has
been used for checking the background of the study related to 3D printing and tribo-
logical properties. There are 175 results observed on the keywords “3D printing” and
“tribological properties” in the last 9years (2015-2023). The research work related
to the tribological properties of 3D printing is increasing significantly. In 2020, the
maximum number of research papers were reported related to the tribological prop-
erties of 3D-printed structures as shown in Figure 1.1.

For the purpose of analyzing the gaps in the previously published literature, the
VosViewer software program has been utilized. The 175 research papers contained a total
of 4,467 terms; by maintaining the first five occurrences of each term, 104 were filtered
out, and the most pertinent terms were chosen for the relationship diagram (Figure 1.2).

Figure 1.3 has been drawn with the help of Figure 1.2 to reflect the technological gap
between the reported terms. The partially hidden term in Figure 1.3 shows the stud-
ies related to tribological properties which have been less reported. Figure 1.3 shows
that most of the studies reported tribological properties of the materials such as wear
characteristics and friction resistance. So, there is a scope to extend the study of tribo-
logical properties related to 3D-printed structures or the materials used in 3D printing
of the composite structures, which is beneficial to enhance the application fields of the
thermoplastic materials. Table 1.1 shows the relevance score of selected terms for the
development of a relationship diagram.

1.3 TRIBOLOGICAL PROPERTIES OF 3D-PRINTED POLYMERS

The properties of the material used in 3D printing that are associated with friction, wear,
and lubrication are referred to as its tribological properties. These properties are cru-
cial when 3D-printed parts or components are put through motion or sliding contact.

No. of research paper
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FIGURE 1.1 Number of research papers reported for tribological properties of 3D printing
materials.
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TABLE 1.1
Relevance Score of Selected Terms for the Development of Relationship
Diagram

Id Term Occurrences Relevance Score
1 3d printer 8 1.49
2 3d Printing method 5 1.33
3 3d Printing technology 11 0.27
4 Abrasive wear 10 0.52
5 Automobile 5 1.05
6 Carbon fiber 11 0.49
7 Composite material 10 2.09
8 Corrosion resistance 11 0.74
9 Disc tribometer 5 0.64
10 Friction behaviour 6 0.77
11 Friction performance 6 2.33
12 Fused deposition 6 0.96
modelling
13 Infill pattern 7 0.57
14 Lubrication 23 0.60
15 Mechanical properties 5 1.13
16 Nanoparticle 15 0.76
17 Poly lactic acid 6 1.39
18 Polymer composite 17 0.71
19 Polymer matrix 6 1.83
composite
20 Surface texture 21 0.79
21 Tensile strength 26 0.75
22 Thermal property 5 1.48
23 Tribological performance 24 0.58
24 Tribological study 5 0.53
25 Wear characteristic 5 1.26
26 ‘Wear mechanism 20 0.43
27 Wear property 8 1.81
28 Worn surface 9 0.54

The composition of the material, COF, wear resistance, surface roughness, lubri-
cation, and environmental conditions are the main factors to take into account.
Different 3D printing materials have different tribological properties, and elements
like surface roughness and lubrication contribute to minimizing wear and friction.
The tribological behaviour of the materials can also be impacted by environmental
factors. The tribological properties and prospective applications of various thermo-
plastics materials is shown in Table 1.2.
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TABLE 1.2

Tribological Properties and Prospective Applications of Various

Thermoplastic Materials

Reinforced Prospective
Sr. No. Polymer material Findings applications Ref.
1. ABS and PLA - Effect of process Windshields, Roy and
parameter on wear door hinges, and ~ Mukhopadhyay
hoses (2021)
2. Polyester ether - PEEK is a good Medical devices Singh et al.
ketone polymer for (2019)
(PEEK) tribological
applications
3. Polypropylene  CNT Wear resistance Packaging, Gandhi et al.
(PP) increases laboratory (2013)
equipment, and
automobile
parts
4. PP Carbonized = Wear rate decreased Automobile parts  Asuke et al.
bone (2014)
5. Thermoplastic ~ Titanium Wear rate increases Drive belts, Banoriya et al.
polyurethane micro with the increment automotive (2020)
(TPU) powder of titanium wt.%, instrument
Shore hardness panels, and
increases medical devices
6. PC ABS Wear resistance Automotive Mohamed et al.
improved by parts, industrial (2018)
reduction in layer equipment, and
thickness and electronic
orientation housings
7. ABS Calcium Optimum specific Electronic Sudeepan et al.
carbonate wear rate has been components, (2014)
(CaCo0,) observed packaging
8. ABS Nano- Tribological Engine Amrishraj and
zirconia properties have components, Senthilvelan
and PTFE improved surgical (2018)
components

1.4 LUBRICATION TECHNIQUES TO REDUCE WEAR
RATE AND FRICTION BEHAVIOUR

1.4.1 Soub LUBRICANTS

The wear and friction caused by thermoplastics during friction phenomena can be sig-
nificantly reduce by using solid lubricants. Graphite, molybdenum disulfide (MoS,), and
polytetrafluoroethylene (PTFE) are common examples of solid lubricants. By providing a
lubricated coating on the surface exposed to wear, such additives can reduce the wear and
physical contact between connecting components (Aderikha et al., 2014).
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1.4.2 LiQuID LUBRICANTS

Liquid lubrications applied to thermoplastic surfaces exposed to friction can reduce
friction as well as wear. Oils, greases, and silicone-based lubricant are some com-
mon examples of the liquid lubricants. The liquid lubricants act as the thin coating
between the solid surfaces to minimize direct contact (Zhang et al., 2020). The use of
liquid lubricants is helpful in reducing the wear rate caused due to friction and heat.

1.4.3  SELF-LUBRICATING THERMOPLASTIC MATERIALS

Some of the thermoplastics materials are made with the purpose of having built-in
self-lubricating properties. The self-lubricating thermoplastics uses fillers or addi-
tives materials that release lubricants to create a lubricated layer between the surfaces
when friction occurs. The example involves 3D printed and oil impregnated porous
polyimide for self lubricating property (Yang et al., 2021).

1.4.4 Use oF COMPOSITE MATERIALS

The wear resistance properties of thermoplastic materials can be tuned by adding
fibers or fillers/additives that resist abrasion during the friction. The mechanical
properties of the material are improved by using additives like glass fibers and car-
bon fibers, which decrease wear rate and increase the durability of the materials as
well as products (Jesthi et al., 2018).

1.5 SUSTAINABILITY ASPECTS RELATED TO TRIBOLOGICAL
PROPERTIES OF 3D-PRINTED POLYMERS

The sustainability of the 3D printed parts (especially thermoplastics) in tribologi-
cal applications are dependent on some of the factors including circular economy/
recyclability, mechanical properties, energy consumption and economy of the
processes (Friedrich, 2018; Singh et al., 2019; Gbadeyan et al., 2021). The wear
rate and frictional force depended upon the materials selected in such applica-
tions. Using the materials which exhibit low COF can have good wear resistance
properties. Norani et al. (2021) have reported that parameters of 3D printing pro-
cess are significantly affect the wear properties. The tribological properties can be
improved of 3D-printed parts to function more effectively in tribological applica-
tions, especially for less energy consumption. Reducing the wasteful energy con-
sumption in tribological applications can promote the sustainability of 3D printed
parts in tribological applications. The selection of right materials in AM with good
tribological properties can help in improving the efficiency of manufactured com-
ponents and decreasing the negative environmental effects. For example, select-
ing materials that apply in dry environment or with less lubrication might reduce
the requirement of lubricants and the chances of waste generation. The materials
selected for the 3D printing should have recyclable properties and suitable for the
tribological applications. Specifically, the good wear resistance properties of 3D
printed parts reduce the materials losses. In such applications, the 3D printing
processes are helpful in promoting the sustainability by optimizing the use of raw
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materials and waste generation. In recent times, the use of biodegradable and bio-
compatible materials (e.g. PEEK polymer) have increased by 3D printing processes
due to their excellent wear properties in biomedical applications (Singh et al.,
2019). Using such biodegradable and biocompatible materials, the sustainability of
the processes and products may be ascertained. It is possible to improve sustain-
ability by decreasing the consumption of energy, increasing the life of 3D printed
parts, increasing material effectiveness, introducing the recycling, and selecting
the sustainable materials. The 3D printing process is capable of manufacturing
such sustainable components/parts in tribological applications (Singh et al., 2019;
Kaur et al., 2022).

1.6 CONCLUSION

This chapter has reviewed the tribological aspects of the 3D printing process for
polymers, their applications and related technical details. The 3D printing processes
play key role in the various fields such as the automotive industry, aerospace indus-
try, and nowadays medical fields. The applications of the 3D printing processes
have advanced greatly as a result of research into tribological properties. It may be
expected that the effectiveness, economy, and sustainability of the 3D printed parts
in tribological applications will continue to be increased. The recent developments
of 3D printing for tribological applications have balanced need for energy efficiency,
decreased maintenance costs, and enhanced system reliability by minimizing fric-
tion and wear rate. Specifically, with the development of energy-effective systems
(such as 3D printing processes), and the use of sustainable lubricants, the applications
domain of the tribology may be extended in the fruitful way.
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2.1 INTRODUCTION

The term additive manufacturing (AM), often used synonymously with 3D printing,
refers to the process where the material is selectively deposited in a layer-by-layer
fashion to form a component from the computer-aided design (CAD) model data
(Ranjan et al., 2023a; Tyagi et al., 2023). The term prototype refers to the 1:1 scale
working model of the component or product in the development phase. So, in RP, the
prototype of the component is made rapidly to have a physical feel of the component
and to test and modify the product’s design (Ranjan et al., 2023b; Tyagi & Tripathi,
2023). Whereas the term 3D printing refers to the process of forming the component
using 3D printers from the CAD data. In contrast to conventional manufacturing
processes, which follow the top-down approach, where the sequence of operations
is laid out to manufacture the part, AM utilizes the bottom-up approach, joining the
material in a layered manner to form the final component. As per ASTM standards,
the AM has been classified into seven categories (ASTM E384, 2002), viz. DED,
PBF, material extrusion, binder jetting (BJ), material jetting, sheet lamination, and
vat photopolymerization, as depicted in Figure 2.1.

2.2 DIFFERENT AM PROCESSES
2.2.1 Directep ENERGY DreposiTION (DED)

Directed energy deposition (DED) utilizes energy in the form of a laser, electron
beam, or electric arc to melt and deposit the material selectively with the help of CNC
(computer numerical control) or robot, and the feedstock material can be powder or
wire, as depicted in Figure 2.2. It is suitable for printing large metallic components
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Ol dicnery DED-L, DED-EB, DED-A/WAAM

Deposition(DED))

SLS, SLM/DMLS, EBM Thermoplastic, Metal, Ceramic
FDM/FFF Thermoplastic, Ceramic
T S BJ Ceramic, Metal

Drop On Demand (DOD) Thermoplastic, Thermosetting
Lai:‘:;:tion Thermoplastic, Wood, Metal, Ceramic

e Thermosetting, Ceramic

FIGURE 2.1 AM classification.

iDirected energy deposition
\ (DED)

FIGURE 2.2 DED classification.

with medium to low level of complexity in their features. Generally, in laser-based
DED or DED-L, if the feedstock is powder, it is fed co-axially through the nozzle.
In the case of wire as a feedstock, the wire is fed with the help of an automatic wire
feeder, as shown in Figure 2.3. Similarly, in the case of an electron beam DED pro-
cess, the laser source is replaced by the e-beam. In addition, if the heat source is in
the form of an electric arc and the fed material is a wire, it is referred to as arc-based
DED and also known as wire arc additive manufacturing (WAAM).

2.2.2 Powber Bep FusioN (PBF)

Powder bed fusion (PBF) was the first among all AM techniques to be commercial-
ized (Gibson et al., 2015). Figure 2.4 presents the schematics of a typical PBF setup.
It consists of a laser as an energy source, and a thin layer of metallic powder is laid
onto the substrate with the help of a roller. The laser is scanned over this bed of pow-
der to fuse the powder together. Later, the stage is lowered, a new layer of powder is
laid onto the stage, and again laser is scanned. This process continues until the com-
plete part is printed. It is suitable for printing thermoplastics, metals, and ceramics.

2.2.3  MATERIAL EXTRUSION

This process is often used for the printing of thermoplastics. Fused deposition model-
ling (FDM) is one of the most popular material extrusion AM techniques. Figure 2.5
shows the basic material extrusion setup. The material in the form of filament is fed
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FIGURE 2.3 Laser-based DED.

FIGURE 2.4 PBF schematics.

FIGURE 2.5 Material extrusion setup.
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into the liquefier chamber with the help of a pinch roller. The heating element heats up
the filament and liquefies it (Stevens & Covas, 2012). This molten material is forced
through the nozzle and allowed to deposit in a selective manner.

2.2.4 BINDER JETTING

Binder jetting technology is suitable for printing sand moulds, metals, and ceramics.
The idea for the working principle was inspired by the inkjet printers. Figure 2.6
demonstrates the working of the binder jetting AM setup. The setup is similar to
PBF, but here instead of a laser (energy source), the binders are selectively sprayed
over the material layer, which is in the form of powder. Following the binder spray,
the heating element evaporates the excess binder, and the process goes on until the
required part is built (Sachs et al., 1990). Further, the component is extracted from
the powder bed and sintered to ensure the strength of the component.

2.2.5 MATERIAL JETTING

Material jetting, also referred to as drop on demand (DOD), is suitable for printing
of waxy polymers, ceramics, and metals. The idea was inspired by the available ink-
jet printer technology, where the printable ink is sprayed onto the surface and dried.
Figure 2.7 presents the schematics of the material jetting AM setup. The photopolymer
material is heated by the heating coil and selectively sprayed, followed by ultraviolet
(UV) curing of the polymer. Then the build plate is lowered, and again the next layer is
deposited; this process continues until the final part is built (Gibson et al., 2015). Later
in the post-processing, the support structure is removed from the part and cleaned.

2.2.6  SHEET LAMINATION

Sheet lamination or laminated object manufacturing (LOM) uses thin sheets of
material to make 3D parts. Figure 2.8 shows the typical LOM setup in which the
material to be printed is fed in the form of sheets (Wimpenny et al., 2003). The part

FIGURE 2.6 Binder jetting setup.
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I Jetting head

FIGURE 2.7 Material jetting setup.

FIGURE 2.8 Laminated object manufacturing setup.

to be printed is sliced into thin cross-sections; each cross-section is cut with the help
of a laser, and the excess material is cross-hatched. The layers are joined together
with the help of adhesive.

2.2.7 VAT PHOTOPOLYMERIZATION

Photopolymers are polymers that turn into solids when exposed to light due to the
chemical reaction known as photopolymerization. Vat photopolymerization AM
takes advantage of this phenomenon to print polymer prototypes. Figure 2.9 shows
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Optics;

FIGURE 2.9 Vat photopolymerization setup.

the typical vat photopolymerization setup. The vat consists of the photopolymer, and
the laser or UV light scans over the platform dipped in the vat. Subsequently, the vat
is lowered based on the cross-section thickness of the component, and these steps are
repeated until the final component is built.

2.3 BASIC TRIBOLOGY

Tribology is the branch of science that deals with the relative motion between two rub-
bing surfaces. The design, usage, and maintenance of tribological systems are the focus
of tribology in engineering. Any system where two or more surfaces are moving rela-
tive to one another is referred to as a tribological system. Examples include bearings,
gears, locks or seals, and brakes. The important pillars of engineering tribology are
surface-dominant properties such as friction, wear, and lubrication. Engineering tribol-
ogy aims to prolong the lifespan of tribological systems while reducing friction and
wear. Several strategies can be used to do this, such as selecting the appropriate materi-
als for the surfaces coming into contact, designing the system to reduce contact pres-
sure, using lubrication, applying surface coatings, keeping an eye out for deterioration,
and monitoring the system.

Even while engineering tribology is a convoluted and challenging field, it is also
significantly rewarding. Engineers may develop and operate improved, reliable, and
durable tribological systems by having a solid understanding of their underlying con-
cepts. Tribology can also contribute to improved reliability by lowering the risk of
wear-related failure in machinery and devices. Numerous engineering fields depend
heavily on the topic of engineering tribology. It is necessary for the design and func-
tioning of machinery and gadgets with moving parts. Tribology is also used exten-
sively in the medical, aerospace, and auto industries.

2.3.1 Surraces AND CONTACTS

Engineering tribology is a complex and difficult field, but it is also a very sig-
nificant one. It studies surfaces and interactions. Engineers can design materials
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and components with low friction and wear by understanding the principles of
surface and contact tribology, which can result in longer component life and better
performance. In engineering tribology, surfaces and contacts represent important
considerations. Where a substance interacts with its surroundings is on its sur-
face, and friction and wear happen when two surfaces come into contact. Surface
roughness has an impact on how much wear and friction it experiences, as well
as how effectively it adheres to other materials. The choice of method for mea-
suring surface roughness depends on the application and the required accuracy.
For example, if the surface roughness is critical for the performance of a compo-
nent, then a more accurate method, such as a stylus instrument or AFM, may be
required. However, if the surface roughness is not critical, then a less accurate
method, such as a profilometer, may be sufficient.
There are three main categories of methods for measuring surface roughness:

1. Direct measurement methods use a physical probe to contact the surface
and measure the height of the peaks and valleys.

2. Comparison-based techniques compare the surface to a known standard.
This can be done visually or with instruments such as a Wallace surface
dynamometer.

3. Non-contact methods do not touch the surface at all. These methods use
optical, acoustic, or electron beam techniques.

Surface contacts are the points at which two surfaces come into contact with each
other. In tribology, the study of surfaces in relative motion, the type of surface con-
tact plays a critical role in determining the friction and wear characteristics of the
system. The area of contact, the normal load, and the coefficient of friction are used
to characterize the surface contact.

There are two main types of surface contacts:

e Asperity Contact: This is the most common type of surface contact. It
occurs when the peaks of the two surface’s asperities come into contact
with each other.

e Adhesion Contact: This kind of surface contact happens when adhesive
forces are used to bind the surfaces together. Adhesion contact is typi-
cally found in systems where the surfaces are made of similar materials
or where the surfaces are contaminated with a third substance. Adhesion
contact can lead to high friction and wear, and it can also be difficult to
break apart.

The type of surface contact has a significant impact on the friction and wear charac-
teristics of a tribological system. The surface roughness is the most important factor,
as it determines the size of the asperities and the true area of contact. The materials
of the surfaces also play a role, as some materials are more prone to adhesive contact
than others. Asperity contact typically leads to lower friction and wear than adhesion
contacts. However, adhesion contact can be more difficult to break apart, which can
lead to problems in some applications.
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2.3.2 FricTiON

The force of resistance to motion created by solid surfaces, fluid layers, and moving
material components is known as friction (Hanaor et al., 2016). The friction force
needed to start sliding is known as the static friction force, and the friction force
needed to maintain sliding is known as the kinetic friction force. For the same com-
bination of material and other parameters, the latter (x,) usually has a lower value
than the former (p,).

The importance of friction may be classified into four categories:

i. The inclusion of a sufficient amount of friction for activities like walking,
grasping objects, and operating machinery;
ii. the reduction of friction in situations requiring the use of machinery;
iii. the maintenance of friction within specific limits for activities like metal
rolling industries, and precision equipment; and
iv. the provision of essential requirements for friction-caused oscillation for
operations like stringed musical instruments.

2.3.2.1 The Coefficient of Friction

The resistance of the two surfaces to sliding past one another is measured by the
coefficient of friction (COF), a dimensionless quantity. Consider a body on a horizon-
tal plane subjected to a normal load W, and progressively, a force F'is applied parallel
to the plane in order to set it into motion and increase its speed from O to s. A friction
force F in the plane, acting in opposition to the sliding motion, will be produced as
a result of this displacement. We can then compute the COF, which is denoted by
Equation (2.1), using W and F' as experimental inputs:

F=uW 2.1

where F represents force of friction and W represents the normal load. The propor-
tionality constant y, denoted by the symbol, is also referred to as the friction coeffi-
cient. The COF is written as y, y,, or u,, depending on whether the body is in a static,
sliding motion, or rolling motion.

2.3.2.2 Measurement

In order to measure the tangential force restraining motion, two specimens must
be placed together, moved relative to one another, and subjected to a defined
Normal load.

i. Inclined Plane Rig
A specimen is set down on a flat surface as shown in Figure 2.10 whose
angle of inclination with respect to the horizontal increases gradually till
the specimen on the surface begins to slide. If the inclination at this moment
is a, then p,=tan a. It is clear that this method cannot determine friction in
a continuous sliding action.
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FIGURE 2.10 Measuring friction by an inclined.

W

FIGURE 2.11 Pin-on-disc device.

ii. Pin-on Disc Rig

The pin-on-disc setup rig-based (Figure 2.11), which is used in continu-
ous sliding cases, uses a pin that is held static while the disc is made to
revolve at a normal load. With the aid of a calibrated tangential motion
of a capacitive or inductive transducer installed on the stationary sample
from the centre of the disc, the friction force is recorded; however, in a
single-pass setup, the transducer is moved radially during the experiment.
Figure 2.12 displays more common configurations, such as pin-on-cylinder,
crossed-cylinders, and reciprocating configurations.

2.3.2.3 Friction Theories

a. Bowden and Tabor’s Simple Adhesion Theory
As was previously mentioned, when two surfaces are loaded, intimate
contacts form at the asperity peaks, and the actual area of contact is much
less than the nominal area. The asperity tip of a softer material deforms
plastically and widens the total contact area due to the strong pressure at the
actual points of contact. Two factors contribute to this expansion of the con-
tact area: (a) individual contact sites and (b) the beginning of new contacts.
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/!

FIGURE 2.12 Friction measuring devices: (a) pin-on-cylinder, (b) crossed cylinders, and
(c) reciprocating rig.

When the total actual surface area of contact is enough to support the load
elastically till the process is repeated. The normal load W for elastic-plastic
material can then be represented as

W=A-F,

Hence, A is the real area of contact and P, is the yield pressure of softer
material, which is very close to the hardness, H.

W=A-H

Asperity joints are cold welded and strong adhesive bonds are created as the
plastic deformation is higher. If the friction force from adhesion is F,,, which
is the force necessary to induce the shear failure of the Junctions, then

Fad :AH

where I1 is the shear strength of the softer material. Thus, the coefficient of
friction due to adhesion is

I1
Uaa = FagIW =g

b. Deformation Theory: Ploughing

When the adhesion is little, ploughing takes over as the dominant source
of friction. If the surface during sliding contact is harder compared with
the another and when shear strength is surpassed, then the asperities of the
harder surface may plough through the softer surface and generate grooves.
Ploughing can also happen when wear particles are impacted or entrapped.
When two rough surfaces meet, mechanical interlocking may occur, which
leads to one of the surfaces being ploughed during sliding. In addition to
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raising friction, ploughing also produces wear particles, which raise subse-
quent friction and wear.

Four such model asperities are considered to calculate the ploughing
component: (a) conical (b) spherical, (c) upright cylindrical, and (d) trans-
verse cylindrical. During sliding only, the front surface of the asperity
comes into contact with the softer body. Therefore, the normal load W is
supported by the vertical projection of the asperity contact area (A,) and the
friction force (F) is supported by the horizontal projection of the asperity
contact area (A;). Considering the yield pressure of the solid as P, and the
isotropic yielding

W:P0'AV
F=P,- Ay

Thus, the coefficient of friction due to ploughing is given as follows:
F
Up = W = Ay /Ay

Therefore, by choosing materials with greater, less, or the same hardness
as well as by removing wear particles from the contact friction component,
wear particles can be minimized.

2.3.3 WEARr

Wear is the removal or loss of material moving relative to two solid surfaces (sliding,
rolling, or impacting). It is a system reaction that is strongly influenced by the oper-
ating conditions. Surface damage due to material displacement with no net change
in volume or weight is also called wear. Desirable cases of wear include machining,
polishing, shearing, and writing with a pencil, whereas undesirable cases include
almost all machine applications such as bearings, gears, cams, and seals.

Friction and wear are often correlated, but they are not the same thing. Friction is
the force that opposes the relative motion of two surfaces in contact, while wear is the
loss of material from a surface due to friction. High friction can sometimes lead to
increased wear rates, but this is not always the case. Friction is caused by the micro-
scopic interlocking of asperities (roughness) on the two surfaces, as well as by adhe-
sive forces between the surfaces. Type of loading (impact, static, or dynamic), type of
motion (slide, rolling), temperature, and lubrication all have a significant effect on wear
rate. So, the study of wear is important for designing and optimizing machine parts.

Wear can be caused by a number of mechanisms, including abrasion, adhesion,
fatigue, and corrosion. Abrasion is the most common type of wear, and it occurs
when hard particles or grit are dragged across a surface, causing the surface to be
scratched or pitted. Adhesion is the process by which two surfaces stick together,
and it can lead to wear when the two surfaces are pulled apart. Fatigue wear occurs
when a surface is repeatedly stressed, causing tiny cracks to form that eventually
break apart.
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2.3.3.1 Wear Types and Mechanisms

Relative motion, the nature of the mechanism, and whether it has an impact on the
base layer or a layer that is capable of self-regeneration are used to classify different
types of wear (Varenberg, 2013). Synergistic interactions between wear mechanisms
as well as sub-mechanisms frequently occur, leading to a higher rate of wear than the
total number of individual wear mechanisms (Williams, 2005).

a. Adhesive Wear
Adhesive wear is the unintended transfer of material compounds and
wear debris from one surface to another while the surfaces are in frictional
contact. Adhesive wear occurs when the atomic forces between the mate-
rials in contacting surfaces under relative pressure outweigh the inherent
material characteristics of each surface.
There are two types of this wear:

1. Relative motion, “direct contact,” and plastic deformation, which result
in wear debris as well as material transfer from one surface to another,
are the causes of adhesive wear.

2. Cohesive adhesive forces, with or without actual material transfer, hold
two surfaces together even though they are separated by a measurable
distance.

Typically, material transfer is facilitated when two bodies slide over or are
pressed into one another, which causes adhesive wear. Strong adhesive
forces between atoms (Rabinowicz, 1995) and energy buildup in the plas-
tic zone among asperities while in motion both contribute to the severity of
how oxide fragments are pulled off and added to the other surface, which
is affected by the asperities or surface roughness present on each surface.
However, naturally occurring contaminants, lubricants, and oxida-
tion films typically prevent adhesion (Stachowiak & Batchelor, 2005).
Adhesive wear can cause the surface to become rougher and to develop

protrusions (also known as lumps) above the surface.

b. Abrasive Wear

Abrasive wear occurs when a hard-rough surface slides across a softer
surface (Rabinowicz, 1995). 2-body and 3-body abrasive wear are the
types of abrasive wear. Hard particles such as Grits take material from
the opposing surface, causing 2-body wear. The typical comparison is
during a cutting or ploughing process involving the removal or shift-
ing of material. When particles are unrestrained and allowed to freely
roll and glide along a surface, 3-body wear happens. Abrasive wear is
commonly classified according to the type of contact and the contact
environment (Coeffi, 2011). The type of wear—open or closed—is deter-
mined by the contact environment. The Taber Abrasion Test can be used

to measure abrasive wear as a loss of mass according to ASTM D 4060

or ISO 9352.

The three most frequently recognized mechanisms of abrasive wear are
ploughing, cutting, and fragmentation. Ploughing happens when material
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is moved to the side, away from the wear particles, creating grooves with-
out actually removing any material. When abrasive particles are later
introduced, the ridges and grooves created by the displaced material can
be removed. Cutting happens when there is little to no material displaced
to the sides of the grooves and material is separated from the surface
in the form of the main debris or microchips. This mechanism has a lot
in common with traditional machining. When material is cut away from
a surface, fragmentation happens because the wear material is locally
fractured by the indenting abrasive. Then, as these cracks spread locally
and freely around the wear groove, more material is removed by spalling
(Coeffi, 2011).

. Surface Fatigue Wear

Surface fatigue is a type of general fatigue of material in which the sur-
face of a material wears out due to cyclic loading. When the wear particles
are separated from the surface by cyclic microcrack formation, fatigue wear
is created. There are two types of microcracks: superficial cracks and sub-
surface cracks.

. Fretting Wear

Fretting wear is caused by repeated cycle rubbing of two surfaces.
Fretting over a period of time removes material from one or both of the
surfaces in contact. It typically happens in bearings. When the airborne oxi-
dation of the small particles is eliminated by wear, this issue arises. Wear
increases as the tougher particles progressively roughen the metal surfaces,
because oxides tend to be harder than the base metal.

. Erosive Wear

Erosive wear is a sliding motion that happens very quickly over a short
time. Erosive wear occurs due to solid or liquid particles impacting an
object’s surface (Davis, 2001). The impacting particles repeatedly deform
due to cutting actions on the surface, eroding material from it over time
(Padhy & Saini, 2008).

Along with the characteristics of the surface being eroded, the pri-
mary factors that affect are the material characteristics of the particles,
such as their shape, hardness, impact velocity, and impingement angle.
One of the most crucial elements is the impingement angle, which is
widely acknowledged in literature (Sinmazgelik & Taskiran, 2007). For
non-ductile materials, the maximum wear rate is observed when the
impingement angle is normal to the surface, whereas the wear rate for
ductile materials is found when the angle is around 30° (Sinmazgelik &
Taskiran, 2007).

. Corrosion and Oxidation Wear

Corrosion wear occurs when a surface is exposed to a corrosive envi-
ronment, such as acids or chemicals. When the corroding media and the
worn material interact chemically, it causes corrosion and oxidation wear.
Tribocorrosion is another name for wear which arises due to the combined
effect of tribological stresses and corrosion.

23
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2.4 INFLUENCE OF DIFFERENT FACTORS ON
TRIBOLOGICAL PROPERTIES OF ADDITIVELY
MANUFACTURED (AMED) MATERIALS

2.4.1 THE INFLUENCE OF SURFACE FINISH

Wear may be facilitated by the additively manufactured (AMed) parts due to low
surface finish. In general, wear is worse as surface roughness increases (Ozel
et al., 2011). The metallic AMed parts have a roughness of microns range
(Lekkala et al., 2011). Although the printing conditions can be carefully adjusted
to reduce this roughness, it is still too high for parts in contact (Chae et al., 2006).
In order to obtain optimum lubrication, this high roughness not only increases
the rate of wear during dry sliding (Edkinsa et al., 2014; Le Coz et al., 2020; Ozel
et al., 2011), but also needs lubricating oil with higher viscosity during lubrica-
tion (Sharman et al., 2015). Initial wear is linearly related to surface roughness in
the case of steel (Bonaiti et al., 2017).

Some surface finishing processes can be used to enhance the AMed part’s sur-
face finish. Surface roughness can be significantly decreased by using mechanical
polishing techniques like shot peening and barrel finishing (Le Coz et al., 2017). The
metallic pin used in the ultrasonic burnishing process is made of robust materials.
This pin is repeatedly forced against the printed metal surfaces by ultrasonic vibra-
tion (Bruschi et al., 2016; Le Coz et al., 2017). For AMed AlSi10Mg alloy, roughness
Ra gets reduced from 18 to 3.5 pm. The material can only be polished on the outside
using this approach. If the AMed item is made of a non-magnetic material, it can be
polished using a magneto-rheological fluid that is propelled by magnetism. This can
penetrate inside surfaces and reduce surface roughness to a level comparable to the
ultrasonic approach (Bruschi et al., 2016). The tribological and wear behaviour of a
part can also be improved by printing patterns on the surface (Hojati et al., 2020).

2.4.2 THE INFLUENCE OF MICROSTRUCTURE

Microstructure has an important role in factors that influence the wear behaviour
of an AMed part. Due to its resistance to oxidation, stainless steel can experience
severe adhesive wear through metal transfer and adhesion (Biswal et al., 2019;
Wu et al., 2017). Additionally, the homogeneous austenite structure promotes the
development of adhesive wear (Wu et al., 2017). Compared with wrought or cast
components of AMed stainless steel, it has fine as well as inhomogeneous micro-
structure (Christopherson, 2015; Tutunea-Fatan et al., 2011; Varghese & Mujumdar,
2021) (Figure 2.13). Because of this microstructure, AMed parts are twice as hard
as wrought steel (Varghese & Mujumdar, 2021), which reduces both abrasive and
adhesive wear. AMed SS alloys are more resistant to wear when its hardness is com-
parable to that of wrought stainless steel (Fakhri et al., 2013). Despite being nega-
tive for corrosion resistance, chromium carbide segregation significantly increases
wear resistance. In comparison to the cast alloy, the AMed aluminium alloy AIMgSc
exhibits superior wear resistance (Gorsse et al., 2017). In this instance, the cellular
structure reduces wear.
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FIGURE 2.13 The microstructure SLM 316L stainless steel (Varghese & Mujumdar, 2021).

The AMed material has anisotropic wear performance due to its unique micro-
structure (Baufeld et al., 2010; Vrancken et al., 2012). When the direction of sliding
coincides with the printing direction (cellular structure’s direction), either in the case
of aluminium alloys or stainless steel, the rate of wear rises. Materials are more
susceptible to adhesive wear in that direction because they also have the maximum
friction. The effect is demonstrated in Figure 2.14.

Unfavourable microstructures in the AMed metal component can make it more
prone to wear. Comparison with printed parts with optimal printing parameters, the
wear rate of pores generated with unfavourable printing conditions for Inconel 718
can be doubled (Mok et al., 2008). The AMed TiC/Inconel 718 experiences increased
wear due to the low-density porous structure as well (Mok et al., 2008). The hardness
and wear resistance of stainless steel is reduced due to the larger grains created by
the arc additive manufacturing process (Brandl et al., 2010). Repetitive melting can
cause intergranular segregation of chromium carbide (Cr23C6) in stainless steel or
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FIGURE 2.14 Schematic of wear resistance mechanism: (a) sliding and (b) perpendicular
direction (Vrancken et al., 2012).

Co-Cr alloys. The hardness of materials is reduced by these separated carbide par-
ticles, and third body wear may occur (M’Saoubi et al., 2008).

The anti-wear performance of AMed items can be enhanced by heat treatment
after printing. The Co alloy’s metal matrix can have its carbide removed using the
solutioning method (M’Saoubi et al., 2008; Shunmugavel et al., 2017). For printed
Co-Cr-Mo alloy, this procedure can reduce wear by one-third. By producing a hard
coating, the laser-treated Co-Cr-Mo alloy also has better wear resistance (Chen et al.,
2017). By adding some alloying elements, the microstructure can also be improved.

2.5 TRIBOLOGICAL BEHAVIOUR OF ADDITIVELY
MANUFACTURED TITANIUM ALLOYS

This section discusses the properties, wear behaviour, and effective ways to enhance
the wear resistance of Ti alloys that is specific to the AM process. Titanium alloys
are a group of materials that combine the element titanium with one or more other
elements, often including aluminium, vanadium, nickel, or other metals. Titanium
alloys are versatile materials prized for their exceptional properties, including
strength, lightweight nature, corrosion resistance, biocompatibility, and high-tem-
perature performance. Also, the titanium alloys are very formable and are simple to
weld. High cost, difficult machinability, and limited availability are the challenges
associated with titanium alloys. Titanium alloys have extensive applications in vari-
ous industries, including aerospace, automotive, medical devices, and sports equip-
ment, due to their unique characteristics.

2.5.1 CHARACTERISTICS OF TITANIUM ALLOYS

Strength and Lightweight: Titanium alloys possess a remarkable strength-to-
weight ratio, making them a great choice for uses where strength and lightweight are
important. This attribute is particularly crucial in aerospace engineering, where the
need for strong yet lightweight materials is paramount.
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Corrosion Resistance: Titanium alloys have an inherent resistance to corrosion,
even in aggressive environments such as seawater or acidic conditions. This property
makes them suitable for applications in marine equipment, chemical processing, and
medical implants, where corrosion can compromise performance and safety.

Biocompatibility: The biocompatibility of titanium alloys makes them suitable
for medical applications. They are often used in surgical implants, dental prosthetics,
and medical instruments due to their ability to integrate well with living tissues and
bones without causing adverse reactions.

High-Temperature Performance: Certain titanium alloys can keep their mechan-
ical properties unchanged even at elevated temperatures, making them suitable for
applications in jet engines, gas turbines, and other high-temperature environments.

Low Thermal Expansion: Titanium alloys exhibit a low coefficient of thermal
expansion, which makes them valuable in applications where dimensional stability
across a broad temperature range is essential.

2.5.2 CATEGORIES AND GRADES

* Four main categories of Ti alloys:

o Alloys: This type of Ti alloy exclusively contains « stabilizers (such as
aluminium or oxygen) and/or neutral alloying elements (like tin). These
cannot be heat treated. Examples of « alloys are Ti-8Al-1Mo-1V and
Ti-5A1-2Sn-.

Near-a Alloys: There is a trace quantity of ductile f-phase in Near-a alloys.
Near-a alloys contain 1-2% p-phase stabilizers, such as Mo, Si, or V, in
addition to a-phase stabilizers. Ti-6A1-2Sn-4Zr-2Mo, Ti-5A1-5Sn-2Zr-
2Mo, IMI 685, and Ti 1100 are few examples.

o and f§ Alloys: These Ti alloys are heat treatable, metastable, and typically
contain a combination of both « and f stabilizers. Ti-6Al-4V, Ti-6Al-
4V-ELI, Ti-6Al-6V-2Sn, Ti-6Al-7Nb, and Ti62A are few examples.

p and Near-p Alloys: These alloys may be solution treated and aged to
increase strength, are metastable, and include enough f stabilizers (such
as Mo, Si, and V) to preserve the  phase when quenched. f alloys
show the BCC allotropic form of Ti which contains one or more non-
titanium elements such as Cu, Fe, Cr, Ni, Co, Mo, V, Nb, Ta, Zr, and
Mn in variable proportions. Several examples include Ti-10V-2Fe-3Al,
Ti-29Nb-13Ta, and Ti-4.6Zr; Beta C, Ti-15-3, Ti-8Mo-8V-2Fe-3Al, and
Ti-13V-11Cr-3Al

* Ti Grades:

There are 38 grades of titanium alloys available for application purposes

and also mentioned in the ASTM International standard. Grades 5, 23,

24, 25, 29, 35, or 36 are annealed or aged; Grades 9, 18, 23, 28, or 29 are

transformed-f conditions; Grades 9, 18, 28, or 38 are cold-worked and

annealed or stress-relieved; and Grades 19, 20, or 21 are solution-treated
and/or aged.

Note: According to a user association’s assessment of more than 5,200
test reports for commercial grades 2, 7, 16, and 26, more than 99% of them
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met the minimal UTS of 58 ksi. Also, the H grades were introduced in
response to their request having the exception of the higher guaranteed
minimum UTS. The H grades (like 7H, 26H, 2H, and 16H) are typically
used in pressure vessels.

2.5.3 FAcTORS INFLUENCING THE ADDITIVE MANUFACTURING OF Ti ALLOYS

Five of the most commonly utilized MAM techniques, including SLM, EBM, LAD,
WAAM, and CSAM, were found among the various AM procedures used to create
Ti components. Depending on the size of their print chambers, the SLM and EBM
procedures may create small components with dimensions between a few millimetres
and a few centimetres, while the LAD, WAAM, and CSAM techniques can create
large-scale components with dimensions between a few centimetres and a few metres.

Due to their design freedom, the PBF-based AM techniques SLM and EBM
are most commonly used to fabricate objects made of Ti alloys. These AM tech-
nologies are suitable for products with small dimensions and modest production
volumes, but they are constrained by the diameters of their machine chambers.
Alternative AM techniques including LAD, WAAM, and CSAM are being used
more frequently to create Ti components with greater dimensions and rapid pro-
duction rates. However, these procedures result in products that need additional
post-process machining.

The harsh cutting conditions directly cause a higher tool wear rate while machin-
ing, which further compromises the workpieces’ surface integrity and results in
greater roughness of the surface and plastically deformed subsurface layers that
have elevated hardness (Bordin et al., 2015). AMed Ti component’s machinability
is greatly impacted by the porosities and anisotropy of the material characteristics
(Bordin et al., 2015). Moreover, post-processing or heat treatment after AM of mate-
rials also causes variations in microstructural properties, further dynamically affect-
ing the machining or wear response.

2.5.4 WEAR ANALysis oF Ti ALLOYS

The community of AM is very interested in titanium alloys and titanium-based com-
posite materials. It is a highly attractive option for applications including aviation,
engines, and medical applications because of its strong corrosion resistance, biocom-
patibility (Al-Rubaie et al., 2020), low density, and outstanding mechanical behav-
iour in a higher-temperature range. However, popular engineering Ti alloys have poor
wear resistance (Bruschi et al., 2017). When using titanium alloys in tribological con-
tacts, the use of anodization and coating is recommended (Bruschi et al., 2017). The
anti-wear properties of Ti alloys like Ti-6A-4V are only marginally improved by the
SLM technique (Kaymakci et al., 2012; Niu et al., 2013). This may be due to the SLM
process’s improved hardness being compensated by the high roughness. The changes
in wear as a result of different AMed Ti alloys combined with a range of fillers are
shown in Table 2.1 which were taken from different literature.
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TABLE 2.1
Wear Resistance Change and Compositing of Ti, Al, and Steel Alloys (Renner
etal., 2021: 189)

Wear-Rate (WR)

AM Process Alloy Matrix Reinforcement Reduction (%)
LENS Ti-alloy Ti-6A1-4V Si-hydroxyapatite 70.8
Laser cladding Ti-alloy Ti-CN CeO, NP ~14
E-beam melting Ti-alloy Ti-6A1-4V TiC+Ti3SiC2 +Ti5Si3 ~29.4
SLM Ti-alloy Ti-6A1-4V Boron, TiO, ~40
SLM Al-alloy AlSilOMg SiC 63.4
SLM Al-alloy A12024 ALO, 38
SLM Al-alloy Al4SiC SiC 66
SLM Al-alloy AlSilOMg ALN 60
SLM Steel 316L SS TiC 10
SLM Steel P20 AlLO, 33
LMD Steel 316L Cr;C, 73

2.6 TRIBOLOGICAL BEHAVIOUR OF ADDITIVELY
MANUFACTURED ALUMINIUM ALLOYS

Aluminium alloys are a diverse group of materials formed by combining aluminium
with various other elements, resulting in improved mechanical properties, corrosion
resistance, and other desirable characteristics. These alloys are widely used in indus-
tries ranging from aerospace and automotive to construction and electronics. For
example, 6000 series alloys are often used in structural applications due to their
combination of strength and formability, while 5000 series alloys have good cor-
rosion resistance and are used in marine and automotive applications. Depending
on the specific alloying elements and their proportions, aluminium alloys exhibit a
wide range of properties suited for different applications. Their versatility, strength,
lightweight nature, corrosion resistance, and electrical conductivity have made them
indispensable in modern industries, contributing to innovations in transportation,
construction, electronics, and beyond.

2.6.1 CATEGORIES

Each category of aluminium alloy has its own unique properties and advantages, mak-
ing aluminium alloys versatile and adaptable to a wide range of applications across
industries such as aerospace, automotive, construction, and electronics. Aluminium
alloys are also categorized based on a four-digit numbering system, where the first
digit represents the major alloying element or group and the subsequent digits pro-
vide more specific information about the alloy composition. The following are dif-
ferent categories of aluminium alloys:
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a. Wrought Alloy:

1xxx Series: These alloys are nearly pure aluminium and have high elec-
trical conductivity and good corrosion resistance. They are often used
for electrical conductors and components where corrosion resistance is
essential. For example, 1420.

2xxx Series: The 2xxx series is a copper alloy that is able to precipita-
tion hardened to have steel-like strengths. They were formerly known
as duralumin and were the most popular aerospace alloys, but because
they were prone to stress corrosion cracking, the 7xxx series is progres-
sively taking their place in modern designs. For example, 2008, 2036,
2090, 2124, 2324.

3xxx Series: These alloys have manganese as their main alloying element,
which imparts moderate strength and excellent formability. They are
commonly used for applications requiring good formability and cor-
rosion resistance, such as cookware and architectural components. For
example, 3003, 3004.

4xxx Series: The 4xxx series has Si as an alloying element and variations of
Al-Si alloys intended for casting (and therefore not included in the 4xxx
series) are also known as silumin. For example, 4047.

5xxx Series: Alloys in this category contain magnesium as the primary
alloying element. They exhibit good weldability, moderate strength, and
excellent corrosion resistance. They find use in structural components,
marine applications, and automotive parts. For example, 5052, 5059,
5083, 5086.

6xxx Series: These alloys have Mg and Si as their main alloying elements.
They offer good formability, weldability, and moderate strength. They
are often used for extrusions, architectural components, and automotive
parts. For example, 6013, 6061, 6063, 6113, 6951.

7xxx Series: Alloys in this category are primarily strengthened by zinc
and can also contain magnesium and copper. They have higher
strength and are used in aerospace applications and structural com-
ponents requiring high strength-to-weight ratios. For example, 7010,
7050,7150, 7475.

8xxx Series: These alloys are not commonly used for structural applica-
tions but rather for specialized purposes. They may contain lithium for
enhanced properties in certain aerospace applications. For example, 80009.

b. Cast Alloy:

For cast alloy, designation is generally based on AA (Aluminium associa-

tion) system in which the second two digits indicate the minimum percent-

age of aluminium. For example, 150.x indicates a minimum of 99.50%

aluminium. The digit following the decimal point indicates casting or ingot,

which has a value of 0 or 1, respectively. The following are the primary

alloying components of the AA system:

1xx.x series: These alloys are having minimum 99% aluminium.
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2xx.x Series: These alloys are primarily aluminium-copper alloys and offer
excellent casting characteristics and good corrosion resistance. They
are used for various cast parts.

3xx.x Series: Cast alloys in this category are aluminium-silicon alloys, with
added Cu and/or Mg commonly used in automotive applications due to
their good castability and wear resistance.

Other Series: 4xx.x, 5xx.x, 7xx.x, and 8xx.x alloys having silicon, mag-
nesium, zinc, and tin as alloying elements. These cast alloys are modi-
fied versions of their wrought counterparts and are used for specialized
applications where the cast form provides specific advantages.

c. Based on Heat Treatment:

Heat-Treatable Alloy: Alloys in this category can be heat-treated to
enhance their mechanical properties. Examples include the 2xxx, 6xxx,
and 7xxx series, which are commonly used for acrospace and structural
applications.

Non-heat Treatable Alloy: These alloys are not subjected to heat treatment
for strengthening. Examples include the 1xxx, 3xxx, and 5xxx series,
which are often used for applications where formability and corrosion
resistance are key criteria.

2.6.2  WEAR ANALYSIS OF ALUMINIUM ALLOYS

Despite having some advantageous characteristics, such as low weight and a high
strength-to-weight ratio, alloys of aluminium have low wear resistance. However,
in the 1970s, the use of Al alloys was started to produce Metal Matrix Composite
(MMC) in order to enhance its tribological behaviour (Gurusamy & Rao, 2017; Kiran
Sagar et al., 2019; Melkote et al., 2015). The potential application of Al MMC in sec-
tors like automotive parts is quite promising.

The tribological characteristics of the Al MMC material produced by AM have
improved. With this enhancement and the increased hardness brought on by the AM
method, aluminium alloys can finally be employed in moving parts and bearings.
Table 2.1 displays the literature results of SLM-fabricated alloys of aluminium com-
bined with various fillers and the related wear-rate decrease.

2.7 TRIBOLOGICAL BEHAVIOUR OF ADDITIVELY
MANUFACTURED STAINLESS STEEL

Stainless steel is renowned for its exceptional resistance to corrosion, durability,
and versatility. It has wide applications due to its unique combination of proper-
ties. Stainless steel is primarily composed of iron, with the addition of Cr and often
other alloying elements, such as Ni, Mo, or Ti, to enhance its properties. Stainless
steel’s diverse properties and applications have led to its use in various industries,
including construction, architecture, automotive, aerospace, medical, food process-
ing, and more.
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2.7.1 PROPERTIES AND CHARACTERISTICS

2.71.1 Properties

Conductivity: Similar to steel, stainless steels have a comparatively poor electrical
conductivity that are lower than those of copper. Particularly, the dense protective
oxide layer of stainless steel causes non-electrical contact resistance (ECR), which
restricts its usability in applications as electrical connectors. However, stainless steel
connectors are used in circumstances when corrosion resistance is necessary but
ECR is a lesser design criterion such as in hot and oxidizing conditions.

Melting Point: The melting point of SS is represented as a range of temperatures
rather than as a single value like most alloys. Depending on the unique consistency
of the temperature, temperatures range from 1,400°C to 1,530°C (2,550°F-2,790°F;
1,670-1,800 K; 3,010°R-3,250°R).

Hardness: Stainless steel is a very robust metal with an outstanding level of hard-
ness due to Cr and Ni. On the metal’s surface, chromium creates an oxide layer that
shields it from corrosion and wear, while nickel increases the material hardness by
improving its ductility and strength.

Magnetism: While martensitic, duplex, and ferritic stainless steels are magnetic,
austenitic stainless steel is normally non-magnetic. Ferritic steel’s magnetism is due
to the bec crystal structure, in which Fe atoms are arranged in cubes (with one at each
of the corners and another iron atom in the centre). The magnetic characteristics of
ferritic steel are due to this core iron atom, and due to this, the steel can only absorb
about 0.025% of carbon.

Wear: Galling, also known as cold welding, is a type of adverse adhesive wear
that can happen when two metal surfaces are in close association or in relative motion
to one another and are being put under heavy strain. Fasteners made of austenitic
stainless steel are especially sensitive to thread galling, but other alloys that produce
a protective oxide film on their own are also problematic.

Density: The density of stainless steel can be somewhere between 7,500 and
8,000kg/m? depending on the alloy.

2.7.1.2 Characteristics

Corrosion Resistance: One of the most significant features of stainless steel is its
resistance to corrosion and rust. The Cr content creates a layer of passive protection
on the surface known as a chromium oxide layer. This layer prevents oxygen and
moisture from coming into direct contact with the underlying metal, thereby inhibit-
ing the development of corrosion.

Strength and Durability: Stainless steel is a strong and durable material that is
capable of withstanding high mechanical stresses and impacts. Different grades of
stainless steel offer varying levels of strength and are used for various applications,
from structural components to precision instruments.

Heat Resistance: Many stainless steel grades retain their strength and corrosion
resistance at higher temperatures when used for applications involving heat expo-
sure. This property is particularly advantageous in industries such as manufacturing,
chemical processing, and automotive.
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Hygiene and Cleanliness: Stainless steel is non-porous and easy to clean, mak-
ing it a preferred choice in environments that require high levels of hygiene, such as
hospitals, kitchens, and pharmaceutical facilities.

Aesthetic Appeal: Stainless steel’s shiny and reflective surface, along with its
ability to resist discolouration and staining, makes it popular in architectural and
decorative applications. It’s commonly used in building facades, interior design, and
modern appliances.

Formability and Fabrication: Stainless steel can be easily formed, welded, and
fabricated into various shapes and sizes, making it adaptable to a wide range of
manufacturing processes.

Biocompatibility: Some stainless steel grades are biocompatible, meaning they
are well-tolerated by the human body and can be used in medical implants and
devices.

Recyclability: Stainless steel is highly recyclable, making it an environmentally
friendly choice. It can be recycled and reused without losing its inherent properties.

Cost-Effectiveness: While some specialized stainless steel grades can be expen-
sive, there are many general-purpose grades that offer an excellent balance of proper-
ties and affordability.

2.7.2  Types AND GRADES

There are around 150 recognized grades of stainless steel, with 15 being the most
popular. There are other grading systems in use, such as the US SAE steel grades.
The ASTM created the UNS, or Unified Numbering System, for Metals and Alloys,
in 1970. EN 10088 has been adopted by the Europeans. The choice of a specific
stainless steel grade depends on the intended application, the required properties,
and the environmental conditions in which it will be used.

Stainless steel grades are classified into five main families based on their micro-
structure, which in turn influences their mechanical properties and corrosion
resistance:

i. Austenitic: The largest family of stainless steels, comprising around
two-thirds of all stainless steel production, is austenitic stainless steel
which has FCC crystal. Subgroups of austenitic stainless steel, 200 series
and 300 series (most popular). The 200 series of Cr, Mn, and Ni alloys
make the best utilization of nitrogen and manganese while using the least
amount of nickel possible. They have a yield strength that is roughly 50%
more than 300-series SS sheets because of the nitrogen addition. The aus-
tenitic microstructure of the 300-series chromium-nickel alloys is almost
entirely produced by nickel alloying; sometimes less Ni is needed due to
the addition of nitrogen during extreme alloying. For example, Type 201,
202, 304, 316.

ii. Ferritic: Ferritic SS contains between 10.5% and 27% Cr, with little or no
Ni, and has a bce crystal structure known as the ferrite microstructure. Due
to the Cr addition, this microstructure is present at all temperatures, making
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heat treatment unable to harden them. In comparison to austenitic stainless
steels, they can’t be as much strengthened through cold work. They attract
each other. Niobium (Nb), titanium (Ti), and zirconium (Zr) additions to
type 430 enable effective welding. They are less costly than austenitic steels
and are used in numerous goods because of the almost complete lack of
nickel in them.

iii. Martensitic: Martensitic SS are employed as creep-resistant steels, tool
steels, and engineering steels because of their wide range of characteris-
tics and bcc crystal structure. Due to their low Cr concentration, they are
magnetic and have a lower level of corrosion resistance than ferritic and
austenitic stainless steels. They have four categories which include Fe-Cr-C
grades, Fe-Cr-Ni-C grades, precipitation hardening grades, and Creep-
resisting grades.

iv. Duplex: The optimal ratio for austenite and ferrite in duplex stainless steels
is 50:50, while commercial alloys may have ratios as low as 40:60. They
differ from austenitic SS in having higher Cr (19-32%) and Mo (up to 5%)
levels and lower Ni contents. The yield strength (YS) of duplex SS is nearly
double that of austenitic SS. Compared to austenitic SS grades 304 and 316,
its mixed microstructure offers better resistance to chloride stress corrosion
cracking. Lean duplex, standard duplex, and super duplex are the three sub-
groups of duplex grades that are typically separated depending on how well
they resist corrosion.

v. Precipitation Hardening: Despite the fact that it can be precipitation-
hardened to even greater strengths compared to martensitic grades, their
corrosion resistance is equal comparable to that of austenitic kinds. There
are three types of precipitation-hardening stainless steels:

e Martensitic 17-4 PH (AISI 630 EN 1.4542): It contains about 17% Cer,
4% Ni, 4% Cu, and 0.3% Nb.

e Semi-austenitic 17-7 PH (AISI 631 EN 1.4568): It contains about 17%
Cr, 7.2% Ni, and 1.2% Al.

e Austenitic A286 (ASTM 660 EN 1.4980): It contains about Cr 15%, Ni
25%, Ti 2.1%, Mo 1.2%, V 1.3%, and B 0.005%.

2.7.3  WEAR ANALYSIS OF AMED STEEL ALLOYS

Most significant technical materials that are commonly manufactured by the AM
method is steel alloys, particularly stainless steel. Steel alloys have a substantially
higher hardness than their forge or cast counterparts, unlike titanium alloys. If advan-
tageous AM parameters, such as energy density and scanning speed, are employed,
the hardness increases and can reduce the wear rate (see Table 2.1).

Despite having a strong corrosion resistance, austenitic stainless steel produced
additively has a low wear resistance. Due to its low hardness and uniform micro-
structure, it is more vulnerable to adhesive wear than to abrasive wear (Wu et al.,
2017). It also works well to increase its wear resistance by incorporating composite
materials. SiC-reinforced SS316L. MMCs achieve a high strength up to 1.3 GPa and a
lower WR of 0.77 X 10 mm?/Nm (Zou et al., 2021).
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2.8 CONCLUSIONS

AM has reported the fast growth by making it possible to fabricate complex shapes
with better design flexibility. The present study presents a summarized review of
investigation into the tribological characteristics of metal components fabricated via
AM techniques. These studies reported the mechanism of various available AM pro-
cesses for fabricating metal parts and the effects of major AM parameters on the tri-
bological properties of additively manufactured metal parts. By studying the results,
it can be concluded that a range of common metals and alloys are used in AM, and
tribology behaviour was evaluated under different operating conditions and loads,
which led to the excellent improvement in wear and friction properties. This tech-
nique gets attention in various industrial applications so that it can be said that the
study of tribological behaviour of additively manufactured metal parts is important
to ensure their reliable performance in real-world applications.
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3.1 INTRODUCTION

Manufacturing for the fabrication of several components can be done in a variety
of methods. One of the rapidly and continuously developing technologies is 3D
printing, which makes it possible to create complicated and flexible structures that
would have been challenging for conventional manufacturing processes to con-
struct. 3D printing techniques construct components with the help of CAD models
in a layer-upon-layer method (Tambrallimath et al., 2021). One of the particular
potential 3D printing techniques is fused deposition modeling (FDM), which has
tremendous application potential thanks to its simplicity of use and low cost in pro-
ducing industrial parts with complex shapes (Zhou et al., 2017). FDM is a filament-
based technique in which the heated nozzle is filled with filaments and heated until
it melts. Extruding molten material onto the substrate and depositing layers on top
of the previous layer, the heated nozzle moves following the design to create the
necessary additive components (Li et al., 2018). Polymers have gained popularity
as materials in the last ten years for a variety of uses because of their appealing
qualities, such as their low weight, production ease of use, and cost-effectiveness.
As a result, considerable attempts have been made to implement polymers in
many industrial applications, often through adding metal powders, ceramics, etc.,
or other types of reinforcement into the polymers to improve their tribological
qualities (Omrani et al., 2016). Over three decades, the researchers explored and
looked at polymer tribology. Tribology is the primary characteristic used to gauge
wear and friction in polymer materials and their composites. Typically, the poly-
mer material’s friction and wear performance involved sliding across an aggressive
material. Solid material surfaces are necessary for the production of the polymer
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transfer layer (Bahadur and Gong, 1992). Numerous inorganic substances, includ-
ing metallic powders, and mineral substances have been employed as fillers for
polymers over the years. Typically, metal particles are added to polymers as fill-
ers to enhance their electrical, thermal, and tribological properties. When only
the filler loading increases above a certain point, these qualities start to improve
(Bahadur, 2000). Fillers have a large surface area-to-volume ratio, which allows
them to have a considerable impact on the tuning of characteristics even at
extremely low filler loadings. Multifunctional fillers increase the potential appli-
cations of polymer composites by enabling them to be specifically tailored to a
given application, such as tribo-components for extreme operating temperatures,
working conditions with unacceptable levels of lubricants, and highly corrosive
environments. These polymer composites exhibit intriguing tribological activity,
but some of them also possess significant electrical conductivity for application in
microsystems or self-healing properties for mechanical components where routine
maintenance is challenging (Friedrich, 2018). The wear properties of the plastic-
based materials especially composites are dependent upon the composition of the
materials. These factors affect the formation of transfer films and the actual contact
area, which modifies the coefficient of friction (COF) and wear patterns (Myshkin
and Kovalev, 2018). The polymers transfer layer, which frequently forms during
polymer-metal or polymer-polymer sliding and ultimately alters the contact sur-
face, is the most crucial component in polymer tribology. Material always transfers
from the polymer to the metal during the metal-polymer phase (Chan et al., 2021).

The various investigations that were conducted on polymer composites and how
the various fillers affected the tribological properties of the composite material are
thoroughly covered in this paper. Further in this study, a novel composite is devel-
oped by blending Al powder into the PLA Matrix. The objective of this paper is to
examine the tribological properties of PLA-Al-based composite which is manufac-
tured through FDM 3D printing.

3.2 LITERATURE SURVEY ON POLYMER COMPOSITES

The reported research on the tribological behavior of polymer composites is sum-
marized in this section. PTFE, PEEK, and PLA are the polymers that are currently
most frequently utilized in tribology research. In high-load bearing systems working
in challenging conditions where lubricants have failed, such as in the oil and gas
sector and the air-conditioning and refrigeration industries, ABS-based composite
materials have also demonstrated significant potential. Table 3.1 shows the tribologi-
cal characteristics of polymer-based composites and how the reinforcement provided
by various fillers influences those characteristics.

According to Table 3.1, the reinforcement of the materials in the polymers leads
to decreased wear rate and good tribological properties. This resulted in the com-
posite material having better tribological performance than polymer materials.
The proper composition of the filler is highly important for the composite material
because if the material is not compatible with each other, different properties can
be affected.
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TABLE 3.1

Tribological Properties of Polymer Composites

Sr. No.
1. PTFE

2. PLA

3. PLA

4. PLA

5. PLA

6. PLA

7. PLA

8. ABS

9. PEEK

Polymer

Reinforcement

Graphite and
bronze fillers

Bronze fillers

Graphite

MosS,

Silicon

Graphene fillers
(30 pm)

Graphene

Graphite

MWCNT black
powder
(200-500 pm),
GNP (6.99
jum)

Findings

The COF and the graphite filler have been
decreased about 27% and 4.2 times,
respectively. On the other hand, the
bronze filler exhibited a COF increase of
up to 5%

With a 150N load, the sample at a 45°
angle has the lowest dynamic friction
coefficient (0.52). The dynamic friction
coefficient for bronze/PLA has a range of
0.52-0.6. Average values for the measured
wear depth range from 9.7 to 17.5m

The wear rate is significantly reduced by
10% of graphite (11k) and is 65% lower
than the wear rate of PLA (32k)

The addition of 0.5% MoS, results in a
significant increase in tribological
characteristics of up to 457% with an
average wear rate of 180 pm/km

In comparison to neat PLA, the specific
wear and COF of the PLA composite
containing 5% silicon particles were
2 x 10*mm?*/Nm and 0.11, respectively

In comparison to PLA samples, the
reinforced PLA samples had lower OF
(0.49-0.6). The sample with the lowest
value (4.04 x 10*mm?3/N-m) consisted of
5% graphene

The results showed that PLA-graphene had
14% more wear resistance than PLA.
PLA-graphene displays a COF in the
range of 0.45-0.55, whereas PLA has a
greater COF in the range of 0.5-0.6

The ABS matrix’s incorporation of graphite
showed weight reductions for the FDM
parts in addition to a reduction in the
COF. Additionally, the degree of wear and
friction loss reduces as the graphite
proportion of weight in the ABS matrix
increases

The study noticed a decrease in COF of
PEEK (0.25) by adding CNT to (0.08)
and GNP fillers (0.1) [18]

Ref.

Valente et al.
(2020)

Hanon et al.
(2020)

Przekop et al.
(2020)

Pawlak et al.
(2020)

Vishal et al.
(2022)

Al Abir et al.
(2023)

Bustillos et al.
(2018)

Kumar et al.
(2022)

Arif et al.
(2020)
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TABLE 3.1 (Continued)
Tribological Properties of Polymer Composites

Sr. No.
10.

11.

12.

13.

15.

Polymer
PLA

PLA

PLA

Nylon 6

Nylon 6

PLA

Reinforcement

GNP (dia,
5-7nm)

MWCNP (dia,
10-30nm)

Alumina
powder (dia,
15-20nm)

Carbon black
(dia, 30-60nm)

Copper powder
(5-20 pm)

Iron powder
(Fe)

Al powder
(41-44 pm)

Al 05 (125-149
pm)

Nano silica
(20nm)

Findings

The reinforced fillers decreased the COF
compared to PLA, which had a COF of
(0.15-0.16), (0.11) for GNP/PLA at 12%
GNP and (0.10) for MWCNT/PLA at
129% MWCNT

The study found that PLA composites had
a higher COF of friction. The PLA
displayed 0.30 COF, while PLA-Al and
PLA/CB displayed 0.39 and 0.31 COF,
respectively

The COF of reinforced copper in PLA matrix
has considerable wear characteristics. The
highest COF (0.4) was noticed at room
temperature sliding conditions and the
lowest COF (0.13) was noticed in 70°C

The wear rate and COF are decreased when
the Fe content increases. The highest wear
(0.64 g) was noticed in 50/50 Nylon-Fe
content and the lowest wear (0.04) was
noticed in 60/40 Nylon-Fe

Composite materials offer greater wear
resistance than ABS material because Al
and Al,Oj, are incorporated in the Nylon 6
matrix. The composition PLA 60/A140/
Al O, has the lowest wear (100 pm) and
PLA/Al;/AlLO,, has a wear rate of (200
pm) at 10 minutes interval

The decrement in COF and wear rate was
noticed by the addition of nano-silica
fillers. The COF and specific wear rate for
PLA were 0.254 and 0.00567 mm?*/N-m.
The result dropped to 0.154 for COF and
0.00189 mm?*/N-m for SWR with 6 wt% of
nano-silica

Ref.

Batakliev
(2020)
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(2020)

Karabeyoglu
etal. (2021)

Garg and
Singh (2017)

Boparai et al.
(2015)

Ramachandran
and
Rajeswari
(2022)

3.3 METHODS AND EXPERIMENTATION

3.3.1

MATERIALS

The PLA which was purchased from the Green Dot BioPak in Gujarat, India with
1.24 g/cm? density has been used as Matrix material with 80 wt%, whereas Al metal
powder which was purchased from Shiva Chemicals Ludhiana, India with 20 wt%
has been used as reinforced material.
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3.3.2 PRrePARATION OF COMPOSITE FILAMENT

The 20% Al metal powder and precisely 80% PLA, by weight percentage, combina-
tion was chosen as the feedstock filament for the FDM process. Al metal powder was
used as filler primarily due to its reasonably robust mechanical properties. A Felfil
evo single screw extruder (Make — Italy) was used to create the feedstock filament.
The filament with a diameter of 1.750.5 mm was extruded after the extruder’s settings
of RPM 4 and a temperature of 175°C-180°C were made.

3.3.3 MANUFACTURING OF 3D-PRINTED SAMPLES

The pin-on-disk samples were manufactured with the help of Creality Ender 3 Pro
FDM 3D printer which has a nozzle diameter of 0.4mm. A total of three samples were
manufactured: one sample of PLA and two samples of PLA-Al composite. The samples
which were manufactured have a diameter of 8 mm and a length of 30 mm. Throughout
the entire work, the printing speed of 60 mm/s, print temperature of 60°C, and nozzle
temperature of 220°C remain the same. Both samples of PLA-Al composite were con-
structed using 0.15mm layer with grid pattern and 60% infill and 0.20 mm layer thick-
ness with grid pattern and 80% infill. The PLA sample with 0.18 mm layer thickness,
with linear fill pattern and 40% infill, was fabricated. All the samples are depicted in
Figure 3.1. To investigate the tribological characteristics, these samples were developed.

3.3.4 WEAR TESTING

The 3D-printed pin-on-disk samples with 8 mm diameter and 30 mm in length were
taken into consideration for wear testing. The wear test was performed at room tem-
perature using a tribometer (model TR-20LE-PHM-400; maximum capacity: 200 N).

FIGURE 3.1 Pin-on-disk samples before wear testing.
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Using a track diameter of 80 mm, a track speed of 100rpm, and an applied load of
20N for 5 minutes in atmospheric circumstances, the wear tests were carried out.
A measurement system was added to the wear test device. On a monitor, an immedi-
ate picture of wear (um), the COF, was shown.

3.4 RESULT AND DISCUSSION

The wear rate and COF of samples of PLA and PLA-Al composites have been exam-
ined to determine the impact of the Al powder addition within the PLA matrix on wear
characteristics. Figures 3.2-3.4 show that the wear of PLA material is significantly
higher than that of composite materials, demonstrating that the recently produced com-
posites are significantly more wear-resistant than PLA. The wear rate and COF of all
the samples are mentioned in Table 3.2 in which it can be seen that the PLA has more
wear as compared to PLA-Al composite. After the wear test, the PLA demonstrated a
wear rate of 1,188 pm and a COF of 1.8. The PLA sample’s initial weight was 2.3516 g,
but after the wear test, it weighed only 2.2731 g. The weight loss of 0.0785 g means that
during the wear test, 0.0785 g of material was removed from the PLA sample after 5
minutes interval which also indicates that the PLA is less durable. Figure 3.2a demon-
strates plots of wear rate and Figure 3.2b depicts the COF with time.

Figure 3.3a and b clearly shows that the sample with 0.15 mm layer thickness, 60%
infill density, and grid infill pattern has the best wear resistance of all the samples
in terms of wear rate and COF. Following the wear test, the sample with a 0.15 mm
thickness had a wear rate of 501 pm and a COF of 2.6. And the sample’s weight loss
during testing was reduced from 2.3874 to 2.3245, meaning that the material loss
throughout the wear test was only 0.0629, proving that it has a good capacity for resis-
tance during friction. Mixing Al powder into PLA Matrix improves its abrasion and
slide resistance because Al has the ability to avoid seizures. PLA and Al combined
in the composite have a synergistic effect that improves wear resistance. Compared
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FIGURE 3.2 Wear rate and COF of PLA.
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FIGURE 3.4 Wear rate and COF of PLA-A1 0.20mm layer thickness sample.

TABLE 3.2

Tribological Properties of All Samples

Material Wear Rate (um) COF Material Loss
PLA 1,188 1.8 0.0785
PLA-Al 501 2.6 0.0629
0.15mm layer thickness

PLA-AI 795 2.6 0.0279

0.20mm layer thickness
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to PLA, Al is a stronger and more resilient material. In addition to improving the
overall composite material and boosting its resistance to wear and abrasion, the use of
Al particles improves the load-bearing capacity of the material as compared to PLA.
Because of this, composite material exhibits improved wear resistance. On the other
hand, the sample with 0.20 mm layer thickness, with zig zag type of patterns and 80%
infill density, also demonstrates good wear resistance against the sliding mechanism
in which it shows 795 pm wear rate and 2.6 COF as depicted in Figure 3.4. When
compared to other samples, the material loss which consisted from 2.3911 to 2.3632,
the sample with a 0.20mm layer thickness experienced the least amount of mate-
rial loss throughout testing, resulting in a total loss of 0.0279. From the study, it was
concluded that the optimized parameters for getting better tribological results were
0.15mm layer thickness, with grid type of pattern and 60% infill.

3.5 CONCLUSION

This study thoroughly investigated the tribological properties of PLA and composite
PLA-AI material samples produced using an FDM 3D printer. The impact of the
applied load of 20N and the runtime of 5 minutes at a speed of 100rpm was exam-
ined using pin-on-disk equipment. The study’s conclusions are as follows:

¢ From the literature, it was noticed that adding fillers into the polymer matrix
significantly enhances the tribological properties of the polymer composite.

e The PLA-Al composite performs better than PLA with respect to wear
resistance, according to the wear test results. The composite material’s
improved wear-resistant properties are a result of the inclusion of Al fillers
as reinforcement within the PLA matrix.

e The results of the wear test demonstrated that the PLLA has a poor wear rate of
1,188 pm and a COF of 1.8, whereas the PLA-Al composite with 0.15 mm layer
thickness samples exhibits an excellent wear rate of 501 pm and a COF of 2.6.

¢ Even though this study concentrated on PLA-Al composites with particu-
lar parameters, additional research into various combinations of polymer
matrices and reinforcement materials is required. Additionally, investigat-
ing the impact of other 3D printing settings on the tribological properties of
polymer composites can offer useful insights for optimizing wear resistance
in additive manufacturing applications.
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4.1 INTRODUCTION

Additive manufacturing (AM) has become a notable method within the last decade
with promising potential (Tyagi et al., 2023; Ranjan et al., 2023a). Its applications
have extended to nearly every sector of manufacturing. Industries like automobiles,
aerospace, and medicine have greatly been aided by the introduction of this type of
technology (Anand et al., 2022).

The economic importance of tribocorrosion investigations in terms of the lon-
gevity and durability of engineered materials has garnered more attention in recent
years. Nearly all metals react chemically with the environment and develop some
type of corrosion, which degrades the metal. The majority of systems work in envi-
ronments with frequent mechanical engagement and corrosive environments. The
mechanical qualities can also be harmed by mechanical interactions such as loading,
tension, and friction. The material can be severely damaged by wear that results from
the rubbing of two surfaces or the collision of solid particles or liquids. The cor-
rosive environment frequently affects the material loss brought on by wear (Cao &
Mischler, 2018). A corrosive environment can lower the service life of the materials
by accelerating the rate of wear and, at the same time, enhancing or complementing
corrosion damage.

Frictional interactions contribute to the overall loss of 23% of the world’s energy.
Furthermore, around a fifth of this energy is utilized to reduce friction, and about 3%
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is used to remanufacture or replace damaged components (Ahmed et al., 2020). Good
tribological practices can reduce energy losses from friction and wear by around
40%, and these savings might add up to about 1.4% of the GDP of any wealthy coun-
try (Holmberg & Erdemir, 2017). Similar to this, corrosion losses represent between
1% and 5% of a country’s GDP. This cost also includes indirect losses from corrosion
such as production, maintenance, and breakdown expenses (Javaherdashti, 2000).
The collaboration between corrosion and wear can cause a large increase in material
loss. Tribocorrosion is the name for this cooperative relationship between wear and
corrosion. This chapter introduces the concept of AM, the concept of tribocorrosion,
and the tribological behavior of various parts made using AM.

4.2 ADDITIVE MANUFACTURING

According to the ASTM committee, AM has been defined as a process of joining
materials from 3D data usually layer by layer to make objects contrary to subtrac-
tive manufacturing (Tyagi and Tripathi, 2023; Ranjan et al., 2023b; Anand and
Das, 2022). It has several nomenclatures such as rapid fabrication, rapid prototyp-
ing, and additive fabrication (Huang et al., 2015). In the initial days, the concept
of AM was only used to create prototypes (Anand & Das, 2021). The first AM
technique to employ a laser to cure photosensitive polymer was stereolithography
(SLA), which was introduced in 1987 (Abdulhameed et al., 2019). The first tech-
nologies to be patented were selective laser sintering (SLS) and fused deposition
modeling (FDM), which occurred in 1988 and 1989, respectively. Since then, this
technology has become increasingly prevalent in industrial settings all around the
world (Rouf et al., 2022).

The process of adding layers of materials on top of one another to create the
final product is known as AM. AM uses a far less material than traditional sub-
tractive manufacturing techniques. By combining succeeding layers, it creates
a part using the layer-by-layer manufacturing technique. AM has steadily trans-
formed from being used only for prototyping into a fully functional manufacturing
method in a variety of sectors (Baumers et al., 2020; Saade et al., 2020). Initially,
quick prototyping and analysis were all that AM was employed for, but it has since
emerged as one of the highly capable technologies for the future (Egger & Masood,
2020). In AM, the final object is developed in 3D CAD software before being
manufactured. The Standard Tessellation Language (STL) file, which contains all
the details about the geometry of the component to be made, is created from this
3D computer data (Borgianni et al., 2019). The final result is then produced once
the item is printed using an appropriate AM technique. The AM process is shown
in Figure 4.1.

Conversion Slicing of .
Mod.el into .stl CAD prmtmg of Rhyeical
creation model
format model parts

FIGURE 4.1 Additive manufacturing process.
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4.2.1 INDUSTRIAL APPLICATIONS OF AM

Globally, AM is transforming the landscape of product design and on-site produc-
tion, assisting radical product redesigns that hasten the discovery of novel material
characteristics. Table 4.1 describes the industrial applications and advantages of AM.

According to the ASTM committee, AM has been classified into seven categories
as described in Table 4.2.

TABLE 4.1
Applications and Advantages of Additive Manufacturing
Industry Applications Advantages
Automotive An engine control unit, air inlet, intake Cost-effective luxury car customization
valves, engine parts, gearboxes, and method
bottom fairing baffle Testing and production of highly strong,
lightweight components
Management of undesirability for faulty
parts
Aerospace Landing gears, push reverser doors, Low-volume manufacture of intricately

and defense

miniaturized drones for reconnaissance,
gimbal eyes, projectile launcher for
grenades, intricate struts, and set engine
constituents

Repair of high-value parts and turbine
blades

shaped goods with great value

Fuel economy through component weight
reduction

Increased usefulness of the product by the
creation of replacement components as
needed

Healthcare Medical instruments used for grasping Manufacturing of specialized implants,
and manipulating objects or tissues, equipment, dental tops, etc.
retractors, medical immobilizers, and Cost savings in medical care due to fewer
dagger levers are examples of surgical re-interventions made possible by precise
instruments diagnosis

Implants: Casts, Stents, Craniofacial Rapid production scaling to provide quick

Implants, and Limbs reaction during emergencies

Electronics Wearable technology, soft robotics, High resolution, multi-material. The

structural monitoring, and construction
components, as well as RFID (Radio
Frequency Identification) technology
integrated with robust bases

manufacture of electronic devices on a
significant scale without the use of
printed circuit boards (PCBs) in their
construction

Creation of intricate, lightweight structures
with impact resistance and various uses.

Designing intricately shaped pieces with
embedded electronics, sensors, and
antennas that are impossible to
manufacture using traditional production
methods

Internal production of circuits and circuit
boards shortens procurement stretch and
removes difficulties with intellectual assets

(Continued)
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TABLE 4.1 (Continued)

Applications and Advantages of Additive Manufacturing

Industry Applications Advantages
Consumer Electronics for the home, jewelry, Innovative product design is required due
goods footwear, apparel, cosmetics, toys, to the fabrication of complicated interior
breakables, cabinets, office supplies, and exterior structures
musical appliances, bicycles, and food Customizing a product that is focused on
goods the needs of the consumer more quickly
and affordably
Decentralized production lowers costs that
are passed on to consumers
TABLE 4.2

Classification of Additive Manufacturing

Process

Vat photopolymerization: A
method to selectively use
light-activated polymerization to
cure liquid photopolymers in a vat

Binder jetting: A method for
selectively applying liquid adhesive
to connect powder materials

Directed energy deposition: A
technique in which materials are
fused by melting as they are being
deposited using focused thermal
energy (such as a laser, electron
beam, or plasma arc)

Material extrusion: A technique
for selectively dispensing material
through an aperture or nozzle

Material jetting: Droplets of built
material are dropped in specific
locations by this procedure

Powder bed fusion: A method
wherein a powder bed’s various
sections are fused using heat
energy

Sheet lamination: A procedure for
adhering sheets of material
together to create an object

Technology

Stereolithography (SLA),
digital light processing
(DLP)

Powder bed and inkjet
head, plaster-based 3D
printing

Laser metal deposition
(LMD)

Fused deposition
modeling (FDM)

Multijet modeling
(MMM)

Electron beam melting
(EBM), selective laser
sintering (SLS), selective
heat sintering (SHS)

Laminated object
manufacturing (LOM),
ultrasonic consolidation
(Uo

Materials

Photopolymers

Polymers,
waxes

Metals

Polymers

Polymers,
waxes

Metals,
polymers

Paper, metals

Applications

Purchaser
Toys, electronics,
guides, and stuffs

Prototyping and
tooling

Fixing or assembling
high-volume parts

Prototyping, tooling,
and office
manufacturing

High-resolution
prototypes, circuit
boards and other
electronics,
purchaser
merchandise, and
tooling

Aerospace,
automotive, medical
products, tooling
and dental implants

Large portions
and tooling
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4.3 TRIBOCORROSION

In the 1990s, tribocorrosion was initially examined, although there were only a few
studies done at that time (Malik et al., 2022b). Today, tribocorrosion is a significant
study area with several applications in industry (Shahini et al., 2022). In essence, it
is the fusion of two key disciplines, explicitly tribology and corrosion, which have
considerable and useful submissions in mechanical frameworks. Figure 4.2 depicts
a tribo-mechanical system. Tribocorrosion systems are extremely complicated and
depend on a multitude of factors, including mechanical, material, physiochemical,
and electrochemical ones (Mathew et al., 2009) as depicted in Figure 4.3.

While corrosion pertains to chemical deterioration of materials, tribology
addresses friction, wear, and lubrication (Vieira et al., 2006).

“A degradation phenomenon of material surfaces (wear, cracking, corrosion, etc.) sub-
jected to the combined action of mechanical loading (friction, abrasion, erosion, etc.) and
corrosionattack causedbytheenvironment(chemicaland/orelectrochemicalinteraction)”

Relative motion

FIGURE 4.2 Tribocorrosion between two surfaces.

Mechanical Material Electrochemical Physiochemical
* Load * Hardness * Resistance * Temperature
* Friction « Elasticity * Potential * Viscosity
* Vibration * Roughness « Kinetics ¢ Conductivity
* Microstructure * Mass transfer * Oxidants
* Jons

FIGURE 4.3 Factors affecting tribocorrosion.



54 Tribological Aspects of Additive Manufacturing

is the definition of tribocorrosion (Celis et al., 2006). Tribocorrosion, in other terms,
refers to the combined effects of wear and corrosion. Tribocorrosion is largely con-
cerned with the permanent alteration of materials or their function brought on by con-
current mechanical, chemical, and electrochemical contact amid faces undergoing
relative motion (Mischler, 2008).

Tribocorrosion is recognized by the combined effect of mechanical and environ-
mental consequences it causes. Compared to the separate effects of these procedures,
the united influence of these procedures produces higher material loss and material
deterioration. The reaction products can either protect the exterior (self-oiling and
self-restorative layers) or worsen material deterioration and accelerate material loss,
depending on the reactions occurring at the surface (Basak et al., 2006).

Tribocorrosion primarily focuses on the interaction of two surfaces in a corrosive
media by mechanical, chemical, and electrochemical means. It is undesirable in
many devices and installations because of its negative consequences. Nevertheless,
it may also be utilized effectively, for example in electrochemical machining, when
chemical processes play a relatively little role. Metal implants used in biological
systems, such as dental implants, prosthetic joints, screws, and plates, are simi-
larly subject to tribocorrosion. Tribocorrosion is therefore divided into two catego-
ries: tribocorrosion in industrial systems and tribocorrosion in biological systems
(Wood, 2007).

Tribocorrosion is a phenomenon that occurs in a variety of real-world settings
and causes material loss while also impairing a manufacturing process’s robustness,
performance, efficiency, and dependability. The nuclear, chemical, petrochemical,
material handling, maritime, aerospace, automotive, mining, and biomedical sectors
are the industries where tribocorrosion occurs most frequently (Landolt et al., 2001).
Tribocorrosion is also found in biological organisms, where it may harm joints, pros-
thetics, and dental restoration, in addition to the previously stated industrial uses.
Different situations and forms of interaction can cause tribocorrosion. Typically, it
combines corrosion with biological solutions, sliding wear, fretting, solid particle ero-
sion, cavitation erosion, and abrasion. Tribocorrosion is mostly caused by two- and
three-body interactions between sliding exteriors. Reciprocating or unidirectional
relative motion between sliding surfaces is also possible. Another tribological con-
tact is fretting, which involves a slight reciprocating motion. Ball bearings include
rolling contacts that also come into touch with tribocorrosion. Impingement of par-
ticles occurs during erosion corrosion as a result of mechanical and chemical acts,
and it is especially prevalent in pipelines and pumps that transport slurries. Thus, it
can be stated that tribocorrosion is made up of a variety of mechanical and chemical
phenomena, including corrosion fatigue, oxidative wear, fretting corrosion, erosion-
corrosion, and wear due to corrosion (Ponthiaux et al., 2004).

Many of the products for tribocorrosion applications manufactured through AM
have their uses in medical fields for orthopedic applications. The number of orthope-
dic patients has increased as a result of the expanding population and rising accident
rates each year which has rapidly increased the demand for medical implants. AM is
a kind of technology that can solve this problem in a time-efficient way. Once these
medical implants are installed, they must be able to withstand the effects of crucial
surface phenomena similar to corrosion, friction, and wear.
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4.4 TRIBOLOGY OF ADDITIVE MANUFACTURED
ORTHOPEDIC IMPLANTS

In orthopedics, AM is widely employed in the creation of different implants and
the cure of numerous ruptures. These implants are subjected to a variety of stresses
and pressures when they are placed in a patient’s body. Implants must endure these
loads throughout their service life while retaining functionality. As a result of a per-
son’s constant mobility, friction is a crucial factor that has to be researched in these
implants. Wear also comes into play as a result of friction and might harm or shorten
the life of the implant. In these implants, lubrication is frequently used to lower fric-
tion and wear. The crucial tribological features of these implants, such as friction,
wear, and lubrication, are covered below.

4.4.1 FrictioN AND WEAR

Strength, hardness, and wear resistance are among the mechanical and tribologi-
cal qualities that many orthopedic implants and implant materials must possess.
A joint prosthesis has at least two pieces moving continuously with one another
(Landolt, 2006). Because of this, it is crucial in these situations to analyze vari-
ous tribological variables including friction and wear. To ensure that orthopedic
implants work and last when exposed to prolonged friction conditions, it is critical
to analyze these factors. Another issue with these implants is the build-up of wear
debris because of the ongoing presence of friction. The best materials to use are
ones that don’t produce and disseminate wear debris in the surroundings (Paterlini
et al., 2021). These substances typically have a low coefficient of friction and good
wear resistance. Sophisticated ceramics such as alumina and zirconia, metallic
elements like titanium and chromium alloys, or polymer materials, particularly
ultra-high molecular weight polyethylene (UHMWPE), are the materials that dis-
play the aforementioned characteristics most frequently (Affatato et al., 2017; Bal
et al., 2007).

Metal-on-metal (MoM) configurations, ceramics or metal paired with UHMWPE
(CoP or MoP), and ceramic-on-ceramic (CoC) are the three most significant bearing
pairs that have been employed more often. Pairings of ceramic with ceramic, metal
with metal, and metal combined with UHMWPE all have coefficients of friction
that, in a dry environment, fall in the ranges of 0.40—0.50 (Malik et al., 2022a),
0.40-0.4592 (Heshmat & Jahanmir, 2004), and 0.2-0.2593 (Blau, 1998), respec-
tively. These constituents were evaluated in simulated body settings with different
bodily fluids, such as bovine and calf serum, for orthopedic applications, and it
was discovered that the coefficient of friction significantly declined (Guezmil et
al., 2016; Baykal et al., 2014). Coefficients of friction offered by CoP and MoP are
both significantly lower than those offered by UHMWPE systems, which frequently
create more wear debris and pose considerable health risks (Pawlak et al., 2013;
Nine et al., 2014). Thus, the production of load-bearing components using ceramic
materials is a viable alternative, and a variety of arthroplasty implants may be effec-
tively produced via AM. The tribological examination of items crafted from alu-
mina, zirconia stabilized with yttria, and alumina reinforced with zirconia (ZTA)
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produced using SLA was done by researchers. They found that printing orientation
had the least impact on micro-hardness, wettability, and micro-porosity. Zirconia
toughened alumina showed the slightest wear rate and provided the best surface
characteristics among these materials. As opposed to alumina, which had stable
and lower frictional values, yttria-stabilized zirconia had greater wear rates and
coefficients of friction. Additionally, a self-mated tribe-sintered layer was seen to
develop in alumina-based components, expanding its applications to joint implants
and other tribological ones.

Ti6Al4V, a titanium alloy, is one of the most often utilized materials for creating
different orthopedic implants utilizing AM (Plumlee & Schwartz, 2013; Bartolomeu
et al., 2017). This material has good corrosion resistance, lower density when com-
pared to metal, and excellent mechanical properties (Bruschi et al., 2017; Dantas
et al., 2017). The biggest issue with this material, though, is its resistance to wear.
Ti4Al6V has low wear resistance, which over time may cause these wear particles
to become loose and could even cause the implant to fail (Sampaio et al., 2016a).
To create a variety of Ti6Al4V alloys, the authors employed several AM processes.
Studies showed that AM has no appreciable impact on it. Despite this, the specific
wear rate (SWR) somewhat lowered as a result of the improved microstructure and
residual stresses discovered by AM When compared to other AM materials, the sam-
ples made utilizing electron beam melting (EBM) were very hard yet had the greatest
SWR, despite having a martensitic microstructure and being the hardest. Different
techniques, including surface modifications, coatings, functionally graded materials,
and composite materials, have been used to extend the lifespan of these implants
(Gorsse et al., 2017). Poly-ether-ether-ketone (PEEK) was one of these materials that
were utilized to create a composite. Due to its weak mechanical characteristics and
low elastic modulus (3 GPa) compared to cortical human bone (20 GPa), PEEK can-
not be utilized alone as an implant material. For usage primarily in hip implants,
researchers created and manufactured a cellular-structured component with the char-
acteristics of Ti6Al4V and PEEK (Sampaio et al., 2016b). Ti6AIV-PEEK multi-mate-
rial structures were obtained using SLM and pressure-assisted injection techniques.
Tribological experiments were conducted to determine how this multi-material
behaved. The addition of PEEK in Ti6Al4V was shown to greatly boost wear resis-
tance based on wear data. Due to the self-lubricating qualities of PEEK, mass loss
was reduced by over 62% when compared to cellular Ti6Al4V structures and by 40%
when compared to traditionally manufactured implant materials.

4.4.2 LusBRICATING BEHAVIOR

As was mentioned in the preceding section, friction and wear lead to material
detachment from implants, which accumulates as debris and causes implant fail-
ure. Different composite materials with great wear resistance and low coefficients
of friction are being developed to address this issue. The idea of lubrication in these
implants is another workable answer to these issues. One of the main foundations of
tribology is lubrication, which has been successfully applied for many years to lessen
friction between two contacting surfaces.
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According to reports, globally more than 1 million hip replacement procedures
are carried out each year, and this number is anticipated to rise as people live
longer due to an increase in arthritis concerns among the elderly (Cowie et al.,
2019). Wear between the articulating surfaces is the primary cause of hip implants’
current failure rates. Thus, it is crucial to evaluate these implants in a setting that
closely resembles the movements that the patient’s body would subject them to. In
this context, dedicated joint simulators have been developed by researchers that
offer an authentic background for testing these implants. According to ISO stan-
dard requirements, which allow one or the other bovine or calf serum to be used
in wear testing, a diluted bovine serum is the lubricant utilized in these simulators
(Bauer & Schils, 1999). Although bovine serum is frequently employed as a lubri-
cant in wear testing, its principal drawbacks are deterioration, batch fluctuation,
and precipitation (ISO, 2002). The bovine serum also contains lipids (cholesterol
and triglycerides) and proteins (albumin and globulin), whereas synovial fluid, the
body’s natural lubricant, is made up of albumin, globulin, phospholipids, and hyal-
uronan. These variations cause these fluids’ rheological behavior to differ. This is
why different lubricants have been created and employed in these implants, always
retaining biocompatibility as a key consideration. When compared to bovine
serum albumin, the usage of this biopolymer modestly decreased the COF at both
low and high sliding velocities. Other methods are used to enhance the surface and
tribological performance of implants without the use of lubricants. These entail
surface alterations, and one such method is surface texturing, which is covered in
the subsequent section.

4.5 ORTHOPEDIC USES FOR TEXTURING AM PARTS

To give materials and products particular properties that can improve their func-
tioning and effectiveness within particular and focused operational conditions, sur-
face modifications have been applied. Numerous surface modification techniques
have also been applied in engineering to increase the materials’ resistance to cor-
rosion and minimize wear and friction (Ching et al., 2014). Selective laser melting
(SLM), an AM technique, offers a lot of perspective for producing complex metallic
components, which has piqued the curiosity of many academics. SLM enables sev-
eral crucial industrial aspects, including precise and exact control over geometrical
dimensions, and forms down to the microscale (Weng et al., 2014). Since the major-
ity of implant surfaces are constantly rubbing against one another, surface features
have a significant influence on the functionality and behavior of these implants.
Due to its excellent mechanical and anti-corrosive qualities, titanium and its alloys
are the most often utilized materials for implants for dental and bone tissue resto-
ration (Li et al., 2020). The majority of investigations on the alteration of the sur-
face of these titanium alloys have focused on analyzing the impacts of functional
coatings to enhance the bio-functionality of these alloys. In investigations on the
surface alteration of these titanium alloys, the focus has mostly been on analyzing
the impacts of functional coatings to enhance the bio-functionality of these alloys
(Chen et al., 2020).
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Surface texturing is a useful technique for enhancing surface behavior and
lengthening product lifespan. It has also been demonstrated to lower the coeffi-
cient of friction, which results in less wear detritus and extends the lifespan of
items (Brown & Badylak, 2013). Surface texturing has drawn a lot of attention in
orthopedic implants and synthetic joints since it has been shown to both enhance
hydrodynamic pressure and store wear debris. To enhance Ti-6Al1-4V’s tribological
characteristics, cyto-biocompatibility, and anti-inflammatory effects, researchers
focused on surface texturing. They produced Ti-6Al-4V components with speci-
fied rhombus surface textures using SLM and then tracked it up with post-heating
in N, (nitriding), which caused thick coatings to develop on the patterned surfaces.
The results of the investigation showed that surface texturing improved the mate-
rial’s wear resistance while assisting in lowering the coefficient of friction from
0.343 to 0.166.

For example, surface texturing in different orthopedic applications uses a
technology called laser surface texturing (LST) to modify surfaces (Guo et al.,
2018). Researchers carefully investigated LST for functionalizing surfaces. LST
improved implant performance in the area of orthopedic applications. In addition
to strengthening their mechanical interaction with bones, it has increased the mate-
rials’ biocompatibility (Wahab et al., 2016). Laser induced periodic surface texture
(LIPSS) has also assisted in enhancing the performance of biomaterials. Given
that the laser intensity is more or less equivalent to the material’s damage thresh-
old, these structures, which take the shape of consistent ripple patterns, are simple
to recreate on any material. The majority of laser surface texturing research has
been conducted on flat substrates. Several processing disturbances are encountered
when processing complicated forms, for instance, the acetabular shells used in
complete hip replacements. This problem is resolved by creating these spherical
components using the LPBF approach, which can create these parts in a form that
is very close to a net.

4.6 AM ORTHOPEDIC COMPONENTS’” CORROSION BEHAVIOR

As covered in earlier sections, orthopedic applications frequently use titanium and its
alloys produced using AM. Considering the characteristics and functioning circum-
stances of implants, their success is heavily dependent on the final product’s tribolog-
ical performance, which is allegedly poor for titanium alloys, particularly Ti-6Al-4V
(Mariscal-Muiioz et al., 2016). These materials are vulnerable to corrosion because
the human body is exposed to a corrosive environment and this alloy has poor wear
resistance. Once corrosion begins, the passive layers on the material’s surface are
removed, causing the growth of new oxide layers. The development and build-up of
wear debris as a result of the full chain of events has an adverse effect on the patient
(Buciumeanu et al., 2018). Biomaterials created from 316 L stainless steel are also
employed in the creation of implants and prostheses besides Ti-6Al1-4V. They are pri-
marily employed in bone screws, different dental implants, and hip-knee prostheses.
Ti-6Al1-4V is employed in high-load applications in addition to 316 L stainless steel
due to its low weight, substantial strength, biocompatible nature, elevated stability,
and superior corrosion resistance (Sun et al., 2016). Titanium alloys are demonstrated
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to have superior surface characteristics like corrosion and biocompatibility in com-
parison to stainless steel.

Anodic oxidation, one of the strategies listed above, is quite helpful in reducing
the rate of corrosion in metallic components. It has also improved the electrochemi-
cal and tribological characteristics of certain titanium alloys. Additionally, it saves
time and money, and it is incredibly simple to use (Revilla et al., 2018). Researchers
discovered that anodizing titanium alloys increased their corrosion and wear resis-
tance (Luz et al., 2018). Researchers created multilayer Ti-6Al1-4V/316L substrates
using laser powder bed fusion (Turalioglu et al., 2021). TiO, was applied as a layer
on Ti-6A1-4V/316 L using the anodic oxidation technique. The study found that com-
pared to non-anodized specimens, anodized specimens had much superior wear and
corrosion resistance.

4.7 OBSTACLES WITH AM ORTHOPEDIC IMPLANTS

The majority of industrial sectors worldwide have already started implementing
intelligent manufacturing techniques like machine learning (ML), computing, arti-
ficial intelligence (AI), and the Internet of Things (IoT) in their networks. Such
methods constitute a barrier to advancing AM since they have not yet been com-
monly incorporated with AM technology in orthopedic applications. Process vari-
able factors such as layer thickness, internal structure, printing direction, size of
metal particles, printing speed, supportive material, and after-printing procedures
have a significant impact on the majority of additively manufactured orthopedic
items, such as bone screws. Before printing, all of these variables must be opti-
mized to get the greatest quality. Many implant qualities might be impacted if one
parameter is not adequately optimized. By properly optimizing these parameters,
using different ML algorithms may assist in increasing the implant quality. Another
significant issue with AM that precludes it from being utilized for large manufactur-
ing is scalability. Only a relatively small number of medical practitioners and engi-
neers have the acquaintance and expertise to scale up the technology economically,
and AM requires manual inputs for running machines. Additionally, AM must be
extremely dependable in creating consistent high-quality components at greater
rates (Agarwal et al., 2022).

The absence of manufacturing in real-time is another major issue in AM
orthopedic parts. This is especially important for operations where a lack of
communication between the medical doctor and the design engineer can lead to
delays in part manufacturing and can have serious consequences for the patient’s
health. This is mainly because several software are required for the design, slic-
ing, and correction of mistakes, which the medical practitioner is not familiar
with and therefore has to rely on someone else (Putra et al., 2020). Another cur-
rent issue with orthopedic parts is the use of identical products with standardized
geometry, such as bone screws, for fractured bones in all age groups. Due to their
less thick bones, older individuals may experience bone screws loosening if bone
screws are used with the same geometry for all age groups. Making personal-
ized, age-specific items using AM is a simple solution to this issue (Chandra &
Pandey, 2020).
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4.8 CONCLUSIONS

The main topic of this chapter is the tribological behavior of components made via
AM. Tribocorrosion is a manifold phenomenon that includes mechanical, physical,
and electrochemical elements. Tribocorrosion is reliant on several conditions since
it combines tribology with corrosion. The capacity of AM to work with compli-
cated geometries may be used to create orthopedic implants with intricate shapes
and textures. AM affects a few factors that are crucial for maintaining the durabil-
ity and effectiveness of implants, particularly when they are subjected to prolonged
frictional conditions. When it comes to orthopedic implants, the performance of
various materials in corrosive conditions is harmful, and the usage of titanium
alloys has produced improved surface qualities in contrast to other metals. Anodic
oxidation is particularly effective at reducing the rate of corrosion in metallic
components.
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5.1 INTRODUCTION

A significant transition is now taking place in the field of materials science and produc-
tion as a result of the contemporary era’s fast technological breakthroughs. The Laser
Powder Bed Fusion (LPBF) method, a additive manufacturing (AM) approach that has
ushered in a new era of accuracy, customization, and efficiency in the creation of com-
plex components, is one of the most promising breakthroughs to emerge in recent years
(Yuan et al., 2018; Ranjan et al., 2023; Tyagi et al., 2023). While LPBF has found uses
in a range of sectors, including healthcare and aerospace, one in particular bears great
promise: tribological applications. Tribology, the study of friction, wear, and lubrica-
tion, is essential to guaranteeing the dependable and effective operation of mechanical
systems and machinery (Rosenkranz et al., 2019). Since components that interact under
sliding, rolling, or abrasive circumstances are designed and manufactured differently
now than they once did, the incorporation of LPBF into tribological applications con-
stitutes a substantial change in that regard (Renner et al., 2021).

This study intends to offer a thorough examination of potential developments in the
LPBF process for tribological applications (Nazir et al., 2023; Narasimharaju et al.,
2022). Tribology is a crucial component of contemporary engineering, affecting every-
thing from the effectiveness of energy conversion systems to the performance and life-
time of automobile components (Tung and McMillan, 2004). It is of utmost importance
in both academic and industry circles to create cutting-edge materials and production
techniques that can improve tribological performance. Because of its potential to fun-
damentally alter the way tribological components are designed, made, and optimized,
LPBF has drawn a lot of interest in this area. A high-powered laser is used in the LPBF
method, also known as selective laser melting or direct metal laser sintering, to produce
three-dimensional structures layer by layer from powdered materials, usually metals
(Khan et al., 2020; Mahale et al., 2022). It has attracted attention as a possibility for
tribological applications, where the optimization of material composition and micro-
structure is crucial, due to its capacity to make complex and customized components
with outstanding material characteristics. In comparison to conventional subtractive
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manufacturing techniques like machining, this technology has several advantages,
including less material waste, shorter lead times, and the capacity to create extremely
complex geometries that were previously impractical or prohibitively expensive to make
(Wang et al., 2022; Lozano et al., 2022; Vaezi et al., 2013).

It is crucial to consider the present state of the art and the main issues that research-
ers and business experts are now trying to solve to comprehend the future develop-
ments in LPBF for tribological applications. The study of tribology has always relied
significantly on empirical research and experimentation. Based on prior knowledge
and readily accessible materials, components were developed and produced, and rig-
orous testing was carried out to evaluate their tribological performance. Even while
this strategy has resulted in substantial advancement, it is intrinsically unable to tap
into the full potential of novel materials and production methods. The LPBF technique
promises a paradigm change in tribological research and development because of its
fine control over material deposition and the possibility to customize microstructures
at the microscopic level (Fu et al., 2022; Pandiyan et al., 2022). Utilizing the special
qualities of LPBF enables engineers and scientists to develop and fabricate compo-
nents particularly optimized for tribological applications. One of the main drivers
influencing future advancements in LPBF for tribological applications is this transi-
tion from empirical to knowledge-driven design. The capacity to produce custom-
ized material compositions and microstructures is the most significant component of
LPBF’s influence on tribology (Cunha et al., 2022). Traditional production procedures
sometimes restrict material possibilities to those that are easily available in quantity
(Crini, 2006). LPBF allows for the use of powder mixes with customized composi-
tions, enabling to production of innovative materials optimized for specific tribologi-
cal circumstances (Nazir et al., 2023). Depending on the application, researchers can
create alloys with increased hardness, wear resistance, or lubricity. LPBF provides
fine control over the microstructure of the material, allowing for the adjustment of
grain size, orientation, and phase distribution to optimize tribological characteristics
(Knezevic et al., 2021; Kong et al., 2021). Another important component of LPBF’s
tribological potential is its capacity to construct complicated and elaborate geometries
that were previously difficult or impossible to obtain. The structure and surface char-
acteristics of components can significantly affect friction, wear, and lubrication in
tribological applications (Rosenkranz et al., 2021). The flexibility of LPBF enables
the construction of components with carefully regulated surface patterns, textures,
and characteristics that might affect tribological performance (Elambasseril et al.,
2023). With this skill, designers may create high-performance bearings, seals, and
other parts that can function more effectively and last longer. When it comes to quality
assurance and process control, LPBF has a distinct edge. Layer-by-layer building tech-
niques (LPBF) provide real-time build process monitoring, enabling early discovery
of flaws and deviations from the original design. In tribological applications, where
the dependability and consistency of components are critical, this skill is essential
(Imani et al., 2018; Chadha et al., 2023). Researchers and manufacturers may make
sure that tribological components satisfy the highest requirements of performance and
reliability by incorporating cutting-edge monitoring and quality assurance tools into
the LPBF process. The potential of LPBF in tribology goes beyond making specific
parts. It creates possibilities for the creation of integrated systems and assemblies with
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improved tribological characteristics. Researchers may create intricate mechanical
systems with embedded sensors for real-time monitoring of wear and friction, inter-
nal lubrication channels, and self-lubricating surfaces (Peng et al., 2022). By lesser
maintenance requirements, increasing efficiency, and prolonging the operating life of
crucial components, these breakthroughs have the potential to revolutionize sectors
including automotive, aerospace, and energy (Basheer et al., 2020).

While the potential benefits of LPBF in tribological applications are significant,
various problems and research pathways must be addressed before this potential
can be completely realized. These difficulties include optimizing process param-
eters for individual materials and applications, building trustworthy prediction
models for tribological performance, and assuring LPBF scalability and cost-
effectiveness for mass production. The incorporation of LPBF into current supply
chains and quality assurance standards is a challenging undertaking that must be
approached with caution (Ravalji and Raval, 2023). The use of the LPBF technique
in tribological applications is an exciting new area in materials research and indus-
try (Rahmani et al., 2023). The capacity of LPBF to develop bespoke materials,
complicated geometries, and integrated systems has the potential to revolutionize
the way tribological components are designed and manufactured (Gu et al., 2021;
Jalalahmadi et al., 2021). This research paper will go further into the present sta-
tus of LPBF in tribological applications, investigating recent advances, continuing
research efforts, and future trends impacting the landscape of this intriguing topic.
We want to contribute significant insights to researchers, engineers, and industry
experts by analysing the problems and possibilities presented by LPBF.

5.2 FUNDAMENTALS OF LPBF FOR TRIBOLOGICAL APPLICATIONS

LPBF, also known as Selective Laser Melting (SLM), is a cutting-edge AM method
that has received a lot of interest in recent years because of its promise in a variety
of technical domains, including tribological applications. Figure 5.1 shows the sche-
matic diagram of the LPBF working process. This section delves into the principles
of LPBF and how it may be used to solve tribological problems.
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FIGURE 5.1 Schematic of the Laser Powder Bed Fusion working process (Huber et al., 2018).



68 Tribological Aspects of Additive Manufacturing

5.2.1 INTRODUCTION TO LPBF

LPBF is an AM method of the powder bed fusion family. It entails selectively melt-
ing a powdered substance with a high-energy laser beam to layer by layer construct
a three-dimensional object. LPBF is very accurate and provides good material place-
ment control, making it ideal for constructing delicate and complicated geometries.
When developing components for tribological applications, this level of control is
critical since specific surface characteristics and material composition may have a
considerable influence on friction, wear, and lubrication qualities.

5.2.2  MATERIAL SELECTION AND CHARACTERISTICS FOR TRIBOLOGY

Material selection is an important factor in LPBF for tribological applications. The
material used has a significant impact on the performance and lifetime of compo-
nents in tribological systems. Several things must be considered:

The material used in LPBF must be compatible with the tribological conditions it
will be subjected to. Materials having great temperature resistance, such as nickel-
based superalloys, may be favoured in high-temperature applications, for example.
High-wear resistance materials are critical for lowering the wear rate of components
in tribological systems. For this reason, hardened steels, ceramics, and carbides
are frequently employed. Some tribological applications necessitate materials with
inherent lubricity or the capacity to efficiently retain lubricants. In such instances,
self-lubricating materials, such as certain polymers or composites, are useful. LPBF
enables fine control over the microstructure of materials, allowing them to be cus-
tomized to improve their tribological characteristics. For example, the distribution of
phases, grain size, and orientation may all be optimized to enhance wear resistance
and minimize friction.

5.2.3 TriBoLoGICAL CHALLENGES ADDRESSED BY LPBF

Tribological systems are concerned with the investigation of friction, wear, and lubri-
cation phenomena, which are all critical to the performance and dependability of
mechanical components. LPBF can address several tribological issues:

Parts with exceptional surface quality may be produced with LPBF, minimizing
the need for extra post-processing. A smoother surface can reduce friction and wear,
hence improving tribological performance. LPBF enables the design of complicated
geometries, such as internal channels and textured surfaces, to increase lubricant
distribution and minimize friction. LPBF allows for component customization
depending on unique tribological criteria. Bearing surfaces, for example, can be
constructed with specific roughness profiles to optimize lubrication. LPBF may
mix different materials in a single component, enabling the development of hybrid
constructions with a balance of qualities such as wear resistance and toughness.
Because it selectively melts the powder, LPBF is noted for its material efficiency.
When compared to standard subtractive manufacturing processes, this lowers mate-
rial waste. The capacity of LPBF to rapidly create prototypes and small batches of
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FIGURE 5.2 Internal and external factors that affect the LPBF process.

parts is useful for testing and optimizing tribological designs before large-scale
manufacturing. Heat treatments and post-processing processes can be used to
improve the tribological qualities of LPBF components. Stress relief, surface hard-
ening, and coating deposition are all examples of this.

According to the findings of this study, LPBF is critical for realizing its promise in
tribological applications. LPBF’s precision control over material properties and com-
ponent shape offers new avenues for tackling tribological difficulties and creating
components with enhanced friction, wear, and lubrication attributes. As technology
advances, LPBF is set to play an increasingly important part in tribology’s future,
allowing novel solutions for a wide range of industries and applications. Figure 5.2
shows that internal and external factors affect the LPBF process.

5.3 STATE OF THE ART IN LPBF FOR TRIBOLOGICAL APPLICATIONS

In the area of tribological applications, LPBF technology has advanced significantly,
providing creative answers to problems including friction, wear, and lubrication. We
go into the most recent advancements and significant accomplishments in LPBF for
tribological applications in this part.
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5.3.1 Case STUDIES

Numerous case studies and success stories over the previous ten years have demon-
strated the effectiveness of LPBF in tribological applications. One prominent instance
is the aircraft sector, where components made by LPBF have been used to improve
fuel economy and lower maintenance costs. For example, LPBF has been used to
create components made of lightweight, high-strength titanium alloy with custom-
ized surface qualities, decreasing wear and friction in crucial aviation systems. In
the automobile industry, LPBF has proven its skill in creating specialized parts with
complex internal structures that are enhanced for tribological performance, such
as gears and bearings. The fuel efficiency and durability of the vehicles have sig-
nificantly increased as a result of this customization. The application of LPBF in
the medical industry allows for the creation of joint implants from biocompatible
metals like titanium and cobalt-chromium alloys. The lifetime and functionality of
these implants in the human body depend on their outstanding tribological qualities,
which lower friction and minimize wear. The tribological capabilities of components
manufactured by LPBF have been improved because of advancements in material
development. New materials and alloys being investigated by researchers aim to pro-
vide better thermal stability, decreased friction, and enhanced wear resistance. For
instance, progress has been made in the creation of self-lubricating materials that
embed solid lubricant particles into the metal matrix. Under high pressure, these
materials release lubricants that reduce wear and increase component longevity.
Many scientists have already looked at the addition of nanoparticles like graphene
and molybdenum disulfide to LPBF feedstock powders. Due to the outstanding lubri-
cation and strengthening that these nanoparticles can offer, LPBF components are
now even more wear- and temperature-resistant. In tribological applications, achiev-
ing the desired surface finish is essential. Due to the AM technique’s layer-by-layer
construction, LPBF items often have a rough surface. Advanced post-processing
methods have been created, nevertheless, to enhance tribological performance and
surface quality. Surface finishing via abrasive techniques like grinding and polishing
is one such method.

These techniques can smoothen the surface and lessen its roughness, reducing
wear and friction. To alter the surface chemistry, improve lubrication, and decrease
adhesion, chemical and electrochemical treatments are being investigated. The
application of laser-based surface texturing in LPBF is a further potential direction.
Component surfaces can be given micro- and nanoscale textures to attract and hold
lubricants, produce hydrodynamic effects, and lessen friction. This cutting-edge
method can significantly improve the tribological characteristics of LPBF compo-
nents. Several obstacles still exist in LPBF for tribological applications despite the
substantial progress that has been made. Controlling residual stresses and microstruc-
tural flaws in components produced by LPBF is a major problem. These variables
may have an impact on a component’s mechanical and tribological characteristics. To
reduce residual stresses and improve material qualities, researchers are actively striv-
ing to optimize process variables and heat treatments. The requirement for standard-
ized testing and characterization techniques especially designed for LPBF-produced
tribological components presents another difficulty. For correct evaluation of the
wear resistance, friction, and lubrication qualities of these parts, trustworthy testing
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procedures must be established. Exciting opportunities exist for the use of LPBF
in tribological applications in the future. Multi-material printing, which enables the
integration of many materials with diverse tribological characteristics into a single
component, is a research area that is receiving more attention. This creates possibili-
ties for the development of hybrid constructions that display customized tribological
behaviour in different parts of a component.

It is projected that LPBF will increasingly be used with other production tech-
niques including post-machining and surface treatments. Components with improved
surfaces and improved tribological properties can be produced using LPBF in com-
bination with conventional production methods. Based on the information in this
section, it can be concluded that LPBF has become a game-changing technology in
tribological applications. LPBF is well-positioned to play a key role in tackling fric-
tion, wear, and lubrication concerns in a variety of sectors thanks to success stories
in the aerospace, automotive, and medical domains as well as continuous material
breakthroughs and surface finish improvements.

5.4 DESIGN CONSIDERATIONS FOR TRIBOLOGICAL PERFORMANCE

In LPBEF, it is crucial to design components with optimized tribological performance.
Tribology is the study of friction, wear, and lubrication, and it is essential for figur-
ing out how effectively and long-lasting engineering systems operate. The following
design factors can have a major influence on tribological performance in LPBF:

5.4.1 TororLoGgy OprTIMIZATION FOR LPBF COMPONENTS

A computational design strategy called topology optimization uses algorithms to
identify the most effective material distribution within a particular design space.
Engineers may design buildings using this method that are both lightweight and
tribologically very effective. Manufacturing complicated, optimized geometries is
where LPBF excels. With the capacity to print complex lattice structures or internal
channels, component weight may be decreased while tribological qualities are main-
tained or even improved.

5.4.2 LATTICE STRUCTURES AND THEIR TRIBOLOGICAL BENEFITS

The recurring, open-cell geometries of lattice structures distinguish them. They
provide various tribological benefits, such as reduced weight, increased lubricant
retention, and improved heat dissipation. Lattice structures can be designed to meet
certain tribological needs. Some lattice designs, for example, are better at trapping
and spreading lubricants than others at dissipating heat created during frictional
contact.

5.4.3 SuRrACE TEXTURING AND ITs IMPACT ON FRICTION AND WEAR

Surface texturing is the process of incorporating microscale or nanoscale character-
istics into component surfaces. These textures can influence tribological behaviour
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by retaining lubricants, lowering adhesion, and changing frictional contact. LPBF
may be used to generate highly precise textured surfaces, allowing for customized
patterns and geometries to meet specific tribological requirements.

5.5 CHALLENGES AND FUTURE DIRECTIONS

While LPBF has a lot of potential for tribological applications, there are some barri-
ers and future approaches to consider:

5.5.1 REesIDUAL STRESSES AND MICROSTRUCTURAL DEFECTS

Because of the fast heating and cooling, LPBF naturally produces residual stresses
and microstructural flaws in manufactured items. These variables can have an impact
on tribological performance. Researchers are attempting to minimize residual
stresses and flaws by optimizing LPBF process parameters such as laser power, scan-
ning speed, and construction orientation. Advanced heat treatments are also being
investigated as a means of mitigating their effects.

5.5.2 STANDARDIZATION AND TESTING PrROTOCOLS

It is critical to develop standardized testing and characterization techniques for
LPBF-produced tribological components. These techniques guarantee that wear
resistance, friction, and lubrication qualities are consistently and reliably assessed.
To produce comprehensive testing standards and recommendations, collaboration
between academics, industry, and regulatory agencies is required.

5.5.3 MuLti-MATERIAL PRINTING AND INTEGRATION

Multi-material printing, or the integration of several materials with varied tribo-
logical characteristics into a single component, is an interesting future path. This
method permits the development of hybrid constructions with specific tribological
behaviour in different parts of a component. Researchers are investigating strate-
gies for blending multiple materials smoothly throughout the LPBF process, allow-
ing for fine control over material transitions and characteristics within a single
component.

5.6 INDUSTRY APPLICATIONS AND CASE STUDIES

Due to LPBF’s adaptability for tribological applications, it has been adopted by sev-
eral industries, each with its own set of difficulties and successes:

In the automobile sector, LPBF is increasingly used to produce vital parts includ-
ing gears, bearings, and lightweight structural elements. These parts gain from
LPBF’s capacity to design complex geometries and perfect material placement
for enhanced tribological performance. LPBF has been used in aerospace applica-
tions to provide lightweight, very durable components with less wear and friction.
Because of LPBF’s ability to deal with cutting-edge materials like titanium alloys
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and superalloys, aviation systems have changed and maintenance costs have gone
down. By making it possible to create specialized orthopaedic and joint implants
with exceptional biocompatibility and tribological qualities, LPBF has revolution-
ized the biomedical industry. Patients gain from implants that last longer and have
fewer issues from use. To create components that are wear-resistant and utilized
in drilling and exploration equipment, the oil and gas industry has adopted LPBF.
With the use of LPBF, the energy sector has also produced effective turbine parts
with improved tribological characteristics.

5.7 CONCLUSIONS

Based on review work, it has been observed that LPBF has become a fast growing
technology in the field of tribological applications. It is clear from case studies and
success stories from a variety of sectors that LPBF can handle significant problems
with friction, wear, and lubrication. The creation of new materials, improvements to
surface finishes, and design factors like topology optimization and lattice structures
have all increased the possibilities of LPBF in tribology.

There are also difficulties in establishing standardized testing procedures and
controlling residual strains. These difficulties, together with upcoming trends like
multi-material printing and seamless integration, give exciting chances for LPBF for
tribological applications to continue growing and innovating. The future of engineer-
ing systems across a variety of sectors is expected to be significantly shaped by LPBF
as it develops and gains wider adoption. LPBF is poised to make a substantial contri-
bution to the creation of more effective, long-lasting, and dependable components in
the field of tribology through continued research and collaboration.
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6.1 INTRODUCTION

The term “composite material” is narrated as a combination of at least two different
materials with different physical, chemical, electrical, and thermo-mechanical prop-
erties that produces a new material with better properties than that of the individual
material. From ancient times, one material was combined with other materials to
produce a new material with improved properties, such as the mixing of mud into the
hay for fabricating powerful mud walls, rubber in carbon black, steel rod in concrete,
fiberglass in resin, and sand in the cement (Nirmal et al., 2011; Singh et al., 2021).
Recently, polymer composites (PCs) have attracted researchers’ attention because
of their excellent thermo-mechanical characteristics. In order to address the rising
need for high wear and frictional resistance in materials, various researchers have
fabricated natural fiber (NF)-based PCs. NF PCs find extensive utilization across
various engineering disciplines due to their wide range of applications. NFs pos-
sess significant potential as reinforcement materials in polymers for a wide range of
industrial applications, thereby exerting a substantial influence on socioeconomic
progress. Due to their cost-effectiveness, these materials are particularly well-suited
for applications in storage devices, low-cost housing, automotive interiors, packag-
ing, and the construction sector (Shuhimi et al., 2017).
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Numerous varieties of NFs can be identified, including jute, flax, banana, oil palm,
kenaf, hemp, bamboo, and sisal fiber. The utilization of NFs as reinforcement for PCs
has experienced a surge in interest in the current era. This heightened attention can
be attributed to the advantageous characteristics exhibited by these fibers, including
but not limited to their low density, high specific strength, lightweight nature, cost-
effectiveness in processing, renewability, non-toxicity, and biodegradability (Nishino
et al., 2003; Shehu et al., 2014). Composite science presents substantial opportunities
for the development of enhanced materials derived from renewable resources, thereby
contributing to the advancement of global sustainability (Bongarde et al., 2014).
The field of tribology plays a crucial role in enhancing the dependability of various
machine components and systems. The subject matter pertains to the examination
of lubrication, wear, friction, and other phenomena that occur between surfaces that
are in relative motion with each other. Every individual element within a mechanical
system experiences degradation and energy losses due to wear and friction. According
to research findings, it has been predicted that the friction and wear losses pertain-
ing to significant mechanical system components can contribute to as much as 63%
of the overall expenses (Medalia, 1980). The increasing focus on the optimization of
systems and energy efficiency, along with the consideration of cost-effectiveness, has
generated a growing fascination in the domain of tribology.

The preceding decade has observed significant advancements in the field of tribol-
ogy pertaining to PCs that are exposed to NFs. Extensive research was undertaken
on both synthetics and NFs. Figure 6.1 depicts the quantity of scholarly articles that
have been published within the last 20years regarding research endeavors in the
domain of tribology, specifically focusing on both synthetics and NFs. This observa-
tion signifies the growing global research interest in the subject matter. The latter
half of the 20th century was primarily characterized by a significant emphasis on
tribology research. However, the initial period of the 21st century witnessed a shift
in attention towards renewable sources of NFs, primarily for the purpose of tribo-
composite applications, driven by concerns surrounding environmental matters.
During the current era, a multitude of scientific investigations have been conducted
pertaining to the utilization of plants as alternative resources in various industrial
applications. The subject of interest regarding the utilization of plant-based alterna-
tives for industrial purposes has led (Faruk et al., 2012) to refer to the present era as
the “cellulose era.” Consequently, the researchers deem it suitable for compilation of
research endeavors associated with the tribological performance of NFs in PCs. This
presentation will provide information on the historical and scientific advancements
in tribology, specifically focusing on NFs and PCs. It is important to acknowledge
that this book chapter will solely focus on the frictional and wear properties of syn-
thetic PCs reinforced with plant-derived NFs, as the science of tribology includes
various testing modes of considerable complexity.

Therefore, the above discussion suggests that PCs are widely utilized in a range
of tribological applications, including dry sliding bearings, gears, and rollers. This
is primarily due to their inherent benefits, such as their self-lubricating properties,
resistance to corrosion, and high specific strength (Nishino et al., 2003; Shehu et al.,
2014). The incorporation of different fillers or reinforcing fibers has been widely
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FIGURE 6.1 Number of research paper published related to wear and friction of NFs and
synthetic fibers.
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ogy, NFs composites, and synthetic fibers composites.

acknowledged as a means to enhance the tribological performance of polymers
(Shuhimi et al., 2017; Nishino et al., 2003; Shehu et al., 2014). When considering
the comparison between short fibers and continuous fiber reinforcements, it becomes
evident that continuous fibers provide certain advantages. These advantages include
a higher fiber volume percentage and more efficient load transmission between the
matrix and fibers. Consequently, these reinforcements possess the capability to sub-
stantially enhance the load-bearing capacity and WRE of PCs (Singh et al., 2021).
Nevertheless, the conventional manufacturing methods used for producing continuous
fiber-reinforced composites (FRCs), such as pultrusion, filament winding, automated
tape laying, automated fiber placement, and resin transfer molding, have certain limi-
tations. These limitations include the high cost of molds and metal tools and limited
structural flexibility (Huimin et al., 2017; Liu et al., 2020). In the past few decades,
research has focused more on the production of additively manufactured continuous
FRCs, owing to the ongoing advancements and larger acceptance of 3DP, also known
as AM technology. This phenomenon can primarily be attributed to its inherent capa-
bility to convert complex geometries into their ultimate form without necessitating the
use of molds or specialized tools.

The process of 3DP involves the utilization of AM techniques to create a diverse
range of components. On March 9, 1983, Charles W. Hull successfully produced
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the first 3DP component through the process of stereolithography. This ground-
breaking achievement involved the utilization of an original printing machine to
fabricate a teacup (Jimenez et al., 2019). The 3DP technology operates on the fun-
damental principle of incremental material deposition, wherein successive layers
are added to fabricate the desired component. A comprehensive comprehension
of the manufacturing principles associated with each method is an essential pre-
requisite in the process of identifying the underlying cause of every tribological
issue. Furthermore, it is imperative to acknowledge that the selection of materials
employed during the manufacturing process significantly influences the TPs exhib-
ited by the end product.

Therefore, it is anticipated that this chapter will offer a comprehensive analysis
of the research conducted over the past 10 years, focusing on the various 3D-printed
AM NFRCs. Additionally, it will examine the performance of these composites in
terms of surface roughness, friction, wear, contact conditions, test parameters, and
their respective applications. In accordance with the established writing process, this
discourse aims to adequately address the limitations and shortcomings present in
research endeavors pertaining to the field of tribology on 3D-printed AM FRCs. The
intention is to provide a foundation for future investigations in the field of tribology
pertaining to 3D-printed AM fibers and their composites.

6.2 NATURAL FIBERS

NFs are received from organic sources and can be transformed into filaments,
threads, or ropes, as well as utilized in various forms such as mats, woven fabrics,
knitted textiles, or bindings. NFs can be categorized into three distinct groups,
such as mineral, plant, and animal fibers (Tesinova et al., 2011). The automotive
industry favors the use of plant-based NFs as reinforcements for structural appli-
cations owing to their superior strength (Holbery & Houston, 2006). Figure 6.2
illustrates the classification of NFs. PCs, which are fortified with fibers, exhibit a
superior strength-to-weight ratio when compared to metals. Fiber-reinforced PCs
have been widely utilized in the aerospace industry due to these crucial properties.
Bamboo fiber, with a production rate of 30,000 metric tons, and sugarcane bagasse,
with a production rate of 75,000 metric tons, are two of the most abundant NFs
globally. In addition to ramie (100), abaca (70), flax (830), hemp (214), coir (100),
sisal (375), jute (2,300), and kenaf (970) are among the various fibers that are read-
ily accessible on a global scale (Rajak et al., 2019; Zagho et al., 2018; Milosevic
et al., 2020).

The NFRC consists of a polymer matrix that has been infused with a diverse range
of NFs, including sisal, flax, jute, coir, hemp, kenaf, and betelnut. In general, poly-
mers can be classified into two distinct categories: thermosetting and thermoplas-
tics. Both of these polymers are utilized in the fabrication process of the composite
(Singh et al., 2021). Various polymers exhibit distinct properties, which subsequently
determine their diverse range of applications. In a thermoset’s polymers, only a few
kinds of polymers with diverse applications are included. Polyester is utilized in the
field of composite materials (CMs), specifically in bearing applications. On the other
hand, epoxide finds its application in boat hulls and CMs. Polyurethane materials
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FIGURE 6.2 Classification of NFs (Milosevic et al., 2020; Sathish et al., 2021).

are utilized in the composition of refrigerator parts. Polyimides have also been uti-
lized in the construction of circuit boards and the manufacturing of airplane bodies
(Parikh and Gohil, 2017; Nirmal et al., 2015; Chaudhary et al., 2018; Chand et al.,
2008). Similarly, in the category of thermoplastic polymers, there is a significant
multitude of available polymers. Certain thermoplastic polymers, such as acrylics,
find utility in various applications, including lenses for automotive lights and name
tags. Polyethylene is commonly utilized in various applications such as wire and
cable insulation, car interiors, containers, ballpoint tubing, and fans. Polyvinyl chlo-
ride is commonly utilized for the purpose of piping and floor tiles. Polystyrene is
commonly employed in various applications, such as cups, vending machines, and
packaging. Another variant of polymer that is accessible is referred to as an elasto-
mer. Within the classification of elastomers, there exists a range of polymers that are
employed for diverse applications. Natural rubber is commonly utilized in various
industries for the production of hoses, belts, mats, gloves, and other related products.
Silicone rubber is utilized in various applications, including adhesive bonding and
the manufacturing of O-rings. Polybutadiene is commonly employed in the manu-
facturing of automobile tires. Epichlorohydrin is employed in the process of water
purification for the purpose of handling explosives. Polyether block amide (PEBA)
is utilized in various applications such as footwear, insulators, and components of
damping systems (Nirmal et al., 2015; Chaudhary et al., 2018; Chand et al., 2008;
Keerthiveettil et al., 2022).

The study examines the hydrophilic properties of NFs (Shehu et al., 2014) and
investigates the impact of fiber stacking on the properties of the CM (Medalia
et al., 1980). Typically, a higher level of fiber loading is necessary in order to attain
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enhanced performance from NFRC (Holbery & Houston, 2006). The chemical com-
position of NFs significantly influences the characteristics of the composite, which
are calculated by the relative amounts of cellulose, hemicellulose, pectin, lignin,
wax, ash, and moisture. The chemical composition of commonly found NFs is listed
in Table 6.1. On the basis of this table, one can infer that cellulose, being a primary
constituent of NFs, has a direct influence on the flexural modulus and Young’s modu-
lus of the material.

The effectiveness of NFRC is influenced by various factors, including its physical
properties, interaction between the fiber and the matrix microfibrillar angle, struc-
tural characteristics, presence of defects, cell dimension, and chemical properties
(Ramesh et al., 2014; Al-Ogqla & Sapuan, 2014; Dai & Fan, 2014; Weyenberg et al.,
2003). Several studies have indicated that the mechanical performance of NFRC is
dependent on the boundary conditions established by the matrix—fiber interface, spe-
cifically stress transfer. This stress transfer mechanism involves the transportation
of stress from the matrix to the fiber, as reported by various researchers (Jimenez
et al., 2019; Holbery & Houston, 2006; Zagho et al., 2018). The mechanical proper-
ties (MPs) of NFRC are influenced by various characteristic components of NFs,
including moisture absorption, orientation, volume fraction, physical appearance,
and impurities (Jayamani et al., 2014; Ren et al., 2012; Boopathi et al., 2012). These
factors are crucial in determining the MPs of NFRCs. The MPs of NFs are docu-
mented in Table 6.2.

TABLE 6.1
Typical Chemical Constituents of Prominent NFs (Sathish et al., 2021;
Nirmal et al., 2015)

Natural Cellulose ~ Hemicellulose Pectin Lignin Wax Ash Moisture
Fiber (%) (%) (%) (%) (%) (%) (%)
Jute 67 16 0.2 9 0.5 0.1 10
Flax 64.1 16.7 1.8 2 1.5 13.1 10
Sisal 65.8 11.5 0.8 9.9 0.3 42 10
Pineapple 80.5 17.5 4 8.3 33 0.9-4 -
Cotton 82.7 5.7 5.7 28.2 0.6 - 10
Ramie 68.6 13.1 1.9 0.6 0.3 4.2 10
Bamboo 345 20.5 0.37 26 - 2.3 11.7
Oil palm 42.7-65 17.1-33.5 - 13.2-25 0.6 1.3-6 -
Abaca 56-63 15-17 0.3 7-9 0.1 32 -
Sugarcane 28.3-55 20-36.3 - 21.2-24 0.9 1-4 -
Coir 19.9-36 11.9-15.9 4.7-1 32.7-53 - - 0.4
Banana 48-60 10.2-15.9 2.1-4.1 14.4-21 3-5 2.1 2-3
Betelnut 35-64.8 29-33.1 9.2-15 13-26 0.5-0.7 1.1-2 -
Hemp 55-80.2 12-22.4 0.9-3 2.6-13 0.2 0.5-1 6.5
Kenaf 37-49 18-24 8.9 15-21 0.5 2.4-5 -
Bagasse 37 21 10 22 - - -

Nettle 86 10 - 4 4 - -




82 Tribological Aspects of Additive Manufacturing

TABLE 6.2

MPs of Some NFs (Sathish et al., 2021; Nirmal et al., 2015)

Natural Density Elongation Tensile Strength Young’ Modulus Specific
Fiber (g/cm?®) (%) (MPa) (GPa) Gravity
Jute 13-15 1.4-2.1 393-773 13-26.5 13-1.5
Flax 1.3-1.54 1.1-3.3 340-1,600 25-81 1.5
Sisal 1.3-16 3-7 468-640 9.4-22 13
Pineapple 0.8-1.6 14.5 400-627 1.44 1.4-1.6
Cotton 1.5-1.6 7-8 287-800 5.5-12.6 1.5
Ramie 14-15 1.2-38 400-938 61-128 1.5-1.6
Bamboo 1.2-15 1.9-3.2 500-575 27-40 0.4-0.8
Oil palm 0.7-1.6 4-18 50-400 0.6-9 1.1-12
Abaca 15 1.2-15 430-815 31.1-33.6 -
Sugarcane 1.1-1.6 6.3-7.9 170-350 51-62 14-15
Coir 1.2-1.6 14-30 170-230 3-7 1.2-14
Banana 0.5-1.5 2.4-3.5 711-789 4-32.7 1.1-1.2
Betelnut 0.2-0.4 22-24 120-166 1.3-2.6 1.3-14
Hemp 1.1-1.6 0.8-3 285-1,735 14.4-44 1.5
Kenaf 0.6-1.5 1.6-4.3 223-1,191 11-60 1.1-14
Bagasse 0.8-1 6.3-7.9 250-300 17-20 1.4-1.5
Nettle - 1.7 650 38 -

6.3 TRIBOLOGY

Tribology is the field of study that encompasses the examination of wear, friction, and
lubrication phenomena occurring between interacting surfaces. Currently, the primary
concern in design applications is the degradation caused by wear and tear when exposed
to relative motion. Furthermore, it is important to note that factors such as wear, fric-
tion, and heat cannot be entirely eliminated, although efforts can be made to mini-
mize their impact. During the early 1960s, heavy industries experienced a significant
increase in the failure of machine parts due to excessive wear and tear on the equip-
ment. This phenomenon led to substantial financial losses for these industries (Pan and
Zhong, 2015; Mahesha et al., 2017). The wear and performance of PCs are influenced
by operational parameters such as sliding distance (SD), sliding velocity (SV), and
applied load (AL). In some cases, an addition of NFs to the polymer can increase the
wear rate (WR) of the NFRCs. There are several types of tribometers available that are
used for the purpose of conducting wear tests. These include the pin-on-disk, pin-on-
drum, block-on-ring, block-on-disk, linear tribo machine, and dry sand rubber wheel
(Nirmal et al., 2015; Kim et al., 2002; Low et al., 2010; Mergler et al., 2004).

6.3.1 PIN oN Drum

Figure 6.3a demonstrates the representation of a pin-on-drum tribological equip-
ment. It is designed on the basis of the ASTM A514 standard. The movement of
the specimen is achieved in a linear fashion with the assistance of a power screw,
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FIGURE 6.3 A block diagram to show a layout of (a) pin on drum and (b) pin on disk
(Nirmal et al., 2015).

whereas the drum rotates at a predetermined speed with the use of a drive chain.
The tests undertaken may exhibit abrasive properties when the drum is coated with
abrasive paper, while in the absence of such a coating, the test demonstrates adhesive
characteristics. The utilization of testing involves a range of methodologies, includ-
ing the implementation of rotational rollers or analogous approaches to assess the
performance of products. This method is used to evaluate the effects of high-stress,
two-body abrasive wear. The experimental setup involves the translation of a cylin-
drical pin specimen across an abrasive paper, resulting in the removal of material
from the specimen and the simultaneous crushing of the stationary abrasive grains.
The wear phenomenon is hypothesized to replicate the wear experienced during the
crushing and grinding of ore, processes in which the abrasive particles are subjected
to crushing forces. This type of wear is commonly referred to as high-stress abrasive
wear (Nirmal et al., 2015; Kim et al., 2002).

6.3.2 PN oN Disk

The depiction of a pin-on-disk tribometer is illustrated in Figure 6.3b. The framework
has been implemented in accordance with the specifications outlined in the ASTM
G99 standard. The dimensions suggested for the specimen are 10X 10X 20mm?.
During the sliding process, the specimen experiences both perpendicular and hor-
izontal forces exerted on the counterface. It is important to note that the contact
area between the specimen and the counterface remains constant during the period
of sliding. The operational parameters of the system display are similar to those
observed in the block on ring arrangement. The utilization of testing encompasses a
diverse array of materials, with a specific emphasis on the assessment of sliding wear
(Nirmal et al., 2015; Low et al., 2010).

6.3.3 Brock oN RING

Figure 6.4a depicts the schematic representation of a block-on-ring tribo machine.
The building of the mentioned structure adheres to the guidelines outlined in
ASTM G77 and G137-95, which provide a recommended specimen dimension of
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FIGURE 6.4 A block diagram to show a layout of (a) block on ring and (b) block on disk
(Nirmal et al., 2015).

10x20x50mm?. The specimen is in parallel contact with the side of the rotating
counterface, and the contact area of the specimen shows fluctuations based on the
sliding time. A load cell is employed for the purpose of quantifying the frictional
forces exerted by a counterface. The counterface can be constructed using different
types of materials, such as stainless steel, cast iron, and aluminum. The utilization
of testing encompasses a multitude of facets, encompassing but not limited to the
assessment of sliding or rolling wear properties in rubber tires, bearings, camshafts,
and pulleys (Nirmal et al., 2015; Mergler et al., 2004).

6.3.4 BLock oN Disk

Figure 6.4b depicts the representation of a block-on-disk tribological equipment.
The specimen’s design adheres to the ASTM G99 standard, specifically following
the dimensions of 10x 10 x 20mm?. The test sample is subjected to a vertically ori-
ented counterface, with the contact area maintained at a constant value. To facilitate
the monitoring of temperatures at various interfaces during the testing procedure,
it is possible to incorporate a portable infrared thermometer into the block-on-disk
machine. The adhesive and abrasive characteristics of a test specimen were assessed
in a dry sliding environment. The motor is connected to a speed controller unit,
which is utilized to regulate the speed of an interface. The utilization of testing
encompasses a broad spectrum of applications that extend beyond the confines of
evaluating sliding wear in diverse materials, with a specific emphasis on the exami-
nation of the constant contact area (Nirmal et al., 2015; Mergler et al., 2004).

6.3.5 LINEAR TRIBO MACHINE

Figure 6.5a emphasizes the representation of a linear tribo machine. The coun-
terface, made of stainless steel, experiences linear motion through the use of a
power screw. Simultaneously, the specimens move within a container that contains
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FIGURE 6.5 A block diagram to show a layout of (a) linear tribo machine and (b) dry sand
rubber wheel (Nirmal et al., 2015).

abrasive particles for conducting an abrasive test. The experimental configuration
entails the coupling of a frictional indicator with a load cell for the purpose of
quantifying frictional forces. Furthermore, the implementation of a speed controller
is utilized in order to regulate the set SV of the counter surface. The application of
testing encompasses a range of aspects, including the evaluation of linear sliding
mechanisms such as windows, panels, door rails, hinges, and drawers (Nirmal et al.,
2015; Low et al., 2010).

6.3.6 DRy SAND RuBBER WHEEL

The representation of a dry sand rubber wheel is depicted in Figure 6.5b. The
construction of this product is based on the guidelines outlined in the ASTM
G65 standard. The suggested dimensions for the specimen are approximately
70%x20x7mm?3. The rubber wheel makes contact with the test specimen when
a load is applied. In order to perform the abrasive wear test on the specimen, a
controlled flow rate of sand is fed into the rubbing interfaces during the testing
procedure. When sand is not present, the test is limited to a solely adhesive mode.
The utilization of testing encompasses multiple facets, including the assessment of
roller performance, tire performance, bush performance, and bearing performance
(Nirmal et al., 2015; Kim et al., 2002).

6.4 DESCRIPTION OF AM 3DP TECHNIQUE

Presently, polymers are accessible in several physical forms, such as resins, reactive
monomers, filaments, and powders. These forms are utilized by diverse AM tech-
nologies to fabricate PCs. The most extensively studied AM technologies for the pro-
duction of PCs include direct write (DW), fused filament fabrication (FFF), binder
jetting (BJ), selective laser sintering (SLS), and stereolithography (SLA) procedures.
Several AM techniques have been employed based on factors such as complexity,
part shape, feedstock materials, processing limits such as resolution, and the ability



86 Tribological Aspects of Additive Manufacturing
TABLE 6.3
An Overview of AM Technique (Balla et al., 2019)
Process Matrix Reinforcement Feed Form
FFF Amorphous thermoplastics: Particles: Cu, Fe, W, graphene, Filament
Acrylonitrile butadiene styrene hydroxyapatite (HA), carbon
(ABS), polycarbonates (PC), nano tube (CNT), AL,O;, TiO,,
polylactic acid (PLA), CaTiO;, BaTiO,, tricalcium
polyethyleneimine, polyether phosphate (TCP), polymer
ether ketone (PEEK), blends (PC+ABS)
thermoplastic: polyurethane Fibers: Continuous carbon fiber
(CCF), glass fiber, carbon fiber
DW PLA, epoxy, polycaprolactone, Short carbon fiber, bioactive Slurry
hydrogel, elastomer glass, graphene, Fe;0,, CNT,
HA, SiC whisker, TCP, silica
SLS Semicrystalline form of polymers Glass, carbon, Al, Al,O;, TiO,, Powder
such as polypropylene, PEEK, silica, CaSiO;
polyamide (PA)
BJ Any polymer in powder form SiC, gypsum Powder
SLA Epoxy, acrylates acrylics AlLO;, CNT, graphene oxide, Photocurable
TiO,, BaTiO;, HA, TCP liquid

to deposit multiple materials. A more comprehensive analysis of these processes is
elaborated on in the subsequent sections. A comprehensive study of the AM tech-
nique is listed in Table 6.3.

6.4.1 Fusep FILAMENT FABRICATION

This technology, also known as fused deposition modeling (FDM), is widely recognized
as a predominant method for manufacturing PCs. During this procedure, a feedstock
material with a filament structure undergoes a melting process. Subsequently, it is placed
on a construction sheet in a predefined pattern after being extruded through a nozzle.
This technique aims to fabricate a 3D object that corresponds to the design represented
in a computer-aided design (CAD) model. Amorphous thermoplastics are frequently
employed in FFF owing to their wide temperature range and elevated viscosity. These
properties provide convenient processing using extrusion nozzles with a diameter rang-
ing from 0.2 to 0.5mm. The technique employs two distinct materials: one for the pri-
mary component and another for the supporting structures. These supporting structures
can be eliminated either by hand removal or by melting or dissolving. Figure 6.6a illus-
trates the procedure, which begins by introducing the feedstock filament into the extru-
sion head. Subsequently, heat is supplied to the filament and it is extruded via a nozzle
in a partially solidified condition using a solid filament and roller mechanism. Finally,
the extruded material is deposited onto a constructed sheet. A software application has
been developed for supporting tool paths and structures that are crucial for minimizing
customization of internal architecture, supporting build time, and improving the MPs
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FIGURE 6.6 Block diagrams of (a) fused filament fabrication and (b) direct write
(Balla et al., 2019).

of components. A solidification of the extruded material occurs through the process of
bonding with both the surrounding and previously deposited materials within a tem-
perature-controlled build chamber. This controlled environment serves the purpose of
maintaining the warmth of the existing deposits, thereby facilitating optimal bonding.
After the completion of each layer, the build platform undergoes downward movement
by a thickness ranging from 0.1 to 0.5 mm, followed by the subsequent deposition of the
following layer. Simultaneously, a distinct extruder is employed to construct the support
structures for each layer (Balla et al., 2019).

6.4.2 DIirect WRITE

The process is alternatively referred to as direct ink writing, 3D planning, and robo-
casting. The procedure bears resemblance to the FFF technique, wherein a high-
viscosity solution is administered via a computer-controlled precision syringe in
accordance with the CAD model, as depicted in Figure 6.6b. The apertures of the
nozzles can vary from 1 pm to greater than 1 mm, enabling the attainment of both
high resolution and rapid fabrication rates. The deposited component undergoes a
hardening process using post-fabrication methods such as heating or exposure to UV
radiation, utilizing reactive feedstock. The feedstock materials have the potential
to exist in various forms, such as hydrogel, paste, slurry, and solution; hence, this
method is highly adaptable. Nevertheless, the construction of overhang structures
is a significant challenge due to the inherent difficulty in maintaining the structural
integrity of the deposited material, which tends to be excessively soft and prone to
collapse. Hence, the inclusion of support structures may be necessary in instances
where components exhibit complex shapes (Xu et al., 2007).

6.4.3 STEREOLITHOGRAPHY

This technique requires the polymerization of a monomer, which is subjected to
electromagnetic radiation. Polymerization occurs sequentially, progressing from one
point to another, followed by a line-by-line process, and ultimately culminating in a
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layer-by-layer formation, all of which transpire at room temperature. The first step
involves lowering the construction platform to a level that corresponds to the thick-
ness of each layer to be cured. Subsequently, a laser beam is guided onto a surface
of the liquid to initiate the curing process, as illustrated in Figure 6.7a. The beam is
rastered in order to finish a single layer or cross-section, following the CAD model.
Subsequently, the constructed region experiences a decrease in elevation due to the
inclusion of each layer, and this iterative procedure is subsequently repeated. In order
to achieve effective bonding between layers and scans, it is necessary to carefully
regulate the cure depth, ranging from 25 to 500 pm, as well as the width. This can be
accomplished by employing a suitable scan speed and beam size. In contrast to con-
ventional AM approaches, in the context of SLA, the construction of the part follows
a bottom-up approach, as depicted in Figure 6.7a. Once the build process is finished,
the components undergo a curing procedure, which involves the application of heat
or photo-curing techniques. This curing step serves to enhance the MPs of the parts
(Manapat et al., 2017).

6.4.4 SELECTIVE LASER SINTERING

In this technique, a fine coating of powder is evenly distributed onto a constructed
region, often within a chamber with a controlled environment, utilizing the spread-
ing device. The fusion of the powder layer is achieved by employing a laser beam
with high power. This laser beam is then scanned over the surface of the bed using
an X-Y scanner, following the cross-section of the CAD model as depicted in Figure
6.6b. The thermal energy produced by the interaction between a powder and a laser
is sufficient to induce the melting of the powder, resulting in the formation of a solid
cross-sectional structure. The unaltered loose powder has the potential to provide
structural reinforcement for overhanging structures. The aforementioned procedure
is iterated for each individual cross-section subsequent to the application of a new
layer of powder to the constructed region. This is achieved by adjusting the con-
structed region and feed box incrementally by a thickness equivalent to one layer or
slice, approximately 100 pm. After the construction of all layers, the components are
subjected to a cooling process within a controlled environment, during which any
excess powder is eliminated (Athreya et al., 2011).
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6.4.5 BINDER JETTING

This procedure shows notable similarities to SLS and is alternatively referred to
as 3DP. The procedure involves the utilization of an inkjet printer to selectively
print liquid binder onto a powder bed, following the cross-section of a CAD model.
Following this, the construction platform quickly moves in response to a heat source
in order to remove any moisture present and aid in the drying process of the binding
agent, as illustrated in Figure 6.8. Proper drying is of utmost importance in order to
prevent the binder from permeating further into preceding layers, as this might have
adverse effects on the overall quality and attributes of the component. The printing
process involves the sequential layering of each subsequent layer, with loose powder
being expelled upon completion. The component involved in this particular proce-
dure is referred to as the “green component,” which requires cautious handling in
order to prevent any instances of damage or fracture. These green parts are subjected
to a heating process within an oven in order to induce solidification of the binder,
with the specific temperature and duration of the heating process depending upon the
type of binder employed (Utela et al., 2008).

6.5 WEAR PERFORMANCE OF 3D AM COMPOSITES

The following section presents a comprehensive overview of the TPs of 3D AM FRCs.

6.5.1 BioGeNic CARBON/PLA CoMPOSITE

Ertane et al. (2018) first fabricated the biocarbon-reinforced PLA filament composites
by employing FDM. In this study, the incorporation of biocarbon powders into PLA
was investigated at three distinct volumetric ratios: 5%, 15%, and 30%. The objective
was to develop PLA filaments with enhanced mechanical properties while maintain-
ing a consistent diameter of 1.75 mm, as demonstrated in Figure 6.9. Biocarbon refers
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FIGURE 6.8 Block diagrams of binder jetting (Balla et al. 2019).
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FIGURE 6.9 3DP biopolymers for tribological tests (Ertane et al., 2018).

to the carbon derived from vegetation, including trees, plants, and soils, which serves
as a natural mechanism for the absorption and sequestration of carbon dioxide from
the Earth’s atmosphere. PLA is a widely utilized bioplastic that is primarily gener-
ated from the starch found in various agricultural crops, including corn, sugarcane,
sugar beets, and wheat. In this study, they produced biocarbon through the pyroly-
sis of wheat stems. The production of the filaments involved the polymer extrusion
process. After the manufacturing of the filaments, the CAD designs were created
using SolidWorks software. Subsequently, the design data was converted into a stan-
dard template library, which was then processed into a 3D printable format using the
Simplify 3D software. It was observed that the PLA sample, which was fabricated
using a carbon volume fraction of 30%, has empirically demonstrated minimal wear
volume. Various wear mechanisms, such as fatigue wear and abrasion, were observed.
The behavior of both mechanisms is subject to the influence of the material properties
of the biocomposite, primarily characterized by alterations in stiffness and embrittle-
ment resulting from the reinforcement. Moreover, the coefficient of friction (COF) is
relatively higher at approximately 0.5, whereas no significant change is observed in
friction values when biocarbon is reinforcing. The stability of friction is observed for
a composite reinforced with 30% biocarbon in PLA as compared to neat PLA.

6.5.2 FLex YARN/PLA CoMPOSITE

Kanakannavar et al. (2021) investigate the TPs by reinforcing the flax yarn (NF
3D-braided woven fabric) (NEBF) into the PLA at different weight percentages (wt.%)
of fiber content, such as 18, 26, and 35. The analysis of the COF and WR of the
NFRCs is conducted using a pin-on-disk tribometer in a dry contact sliding condition.
This analysis is performed under various operating conditions, including different
SV and AL, while maintaining a fixed SD of 3,000 m. The research indicates that the
incorporation of NFBF into PLA results in a significant improvement in both the COF
and WR. The incorporation of NFBF in PLA improved frictional force and dimin-
ished the height loss of the NFRC. The WR and SWR of both pure PLA and NFBF/
PLA composites exhibit an upward trend as the AL increases. The incorporation of
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NFBF reinforcement has been found to significantly decrease the SWR of PLA. And
a reduction of almost 95% is achieved when using a 35wt.% reinforcement. They
state that common failure modes in composites include fiber fracture, fiber peeling,
debonding, and the formation of microcracks.

6.5.3 GRewIA/NETTLE/SISAL/PLA COMPOSITE

Bajpai et al. (2013) fabricated laminated biocomposites by incorporating Grewia
optiva, nettle, and sisal fiber mats into a PLA and conducted tribological investiga-
tions on these composites, with an emphasis on dry contact conditions. The fab-
rication of all specimens was conducted using a film stacking approach using hot
compression. It has been found that the incorporation of NFs did not impact the
average COF of PLA. Nevertheless, the COF of the produced composites exhibited
a decrease in its maximum value when compared to the maximum COF of the neat
PLA, as depicted in Figure 6.10a. However, the addition of NFs to PLA led to a nota-
ble enhancement in WR. This improvement was shown by a considerable reduction
in the SWR of the NFRCs compared to that of pure PLA, as shown in Figure 6.10b.

6.5.4 CorN Cos/PLA CoMPOSITE

Fouly et al. (2022) examine the TPs of a corn cob (CC)/PLA composite for their
potential application in the artificial transplant of the bones and joints. For the sake
of this, they fabricated a new polymer green composite by reinforcing the natural
filler extracted from CC in a PLA matrix at different wt.%, such as 5%, 10%, 15%,
and 20%, by employing the FDM 3DP technique, as illustrated in Figure 6.11. The
experimental parameters consisted of AL ranging from 5 to 20N and SD spanning
from 100 to 500 m. They reported that the incorporation of the CC into PLA by up to
10% enhanced the WRE as well as minimized the COF of the PLA-CC composite.

6.5.5 DATE ParTICLE/PLA COMPOSITE

Albahkali et al. (2023) fabricated the green composite by reinforcing the date particle
into the PLA at different wt.%, such as 2, 4, 6, 8, and 10, and kept all the samples for
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FIGURE 6.10 Variation of minimum and maximum: (a) COF and (b) SWR of different
types of reinforced NFs (Bajpai et al., 2013).
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FIGURE 6.11 Process of 3DP AM technique for the fabrication of PLA-CC composite
(Fouly et al., 2022).
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FIGURE 6.12 Preparation of date/PLA composite by employing 3DP AM technique
(Albahkali et al., 2023).

the heat treatment for different time spans, such as 2.5, 5, 10, and 20 hours. Figure 6.12
demonstrates the fabrication process of the PC with the help of the 3DP technique for
the biomedical application.

The samples underwent annealing for different durations in order to mitigate
residual stresses produced by the 3DP process. Subsequently, tribological tests were
conducted on the samples, wherein normal ALs and SDs were systematically varied.
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This study emphasizes that the heat treatment of the green composites enhances tri-
bological performance, making it a potential candidate for biomedical applications.

6.6 CONCLUSION

The present study aimed to examine the wear and friction characteristics of 3D AM
NFRC, specifically focusing on various types of fibers, including biogenic carbon,
CCEF, flex yarn, grewia, nettle, sisal, CC, silica, and bronze. This chapter speculates
on the potential impact of fiber volume fraction, fiber orientation, fiber treatment,
different variable constraints such as AL, SV, and SD, and the effect of heat treat-
ment on the tribological performance of NFRCs. As explained in this review, the
use of AM for PCs has exhibited its capability in fabricating complex, functioning
components with precise dimensions suitable for immediate application. Moreover,
one notable advantage of employing AM in the production of NFRCs is its capacity
to create functionally graded NFRCs that exhibit customized functionality and per-
formance tailored to specific locations. Apart from this, we can create and produce
structures with altered fiber alignment by modifying the deposition paths inside
each layer. Nevertheless, AM of these NFRCs presents notable difficulties in various
aspects. These challenges include the preparation of composite filaments suitable
for FFF, the inherent tendency of NFs to agglomerate, the presence of a significant
amount of moisture, and the formation of voids, as well as the complications encoun-
tered during the 3DP process of NFRCs, such as non-uniform curing, nozzle clog-
ging, and fiber degradation or breakage. Two critical challenges in AM NFRCs are
inadequate bonding between layers and insufficient bonding between fibers and the
matrix. This is mostly due to the lower pressures involved in AM compared to con-
ventional processing methods. Hence, it is imperative to allocate greater attention
towards resolving these concerns by optimizing the process parameters of the AM
technique, improving the feedstock quality, and enhancing hardware. The chapter
yields the following conclusions:

e The distribution of fibers and the contact between the matrix and fibers
within the filament were identified as the key characteristics that influenced
the overall tribological performance of the 3DP AM NFRCs.

e The presence of voids in the 3DP NFRCs was also noted, which can reduce
the TPs. Therefore, post-processing techniques, such as CM, have been used
to significantly decrease the void content and enhance the WRE and load
carrying capacity of NFRCs.

e The enhancement of WRE properties in NFRCs can be achieved through
the alteration of factors such as fiber concentration, fiber orientation, and
fiber content.

e It has been widely acknowledged that NFRCs possess favorable wear prop-
erties, rendering them highly suitable for utilization in various industries
such as biomedical, marine, automotive, and chemical.
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7.1 INTRODUCTION

The upsurging need to upgrade the tribo-mechanical properties of machine com-
ponents experiencing relative motion calls for careful consideration of high wear
resistance and low friction coefficients (Mohanty & Gokuldoss Prashanth, 2023).
The configuration of these requirements relies on specific wear rate that controls
the friction properties, thereby the overall system performance. Subsequently,
understanding the tribological characteristics of such parts in extreme envi-
ronmental conditions is of utmost importance for expanding their lifespan and
decreasing their maintenance needs (Kichloo et al., 2022; Kumar & Singh, 2022).
Thus, designing and manufacturing parts is crucial for industries, especially
those made from composites. The tribological study of such composite products
is equally essential when used at interfacial parts. Within this context, a profound
understanding of the composites’ tribological characteristics contributes towards
improving the operational longevity of parts, mitigating the maintenance, and
bolstering the reliability of machine components exposed to interfacial friction
(Kumar et al., 2020; Wong & Tung, 2016).

Composite materials are considerably the most promising contenders for aero-
space applications due to their exceptional strength-to-weight ratios and remark-
able fatigue-resistant properties (Banakar et al., 2012; Kundachira Subramani &
Siddaramaiah, 2015). Polymer-based composite systems offer a multitude of func-
tionalities by blending functional fillers with easily processable polymers, thus
spreading out their application window (Ranjan et al., 2023a; Tyagi et al., 2023;
Prashanth et al., 2017). Basically, composites for structural applications fall under the
regime of high-performance systems, predominantly constituting synthetic materi-
als offering high strength-to-weight ratios. However, they would require controlled
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manufacturing environmental conditions to achieve optimal performance (Ranjan
et al., 2023b; Tyagi and Tripathi, 2023). Fiber-reinforced polymers emerged as highly
advanced materials in military and electronic applications (Oladele et al., 2020). Their
application has primarily gained attention in smaller components like reinforcement
bars, girders, staying cables, bridge decks, and handrails (“Structural Properties of
Composites in Fire,” n.d.; Subramanian & Senthilvelan, 2011; Zhang et al., 1994).
More recently, the scope of reinforced plastics has extended to encompass building,
construction, transportation, and electronics. Fiber-reinforced polymers (FRPs) in the
transportation sector find applications in automotive, aviation, shipping, and related
fields. FRPs are instrumental in creating cryostats, dry transformers, high-voltage
switches, and more in the energy and electronics sector. Notably, carbon-fiber-rein-
forced polymers (CFRPs) have also found usage in advanced technical functions,
including rocket nozzles (McClelland et al., 2022). The market size growth of carbon
fiber reinforcements is estimated to grow by 10.9% from 2017 to 2025 (Rajak et al.,
2021). The prediction also reveals that there would be an uprising demand for com-
posites made from carbon fibers for different industries. The main applications of
such composites are shown in Figure 7.1.

Carbon-fiber-reinforced composites are a novel category of high-strength and
high-performance materials, characterized by a blend of graphitic and non-crystalline
regions. Carbon fibers stand out among the spectrum of reinforcing fibers available
due to their exceptional specific modulus and strength. Particularly, these fibers outcast
other reinforcements owing to their versatile properties, such as high tensile strength
and moisture resistance at extreme temperatures (Ramulu & Kramlich, 2004). On the
contrary, glass and organic polymer fibers tend to break easily at stress concentration

o
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FIGURE 7.1 Industries acquiring carbon fibers for composite applications.



Study on the Effect of Carbon-Fiber-reinforced Composites 99

regions. Moreover, carbon-fiber-reinforced composites exhibit remarkable thermo-
electrical conductivity with low coefficient of thermal expansion (Das, 2011; El-Hofy
& El-Hofy, 2019). These striking characteristics of carbon fibers make them an optimal
candidate for aerospace, micro-electronics, and automobile industries. Carbon fibers
can attain a maximum strength of 7GPa in terms of mechanical attributes. The axial
compressive strength of carbon fiber alone ranges from 10% to 60% of their tensile
strength, while the transverse compressive strength constitutes 12%—-20% of the axial
compressive strength. Such fibers can be utilized in two forms: pre-finished part or
finished product. The finished products comprise twisted tubes or pultruded sections,
while the pre-products encompass twisted or non-twisted yarns, short fibers, continu-
ous filaments, and tows as per the application.

Although carbon fibers have several merits alone, the carbon-fiber-reinforced
composites prepared from different methods might be subjected to tribological con-
cerns wherein friction comes into the picture. There are situations wherein the com-
posites might encounter environmental impact and the material failure occurs when
subjected to wear. Specifically, polymer matrix composites, being quite popular in
several industries, face difficulty under conditions in which they may be subjected
to friction (Sudarshan Rao et al., 2015). For instance, the CFRP composites used in
pipelines carrying petroleum slurries, helicopter and impeller blades, water turbines,
aircraft operating in deserts, etc. are subjected to constant wear and tear. Thus, it has
been necessary to address the issues concerning the tribological aspect of CFRPs.

The continuing innovation in 3D printing, also known to be additive manufactur-
ing (AM), has propelled the fabrication of fiber-reinforced polymer (FRP) composites
into the spotlight. This surge in interest can largely be attributed to the technology’s
capacity to convert intricate geometries into their final forms without the requirement
for molds or specialized tools. Notably, there exist three primary methods for printing
continuously reinforced FRP composites i.e., the in situ fusion of thermoplastic resins
prior to extrusion, the in situ fusion of liquid thermoplastics with fibers at the tip of the
nozzle, and the extrusion of pre-impregnated fibers (Man et al., 2021). Of many avail-
able fabrication processes, AM has gained attention among the research fraternity
to manufacture carbon-fiber-reinforced composites. Some of the widely used meth-
ods to assess such composites are fused deposition modeling (FDM), selective laser
sintering, stereolithography, selective laser melting, etc. The use of such composites
in tribo-applications such as in gears, bearings, and rollers forced the researchers to
assess the tribological studies (Kichloo et al., 2022; Man et al., 2021).

In the current framework of the chapter, a brief discussion on the tribological
properties of the CFRP composites is conducted. Envisioning the importance of
CFRP composites, the research fraternity has carried out much work to assess their
frictional characteristics. Some of which is discussed in the succeeding sections.

7.2 TRIBOLOGICAL ANALYSIS OF CARBON-
FIBER-REINFORCED COMPOSITES
To date, many research studies have been conducted on additively manufactured

CFRP composites with regard to their mechanical properties (strength, fracture tough-
ness, stiffness, etc.), as well as touching the tribological aspect. CFRP composites
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account for an emerging class of materials within the realm of tribological materi-
als. There are failures in several engineering material systems due to extensive wear
and friction. These composites’ friction and wear characteristics are liable to chosen
reinforcement and resin materials, manufacturing processes, operational conditions,
fiber volume fraction, length, orientation, and surface treatment mechanisms (Bijwe
et al., 2001). It is thus essential to acknowledge that no material alone is perfect
or ideal, irrespective of the wear modes. The tribological assessment of composites
can only be envisioned accurately through small-scale laboratory evaluations under
diverse operating conditions (Parikh & Gohil, 2015). The research fraternity has sys-
tematically investigated the solid particle erosion tendencies in polymer composites
constituting fibers and particulate materials (Boggarapu et al., 2020; Patnaik et al.,
2010; Tarodiya & Levy, 2021). Their studies delved into the complications of solid
particle erosion, aiming at the processes, modes, and discrete characteristics within
the polymer matrix composites. Various proposed models have also been discussed
to elucidate erosion rates and their applicability.

The past decade of research work constitutes investigations on the effect of pro-
cess parameters on the mechanical characteristics, analysis on the failure mode
mechanisms, microstructural effect, development of novel fiber-matrix combinations
and innovative printing techniques (Chacén et al., 2019; Diaz-Rodriguez et al., 2021;
Naranjo-Lozada et al., 2019; Penumakala et al., 2020; Sharma et al., 2011; Suresha
& Kumar, 2009; van de Werken et al., 2020; Wickramasinghe et al., 2020). However,
there remains notable dearth of research related to wear and frictional properties of
these materials. Within the tribology realm, pioneering work has revolved around
particle and short FRP composites. For instance, Dawoud et al. (2015) explored
the tribological characteristics of the AM polymers bolstered with supplementary
reinforcements, such as the incorporation of graphite flakes into an Acrylonitrile
Butadiene Styrene (ABS) matrix. Some interesting tribological results were observed
with the inclusion of graphite flakes (solid lubricant) into the ABS matrix. An
increase in the frictional coefficient and wear rate was observed for the composites
which might be due to inadequate interfacial bond amidst the fillers and the poly-
meric matrix, a commonly encountered challenge in the printed composite materi-
als. Consequently, it was recommended that further exploration be directed towards
fabrication parameters and filler selection. Indeed, several studies have underscored
the substantial impact of processing parameters—such as raster angle, layer thick-
ness, and printing orientation—on the mechanical properties and wear behavior of
printed components (Palma et al., 2019). Lin et al. (2019) employed 3D printing to
create a coating of short carbon-fiber-reinforced polyether ether ketone (PEEK) on
authentic PEEK substrates. Their study revealed that the friction performance of the
coated material could be significantly enhanced through the incorporation of nano-
silica particles.

Jeon et al. (2020) achieved wear resistance in 3D-printed thermoplastic elas-
tomers by incorporating surface-modified carbon black and graphene fillers that
were electrochemically exfoliated. Notably, even a minimal concentration of 1 wt.%
nanofillers yielded substantial enhancements in mechanical properties and wear
resistance, thanks to graphene’s favorable dispersibility and lubricating properties.
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Furthermore, it’s worth highlighting the innovative recycling approach introduced
by Liu et al. (2021), who utilized AM to convert FRP waste into 3D composite
components possessing desirable tribo-mechanical properties. This research show-
cased the potential of 3D printing as a method for recycling polymeric waste, hence
contributing to improved environmental sustainability. Collectively, these exam-
ples underscore the promising prospects of AM technologies in crafting complex
geometric tribo-parts and customizing their tribological performance through the
incorporation of diverse fillers. Such capabilities are increasingly vital for meeting
the demanding design requirements of modern industries. For high performance
of additively manufactured carbon-fiber-reinforced composites, it is necessary to
assess the factors that affect friction and wear. A stable coefficient of friction and
low wear rate attest to the tribological performance indicators for CFRP compos-
ites. Some of the case studies have been presented in the succeeding section.

7.3 CASE STUDIES

Several studies interpreted the influence of adding carbon fiber as reinforcement in
additively manufactured composites on the tribological studies. Some of the studies
are illustrated in this section.

In a study conducted by Kichloo et al. (2022), Polyethylene Terephthalate Glycol
(PETG)-based composites were fabricated by incorporating carbon fibers using
FDM. The investigation shredded light on to how the addition of carbon fibers and
processing parameters (such as layer thickness, infill pattern, and infill percentage)
affected the tensile and flexural strength and the tribology of the polymeric com-
posites. The findings indicated that an inclusion of 20wt.% fibers in PETG led to
significant improvements in the tensile strength of the composite. The maximum
enhancement, amounting to 114%, was observed with triangular infill pattern, while
the minimum increase of 43.7% was recorded with full honeycomb infill pattern.
Similarly, the bending strength of the CFPETG composite was notably enhanced,
with a maximum increase of 25% (for the full honeycomb infill pattern). Moreover,
the results from tribological testing demonstrated a substantial reduction in the coef-
ficient of friction with carbon fiber addition. Compared to PETG, the COF decreased
by approximately 47.3% at minimal speeds (100rpm) and 44.79% at above-average
speeds (500rpm). Fractographic and worn surface analysis revealed discrete frac-
ture modes and wear-out systems for different composite samples, highlighting the
role of carbon fiber in enhancing the surface properties of the acquired compos-
ites. Regarding unreinforced PETG, the analysis reveals delamination, indicating
plastic deformation in the sliding direction. Some intense grooves were also present
on the worn surface, along with visible cracks. Notably, the worn surfaces exhibit
a smoother appearance, underscoring the contribution of carbon fibers in reducing
friction.

In a similar study conducted by Luo et al. (2022), fabrication of short carbon-
fiber-reinforced nylon (SCFRN) composites was done using FDM. The research
delves into these printed materials’ friction and wear characteristics, examining dry
sliding and lubricated (water) conditions. The findings reveal that the introduction
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of short fibers significantly reduces the friction coefficient and enhances wear-resis-
tant properties compared to pure nylon in all tested scenarios. The printed SCFRN
exhibits a consistently low friction coefficient within the water regime, owing to
water’s cooling and lubricating properties. However, at lower loads, the specific
wear rate of printed specimens can be higher under these conditions, particularly
when compared to dry sliding conditions. The study also explores the impact of
a square textured surface incorporated during printing to enhance the materials’
tribological performance. It is observed that this textured surface improves the
wear resistance of printed SCFRN in dry sliding conditions, attributed to its abil-
ity to collect or clean debris from the surface. However, this cleaning effect is less
pronounced in lubricated conditions, as liquid facilitates effective surface cleaning.
Conversely, surface textures soar the surface area subjected to water lubricant,
leading to surface tempering due to higher water absorption rates. Consequently,
samples with surface textures exhibit high wear rates under water lubrication (Luo
et al., 2022). Figure 7.2 shows the effect of carbon fiber on tribological property of
prepared carbon-reinforced composite which confirms that the friction coefficient
changes slightly with increasing fiber content from 1 wt.% to 5 wt.%. Above 5 wt.%
fiber content, the friction coefficient goes up with further increasing content of car-
bon fibers to 7 wt.% (Midan & Luo, 2015). Overall, this research provides valuable
insights into the design of wear-resistant polymeric materials using 3D printing
technologies, considering various sliding conditions.

Man et al. (2021) explored the Fused Filament Fabrication (FFF) 3D printing
technique to fabricate polyamide 6 (PA6) composites reinforced with continuous
carbon fibers (CCF). They focused on the sliding friction and wear behavior of the
printed CCF/PA6 composites, considering various factors such as fiber alignments
(normal, parallel, and antiparallel) and deposited layer orders (parallel and perpen-
dicular) relative to the sliding route. They found that the orientation of the fibers
enacted a critical role in deciding the wear resistance of the 3D-printed composites.
When the fibers were oriented normal to the sliding direction, they observed severe
fiber breakage, resulting in a higher wear rate compared to composites with fibers
oriented in parallel or anti-parallel directions. To gain a deeper insight into the
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impact of defects on the worn-out mechanism, they conducted additional tribo-tests
on specimens that had undergone compression molding (CM) post-treatment. These
tests confirmed that internal defects could significantly affect wear performance
depending on the fiber orientations. The plots in Figure 7.3 indicate that as the nor-
mal loads increase, both friction and wear also tend to increase. This trend is con-
sistent with observations made in conventionally manufactured polymer composites
(Chen et al., 2017; Duan et al., 2021). Generally, critical sliding conditions, such as
higher load pressure and/or sliding momentum, exacerbate the wear-out process.
This is because the elevated stress and/or contact temperature accelerate thermal-
mechanical failure. Furthermore, their investigation highlighted the importance of
fiber distribution and the fiber/matrix interface quality within the filament as crucial
parameters influencing the overall tribological performance of printed structures.
These findings contribute to realizing the design and production of wear-resistant
polymer composites using AM technologies.

7.4 APPLICATIONS AND FUTURE IN 3D-PRINTED
CARBON FIBER COMPOSITES

The manufacturing process of carbon-fiber-reinforced AM composites and their
mechanical and tribological properties holds strong appeal for various industries
such as aerospace, automotive, and energy. When it comes to tools and fixtures,
those constructed from 3D-printed composites can surpass machined parts in both
performing and cost-efficiency. The inclusion of carbon fibers has the potential to
enhance the mechanical and thermal characteristics of printed components, opening
up the possibility of utilizing them as molds for manufacturing polymer-based parts.

Numerous researchers have explored the use of AM in aerospace applications.
Initially, the focus was on single-material systems or metal alloys such as Al, Ti,
or thermoplastics to create basic, non-structural components like brackets, enclo-
sures, and fixtures. Examples include the production of titanium waveguide brackets
for NASA’s Juno spacecraft, aluminum brackets for communication satellites, and
thermal blanket preservation brackets on Boeing satellites (Lim et al., 2016; van de
Werken et al., 2020). As AM processes improved in quality and reliability, these
techniques began to be employed for structural and high-performance components
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in jet and rocket engines, and spacecrafts, from preliminary assembly to mainte-
nance and restoration (Hsissou et al., 2021; Penumakala et al., 2020). Today, AM is
revolutionizing the production of substantial fragments of high-performance systems
like aircraft, auto-aerial vehicles, and launching aircraft. For instance, NASA has
realized an 80% reduction in part computation by employing AM for rocket engines,
and Aerojet Rocketdyne has unveiled wholly 3D-printed rocket engines, condensing
loads of traditionally mass-produced parts just through AM. While most of these
developments have revolved around metal AM processes, featuring aluminum and
titanium alloys, thermoplastics have mainly been limited to non-structural aerospace
applications due to material limitations. However, the use of CFRPs in AM has the
potential to significantly enhance structural performance and the applicability of
polymeric AM components. AM CFRPs offer advantages similar to traditional man-
ufacturing processes, including reduced mass and improved strength-to-weight and
stiffness-to-weight ratios. Additionally, they provide two key benefits over AM met-
als: minor cost, facilitating innovative concepts like drone swarms and disposable
UAVs, and lower processing temperatures, enabling multi-material AM for multi-
functional components. Multifunctional AM holds the potential to transform aero-
space systems by integrating electronic sensors or antennas into structures, offering
mass saving, cost reductions, and performance enhancements.

Lastly, the use of AM in CFRPs has the potential to revolutionize space explora-
tion. NASA and Made in Space have proven the competence to print thermoplastic
jobs in a micro-gravity environment aboard the International Space Station (Goh
et al., 2017; Saleh Alghamdi et al., 2021; van de Werken et al., 2020). While this
has enormous potential for manned space search, it represents the beginning of the
possibilities for on-orbit manufacturing. The drawback of the current approach is
the use of single-material, thermoplastic parts with mechanical properties similar to
terrestrial AM thermoplastics, limiting their applications. However, AM CFRPs can
potentially enable the on-orbit manufacturing of large space assemblies, including
antennas, solar arrays, reflectors, and space stations, for many applications (Espalin
et al., 2014). NASA is hounding on-orbit manufacture theories through its in-space
assembly technological efforts.

7.5 CONCLUSIONS

Carbon-fiber-reinforced composites are sketchily utilized in automobile, aerospace,
military, weaponry, and chemical industries due to their caressing properties of being
lightweight, corrosion-resistant, and high-strength. The chapter provides a compre-
hensive overview of research conducted on 3D printing of carbon-fiber-reinforced
composites and their effect on tribological properties. It delves into various param-
eters that influence the tribological properties through case studies. The paper offers
a thorough exploration of the mechanical properties of 3D-printed parts using differ-
ent composites. The insights presented in this study pave the approach for developing
a design support system tailored to components produced through AM. As industries
increasingly adopt this technology for the production of complex small-batch parts,
the knowledge generated by this chapter will aid in formalizing methods and tools to
optimize the design of composite parts under various tribological constraints.
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8.1 INTRODUCTION

Charles Hull invented 3D printing processes in the year 1980 (Shahrubudin et al.,
2019). As of now, 3D printing is primarily used to manufacture artificial heart
pumps, jewellery, 3D-printed human corneas, food, aviation-related products, and
many rocket engine parts. 3D printing technology evolved explicitly from computer-
aided design (CAD) drawings through layer-wise fabrication of the 3D model (Low
et al., 2017). 3D printing is a truly revolutionary expertise that has surfaced as a
dynamic technology stage (Ranjan et al., 2023; Tyagi et al., 2023). It creates new
possibilities and brings hope to many people. Many businesses that want to improve
their manufacturing efficiency are showing some sincere appreciation for 3D print-
ing (Saheb & Kumar, 2020). Traditional thermoplastic polymers, ceramic mate-
rials, metals, and other carbon-based materials can now be printed utilizing the
method of 3D printing (Rahman et al., 2021). 3D printing is poised to transform
industries and the fabrication processes. The applications of 3D printing technology
will upsurge production while dwindling costs. Concurrently, consumer demand
will have a prodigious effect on production. Consumers round about the final good
or service and can call for an entity manufactured according to their disclaimers
(Thomas & Gilbert, 2015). In the interim, 3DP facilities will be in higher proximity
to customers, enabling added adaptability and quick production line, in addition to
greater efficiency. Besides that, the utilization of 3D printing technology reduces
the demand for global carriage (Singh, 2020). Finally, the use of 3D printing may
alter the company’s logistics. The company’s logistics can manage the entire pro-
cess, providing more extensive and end-to-end services. 3D printing is now exten-
sively utilized all over the globe (Wong & Hernandez, 2012). This technology is
rapidly being used for product specialization and the creation of free and open-
source creations in the agriculture, medical services, manufacturing, and aviation
industries. To summarize, the use of 3D printing has risen to prominence as a versa-
tile and powerful tool in the advanced manufacturing industry (Kundu & Mandal,
2022). This technology is widely utilized in numerous nations, particularly in the
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manufacturing base. As a result, this paper provides an overview of various types of
3D printing technologies, their applications, materials used in 3DP and, finally, the
tribological effect of these materials used in 3DP.

8.2 TYPES OF 3D PRINTING

8.2.1 Fusep DepoSITION MODELLING PRINTING

Fused deposition modelling (FDM) is what most people think of as 3D printing as
it ranks as the most common and, in several ways, the simplest of the options (Bryll
et al., 2018). FDM employs a wide range of plastic materials with varying melt-
ing temperatures that liquefy and resolidify, the most prevalent among which are
polylactic acid (PLA) polymer and acrylonitrile butadiene styrene (ABS) (Finnes &
Letcher, 2015). The most common configuration for an FDM Printing machine is
known as a Cartesian print engine since the printed objects are created using basic
Coordinates (X, Y, Z). The printhead of this printer is a metallic tube and contains
a thermistor inside for temperature control. The heat from the printhead melts the
material substrate and then a pressure developed inside takes more material in, exac-
erbating certain amounts of melted material to eject through a tiny, holed nozzle
usually 0.2—0.5 mm in size (Popescu et al., 2018). An FDM printer print commences
with one plastic layer that is applied very finely to the printing platform, followed
by the nozzle progressing across the printing surface and stashing the material in
the form of the item being created. This serves as the object’s base layer; the second
coating will be stashed immediately on top of it. Both layers will fuse due to their
inherent properties. Again, when the second layer is finished, the third layer will be
added, and so on, gradually building the product (Bhavar et al., 2017). Figure 8.1
shows the schematic diagram of the fused deposition printer.

8.2.2 STEREOLITHOGRAPHY

Stereolithography (SLA) allows for the creation of extremely precise and delicate
objects, thus making it perfect for the building of complicated designs and pro-
totypes (Lee et al., 2015). In SLA printer, a liquid material results in a notably
smooth surface, making subsequent processing unnecessary. This minimizes labour
and expense while also contributing to increased material consumption efficiency
(Kumar et al., 2012). The accuracy of the object is just limited by the device’s quality.
The finer the laser beam diameter, the significantly larger the accuracy of the printed
objects. SLA is a member of the vat photopolymerization clan of AM methods, also
known as resin 3D printing technology (Weng et al., 2016). All of these machines
work according to the same principle: they use a source of light laser or light source
to cure thermoplastic material into hardened plastic. The key parts, such as the source
of light, build framework, and resin tank, are the primary physical distinction. Light-
reactive materials known as “resin” are used in SLA 3D printers. When SLA resins
are subjected to specific light wavelengths, it polymerizes monomers into solid rigid
or versatile geometries (Sano et al., 2018). Figure 8.2 gives a brief representation of
a stereolithographic printer.
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8.2.3  SELECTIVE LASER SINTERING

Selective Laser Sintering (SLS) is yet another technique used by today’s 3D print-
ers. The high temperature from a powered laser beam joins particles of material or
polymer to create a solid throughout this process (Simchi, 2006). According to the
data source, the beam is tracked down across a powdered bed. The powder within
the powdered bed is densely packed. The beam moves in two different directions:
X and Y. The laser then strikes the outer layer of the powder material, sintering the
particles together to create a solid (Olakanmi et al., 2015). Once a layer is finished,
the bed descends in the Z direction, and the levelling roller smoothens the powder
across the bed (Zeng et al., 2012). Figure 8.3 shows the schematic working of a
SLS printer.

8.2.4 3D INKJET PRINTER

The Layer-wise deposition of 3D inkjet printing is parallel to that of other 3D printing
processes. Printing directions are obtained from a 3D modelling tool of your product,
just like in common FDM processes (Noguera et al., 2005). This well-established
method of AM, on the other hand, is unique in that it can be used with an extensive
variety of liquids or suspensions, producing insulative or conductive structures with
extremely high printing precision (Guo et al., 2018). Inkjet printing, unlike methods
that involve the merging of plastic or metal materials, does not require any post-
curing process—the final printing product is completely operational as soon as it
exits the printing system (Guo et al., 2018). Figure 8.4 gives the representation of an

inkjet printer.
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FIGURE 8.3 Schematic working diagram of selective laser sintering printer.
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8.2.5 BINDER JETTING PRINTER

Binder jetting is another AM process technique that involves depositing a bind-
ing agent selectively upon a thin layer of powdered particles, be it foundry sand,
ceramic materials, metal, or composite materials, to create personalized and exten-
sive kind of parts and tooling (Gonzalez et al., 2016). The procedure is repeated
successively layer by layer, equivalent to printing on paper, by utilizing a guide
from a CAD file, until the product is complete (Bai & Williams, 2018). Binder
jetting continues to stand out among 3D printing techniques due to its high rate of
speed as well as material versatility as a method with the potential to convert regu-
lar high-volume production and deliver the design, cost, and sustainability benefits
of 3D printers to the masses (Gaytan et al., 2015). Figure 8.5 gives the working of
a Binder jetting printer.

8.3 3DP PROCESS PARAMETERS

The process parameters have a significant impact on the specificity, efficiency, and
attributes of the manufactured part. As a result, fundamental studies into various
process parameters ought to be part of any effort at creating functionally reliable
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parts (Zhang et al., 2007). There are several determining parameters kept in mind
while working with 3D printers. Some of them are mentioned below:

e Printing Speed
Print speed, as the term suggests, is the speed at which the motor of the
printer moves. It consists of the coordinate (X, Y) control motors, as well as
the extruder motor meters (Christiyan et al., 2016).
e Temperature
This parameter includes the temperature of the bed and the melting tem-
perature of the material. Heated beds are necessary for 3D printing. It must
always be fixed to a specific temperature. For instance, the ideal tempera-
ture range is 55°C-70°C, while the melting temperature of the material is
the temperature at the exit of the extruder (Christiyan et al., 2016).
* Size of Nozzle and Size of Filament
In a 3D printer, the nozzle is the component that protrudes the fila-
ment to generate the part. The diameter of the nozzle can vary from 10
to 100mm. The filament in 3DP is a thermoplastic raw material used
in the production of 3D parts. There are various filaments with differ-
ent properties that require different printing temperatures. The filaments
are available in two standard diameters: 1.75 and 2.85mm (Popescu
et al., 2018).
e Layer Thickness and Number of Layers
With each successive addition of material, the 3D printing process takes
place. The layer height is the vertical level of the z-axis which is a signifi-
cant technical characteristic of a 3D printer. The number of layers deter-
mines the successive addition of layers (Popescu et al., 2018).
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e Infill Density and Geometry

The amount of material taking up the article’s interior. The amount of
material is typically adjusted by adjusting programmes from the vacuous part
(0%) to the filled solid part (100%). In 3D printing, pattern refers to infill.
Printing duration, strength, speed, and mechanical properties are all affected
by patterns. Infill patterns are classified into four types: triangular, rectangu-
lar, hexagonal or honeycomb, and wiggle (Ramaswamy & Blunt, 2004).

e Tribological Properties

Tribology is an essential technology of industries. It is used in healthcare
engineering aspects, magnetic tracking head-media connectors, LSI pro-
duction systems, and space systems (Wang et al., 2013). Wear and friction
fluctuations degrade device or tool performance in these fields. Tribological
characteristics, such as friction and wear, are not inherent material charac-
teristics but rather depend on the entire tribological system. As a result, the
prototype of any type of rheological material must be determined by the
demands of the specific application (Wakabayashi et al., 2007). Interfacial
damage in tribological materials can be easily triggered by frequent rolling
or sliding contact under protracted tribological processes in the form of
surface microcracks or surface wear. Polymers and polycarbonate mate-
rials have grown into an acceptable alternative for metallic materials; as
a result, they must be capable of providing decent tribological behaviour,
which implies several features favourable to the application’s reliable opera-
tion (Field et al., 2004). This work will be focused towards highlighting the
effects of 3D printing on the tribological properties of polymers and metals.

8.4 POLYMER ADDITIVE MANUFACTURING

Polymer AM is a form of 3DP technology that uses polymer as printing material. It is a
method of building 3D objects by laying one layer placed above another one at a time to
create the entire part. One layer is fabricated over the other, which can be either entirely
or partially melted (Alghamdi et al., 2021). Previously, AM focused on models that were
used to visualize the final part as a prototype. Recently, AM has been widely used to
fabricate end-use products in the fields of aeroplanes, medical and dental implants, auto-
motive, and the nutrition and fashion industries (Ramezani Dana et al., 2019). Figure 8.6
gives a brief overview of a polymer AM.

Polymer Additive Manufacturing

Material Extrusion VAT Polymerization Material Jetting Binder Jetting
FDM = = Binder Jetting
o bop jBM -
SLM

FIGURE 8.6 Types of polymer additive manufacturing.




116 Tribological Aspects of Additive Manufacturing

Metal Additive Manufacturing

Deposition {DLF,3DMW} Laminated Tooling

Powder Based {EBM,DLMS}
a [

FIGURE 8.7 Types of metal additive manufacturing.

8.5 METAL ADDITIVE MANUFACTURING

Metal AM, also known as Metal 3DP, is the process of creating a 3D solid of almost
any contour or style from a computer-aided framework (Wu et al., 2018). 3D metal
objects are frequently created by stacking fine metal powders with a bonding mate-
rial between layers (Liu et al., 2022). As the design and template have been created,
they are uploaded to the device to initiate printing; however, the exact printing varies
depending on the machine. The ability to generate 3D objects of any shape differ-
entiates AM from all other manufacturing methods (Herzog et al., 2016). Figure 8.7
summarizes the process of metal AM.

8.6 COMPOSITE ADDITIVE MANUFACTURING

Composite AM is a process in which layers of a fibre-reinforced composite material
like Carbon Fibre are tumbled beneath a 3D printer which extrudes a liquid solution
over the sheet in the form of layers (Turk et al., 2016). The usage of fibre-reinforced
polymer composites opens up possibilities for lightweight, switching from metal to
polymers and compressing assembly, much like AM (Yakout & Elbestawi, 2017).
Similar to AM, composites production requires layering components; however, in
the instance of composites, this typically entails designing a unique tool. Composites
have established themselves in many applications nowadays. They offer tried-and-
true materials and processes for producing a wide range of useful components, espe-
cially significant aeroplane parts. However, the use of composites continues to grow,
and today 3D printing is speeding up that development (Holmes, 2019). Figure 8.8
gives a brief overview of composite AM.
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8.7 MATERIALS USED IN 3D PRINTING

The materials used in 3DP are as diversified as that of the products that are cre-
ated. As an upshot, 3DP is pliable enough to enable manufacturers to tailor a
product’s structure, contour, and strength. Some of the novel materials used in
3DP are as follows:

e Polymers

Polymers serve as the most commonly used material for 3DP today.
The appearance of polymer is simple to comprehend given its suppleness,
adaptability, softness, and wide range of colour options. Polymer, as a fairly
affordable option, is relatively gentle in terms of cost for both consumers
and manufacturers (Shahrubudin et al., 2019). Some of the popular types
of polymers materials used in 3D technology are ABS, PLA, Polyethylene
terephthalate (PET), Polycarbonate (PC), High-impact polystyrene (HIPS),
Polyether ether ketone (PEEK), and Thermoplastic polyester (TPC)
(Alghamdi et al., 2021). Polymers have played an important role in medical
goods, devoted to device performance, inert materials, and a mechanical
support in several orthopaedic applications (Ramezani Dana et al., 2019).

* Metals

A metal 3D printer’s primary aim remains to liquefy metallic 1c sub-
stance into the shape of wire or sometimes powder with the help of an
electron or laser beam as a source of energy. The melted material is sub-
sequently utilized to stack metal or alloy layers on top of each other fol-
lowing a CAD model to create a compact product (Rahman et al., 2021).
In comparison to traditional manufacturing techniques, 3DP of metals
enables the manufacturing of complicated shapes (Zeng et al., 2012).
3DP of metallic materials is primarily employed in small-scale produc-
tion in the engineering and manufacturing, aviation, medical, and defence
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industries. Some commonly used metals or alloys for 3DP are Stainless
steel, Aluminium Alloy, Nickel Alloy, and cobalt alloy (Johnson et al.,
2019). 3DP technology can create nickel-based alloy aircraft parts. The
objects product (Moritz & Maleksaeedi, 2018) made from nickel-based
alloys is suitable for use in hazardous environments. This is because of its
excellent resistance to corrosion and capacity to withstand temperatures
of up to 2192°F (Behera et al., 2019).
e Ceramics
Ceramics are hard, brittle, resistant to heat, and noncorrosive materi-
als. 3DP techniques can now produce 3D-printed objects without cracks
or substantial porosities by trying to adjust process variables; as a matter
of fact, the manufactured product has superior mechanical characteristics
(Galante et al., 2019). Ceramic materials enact a foremost role in dentistry
and aeronautics. A few examples of ceramics used in 3DP are Zirconia,
Alumina Powder, and Bioactive glasses. The 3DP technique can create
complicated alumina products of elevated density (Moritz & Maleksaeedi,
2018). Bio-active glass/ glass-ceramics created employing an SLA machine
increased products’ strength properties. The improved mechanical proper-
ties allow for the use of bio-glass in therapeutic formations such as scaffold-
ing and bone configurations. The scarcity of 3D-printable ceramics, as well
as dimensional imprecision and deficient surface polish, are major problems
(Deckers et al., 2014).
e Composites
Composites stand as substances that are made up of multiple materi-
als with distinguishable physical and chemical attributes. When compared
to individual material properties, composite materials have superior physi-
cal, mechanical, and chemical properties (Yakout & Elbestawi, 2017).
Composites are growing in popularity in 3D printing over conventional
methods because of their accessibility, improved functionalities, and outlay
product customization with extreme accuracy (Kundu & Mandal, 2022).
Composites are now used in a variety of sectors, including production, aero-
space, health sciences, institutional, and automotive. Glass-fibre-reinforced
composite materials and carbon fibre polymer composites are examples
of composite materials (Bryll et al., 2018). Carbon-fibre-reinforced poly-
mer structures are widely used in the aviation industry due to their higher
strength properties, rigidity, and corrosion resistance efficiency. Glass-
reinforced composite materials, on the other side, are widely used in 3D
printing for a variety of purposes (Holmes, 2019).
e Biomaterials
Biomaterials are the most frequently used substances in the medical sec-
tor to create customized services. According to the present study, the use of
biomaterials in 3DP is increasing as a result of advances in the field, such
as enhanced printing accuracy, the ability to print complex shapes, reduced
wastage, and relatively inexpensive products (Bose et al., 2018a). Advances
in 3DP have allowed for significant advances in medical services including
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medical devices and implant materials. A variety of biomaterials are suitable
for employing 3DP technology (Bose et al., 2018b). Chitosan, fibrin, PEEK,
and collagen are all examples of biomedical polymer materials. These materi-
als are completely biocompatible and meet all medical requirements. Fibrin,
PEEK, and biomedical ceramics such as TCP and HA are examples of such
materials. These substances are entirely biocompatible and meet all medical
requirements (Zadpoor & Malda, 2017).

8.8 TRIBOLOGICAL PROPERTIES OF POLYMERS
AND COMPOSITES

Polymers and composite materials (PCM) are extensively used as friction units in equip-
ment and machinery due to their considerable specific strength, outstanding capacity
for absorbing vibration and noise, high durability against abrasive wear, impact, and
contamination, and simple fabrication (Bagsik & Schoppner, 2011). Polymeric materi-
als with self-lubricating characteristics are gaining popularity because of their out-
standing tribological performance in preventing contamination caused by the use of
lubricating grease or oils in industrial communities (Norani et al., 2021).

Polyimides, fluoroplastics, polyoxymethylene, and poly aryl ether ketones are
examples of self-lubricating polymers that are widely used in industry (Aher et al.,
2020). However, their properties may not always be adequate for satisfying the
increasing technological prerequisites for tribological materials. The use of differ-
ent additive particles and fibres, as well as nanoparticles, is the main technique in
improving the tribological and mechanical characteristics of polymers. Polymers and
PCM are more convenient to use in friction units than metals and ceramics because
they can continue operating in sliding constraints without requiring dry friction or
lubricants. It is especially important when lubricants are unable to be employed for
fear of contamination of the unit or when the unit cannot be serviced. Some of the
primary advantages and disadvantages of polymers considering their tribological
properties are mentioned in Table 8.1.

TABLE 8.1
Advantages and Disadvantages of Polymers Based on
Tribological Properties

Properties Advantages Disadvantages
Coefficient of friction Low -

Thermal conductivity - Low

Stiffness - Low

Corrosion resistance High -

Surface energy Low -

Seizure resistance High -

Strength - Low
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8.9 PARAMETERS AFFECTING THE TRIBOLOGICAL
PROPERTIES OF POLYMERS

The factors that influence the state of the polymer’s molecular structure determine its
tribological properties, some of which are mentioned below:

8.9.1 STRUCTURE OF THE POLYMER

e Branching

e Cross-linking

e Direction of the molecules
e Crystallinity

e Chemical Affinity

8.9.2 VISCOELASTICITY

It is the state of a material that has undergone deformation and exhibits both charac-
teristics of Liquid (viscosity) and Solid (elasticity).

Elastic materials deform in direct proportion to the pressure (stress) placed on
them. Strain builds immediately when the tension is applied since this linear relation
is time-independent. Under a certain amount of strain, as well as an elasticity limit,
metals and ceramics exhibit elastic behaviour (Georgescu et al., 2014).

Viscous substances (liquids) withstand rapid deformation when under load. A vis-
cous substance flows, altering its physical characteristics for a while after changing the
load, compared to an elastic material, which recovers to its previous shape instantly once
the force is removed (time-dependent process) (Parameswaranpillai et al., 2023).

8.9.3 TRrANSFER FiLM

Polymer particles stick to the metal’s countersurface and create a transfer film when
the polymer substance rubs against a tougher material (like metal). The interaction
between the polymeric-metal adhesive work and cohesive work governs the develop-
ment of the transfer film (Ray et al., 2023).

Transferred polymer reduces the mating surface’s roughness by filling in its micro
defects, which lowers its coefficient of wear and friction. As the transfer film is cre-
ated, the polymer component rubs against the metal counterpart’s polymer film
rather than the metal itself. The value of the coefficient of resistance with the poly-
mer transfer sheet is also reduced due to the reduced surface energy of polymers
(Sarath et al., 2023).

8.9.4 PoLYMER WEAR

e Adhesive Wear: This is a consequence of binding between the opposite
imperfections on the rubbing faces of the counter bodies, resulting in
micro-junctions. Because of the significant stress placed on the interacting
asperities, adhesion connections are created when they distort and adhere to



Impact of 3DP Process Parameters on Tribological Behaviour 121

one another. The micro-joints burst as a result of the action of the friction
between the counter bodies. Micro-asperities in the bonded polymer break
off and spread across the counterface (Jain, 2023).

e Abrasive Wear: This occurs when the abrasive process of the tougher sub-
stance wears down the softer material. Cutting is the primary abrasive wear
mode, and during this process, a chip develops in front of the cutting grit. The
material is taken away from the worn track’s surface. Another form of abrasion
operation is ploughing, which, unlike cutting, does not cause wear or material
loss. The material is moved to the wear groove’s sidewalls during ploughing.
Nothing is done to take it off the surface. Two-body wear is the term used to
describe wear if there are just two contacting parts engaged in the friction
process. It is referred to as three-stage wear if the wear is brought on by a hard
material (grit) caught between the contacting surfaces (Ray et al., 2023).

¢ Chemical Wear: This is a rubbing-induced chemical reaction-accelerated
wear on the surface of the polymer (Sarath et al., 2023).

e Fatigue Wear: During friction, cycle loads result in a material’s fatigue
wear. Surface-to-subsurface propagation of fatigue cracks occurs in mate-
rials. The material parts could separate and delaminate as a result of the
fissures connecting. Breaking the chain of molecules in the surface layer of
a polymer may also happen from cycling loads given to the material, which
lowers its degree of crystallinity (Norani et al., 2021).

8.10 SIGNIFICANCE OF TRIBOLOGICAL PROPERTIES
IN ADDITIVE MANUFACTURING

Tribological qualities share a significant impact on part functioning and can deter-
mine in case a manufactured part will perform adequately or not in critical profused
industries like the aerospace, transport, and automotive industries. Their range extends
from the field of tribology to AM. This is particularly true for energy-intensive com-
ponents, where wear and friction are important to determine how much energy is
being consumed in a system (Ralls et al., 2021). Since wear and friction are system
traits, one method of improving tribological effectiveness can be to change the sys-
tem’s inherent characteristics, such as the average grain size (Sarath et al., 2023).

Some researchers have shown a correlation between grain size wear and friction
since friction and wear are related directly to the mechanical characteristics of a
system. Different build directions were investigated which included 0°, 45°, and 90°.
The examination revealed that of the three build directions, the 0° build had the
most aligned grains, having the lowest mean grain size (Ray et al., 2023). Scientists
mostly blame this phenomenon on how the laser’s heat energy is dispersed. There
was evidence of a reduction in convective radiation across the melt zone as the laser’s
radial distance (or scan angle) rose, which in turn had a detrimental effect on grain
size (Shah et al., 2022). According to Hall-Petch, both tribological and mechanical
strength significantly rose as grain size dropped. Given that this condition is well-
known and well-established, it is clear that a system’s friction and wear character-
istics do share an inverse association, which can be very advantageous in a large
number of applications (Guenther et al., 2021).
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Significant research has been done on alloy development as the usage of metal AM
becomes mainstream. The most researched metal AM alloys among the numerous
powdered raw materials include steels, in addition to Al-, Ti-, and Ni-based alloys.
Typically, Titanium-6 aluminium-4 alloys are used in AM research (Rahman et al.,
2021). Following processing, the crystalline structure incorporates an impact on the
tensile characteristics of these AM components. For example, SLM Manufactured
Ti-6Al1-4V could be developed possessing a higher tensile strength compared to parts
made conventionally with the use of an optimized microstructure (Ralls et al., 2021).

Due to large part/high strength against weight ratio, durability against corrosion,
and simplicity in casting as well as shaping, aluminium alloys are the most frequently
employed alloys in manufacturing environments (Tiirk et al., 2016). As a result, AM
is becoming more and more interested in Al alloys. In metal AM, Aluminium {10-
12}{Silicon-Magnesium} alloy remains the most widely utilized Aluminium-based
alloy. Considering the possibility of extensive use in the medical sector, iron alloys
and stainless steel alloys are also utilized. Popular iron-alloy feedstock 316L is an
austenitic material of stainless steel that is renowned for its great ductility, corrosion
resistance, and strength (Low et al., 2017).

Polymer-based materials demonstrate outstanding self-lubricating characteristics,
giving them an edge in tribe-set applications like lip fasteners, bearings, and artifi-
cial joints, despite having relatively diminished physical or structural characteris-
tics compared to most metallic and ceramic composites (Alghamdi et al., 2021). In
tribological applications, a strongly crosslinked PBM is essential for avoiding loss
of material and breakage upon surface contact. However, it has been noted that the
influence of printing circumstances on the tribological properties and wearing mech-
anism of FDM parts presents a new set of difficulties when characterizing both the
wear and friction characteristics of these materials (Bryll et al., 2018). It is widely
acknowledged that not a single polymer operates best in all tribological situations.
Understanding the tribological properties of objects made by AM under various wear
regimes is therefore essential (Deleanu et al., 2021).

8.11 EFFECT OF POST-PROCESSING ON TRIBOLOGICAL
PROPERTIES

Despite being a promising technique, metal AM has its drawbacks. The surface
quality of metal AM components is the most frequently raised issue. The additively
made components are vulnerable to surface imperfections because of the layer-
after-layer process (Saheb & Kumar, 2020). This issue can be resolved through
post-processing.

The layer imperfection can be removed using many surface treatment techniques
(Babu et al., 2015). It should be mentioned that the most important disadvantage of
AM is the requirement for post-processing (Liu et al., 2022). The time and energy
needed may make metal AM inefficient until a widely applicable and accessible
approach to post-processing is developed (Herzog et al., 2016).

The final surface finish concerning AM products can also be substantially con-
nected with tribological performance. Researchers provide evidence in support of the
effects of surface texturing approaches for tribological optimization. It is particularly
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true in lubricated environments, in which textured creases might reduce other body
wear by trapping any worn debris inside the sacks (Zarko et al., 2017). Given that
the textured system experiences some wear over time, the surface characteristics of a
part have a significant impact on how long it will last, improve its overall quality, and
have long-term sustainable advantages. The exterior surface of the part is crucial for
assessing the tribological integrity of manufactured parts about part quality (Wolfs
et al., 2019). In general, several surface traits are employed to characterize this.
Manufacturers can determine various things related to the created part by analyzing
its surface. A part’s surface characteristics can reveal the broad tolerance of com-
plicated components and whether they can be accurately joined together (Johnson
etal., 2019). Some writers emphasize it because of how crucial it is from an industrial
perspective. They clarify this idea by providing examples as follows: Manufacturers
of aerospace-related components, for example, blades for turbines, won’t be not fly
these blades unless they had complete trust in their metrological qualities (Thomas &
Gilbert, 2015).

To reduce material waste when clearances are higher, post-processing techniques
like near-net-shape manufacturing might be required (Singh & Gill, 2019). In par-
ticular fit-for-purpose operations, the optimization of having a precisely fitting com-
ponent can have significant effects (Saheb & Kumar, 2020). By allowing lubricants
and other additives to enter, possessing a proper and precise clearance would make
it possible for a reduction in friction in the case that the bearing’s heat from the fric-
tion causes early part failure. Second, a better surface finish will reduce the need for
further post-processing steps for smoothing the surface. This enhances the effective-
ness of energy and time used in AM processes. The effectiveness with which the AM
process has fused the particles will be determined by a high-quality surface finish
(Johnson et al., 2019). The likelihood of porosity and contaminants on the surface
will be minimized if the metallic or polymeric particles are successfully melted. The
mechanical as well as tribological characteristics of the system will be improved if
the quality of the surface is improved since there might be lower chances for any sort
of cracks to occur when any outside force is applied (Ralls et al., 2021).

Removal of material is the majorly used subset of the post-processing. The goal of all
surface finishing methods is to remove a small layer of material from an uneven surface
(Olakanmi et al., 2015). These procedures can be laser-based, mechanical in nature, or
chemical. Although chemical treatment methods can be used on both the internal and
external surfaces of an AM part, they are advantageous alternatives for post-process-
ing. Etching, polishing, and brightening are common chemical processing techniques.
Depending on the required level of substance removal, an AM part is typically submerged
in chemical baths of varying temperatures and lengths (Kundu & Mandal, 2022).

Micromachining with lasers is a typical surface preparation (Zeng et al., 2012).
The adaptability of the elimination of material centred on the frequency optimization
and time of the pulse is the main benefit of laser-based treatments (Liu et al., 2022).
Laser polishing, which involves passing a laser over a pre-deposited layer to slowly
melt its external layer, is the most viable laser-based technique (Deckers et al., 2014).
By using a laser to burn any leftover material after each layer has been placed before
adding the next, the technique can also be used during the manufacturing process
(Ralls et al., 2021).
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8.12 CONCLUSION AND FUTURE SCOPE

The demand for technological advancements in AM has surged as a result of the 4th
Industrial Revolution (also called Industry 4.0), which can produce complex parts and
prints of excellent quality at just a fraction of the cost. The literature investigating
the impact of various process printing parameters, composite materials, structural
geometries, post-processing, and enhancement on the tribological characteristics of
metal, polymer, and composite is the focus of this paper. Due to the larger contact area
and asperities, cracks under particular sliding conditions, 3D-printed polymers have
reduced friction and wear. It is found that scratching, asperity recess, ploughing, defor-
mation, and cracking are the mechanisms of wear and deterioration. To accurately
assess whether these parts are capable of meeting the precise mechanical specifica-
tions for which they are produced, it is crucial to collect and comprehend information
regarding the relationship between parameters related to processing and composite
substances and the physical and tribological properties of 3D-printed polymer samples
and parts. The mechanical characteristics of metal AM parts are very different from
those of metal parts that are manufactured conventionally. AM components exhibit
decreased ductility; however, they are tougher and more durable compared to cast/
wrought ones. According to tribological laboratory testing, some SLM parts have
COFs that are more suitable.

Technologies to improve tribological qualities are growing together with the
growth in interest in AM. Techniques for post-processing that are based on chemicals,
mechanics, and lasers look to be an exciting potential for tribological improvement.
Chemical coatings should get extra consideration because metal AM is the best method
for creating complicated components. For components with complicated geometry,
the method of complete submersion in chemical treatments offers a greater surface
quality. Similarly, there is a lot of room for advancement in laser polishing. Surface
roughness can be significantly reduced by running a laser across each layer before
adding the next. These options present potentials that can be immediately incorpo-
rated into AM industrial lines, preventing the need for expensive post-processing.
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9.1 INTRODUCTION

In the past two decades, a significant change has been observed in the need of con-
ventional industrial materials due to increase in the role of thermoplastics for vari-
ous consumer applications (Mahieux and Reifsnider, 2002). This may be due to the
availability of durable and cost-effective polymer-based products such as channels,
pipes, tubes, and electrical goods for functional applications (Wu et al., 2021). Some
review studies reported by the researchers have outlined the novel advantages of
thermoplastic composite welding in aerospace engineering, naval transportation,
and automobile applications (Costa et al., 2012). The increasing number of applica-
tions of thermoplastic polymers has also raised the environmental issue that may be
answered very effectively by adopting the suitable methods of polymer recycling and
reusing. This may be implemented by developing innovative processes and recycled
materials with value-added properties for novel industrial applications (Grigore,
2017). The studies reported on recycling of one of the highly used commercial plas-
tics like polyethylene, and acrylonitrile butadiene styrene (ABS) thermoplastic for
the fabrication of smart thermoplastic composites (for 4D printing applications) have
outlined the innovative industrial applications of thermoplastic composite materials
for modern manufacturing processes like additive manufacturing (AM) as a sustain-
able solution (Kumar et al., 2021; Kumar et al., 2022b). Based on Scopus database,
it was observed that a total of 3,705 research publications have been reported on
thermoplastic polymers and their composites for various structural and non-struc-
tural engineering applications. Figure 9.1 shows the increase in number of articles
reported on thermoplastic polymers and their composites for various structural and
non-structural engineering applications in the past years since 1972.

The increase in number of published documents per year on thermoplastics and
their utilities (as shown in Figure 9.1) indicated that thermoplastic and thermosetting
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FIGURE 9.1 Year-wise distribution of number of documents published (since 1972) on ther-
moplastic polymers and their composites for various engineering applications.

polymers hold a good potential in the manufacturing sector for high-end industrial
requirements. Some recent reports have evidently outlined the usefulness of recy-
cled polypropylene-based thermoplastic for cable insulation applications (Huang
et al., 2017). Also, some studies have been reported on thermoplastic-based nano-
composites for pressure sensing applications (Coiai et al., 2015). Some researchers
have reported the advantages of 3D printing and thermoplastic composites for the
fabrication of partially absorbable smart implants (Husain et al., 2023). Polylactic
acid (PLA)-based smart composite matrix have also been reported in recent past for
biomedical-based scaffolding applications (Singh et al., 2022). Very fine coatings of
thermoplastic composites have also been investigated by some researchers for micro-
fluidic applications (Studer et al., 2002). Similar to such surface and coating utilities
of polymeric materials and their composites, the research articles published by vari-
ous publication sources since 1978 are shown in Figure 9.2.

The significant increment in the publication of various research articles (such as
reviews, conference articles, and encyclopedia) related to thermoplastics in a variety
of sources (as shown in Figure 9.2) highlights the turbulence in this research area for
the development of innovative products for consumer applications. The introduction
of polymeric materials at large scale in 3D printing based manufacturing practices
(in past two decades) has been observed as a boost factor that pushed the role of
composites for very large industrial, mechanical, production, and structural engi-
neering applications (Hofmann, 2014). The recent studies reported on advancements
in 3D printing of polymer composites matrix highlighted the existence of variety of
materials that may be used for 3D printing based rapid prototyping for metal cast-
ing, welding, and manufacturing finished/final products (Valino et al., 2019; Singh
et al., 2017). Based on such review of literature, some investigators have reported
the rapid tooling applications of thermoplastic composite materials. The product so
prepared using rapid tooling may be customized for different implant fabrication
purposes (Junk and Trénkle, 2011; Melgoza et al., 2014). Due to wide engineering
and biomedical applications, many countries have reported a significant number of
studies on polymeric materials. Figure 9.3 shows the documents published under the
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affiliations of different countries around the globe in which high number of studies
are reported on thermoplastic materials and their composites for conventional and
advance engineering applications.

In line with international scenario of development for smart polymer matrix based
biomedical implants and scaffolds, some investigations have highlighted the useful-
ness of PVDF polymer matrix based composite for non-enzymatic glucose sensing
applications. The Cu-doped ZnO-reinforced PVDF composite has been reportedly
outlined acceptable properties to prepare biomedical sensors at large scale by 3D print-
ing processes like fused deposition modeling (Kumar et al., 2022a). Some research-
ers have reported the fabrication of PLA nanofibers-reinforced smart scaffolds for
fracture repair of human patients, whereas some studies have outlined the fabrication
of self-healing thermoplastic composites for non-structural crack repair applications
in heritage buildings (Kumar and Singh 2023; Kumar et al., 2022c). Thermoplastic
composite matrix of ABS and PLA has been also reported as a novel tool for digital
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twinning applications of heritage structures (Kumar et al., 2023b). The reports pub-
lished on such innovative composite materials indicated that a variety of documents
are published on advantages and limitations of thermoplastics in the form of research
articles, books, reports, book chapters, etc. Figure 9.4 shows the % distribution of
type of documents published in various forms mentioned on thermoplastic composites
for different structural and non-structural engineering applications. It may be stated
that nearly 75% of the document types published on composites are covered by the
research article category followed by conference papers with 14.3% share in overall
documents published so far.

The review studies reported on mechanical and tribological characteristics of
3D-printed polymeric materials such as ABS, PLA, PVDF, and nylon have high-
lighted the role of good wear-resistant 3D-printed components as useful friction
materials for rapid prototyping and rapid tooling processes (Norani et al., 2021;
Gbadeyan et al., 2021). Some investigations performed on tribological properties
specific biomedical materials on the basis of systematic review of dental studies have
outlined the machining capabilities of such 3D printable materials in surgical prac-
tices (Rudnik et al., 2022; Prause et al., 2022). Besides the reported literature on
dental studies, many other subject areas also have been explored by the researchers to
utilize the tribological properties of thermoplastic composite materials for consumer
needs. Figure 9.5 shows the pie chart for subject area wise distribution of documents
reported on thermoplastic and their composites. It was observed that a maximum of
studies on thermoplastic composites are reported on materials science subject area
followed by engineering-, physics-, and chemistry-based research areas.

The experimental studies performed on fabrication of recycled ABS-based com-
posite for 4D printing outlined that nano graphene powder reinforced ABS composite
prepared by tertiary (3°) recycling or chemical-assisted mechanical blending process
has good mechanical and bonding properties for 3D/4D printing. Further investiga-
tions of wear properties of ABS-graphene composites indicated that uniform blend-
ing of reinforcements contributed in better wear properties of the ABS composite
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(Kumar et al., 2022d,e). In a separate study, the researchers have outlined that gra-
phene particles contributed very effectively to improve the wear properties of the
elastomer-based polymeric composite (Jeon et al., 2020). Such investigations high-
lighted that various funding agencies affiliated to different research and academic
organizations are keen to explore the new possibilities in composites for tribologi-
cal properties based structural and non-structural applications. Figure 9.6 shows the
documents published on tribological properties of composites by various researchers
under different affiliations for structural and non-structural engineering applications.

The tribological analysis based on mechanical properties and fretting wear resistance
of 3D metal printed functional prototypes has been reported by some researchers, which
highlighted the structural applications of commercial metals and alloys for 3D printing
based batch production activities (Gao and Zhou, 2018). Wear properties of 3D-printed
low-density polyethylene also have been reported for non-structural applications
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(Olesik et al., 2019). The wear property investigations performed on Cobalt (Co)-based
alloys further paved the way for investigating the tribological properties of thermoplas-
tic composite matrix for structural applications (Enneti and Prough, 2019).

In the past five years, significant studies have been reported by the researchers
on utilization of 3D printing technology for structural applications in automobile
engineering, friction stir welding, and aerospace engineering (Velu et al., 2019; You
et al., 2023). The results of these review and experimental studies indicated a sig-
nificant potential in thermoplastic composite matrix based materials for innovative
structural/non-structural applications, whereas wear properties of the same are least
reported by utilizing the 3D printing processes (Ashraf et al., 2018). Some research-
ers have reported the development of 3D printable smart thermoplastic compos-
ites with customizable and programmable properties for maintenance of heritage
structures (Kumar et al., 2022f). The solution so developed has also been explored
for ascertaining the online health monitoring capabilities for long-term conserva-
tion practices along with weathering control properties because weathering defect is
highly faced by the heritage structures due to various environmental issues (Kumar
et al., 2022g,h). Such studies outline investigation needed to be performed on tribo-
logical properties of the smart thermoplastic composites for effective preservation
practices of structures that may not only increase the lifespan of heritage buildings
but also increase the structural impact of the solutions developed.

9.2 RESEARCH GAP AND PROBLEM FORMULATION

The literature review reveals that very significant studies have been reported on novel
industrial applications of thermoplastic polymers and their composites for engineer-
ing and biomedical applications along with the integration of modern manufacturing
practices like 3D printing (Tay et al., 2017). Also, good number of studies has been
performed on investigating the structural and non-structural engineering applica-
tions of 3D printable thermoplastic composites like in the area of heritage structures
conservation, smart civil structures. In contrary, tribological properties of conven-
tional engineering materials like metals and their alloys along with variety of coat-
ings have been extensively reported by many researchers for rapid prototyping and
rapid tooling (Bedarf et al., 2021). The role of smart thermoplastic composites in
various structural applications (like in the smart civil structures) has been increased
significantly in past one decade. Many researchers have also outlined the advantages
of thermoplastic composite matrix based smart solutions for structural as well as
non-structural applications of heritage structures. But hitherto very less has been
reported on investigating the tribological properties of such smart thermoplastic
composite matrices for ascertaining the acceptable wear-resistant properties in the
composite solution for desired structural application. The research gap analysis based
on 3,705 research publications was performed using VOS viewer software package.
The analysis of the reported literature highlighted a total of 8,404 research key-
words explored by the researchers for different characteristic studies, research areas,
applications, and product/ process developments. By considering the keywords such
as thermoplastic composites, tribological properties, structural applications, smart
solutions, customizable materials, and 3D printing, the most relevant keywords were
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processed further to obtain the web of keywords. This web of keywords highlights
various highly relevant studies performed on 3D-printed thermoplastic composite
matrix for tribological properties based structural applications. Table 9.1 shows the
top 50 highly relevant keywords out of 152 threshold keywords studied by more than
60% researchers around the world.

TABLE 9.1
List of Keywords Studied on 3D-Printed Thermoplastic Composite Matrix for
Tribological Properties Based Structural Applications

Relevance

Id Keywords Occurrences Score
1 Abrasive wear 26 0.7455
2 ABS 11 0.6328
3 Adhesive wear 20 1.1103
4 Aerospace 10 1.8601
5 Agent 20 0.8524
6 Alumina 11 0.8953
7 Article 34 0.3445
8 Ball wear 20 0.6735
9 Bearing 18 1.2567
10 Block 15 1.1323
11 Break load 12 1.3638
12 Carbon nanotube 29 1.3856
13 Case studies 19 0.5957
14 Carbon nanotubes 11 1.5511
15 Coefficient of friction 13 0.7923
16 Comparison 19 0.7672
17 Compatibilizers 10 1.5793
18 Composite material 35 0.4986
19 Contact length 25 1.2672
20 Degrees Celsius 36 0.5259
21 Development of composites 48 0.48
22 Differential scanning calorimetry 10 1.3614
23 Dispersion rate 31 0.521
24 Distance covered 32 0.5177
25 Diameter of track 10 1.3169
26 Dynamic mechanical analysis 11 1.2638
27 Elastic modulus 16 0.495
28 Electron microscope 15 0.6686
29 Elongation 18 1.1985
30 Environment 21 0.6235
31 Ether ketone 18 0.6635
32 Experiment 32 0.4998
33 Experimental investigation 10 1.2775
34 Fabrication 17 0.3613

(Continued)
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TABLE 9.1 (Continued)
List of Keywords Studied on 3D-Printed Thermoplastic Composite Matrix for
Tribological Properties Based Structural Applications

Relevance

Id Keywords Occurrences Score
35 Field 31 0.695

36 Flexural strength 23 0.8502
37 Form 16 0.4365
38 Formation 39 0.4976
39 Fourier 11 1.2002
40 Glass 14 0.7823
41 Glass fiber 19 0.6015
42 Glass transition temperature 11 1.0756
43 Graphene 13 2.3201
44 Graphite 22 0.503

45 HDPE/LDPE composites 13 3.1466
46 High-density polyethylene 16 2.7714
47 High temperature 14 0.8559
48 Hybrid composite 17 0.6598
49 Impact 17 0.4192
50 Impact strength 23 1.0266

Based on the mentioned keywords (like shown in Table 9.1), Figure 9.7 shows
the web of keywords which indicated that good studies have been reported on
development of composite materials and their characterization for better tribologi-
cal properties and 3D printing applications. Further analyses of keywords compos-
ite materials, wear mechanisms, and wear tests as independent nodal points shown
in Figures 9.8, 9.9, and -9.10 respectively outlined that, although a good number
of investigations have been performed on thermoplastic composites for variety of
engineering applications, very less is performed on investigations of tribological
properties for 3D printing integrated structural applications of thermoplastic com-
posites. The partially hidden texts in Figures 9. 8—and 9.10 reflect the gap in the
previous studies.

The reports of utilizing an appropriate strategy for 3D printing of thermosets for
tribological applications and development of multi-material 3D-printed compos-
ites for non-structural applications indicated that smart thermoplastic composites
matrix may be explored for tribological properties for 3D printing based structural
applications (Lei et al., 2019; Kumar et al., 2023a). Therefore, as an extension to
the previously reported studies, this chapter highlights the experimental investiga-
tions performed on tribological properties (based on wear resistance, friction force,
and coefficient of friction) of smart thermoplastic composite of PVDF, i.e., smart
programmable PVDF-graphene-Mn doped ZnO (PVDF-G-MZ) and PVDF-calcium
carbonate (CaCO,) (PVDF-CC).
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9.3 EXPERIMENTATION

The PVDF-G-MZ and PVDF-CC composites were prepared by mechanical blend-
ing process. The selected proportion of reinforcements such as graphene, Mn-doped
ZnO, and CaCO; was obtained as per the reported literature (Kumar et al., 2023a).
Therefore, PVDF-6%graphene-3%Mn doped ZnO and PVDF-6%CaCO; com-
posites were prepared, and feedstock filaments were prepared using twin screw
extruder at 220°C extrusion temperature and 120rpm screw extrusion speed. The
filaments of PVDF-G-MZ and PVDF-CC composites so prepared were used to
obtain 3D-printed specimens of the composites for tribological analysis (based on
pin-on-disk testing). The 8 mm diameter and 30 mm long pins of PVDF-G-MZ and
PVDEF-CC composites were 3D printed using fused filament fabrication (by keep-
ing 220°C nozzle temperature, 80°C bed temperature, 40 mm/s printing speed, and
rectilinear infill pattern). Three pin samples of both PVDF-G-MZ and PVDF-CC
composites were prepared with varying infill densities, i.e., 100%, 75%, and 50%.
The wear rate and friction force based tribological properties were investigated by
wearing the 3D-printed composite pin samples against 220 grit size fine abrasive
paper. The pin samples of varying infill densities were rubbed against the abrasive
paper on pin-on-disk setup by considering the wear velocity of 1 m/s. Therefore,
the track diameter was selected 80 mm for testing the pins along with 100 rpm disk
rotation speed under 20N applied dead weight for 300s time duration. Further,
the morphological analysis of 3D-printed worn out surfaces was also performed to
investigate the effect of varying infill densities on tribological properties of PVDF-
G-MZ and PVDF-CC composites for structural applications in repair and mainte-
nance of heritage structures.

9.4 RESULTS AND DISCUSSION

The results obtained for wear rate and friction force exerted by each 3D-printed
pin sample of the prepared PVDF-G-MZ and PVDF-CC composites were ana-
lyzed to ascertain the best acceptable printing conditions in terms of infill density
to impart more wear resistance to the 3D-printed composite structure for desired
applications. The wear and friction force observations for PVDF-G-MZ pin sam-
ple with 100% infill density are shown in Figure 9.11. Similarly, Figure 9.12 shows
the observations for wear of PVDF-G-MZ sample with 75% infill density and
Figure 9.13 shows the observations for wear of PVDF-G-MZ sample with 50%
infill density.

The wear and friction force observations for PVDF-CC pin sample with 100%
infill density are shown in Figure 9.14. Similarly, Figure 9.15 shows the observations
for wear of PVDF-CC sample with 75% infill density and Figure 9.16 shows the
observations for wear of PVDF-CC sample with 50% infill density.

The results obtained for wear of PVDF-G-MZ and PVDF-CC samples outlined
that wear rate of the composite increased with decrease in infill density. For 100%
infill density, the minimum wear of 304 pm was observed in PVDF-G-MZ and 175 pm
wear was observed in PVDF-CC sample. In contrast to morphological properties,



140 Tribological Aspects of Additive Manufacturing

o
n

o
=9

WEAR ( Micrometers)

AL LA il

'L'!

=
<~
-

FRICTIONAL FORCE { N}
-
S = L
P—

o
@

ST T T T T T T T T

o 0 20 4 60 80 100 120 140 160 180 200 220 240 20 280 30!
20 40 60 80 100 120 140 160 180 200 220 240 260 280 301 .
304 Data Points 1 | 40 | Data Paints E

[ s |

: o
E=S =

¥ [um]
AT TR IR TR FETR TR R PRI TTRTR RTRTTETT

s

I
~

TT T T T T T[T T T T T T T[T T T T T [T TrTTTTT
- - o 0 100 200 300 400

SED 5.0kV. WD13mmP.C.60 HV  x100 100pm —

MECH. ENGG. DEPTT. NITTTR, CHD. 0000 Mar 29, 2023

FIGURE 9.11 Tribological and morphological observations for PVDF-G-MZ pin sample
with 100% infill density.



Effect of the Tribological Properties on Structural Applications 141

1 o | A AN

o

n
-
=]
—

ok} £
=)

-
n

-
=]

ey
o

WEAR ( Micrometers)
2
N
2
FRICTIONAL FORCE { N )

.
=]

a3
O N TR RN O O O T I D T

- 0 20 40 60 60 100 120 140 160 180 200 220 240 260 280
020 40 60 80 100 120 140 160 180 200 220 240 260 280 303 .
511 o DmlPaIM: ] | 5'9 | DetaPaits :

e
w

2
N

0.1

y [um)

0.0

-0.1

ATRTTRINI (TR TIRIRI (VRTTRTRI CRTRTTNTRI (NRTTRINL

-0.2

L T L U T LT O T |
100 200 300

N T T "‘w ,,t,
"

D 5.0kV WD13mmP.C.60 HV  x100 100pm
CH. ENGG. DEPTT. NITTTR, CHD. 0000 Mar 29, 2

o

)

FIGURE 9.12 Tribological and morphological observations for PVDF-G-MZ pin sample
with 75% infill density.



142 Tribological Aspects of Additive Manufacturing

o T

e Ten e oon
I

o
]

N ln "
AW T A

= R =

= = cn
23

PN

WEAR ( Micrometers)

s
P

o

FRICTIONAL FORCE { N )

————
|
= =

=

o
o

O O N EE R R R RN RN N TR RN RN RN

ST w0 s 5 100 139 40 1o 180 20 30 340 3 o 3o 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 301

[om | s Sm— |5_1| Dk Paits :l

s
IRTRRRTRNE ARRRTRRNY

0.2

LI

0 100 200 300 400

SED 5.0kV WD12mmP.C.60 HV  x100
MECH. ENGG. DEPTT. NITTTR, CHD.

FIGURE 9.13 Tribological and morphological observations for PVDF-G-MZ pin sample
with 50% infill density.



Effect of the Tribological Properties on Structural Applications 143

l7ﬂ: R 05 M
" T '
- L1 " L MAN Aol BN
E 4 A
~
z
1
120 | :7-5
" 2
N 0
g e ;7.0
EE 8¢5
e, ;
Dl d
E , ||.6.0
Efl
Ell
[l R O I e I
g 0 20 4 60 60 100 120 140 160 160 200 220 240 250 280 0
& 20 A [ B .l 0 120 ‘Bi.::‘.: 30 200 'zn 240 260 280 302 I &2 | mamm E

T T T T T T T T T T T T T T T T
e 100 200 300
100pm  —

0000 Mar 31, 2023

o

FIGURE 9.14 Tribological and morphological observations for PVDF-CC pin sample with
100% infill density.



144 Tribological Aspects of Additive Manufacturing

231

<
K
?
[

Jul Y

\
)
4 58
= 2
]
e

~
=3

o
=)

WEAR (Micrometers)

FRICTIONAL FORCE { N
o
n

o
n

¢
7 4 ST T T T T T T T T T T T

— 0 2 40 60 80 100 120 140 160 180 200 220 240 260 280 302
R L A A AR S Iy NS I Py U P aR s Fas Ra Ly T

21 40 6 8 100 120 140 160 180 200 220 240 260 280 300 i

= oS  — | 80 | Dk Pt :

[ rougines

X ¥ [um]
e D b

AN N 3 3 LI
SE vV WD12mmP.C.60 HV  x100 100pm  m— 0 100 200 300 400
MECH. ENGG. DEPTT. NITTTR, CHD. 0001 Apr 12, 2023

FIGURE 9.15 Tribological and morphological observations for PVDF-CC pin sample with
75% infill density.



Effect of the Tribological Properties on Structural Applications 145

A b s

b
)
a5
G-
.
=
.
——
<
A
’=
]

FORCE ( N
o o
S
|

2
S @
PR

'WEAR ( Micrometers)
~

FRICTIONAL
W w
= o

ro
w

18-
0 20 40 60 60 100 120 140 160 180 200 220 240 260 260 302

20 40 60 B0 100 120 140 160 180 200 220 240 260 280 302 i
o L, || N Dachs ]

GO TN N R LN A R RN R Ly W Ry W R

4 — Raughoss

f P s R \ LI L

SED 5.0kV. WD11mm .60 HV  x100 100pm  — 100
MECH. ENGG. DEPTT. NITTTR, CHD. 0002 Apr 12, 2023
' X ' FER -
] ¥ :4)
b

ain size= 35

¥
"i‘
'1(‘

FIGURE 9.16 Tribological and morphological observations for PVDF-CC pin sample with
50% infill density.



146 Tribological Aspects of Additive Manufacturing

porosity % and surface roughness (Ra) also increased with decrease in infill density.
Therefore, it may be stated that 100% infill density is the best acceptable parameter
to attain good wear-resistant properties in 3D-printed composite structures of PVDF-
G-MZ and PVDF-CC for repair and maintenance based structural applications in
heritage structures.

9.5 SUMMARY

The investigations performed on tribological and morphological properties of PVDF-
G-MZ and PVDF-CC for repair and maintenance based structural applications in
heritage structures highlighted that the proposed composites possess good wear-
resistant properties with a minimum wear rate of 304 pm in the case of PVDF-G-MZ
and 175 pm wear rate in the case of PVDF-CC. The 3D-printed composite structures
of the proposed composites with 100% infill density also possess acceptable morpho-
logical properties in terms of porosity % and Ra. The minimum porosity of 7.92%
and 9.27% was observed in PVDF-CC and PVDF-G-MZ composite structures with
acceptable surface roughness in the range of 80—-120 pm. The results of the study
outlined that the PVDF-G-MZ and PVDF-CC composites possess acceptable tribo-
logical properties (i.e., high wear resistance due to less wear rate, i.e., 35 pm/min) as
a result of which the same may be used successfully for structural and non-structural
applications in repair and maintenance of heritage structures.
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10.1 INTRODUCTION

Additive manufacturing (AM) has rapidly become a major method of manufacturing
for industrial applications (Ranjan et al., 2023a). Due to the involved layer-by-layer
deposition, the amount of waste material is limited, drastically reducing overall cost
and conserving resources, unlike subtractive methods of manufacturing (Ralls et al.,
2021; Shah et al., 2022; Tyagi et al., 2023, Tyagi & Tripathi 2023). This technology
is being used in a wide variety of industries such as aerospace, mechanical, food,
architectural, medical, automotive, and marine industries with the use of all different
types of materials such as polymers, metal, ceramic, and concrete (Luo et al., 2022).
Among these materials, the focus of this chapter is on the polymers and metals.
There are various methods for AM on polymers, and the most common approaches
that attract more attention in recent years are Extrusion-based additive manufac-
turing (EAM), powder bed fusion (PBF), and digital light processing (DLP). Many
subcategories are also derived from these three categories (Ranjan et al., 2023b;
Orgeldinger et al., 2023). For metals, all methods can be classified into two main
categories: powder bed fusion (PBF) and direct energy deposition (DED) with sub-
categories of direct metal laser sintering (DMLS), selective laser sintering (SLS),
selective laser melting (SLM), laser powder bed fusion (LPBF), electron beam pow-
der bed fusion (EBPBF), and electron beam melting (EBM) that are grouped for PBF.
Electron beam direct energy deposition (EBDED), laser wire direct energy deposi-
tion (LWDED), laser powder bed direct energy deposition (LPDED) or laser additive
manufacturing (LAM), and wire-arc additive manufacturing (WAAM) approaches
are also categorized for DED category (Orgeldinger et al., 2023). Creating specific
surface texture or producing special composites to improve the wear resistance
of mechanical parts is not a new idea, and in many applications, this concept has
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been utilized for decades (Lu & Wood, 2020; Saligheh et al., 2020). For additively
manufactured parts, regardless of their material (polymer or metal), there are many
supplementary methods that can be used to modify the surface before applying in
the corresponding abrasion applications. Common post-processing methods that are
used for surface modification of parts produced by 3D printing methods are summa-
rized by the researchers (Tyagi et al., 2023; Pruncu et al., 2022)

Although surface texture commonly represented by surface roughness param-
eters (Coblas et al., 2015), some special textures are produced with advanced and
additive manufacturing methods that have effect on the tribological properties of
surfaces (Townsend et al., 2016). Advanced manufacturing methods like electro-
chemical machining (ECM), electrical discharge machining (EDM), laser surface
texturing (LST), and maskless chemical etching method (MECT) have been used
for specific texture implementation in mechanical parts (Laki et al., 2022; Townsend
et al., 2016). In this book chapter, the effect of surface textures on the tribological
properties of additively manufactured metal and polymer parts in recent research
works is investigated. Metal and polymers are studied separately, and various surface
textures and their effects on the wear and abrasion properties are explained in detail
for 3D-printed parts.

10.2 TRIBOLOGICAL BEHAVIOR OF POLYMER PARTS

Polymer-based materials (PBM) with self-lubricating characteristics, lower cost
processability, and synthetic compatibility are being widely used in many appli-
cations (Coblas et al., 2015). For functional effectiveness of this material, it is
crucial to investigate the tribological properties to develop an applied 3D-printed
material.

Tribological properties of 3D texture shape, such as a truncated cone structure
compared with two 2.5D equivalent structures, cylinders with the height and base
diameter of the cone (2.5D-base) and rods with the height and tip diameter of the
cone (2.5D-tip), have been investigated by Afshar-Mohajer and Zou (2020) for 3D
micro-textures Fabricated via Two-Photon Lithography and Replica Molding. The
produced textures reported that the wear rate of 2.5D-base texture is higher than the
cone one and the height reduction of 2.5D-base texture is increasing with increasing
the wear test normal load. The effect of 3D texture on the wear characteristics of
Z-ABS® material was investigated (Sinmazgelik et al., 2020). It is concluded that the
use of macro-textured surfaces produced by the AM method, specifically designed
for particle erosion direction, remarkably reduces particle erosion. The formation of
microscale geometric textures on the surface of the part subject to particle erosion
without altering the macro geometry can significantly reduce the damage caused by
particle erosion as depicted in Figure 10.1 (Sinmazgelik et al., 2020).

Luo et al. (2022) investigated the effect of two surface textures on samples pro-
duced by FDM technology: (a) convex square and (b) convex triangle. The samples’
materials were SCFRN and nylon. The surface texture that is produced by FDM is
shown in Figure 10.2.

The effect of surface tribology and material type on the average COF was observed.
For most test conditions, the average COF of convex triangular texture is lower than
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FIGURE 10.1 Wear rate results for different ABS samples produced by 3D printing with
various surface texture designs (Sinmazgelik et al., 2020).

FIGURE 10.2 Convex square (a) and convex triangle (b) surface textures (Luo et al., 2022).

convex squared texture, with the fully printed texture having the maximum COF.
The specific wear rate is measured for various test conditions. The same trend that
has been detected for the COF can be detected for wear rate, with the convex trian-
gular texture providing the minimum wear rate. Surface texture of 3D-printed parts
can be developed by changing the printing orientation. Dangnan et al. (2020) investi-
gated the friction and wear characteristics of ABS and Verogray materials produced
with Polyjet additive manufacturing method and parallel and perpendicular print-
ing orientations. Average COF values for different orientations and material in three
testing load values of 1, 5, and 10 Newton, and for all cases, the COF in the parallel
direction is lower than that in the perpendicular direction. Results of specific wear
rate for different orientations and materials for two different trends are observed for
ABS and Verogray materials. Unlike the Verogray, for ABS material, the wear rate in
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the perpendicular direction is lower than that in the parallel direction, indicating that
the material specification is also an important factor in determining the tribological
characteristics (Dangnan et al., 2020).

10.3 TRIBOLOGICAL BEHAVIOR OF METAL PARTS

Wear and corrosion resistance are very important parameters of metals that are
being used in automotive and medical application, and the parts like implants
that are produced with additive manufacturing methods should possess mentioned
characteristics (Khun et al., 2018). Khun et al. investigated tribological character-
istics of Ti-6Al-4V as a new biomedical material that was produced with EBM
3D printing Process. They concluded that the additively manufactured Ti-6Al1-4V
samples have higher wear resistance than the commercial Ti-6A1-4V material
(Khun et al., 2018). Friction characteristics of different stainless steel (AISI 316L)
surface textures including flat, gecko’s fibrils, dimples, pyramids, mushrooms,
mesh, inclined brush, and brush were investigated by Holovenko et al. (2018). The
SLM 3D printing method has been utilized for producing the samples. Various
textures were produced with 3D printing. The flat surface was the most unstable
and had the highest COF. Results also revealed that the inclined brush structure
provided the most stable and lowest COF. Results also proved that the surface
texture is a very important factor affecting the friction characteristics of the addi-
tively manufactured metal parts. They also analyzed the size and shape of wear
debris separating from each surface texture during the pin-on-disk wear test to
have better understanding of the COF behavior for each specified surface pattern.
They have also reported that the size of texture elements on the part surface is
limited by the capabilities of current SLM method, and it is not possible to have
very small texture elements.

The tribological behavior of AM and cast Inconel 718 samples was investigated, as
well as the effect of surface topology on the wear characteristics of the samples (Basha &
Sankar, 2023). The microstructures for two AM and cast samples have been compared.
As shown in this figure, AM part is characterized with the rapid solidification that lim-
ited the macro segregation (Basha & Sankar, 2023). Microstructure of the wear scars
for AM samples after wear test for different counter-body materials (Basha & Sankar,
2023). Tribo-oxide film observed in some positions for casted sample is compared to the
AM sample, In the case of silicon carbide counterpart, the shallow abrasive marks are
shown. It is concluded that boron carbide counter-body exhibited the lowest COF due to
the presence of boric acid, which acted as a lubricant, while the silicon carbide counter-
body had the minimum specific wear-rate (Basha & Sankar, 2023).

Dimple density as a texture micro-feature has been developed on the surface of
Ti6Al4V titanium alloy by laser, and the wear properties of various designed tex-
tures are investigated by Gaikwad et al. (2022). Schematic view of the samples with
various dimple densities is indicated in Figure 10.3. Wear test results are illustrated
in Figure 10.4. As shown in this figure, increasing dimple density could decrease
wear rate and the dimple density can determine the tribological behavior of Ti6AI4V
material produced by 3D printing method (Gaikwad et al., 2022).
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FIGURE 10.3 (a) Schematic representation of dimple density variation and (b) actual sam-
ple (Gaikwad et al., 2022).
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FIGURE 10.4 Wear volume of samples with various dimple densities compared with refer-
ence sample (untextured) (Gaikwad et al., 2022).

10.4 CONCLUSION

In this book chapter, the effect of using various surface patterns on the frictional
and wear rate of additively manufactured metal and polymer materials has been
investigated. For polymers, it is concluded that various surface textures can be
utilized including cylindrical and cone bump, printing orientation, and squared
and triangular convex textures. The wear rate of 2.5D-base texture is higher than
the cone one and the height reduction of 2.5D-base texture is increasing with
increasing wear test normal load, the friction of convex triangular texture is lower
than convex squared texture, and the COF in the parallel direction is lower than
that in the perpendicular direction. For metal additively manufactured parts, the
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effects of many surface texture features have been investigated including dimples,
pyramids, mushrooms, and brush. Results indicated that these feature have con-
siderable effect on the friction and wear of the part surface.
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11.1  INTRODUCTION

Tribology, which deals with friction, wear, corrosion, and lubrication, contributes
to meeting the increasing demands of sophisticated technological advancements as
humanity progresses. It leads to enhanced durability of parts and improvements in
the biomedical industry (Alam, 2021). When it comes to biomedical applications,
there are several critical concerns that need to be addressed in tribology, including
outstanding biocompatibility, high strength, and elastic modulus similar to that of
bones, high corrosion resistance, and high wear resistance (Kaur et al., 2019). To
tackle these challenges, additive manufacturing (AM) has gained significant traction
in the biomedical industry. It is utilized for fabricating customized prosthetics, dental
implants, manufactured organs and tissues, anatomical models, and pharmaceutical
products (Ramakrishna et al., n.d.; Rezvani Ghomi et al., 2019). This technology
leverages various biomaterials such as metals, powders, liquids, ceramics, polymers,
and living cells to create intricate structures possessing exceptional tribological
properties. These properties cannot be achieved through conventional manufactur-
ing methods (Moghadasi et al., 2022; Wasyteczko et al., 2023).

11.2 ADDITIVE MANUFACTURING TECHNIQUES AND
TRIBOLOGY TESTS FOR BIOMEDICAL COMPONENTS

According to ASTM, AM is a process that involves the deposition of materials layer

by layer to create an object based on CAD data, contrasting with the subtractive

manufacturing technique (Tyagi et al., 2023; Ranjan et al., 2023). Figure 11.1 shows
flow diagram of the AM process (Malik et al., 2022).
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FIGURE 11.1  Flow diagram of the additive manufacturing process (Malik et al., 2022).
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FIGURE 11.2  Classification of additive manufacturing technologies (Rafiee et al., 2020).

AM can be categorized based on the method of product formation and the type
of materials employed. The classification based on the product formation methodol-
ogy includes material jetting, binder jetting, extrusion, sheet lamination, and energy
deposition. According to the ISO/ASTM 529000-2015 standard, AM technologies
can be classified into seven different categories, and examples of AM processes are
given in Figure 11.2 (Rafiee et al., 2020).

In order to evaluate the tribological properties of additively manufactured parts,
mainly two types of tribometers are used: (a) Linear Reciprocating Tribometer and
(b) Rotating Tribometer. A schematic of these tribometers is shown in Figure 11.3.
A reciprocating tribometer is purposefully crafted to replicate the reciprocal sliding
motion that occurs between two surfaces to determine the wear rate and friction.
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FIGURE 11.3  Schematic of types of tribometer: (a) linear reciprocating tribometer and (b)
rotating tribometer.

Its significance lies in its relevance to biomedical applications, particularly in the
case where implants may undergo back-and-forth movements, as seen in hip or knee
joint replacements. While a rotating tribometer is employed to investigate the fric-
tion and wear characteristics of materials when subjected to rotational motion, it is
necessary to conduct such a tribology test to simulate a real-world scenario to ensure
highly accurate material performance. The use of such tribological data can help in
material selection, lubrication conditions, and design optimization for better perfor-
mance and longevity of implants and medical devices.

These tests help to ensure the reliability, performance, and biocompatibility of
the parts. A few tribology tests have been listed below for the AM techniques and
biomedical applications in Table 11.1.

11.3 PARAMETERS INFLUENCING THE TRIBOLOGICAL
PROPERTIES OF AM PARTS FOR BIOMEDICAL APPLICATION

The tribological properties of AM parts are influenced by several parameters.
Understanding and controlling these factors are essential for ensuring the reliable
performance and long-term functionality of AM parts in biomedical settings. Here
are some key parameters that influence the tribological properties of AM parts for
biomedical applications:

11.3.1 MATERIAL SECTION

Different AM materials, such as metals, polymers, ceramics, and composites,
exhibit varying tribological behaviors. The choice of material can significantly
impact the wear resistance, friction coefficients, and biocompatibility of AM bio-
medical parts. Figure 11.4 shows different types of biomaterials and their applica-
tions (Table 11.2).
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TABLE 11.1

Additive Manufacturing Techniques with Tribological Tests
in the Biomedical Application

Additive Manufacturing

Technique

Selective laser sintering
(SLS)

Fused deposition
modeling (FDM)

Stereolithography (SLA)

Electron beam melting
(EBM)
Binder jetting

Direct ink writing (DIW)

Material jetting

Biomedical Application

Custom implants

Tissue engineering

scaffolds

Dental restorations

Orthopedic implants

Drug delivery systems

Bioprinting of organs

Hearing aid manufacturing

Tribological Test
Wear and friction analysis
(Bertolotti et al., 2022)

Coefficient of friction
(Gao et al., 2023)

Surface roughness
(Dikova et al., 2018)

Scratch resistance (Wu
et al., 2023)

Wear rate (Akmal et al.,
2018)

Friction coefficient (Wan
et al., 2020)

Tribocorrosion resistance
(Evans et al., 2022)
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FIGURE 11.4 Different types of biomaterials and their application.

11.3.1.1 Titanium Alloys

Titanium and its alloys, such as Ti-6Al-4V, exhibit excellent tribological proper-
ties due to their low friction coefficient and high wear resistance. The material’s
biocompatibility makes it ideal for load-bearing implants and joint replacements.
In a comparative study of the wear resistance between conventional Ti6Al4V and
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TABLE 11.2

FDA-Cleared 3D-Printed Material and Its Application in the Biomedical

Industry (Singh & Ramakrishna, 2017)

Material Application
CP-Ti Screw and abutment

Ti-6A1-4V Artificial valve, stent, bone fixation
Ti-6Al-7Nb Crowns, knee joint, hip joint
Ti-5Al1-2.5Fe Spinal implant

Ti-15 Zr-4Nb-2Ta-0.2Pd

Crown, bridges, dentures, implants

Ti-29Nb-13Ta-4.6Zr

83%—-87%Ti-13%—17%Zr (Roxolid)
316L Knee joint, hip joint, surgical tools, screw
Co-Cr-Mo, Co-Ni-Cr-Mo
NiTi Catheters, stents
PMMA, PE, PEEK

Crown, bridges, dentures, implants
Crown, bridges, dentures

Artificial valve, plates, bolts, crowns, knee joint, hip joint

Dental bridges, articular cartilage, hip joint femoral surface,
knee joint bearing surface, scaffolds

Si0,/CaO/Na,O/P,05 Bones, dental implants, orthopedic implants

Zirconia Porous implants, dental implants
AlLO4 Dental implants
Ca;(PO,);(OH) Implant coating material

EBM-printed Ti6Al4V samples, the EBM-printed Ti6Al4V samples exhibited supe-
rior wear resistance due to their higher hardness (Hao et al., 2016).

The COF of the commercial and 3D-printed Ti64 samples, tested both with and
without Hank’s solution, is presented in Figure 11.5a as the number of laps. Throughout
the entire sliding process under both dry and wet conditions, the 3D-printed TiAl4V
sample exhibits higher COF compared to the commercial TiAl4V sample, despite
both samples displaying stable friction during the wear tests. The fluctuations
observed in the friction coefficients of both TiAl4V samples in relation to the num-
ber of laps indicate the presence of the stick-slip phenomenon, which is a result of
the hard steel balls sliding on the TiAl4V samples. Figure 11.5b clearly illustrates
that the application of Hank’s solution leads to lower friction coefficients for both
TiAl4V samples during the wear tests. Also, beta-type biomedical titanium alloys
are preferred materials for medical implants owing to their low modulus, superb
biocompatibility, high corrosion resistance, and superior strength when compared to
stainless steel and Co-based alloys.

In Figure 11.5¢ and d, the hardness with depth and the specific wear rates of
both the commercial and 3D-printed Ti64 samples are presented, with and without
Hank’s solution. This observation confirms that the 3D-printed Ti64 samples exhibit
lower wear. Furthermore, even under wet conditions, the 3D-printed Ti64 samples
consistently display a slightly lower average specific wear rate as compared to the
commercial Ti64 samples, which have a high wear rate. Figure 11.5 demonstrates
that the application of Hank’s solution during sliding noticeably reduces wear in both
the commercial and 3D-printed Ti64 samples (Khun et al., 2018).
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FIGURE 11.5 (a) COF of commercial and 3D-printed Ti64 samples tested, (b) hardness
with depth, and (c) the specific wear rates of cast and 3D-printed Ti64 samples were tested
under the same conditions (Khun et al., 2018).

11.3.1.2 Stainless Steel

Stainless steel alloys, like 316L SS, offer good tribological performance, combin-
ing low friction with adequate wear resistance. They find applications in orthopedic
implants and dental components. In a study of ball-on-disk type wear analysis, it has
been seen that the LB-PBF 316L SS has a low wear rate as compared to the CM 316L
SS in the dry condition, under 1, 5, and 10 N of the applied load level. This is due to the
higher hardness of LB-PBF than that of CM material, and it also happens due to the
difference in roughness between the samples. Figure 11.6 shows the comparative study
of COF and wear rate between LB-PBF and CM samples (Upadhyay & Kumar, 2020).
In comparison to hot pressing and conventionally manufactured samples, the 316
stainless steel specimens created using SLM technology demonstrated higher wear
resistance (Hashim, 2023).

11.3.1.3 Cobalt-Chromium Alloys

Cobalt-chromium (Co-Cr) alloys, such as Co-Cr-Mo, demonstrate exceptional wear
resistance, making them suitable for knee and hip replacements. They have a com-
paratively low coefficient of friction, reducing the risk of wear debris-induced inflam-
mation. In the ball-on-disk tribology test under dry conditions, cast and SLM Co-Cr
alloy samples were tested. The experiment utilized a 5 N load and a 200 rpm rota-
tional speed. The SLM sample demonstrated lower plastic deformation and exhibited
significantly higher wear resistance compared to the Casting sample, which reflects
that SLM samples are more suitable for implant manufacturing (Fu et al., 2022).
The CAST specimens show considerable fluctuations in the friction coefficient, with
an average value of 0.50. On the other hand, the SLM specimens maintain a rel-
atively constant friction coefficient, hovering around 0.46, which is slightly lower
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FIGURE 11.6 (2) and (b) COF and wear rate of LB-PBF; (c) and (d) the same parameters for
a conventionally manufactured sample (Upadhyay & Kumar, 2020).

than the cast sample. The wear marks determine the dominant wear mechanisms
for the CAST and SLM alloys, as illustrated in Figure 11.7. The worn surfaces of all
tested specimens revealed the presence of parallel grooves, plastic deformation, and
surface fatigue in the sliding direction. These observations suggest that fatigue and
abrasive wear mechanisms were active during the testing conditions. For the CAST
specimens, the worn surfaces displayed extensive partial exfoliation and metal wear
debris. On the other hand, the grooves on the worn surface of SLM specimens were
formed by the ploughing action and microcutting, and they appeared to be noticeably
shallower compared to the grooves observed on the CAST specimens. Furthermore,
a lower plastic deformation has been reported for the SLM sample.

()

Grooves

Surface fatigues

Grooves

FIGURE 11.7 Metallurgical-microscopy wear scars images of (a) CAST and (b) SLM sam-
ples (Fu et al., 2022).
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11.3.1.4 Polymeric Materials

Biocompatible polymers, such as polyether ether ketone (PEEK), polyethylene (PE),
and polyurethane (PU), exhibit varying tribological properties. PEEK, for instance,
has excellent wear resistance, making it suitable for spinal implants and articulat-
ing joints. Also, the COF of PEEK materials can be reduced by introducing carbon
fibers in polymer structure, which also reduces the wear rate (Singh et al., 2019).
The tribological performance of two distinct PEEK-based polymer coatings has been
investigated using a ball-on-disk machine operating in sliding mode at varying load
conditions. Subsequently, the findings were meticulously compared with those of the
conventional metal coating, COF and wear rates are low for the PEEK due to low
Hertzian pressure and temperature at the contact zone (Massocchi et al., 2021).

11.3.1.5 Bioactive and Biodegradable Materials

Hydroxyapatite (HA) coatings on metallic substrates improve tribological proper-
ties, mainly in bone implants. Biodegradable materials like polylactic acid (PLA)
and polyglycolic acid are used in temporary implants and scaffolds, and their tribo-
logical performanceistailoredbasedonthespecificapplication(Bartoloetal.,2012).
These types of materials are also useful for drug delivery systems.

11.3.1.6 Nanocomposite and Hybrid Materials

Nanocomposite materials, such as graphene-reinforced polymers or ceramics, can
enhance wear resistance and reduce friction. Hybrid materials combining metals and
polymers offer a balance of mechanical and tribological properties for specific biomedi-
cal applications (Ahmad et al., 2010; Raj et al., 2022a,b; Raj and Dixit, 2022). A PLA
and naturally extracted corn cob composite formed using the FDM technique show a
low COF and 10% higher wear resistance as compared to PLA. Also, PLA-CC compos-
ite has a higher load carrying capacity as PLA. Figures 11.8 and 11.9 represent the COF
and specific wear rate at different percentages of CC in the PLA-CC composite.

COF increases with the increase in the applied load due to heat generated during
friction, which softens the composite and increases the area of contact between the
rubbed surfaces. Also, such heat softens the composite and increases the shear resis-
tance, which increases the wear rate at higher applied loads. The lowest COF and
wear rate are reported for PLA-CC 10 (Fouly et al., 2022).

11.3.2  Surrace MODIFICATION TECHNIQUES

Surface modification methods seek to modify the surface characteristics of AM com-
ponents while preserving their internal properties. The objective is to enhance fric-
tion and wear resistance, thereby improving overall performance and minimizing
the risk of failure in rigorous biomedical applications. Various surface modification
approaches have been investigated to tackle the tribological issues encountered in
AM-produced biomedical components.

11.3.2.1 Coatings for Wear Resistance

These coatings are carefully applied to the surface of the substrate material to enhance
its performance and prolong its service life. In the realm of biomedical applications,
these coatings find frequent utilization on implants, surgical instruments, and various
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medical devices to augment their durability and biocompatibility. DLC coatings
are thin amorphous carbon films known for their exceptional hardness, low friction, and
high wear resistance. These coatings are widely used to enhance the tribological prop-
erties of AM biomedical parts, including implants and surgical instruments. By reduc-
ing the coefficient of friction between the part and contacting surfaces, DLC coatings
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effectively minimize wear and the risk of abrasive damage. Moreover, the hardness
of DLC coatings provides protection against abrasive wear and surface deformation,
resulting in improved longevity for AM biomedical components (Marian et al., 2023).
HA coatings are bioactive materials employed to improve the tribological and bio-
compatible properties of AM biomedical parts. HA, a natural component of bone,
promotes osseointegration when applied as a coating on metallic AM implants. This
process enhances load transfer between the implant and the surrounding bone, lead-
ing to reduced wear and improved stability. Furthermore, the bioactivity of HA coat-
ings encourages tissue growth, which contributes to a more stable implant and lowers
long-term wear rates (Akram et al., 2023). Bioactive glass coatings are also utilized in
AM biomedical parts to enhance tribological properties and encourage tissue integra-
tion. The unique composition of bioactive glass fosters the formation of a biologically
active hydroxyapatite layer when in contact with body fluids. This hydroxyapatite
layer facilitates osseointegration and minimizes wear between the implant and sur-
rounding tissues (Ramezani & Ripin, 2023). Additionally, bioactive glass coatings can
be employed in drug delivery systems to locally release therapeutic agents, aiding in
healing and reducing inflammation (Negut & Ristoscu, 2023).

A layered Ti6Al4V/316L substrate is produced using the LB-PBF process, and a
coating of TiO2 ceramic layer is formed on the layered Ti6A14V/316L substrate using
the anodic oxidation method at different coating times (15, 30, and 60 minutes). COF
and wear rate are measured using the reciprocating tribo tester, and the results of
all the samples are depicted in Figure 11.10. The wear rate for the untreated 316L is
much higher, while the A-60 sample has the lowest wear rate among all the samples.
This is due to the TiO, ceramic layer formed on the specimen, which increases the
load carrying capacity and hardness of the material while reducing plastic deforma-
tion (Turalioglu et al., 2021).

Plasma oxidation has been carried out on an L-PBF manufactured sample of pure
titanium to enhance the tribological properties. Plasma oxidation treatments were
conducted for 1 hour and 4 hours at 650°C and 750°C in a 100% O2 environment,
respectively. After plasma oxidation, the hard oxide layer that develops reduces severe
adhesive wear by improving shear resistance and providing a chemically inert struc-
ture for wear prevention. Figure 11.11 represents the hardness, COF, and wear rate of
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FIGURE 11.10 Wear rate of all samples (Turalioglu et al., 2021).
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FIGURE 11.11 Hardness, COF, and wear rate of forged and L-PBF specimens under (a) dry

and (b) SBF conditions (Kovaci, 2019).
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forged and L-PBF specimens in (a) dry and (b) SBF conditions. Forged Cp-Ti samples
that hadn’t been treated had a higher rate of wear than any other samples, and untreated
L-PBF Cp-Ti samples had a higher rate of wear than L-PBF/plasma-oxidized samples.
Therefore, the increased hardness of both the plasma oxidation process and the L-PBF
process can be stated to have reduced wear rates (Kovaci, 2019).

As discussed for all coatings for wear and corrosion resistance, some other types of
coating, like TiN coating, silver coating, and zirconia coating, can also be employed
to enhance the tribological properties of AM parts for biomedical devices. Because all
these coatings have excellent biocompatibility and high wear and corrosion resistance.

11.3.2.2 Surface Texturing for Friction Reduction

Surface texture is another method to reduce friction by reducing the contact area.
This can be produced by micromachining, laser surface texturing, and micro- and
nanosurface generation using AM itself.

11.3.2.2.1 Laser Surface Texturing

It is another texturing method employed to reduce friction in AM biomedical parts.
Laser surface texturing creates precise micro- or nano-sized surface patterns, effec-
tively reducing the effective contact area and modifying the frictional behavior at
the interface. During the laser ablation process, a laser beam is directly focused onto
the work surface, causing the material to be removed through heating. This results
in the melting and vaporization of the work material in the irradiated zone. As a
consequence, selective material is removed, and the surface topography undergoes
modification. This results in lower friction coefficients, making laser surface textur-
ing ideal for prosthetics, joint replacements, and other load-bearing AM biomedical
components. Figure 11.12 shows the schematic of principle of the laser surface tex-
turing (LST) (Riveiro et al., 2018).

Laser beam

Dimples

Textured pattern

Interaction region Grooves '

FIGURE 11.12  Schematic of principle of the laser surface texturing (LST) (Riveiro et al., 2018).
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11.3.2.2.2 Micro/Nanosurface Patterns

Micro/nanosurface patterns generated through AM processes are also beneficial
for improving the tribological properties of biomedical parts. These patterns retain
lubricants, minimize surface adhesion, and promote fluid retention, which enhances
lubrication and reduces friction-induced wear (Dwivedi et al., 2023). Incorporating
tailored surface patterns in AM implants and prosthetics further improves wear
resistance and reduces wear debris generation. COF and wear rate are significantly
improved for the additively manufactured pattern through the SLM technique as
compared to simple casted samples due to the smaller contact area (Dwivedi et al.,
2022a). Figure 11.13 shows the generation of the AM texture of SS 3161 using the
SLM technique. The specific wear rate and COF of different types of patterns
under lubricating and dry conditions, respectively, where grooves (parallel) have
low COF and wear rate for dry conditions, and dimple patterns show low COF
and wear rate for lubricating conditions as compared with cast samples. Cellular
structures can provide lightweight components for implants and prostheses. In this
regard, the S1 to S5 cellular structure of Ti6Al4V is produced by SLM, as shown
in Figure 11.14. Sliding ball-on-plate tribology tests were performed with PBS fluid
at 37°C to mimic the human body environment. As a result, high wear resistance
was reported with an increase in the lower open cell size due to lower contact stress.
A SEM micrograph of worn surfaces from S1 to S5 is shown in Figure 11.14. From
the figure, it may be concluded that all the Ti6Al4V samples exhibited plastic defor-
mation as a result of the abrasive wear test highlighted in figures a3, b3, c3, d3, and
e3 (Bartolomeu et al., 2017).
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FIGURE 11.13 Isometric view of (a) dimple textured and (b) groove textured surfaces of
SS 316L; (c and d) laser scanning; bi-directional rotation scan and build direction (BD); and
transverse direction (TD), respectively (Dwivedi et al., 2022a).
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FIGURE 11.14 SEM micrograph of worn surfaces of S1-S5 (Bartolomeu et al., 2017).

11.3.2.3 Lubrication Solutions for Tribology Improvement

Lubrication is a critical factor in improving the tribological performance of AM
parts used in biomedical applications. To address the challenges of wear and friction,
various lubrication solutions have been developed, drawing inspiration from nature
and advanced material science.

Synovial fluid (Mimicking Lubricant), a natural lubricant found in joints, offers low
friction and wear protection. Synovial fluid-mimicking lubricants aim to replicate its
composition and lubricating properties. Typically comprising water, hyaluronic acid, and
lubricin-like molecules, these lubricants form a boundary layer on the contacting sur-
faces of AM biomedical parts, reducing friction and wear between components (Dwivedi
et al., 2022b). The incorporation of synovial fluid-mimicking lubricants in AM implants
and prosthetics enhances joint functionality and increases longevity (Lawson et al., 2021).

Self-lubricating hydrogels are designed to release lubricating molecules in response
to mechanical forces, such as shear stress. These hydrogels can be incorporated into
AM biomedical parts to provide an inherent lubrication mechanism that activates dur-
ing movement or load-bearing activities (Porte et al., 2019). Self-lubricating hydrogels
offer sustained lubrication, reducing friction and wear over extended periods, thereby
enhancing the performance and lifespan of AM implants and prosthetics.

Injectable lubricating hydrogels offer a versatile lubrication solution for AM biomedical
parts, allowing precise delivery and conforming to complex geometries. These hydrogels
can be injected into joint spaces or integrated into porous scaffolds for tissue engineering.
Injectable lubricating hydrogels reduce friction and wear in the joint space, providing pain
relief and improving the functionality of AM implants. Injectable hydrogels have garnered
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significant attention from biomaterials scientists due to their potential applications in carti-
lage and bone tissue engineering. These hydrogels offer a minimally invasive alternative to
implantation surgery as they can be administered through injections. Moreover, they pos-
sess the unique capability to take on any desired shape, allowing them to adapt to irregular
defects and provide a suitable match (Liu et al., 2017).

11.4 IN VITRO WEAR STUDY OF AM PARTS

In vitro wear tests are controlled in laboratory environments; this involves the utili-
zation of simulated biological fluids and wear testers, which imitate the conditions
encountered by biomedical components inside the human body. Typically, these stud-
ies are carried out during the initial phases of development to evaluate the wear and
corrosion characteristics of additively manufactured biomedical components before
advancing to more intricate and costly in vivo studies.

As per ASTM G 99-5 standards, all wear tests are carried out employing a pin-
on-disk wear test machine, utilizing freshly prepared SBF (simulated bodily fluid)
maintained at a constant temperature of 37 + 1°C. Table 11.3 presents the SBF chemi-
cal composition for a volume of 1 L (Reger et al., 2023).

However, the corrosion performance of biometallic materials and their alloys, intended
for use in bio implant applications, normally uses Hank’s balanced salt solutions (HBSS).
These solutions are commonly chosen to simulate the corrosive conditions within living
organisms’ bodies. HBSS is considered a more aggressive environment than artificial
blood plasma, mainly due to its higher chloride concentration (Reger et al., 2023).

In vitro, corrosion tests of a developed Ti-Ta-Nb—Mo-Zr high entropy alloy by
plasma arc AM technique have been performed, and the decrease in corrosion poten-
tial along with the increase in corrosion current density raise the corrosion rate for the
high pH value of the SBF solution. This suggests that the Ti-Ta-Nb-Mo-Zr HEA (High
Entropy Alloy) developed demonstrates superior corrosion resistance at lower pH val-
ues of the SBF solution. It shows excellent biocompatibility in terms of corrosion
resistance and is highly suitable for knee implant applications (Kumar et al., 2023).

TABLE 11.3

Simulated Bodily Fluid Chemical Composition for a Volume of 1 L
Order Reagent Amount
1 NaCl (Sodium chloride) 7.996 g
2 NaHCO; (Sodium bicarbonate) 0350 ¢g
3 KCI1 (Potassium chloride) 0224 ¢
4 K,HPO,-:3H,0 (Potassium dihydrogen phosphate) 0.228 g
5 MgCl,-6H,0 (Magnesium chloride hexahydrate) 0.305 g
6 1 M HCI 39 mL

7 CaCl, (Calcium chloride dihydrate) 0.278 g
8 Na,SO, (Sodium sulfate anhydrous) 0.071¢g
9 (CH,OH),CNH, (Tris hydrochloride) 6.057 g

—_
(=]

1 M HCI 0-5mL
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Teeth surface wear is normally performed by a two-body contact wear test, which
demonstrates the consequence of direct interaction between the surface of the teeth
being tested and the opposing teeth (Suwannaroop et al., 2011). The load exerted on
the teeth prior to testing serves as a means of simulating the effects of aging under
oral conditions. It was observed that subjecting the samples to 250,000 cycles of
loading is approximately equivalent to one year of wear experienced by natural teeth
in the mouth. In order to ensure reliable in vitro outcomes that closely resemble clini-
cal wear, the wear test employed standardized values for the applied force and sliding
movement within the chewing simulator (DeLong & Douglas, 1991). This standard-
ization helped achieve nearly comparable results between the laboratory simulation
and real-world wear cases. Form lab resin, 3D-printed (using the DLP technique)
denture teeth show excellent wear resistance as compared to conventionally prefab-
ricated denture teeth (Mohamed et al., 2023). Also, the teeth printed by ASIGA and
NextDent show low wear resistance as compared to Form Lab denture teeth due to a
different fabrication method. Figure 11.15 shows SEM images of the wear pattern of
denture teeth printed on different systems (Gad et al., 2023).

So, conducting wear studies in a controlled laboratory environment (in vitro) has
its drawbacks, as it fails to completely mimic the intricate and ever-changing condi-
tions present within the human body. Therefore, the shift towards conducting studies
within a living organism (in vivo) becomes imperative to authenticate the results and
ascertain the long-term effectiveness of the biomedical components.

In vivo wear studies involve the examination of additively manufactured parts
within living organisms or human participants. These investigations take place in
carefully regulated clinical environments, enabling the observation of the compo-
nents’ wear characteristics under actual physiological conditions for an extended dura-
tion. Undertaking in vivo wear studies helps in real-life validation, biocompatibility
assessment, long-term performance, and patient-specific response (Bandyopadhyay
et al., 2023). Even though they are important, conducting in vivo studies is more
intricate, requires more time, and incurs higher costs when compared to in vitro
studies. Moreover, ethical factors and the necessity for obtaining regulatory approv-
als further contribute to the difficulties involved in performing in vivo wear testing.

r

[2mm

FIGURE 11.15 (a) SEM images of the denture teeth wear pattern at high (A2, B2, C2) and
low (A1, B1, C1) magnification. (b) SEM images of fractured teeth.
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11.5 FUTURE PERSPECTIVES AND CHALLENGES

Integrating tribological analysis into the design process of additively manufactured
biomedical components is highly essential for optimizing their performance and
reliability. By considering tribological factors from the early stages of design, engi-
neers can select suitable materials, surface treatments, and lubrication methods to
minimize wear and friction as discussed earlier. Creating design frameworks that
incorporate tribological considerations will lead to improved functionality, reduced
failure rates, and enhanced patient outcomes for biomedical applications.

The development of multi-material 3D printing technologies holds tremendous
potential for fabricating complex biomedical systems with enhanced functionality.
By combining different materials with distinct mechanical properties, researchers
can create patient-specific implants, drug delivery devices, and tissue constructs
that closely mimic the native tissues’ behavior. However, this area faces challenges
related to material compatibility, process optimization, and ensuring seamless inte-
gration between different materials within the printed structure.

As additively manufactured biomedical components are increasingly used in clini-
cal settings, it becomes crucial to perform long-term biocompatibility and wear assess-
ments. Biocompatibility studies need to evaluate how these components interact with
the body over extended periods, identifying potential adverse reactions or degradation
issues. Long-term wear assessment helps ensure that the materials and designs chosen
maintain their functionality and structural integrity over the device’s expected lifespan.

Regulatory bodies have an impact on ensuring the safety and efficacy of medical
devices. As additive manufacturing continues to advance in the biomedical sector,
regulatory agencies face the challenge of developing appropriate guidelines and stan-
dards specific to AM technologies. Addressing issues related to material traceability,
process validation, and quality control will be crucial to gaining regulatory approval
for the medical industry.

Standardization is essential for ensuring the consistency, quality, and reproducibil-
ity of additively manufactured biomedical components. Establishing industry-wide
standards for material properties, testing methods, and performance evaluation will
foster trust in AM technologies and facilitate widespread adoption in clinical settings.

11.6 CONCLUSION

The AM process possesses the capability to produce intricate parts in comparison to
other manufacturing methods. This feature makes it particularly suitable for applications
in the medical industry, where customized products are required. A thorough review of
the literature demonstrates that the performance of AM biomedical devices is signifi-
cantly influenced by their tribological properties. By adjusting the process parameters
during the manufacturing of these parts, their tribological properties can be notably
improved. Proper material selection, surface modification, and lubrication techniques
have been applied to AM parts, resulting in z lower wear rate and COF compared to
conventionally manufactured components. This substantiates the superior performance
and durability of AM parts. Furthermore, an in vitro wear study indicates enhanced
functionality and biocompatibility of AM parts when subjected to body fluids.
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12.1 INTRODUCTION

The science and engineering of tribology studies friction, wear, and lubrication of
interacting surfaces in relative motion. The Greek word tribes means rubbing, mean-
ing “the science of rubbing.” Leonardo da Vinci was the first to explain the two laws
of friction regulating the motion of a rectangular block sliding across a flat surface.
Still, his work remained unpublished until the 20th century (Xu et al. 2023). Due to
massive industrial progress since the beginning of the 20th century, knowledge in
all fields of tribology has developed greatly, necessitating a better understanding.
It encompasses understanding how surfaces interact, the effects of forces on those
surfaces, and the mechanisms of wear and friction that occur during their contact.
Tribology is vital in mechanical engineering, materials science, automotive engi-
neering, manufacturing, and other sectors where moving parts must function well
and last. Tribology seeks to improve mechanical systems’ efficiency, dependability,
and lifetime by reducing friction, wear, and lubrication (Quader 2021).

Tribology has been studied since ancient times as humanity observed and dealt
with friction, wear, and lubrication. Ancient civilizations had a tribological under-
standing. Chariot axles and wooden bearings were lubricated with animal fats,
plant oils, and waxes by ancient Egyptians and Sumerians. Leonardo da Vinci
contributed substantially to friction and lubrication research in the 15th and 16th
centuries. His investigations of fluid flow, including water and air, illuminated
lubrication concepts. The British engineer Dr. H. Peter Jost invented “tribology” in
1966. “Tribology—Lubrication and Friction,” his paper highlighted the economic
consequences of friction and wear and stressed the necessity for research and
development (Ren et al. 2023). Tribology groups and organizations were founded
in the mid-20th century to promote the study and use of tribological concepts. The
Institution of Mechanical Engineers’ Tribology Committee was founded in 1946 as
the Tribology Group in the UK.

The Japanese Society of Tribologists was formed in 1961, too. Late 20th-century tri-
bology became a scientific field. Lubrication mechanics, wear characterization, surface
engineering, and friction reduction strategies were extensively researched. Tribology
relies on the development of new lubricants and procedures (Baligidad et al. 2023).
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Synthetic, solid, and additive oils like graphite and molybdenum disulphide have been
widely explored and employed to minimize friction and wear. Tribology has profited
from materials science and surface engineering advances. Wear-resistant materials,
coatings, and surface treatments have improved tribologically stressed components’
performance and durability—Automotive, aerospace, energy, Manufacturing, and
healthcare use tribology. Tribology investigates friction, wear, and lubrication of mov-
ing surfaces. “The science of rubbing” is derived from the Greek term tribos, meaning
rubbing. Leonardo da Vinci was the first to describe the two friction rules governing a
rectangular block moving on a flat surface (Shahrubudin et al. 2019). He didn’t publish
till the 20th century. Since the start of the 20th century, tribology knowledge has grown
in all sectors due to significant industrial advancements.

12.2 OVERVIEW OF 3D PRINTING TECHNOLOGY

3D printing, also known as additive manufacturing, is a groundbreaking technique
that creates three-dimensional items layer by layer. It’s a flexible, fast-changing pro-
duction method popular in many sectors. 3D printing basics: 3D printing builds tan-
gible objects from computer models layer by layer. The process typically consists of
the following steps, as shown in Figure 12.1.

12.2.1 MATERIALS

3D printing works with polymers, metals, ceramics, composites, and biological
materials. Different printing technologies are designed to handle specific material
types. Common polymer-based filaments used in 3D printing include ABS, PLA,
PETG, and nylon. Metal 3D printing employs metal powders or wire-based materials
(Mitsouras and Liacouras 2017).

12.2.2 PRINTING TECHNOLOGIES

Various 3D printing technologies exist, each with its strengths and limitations. Some
prominent technologies include (Shahrubudin et al. 2019):

Design

Post 3D Printing Process
Processing Steps

Slicing

B

FIGURE 12.1 3D Printing process steps.
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e Fused Deposition Modelling (FDM): This technology uses thermoplastic
filaments that are melted and extruded through a nozzle to create layers.
It is one of the most widely accessible and affordable 3D printing methods.

e Stereolithography (SLA)/Digital Light Processing (DLP): SLA and DLP
technologies use liquid photopolymer resins that are solidified using light
sources such as lasers or projectors. These technologies provide high-reso-
lution prints with excellent surface detail.

e Selective Laser Sintering (SLS): SLS utilizes a laser to selectively fuse
powdered materials, such as plastics or metals, to form each layer. It allows
for the creation of complex geometries and functional parts.

¢ Direct Metal Laser Sintering (DMLS)/Selective Laser Melting (SLM):
These metal 3D printing technologies use lasers to selectively melt metal
powders, layer by layer, to create fully dense metal parts with high precision.

12.3 APPLICATIONS

3D printing offers several advantages over traditional manufacturing methods, such
as design flexibility, cost-effective prototyping, customization, reduced waste, and
on-demand manufacturing. Because of its benefits, 3D printing has applications in
various industries and fields, including automotive, acrospace, healthcare, consumer
goods, architecture, and education (Rudnik et al. 2022). It enables rapid prototyping,
customized manufacturing, complex geometries, and on-demand production of spare
parts. Rolling, turning, stamping, grinding, and polishing are tribology-based indus-
trial operations. Most transportation techniques also use tribology in their mechanical
components, and they slide or roll over at the contact between the wheels and the sur-
faces. Excavators, oil rigs, mine slurry pumps, and tunnel boring drills use tribology.
Many industries utilize lubricants to control friction and wear (Pieterse and Nel 2016).

12.3.1 TriBorLoGICAL EFFecT OF 3D PRINTING IN INDUSTRIAL APPLICATIONS

Tribology has come a long way from ancient civilizations’ observations to estab-
lishing dedicated research societies and applying advanced technologies in modern
industries. The field continues to evolve, addressing emerging challenges and striv-
ing for improved performance, efficiency, and sustainability in mechanical systems.
The tribological effect of 3D printing in industrial applications refers to the study
of how materials’ friction, wear, and lubrication characteristics are affected when
manufactured using 3D printing techniques. Tribology plays a crucial role in deter-
mining the performance and longevity of mechanical components, especially in
industrial settings where reliability and efficiency are essential. Below are the key
considerations regarding the tribological effects of 3D printing in industrial applica-
tions (Ballesteros et al. 2021):

e Material Selection: The choice of materials for 3D printing can signifi-
cantly impact the tribological properties of printed parts. Various materials,
such as polymers, metals, and ceramics, can be used for 3D printing, each
with its tribological characteristics. For example, certain polymer-based
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filaments may offer low friction and self-lubricating properties, while metal
alloys can provide high strength and wear resistance.

e Surface Finish: The surface finish of 3D-printed parts can affect their tri-
bological behaviour. Surface roughness from 3D printing’s layer-by-layer
additive manufacturing process may increase friction and wear. Polishing
or surface treatment may minimize friction and improve surface quality.

e Design Considerations: The tribological performance of 3D-printed com-
ponents depends on their design. Reduce friction and wear by optimizing
shape to minimize sliding contact or adding lubrication channels. Adding
functional aspects like integrated lubrication or wear-resistant components to
the invention may also enhance tribological behaviour (Rudnik et al. 2022).

e Lubrication: Industrial lubrication reduces friction and wear. 3D
Manufacturing lubricating channels or reservoirs is difficult. Multi-material
printing and post-printing lubrication treatments may improve 3D-printed
component lubrication.

e Performance Validation: Before industry use, 3D-printed items must be
tested for tribological performance. This might entail friction and wear test-
ing under appropriate operating circumstances compared to typical.

e Anisotropy: Depending on the printing orientation, 3D-printed items may
have anisotropic mechanical and tribological characteristics. This anisot-
ropy from layer-by-layer deposition may affect printed components’ fric-
tion, wear, and lubrication. When developing industrial 3D-printed items,
anisotropy must be considered.

e Material Composites: Combining materials or adding additives in 3D
printing creates complex material composites. Lubricants, reinforcements,
and wear-resistant particles may improve the tribological performance of
printed components. Graphite or molybdenum disulphide may minimize
friction and wear.

e Post-Processing Techniques: 3D-printed components may be improved
tribologically by post-processing. Surface coating, polishing, and heat treat-
ment improve wear resistance, friction, and self-lubrication.

* Manufacturing Parameters: Layer thickness, printing speed, and temperature
affect the tribological qualities of 3D-printed components. The printed com-
ponents’ surface quality, mechanical strength, and tribological performance
depend on optimal parameter selection. Process optimization and parameter
management are studied to enhance 3D printing tribology (Friedrich 2018).

* Real-Life Applications: 3D printing has tribological applications in auto-
motive, aerospace, manufacturing, and healthcare. 3D-printed vehicle com-
ponents with optimized tribological qualities minimize engine friction,
increase fuel economy, and boost performance. In healthcare, the custom-
ized wear-resistant prostheses may enhance patient outcomes.

e Future Developments: Tribological qualities of 3D-printed materials and
components are being improved. Explore new materials, optimize print-
ing techniques, and create sophisticated surface treatments to enhance
3D-printed components’ wear resistance, friction reduction, and lubrication
(Hanon and Zsidai 2020, Gbadeyan et al. 2021).
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In industrial applications, 3D printing’s tribological impact demands careful consid-
eration of material selection, surface polish, design optimization, lubrication, and per-
formance validation. By recognizing and resolving these aspects, 3D printing may
be used to ensure components’ dependable and efficient performance in industrial
environments. By considering these additional factors, industries can maximize the
potential of 3D printing technology while addressing tribological challenges, optimiz-
ing printed components’ performance in industrial applications and manufacturing
methods, and identifying opportunities for further optimization (Li et al. 2018).

12.4 INFLUENCE OF MANUFACTURING PARAMETERS
ON TRIBOLOGICAL BEHAVIOUR

Tribological behaviour includes friction, wear, and lubrication. Manufacturing influ-
ences material tribology. The manufacturing parameters and their influence on tribo-
logical behaviour are listed below:

e Surface Roughness: Surface roughness impacts friction and wear.
Interlocking and adhesion between mating surfaces enhance friction and
wear on rougher surfaces. By increasing lubricant film production and min-
imizing surface interactions, smoother surfaces reduce friction and wear.

¢ Material Hardness: Wear resistance depends on material hardness. Harder
materials wear less because they can sustain greater contact forces and dis-
tortion. Extremely hard materials may have more friction owing to adhesion
(Mohamed et al. 2017).

¢ Surface Treatment: Heat treatment, coating, and surface modification may
change a material’s tribology. Carburizing or nitriding may harden the sur-
face, boosting wear resistance. DLC and TiN minimize friction and wear.

¢ Lubrication: Reducing friction and wear requires lubrication. Manufacturing
lubricants and methods affect tribological behaviour. Lubrication prevents
direct contact between surfaces, decreasing friction and wear (Sedlacek
et al. 2012).

¢ Manufacturing Defects: Manufacturing imperfections like cracks, voids,
and inclusions may function as stress concentration sites, causing premature
failure and wear. Controlling production procedures to reduce flaws is cru-
cial for tribological performance (Hanon and Zsidai 2021).

e Material Composition: Material composition, including alloying ele-
ment type and concentration, may affect tribological behaviour. Carbon or
molybdenum may improve steel wear resistance.

¢ Microstructure: The grain size, phase distribution, and dislocation density
affect tribological characteristics. Fine grains and well-dispersed phases
increase wear resistance, whereas coarse grains or phase segregation accel-
erate wear (Ramola et al. 2019).

¢ Manufacturing characteristics: Manufacturing characteristics affect tri-
bological behaviour in complicated and interrelated ways. Manufacturing
methods, material selection, and application-specific lubrication procedures
may optimize tribological performance.
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12.5 REAL-LIFE APPLICATIONS OF 3D PRINTING AND TRIBOLOGY

Additive manufacturing, or 3D printing, is used in many sectors. Tribology—the
study of friction, wear, and lubrication—opens up new possibilities and advantages.
3D printing and tribology uses are shown below (Rao et al. 2010):

12.5.1 CustoMizeD PROSTHETICS

3D printing enables the production of personalized prosthetic devices that precisely
match the anatomical requirements of individuals. By integrating tribological prin-
ciples, such as incorporating low-friction materials or designing lubrication channels,
prosthetics can provide smoother movement and reduce wear on contact surfaces. Using
CAD, a child limb prosthesis may be cast. 3D technology reduces cost, weight, and
prosthesis replacement time. Transradial, transfemoral, transtibial, and transhumeral
kinds are commonly considered (Fergason and Smith 1999).

12.5.2 TRANSRADIAL

Transradial prosthetic arms attach below the elbow. Passive devices are aesthetic.
Active prostheses are twofold. Figure 12.2 shows a cable-operated prosthetic
device allowing the user to regulate movement manually. Myoelectric prosthetic
implants use sensors to detect upper arm muscle action and open and close the hand
(Tsikandylakis et al. 2014, Koudelkova et al. 2023).

FIGURE 12.2 Transradial prosthetics limb (Koudelkova et al. 2023).
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12.5.3 TRANSHUMERAL

Transhumeral prostheses attach above the elbow but below the shoulder. Figure 12.3
shows that a transhumeral prosthesis is more difficult to manoeuvre than a transradial
prosthesis because it lacks an elbow. Active and passive transhumeral prosthetics exist.
Modern functioning transhumeral prosthesis move using myoelectric sensors or a mix
of sensors and wires (Anjum et al. 2017, Kuiken et al. 2004, Mereu et al. 2021).

12.5.4 TRANSTIBIAL

Transtibial prostheses are below-knee prosthetic legs. Figure 12.4 shows that the
prosthesis’s main purpose is to distribute weight and give comfort as the knee may
move freely. Patients require walking therapy since transtibial prostheses don’t move
(Anjum et al. 2017, Selvam et al. 2021, Fardan et al. 2023).
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FIGURE 12.3 Transhumeral customized prosthetics (Kuiken et al. 2004, Mereu et al. 2021).
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FIGURE 12.4 Customized transtibial prosthetic limb (Fardan et al. 2023).
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12.5.5 TRANSFEMORAL

Transfemoral prostheses (above-knee leg replacement) may be difficult. Figure 12.5
shows how the residual limb’s strength affects the prosthetic knee joint’s hip mobility.
After extensive rehabilitation, a transfemoral prosthesis may operate normally. Comfort
and stability depend on socket fit (Brueck et al. 2009).

Partial prostheses for missing hands and feet may be active or passive, depending
on the demands and budget. Due to various injuries and missing digits, busy prosthetic
hands are difficult to make. A skilled medical practitioner must analyze patients to equip
them with the best prosthetic hand. A body-powered arm harnessed to the shoulder is
another prosthetic arm. The patient’s other shoulder mobility, like a transhumeral pros-
thesis, controls the prosthesis. Other prosthetic implants, such as artificial eyes, fingers,
and noses, are aesthetic. Technology has improved prosthetics. A new prosthesis can
move more and fit better (Bittig and Schiffmann 2022, Mufioz-Vasquez et al. 2023).

12.5.6 BEARINGS AND BUSHINGS

3D printing allows for the creation of complex geometries with precise specifica-
tions. Bearings and bushings, which are essential components in various machinery,
can be custom-designed using tribological considerations. This includes optimizing
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FIGURE 12.5 Transfemoral customized crafted prosthetics (Mufoz-Vasquez et al. 2023).
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FIGURE 12.6 Bearing and bushes (Koc¢isko et al. 2023).

the internal lubrication pathways, surface finishes, and materials to reduce friction
and wear. Bearings and bushings are essential for wheel applications. Without it, the
wheel bore wears down quicker due to friction. Industrial revolutions transporting
big loads, such as metal wheels in timber mills or manufacturing factories, need this.
The process of transmitting load energy between a wheel and an axle is called bear-
ing. Bearings reduce friction between wheels and axles. As demonstrated in Figure
12.6, bushings slide instead of rolling like most bearings (Kocisko et al. 2023). Still,
bushings are bearings because they improve rotation efficiency.

12.5.7 AErrOSPACE COMPONENTS

In the aerospace industry, 3D printing is utilized for manufacturing lightweight and
high-strength components. By incorporating tribological knowledge into the design
and material selection, critical parts such as turbine blades, bearings, and seals can be
optimized to withstand high temperatures, reduce friction, and minimize wear under
demanding operating conditions. Aerospace uses sophisticated technical materials
and complicated geometry to decrease weight and improve performance. Aerospace
components often include conformal cooling channels, thin walls, and difficult curved
surfaces. 3D printing can create such features and lightweight, stable, complex con-
structions. This considerable design flexibility allows topological optimization of
components and functional feature integration in a single part (Ciampa et al. 2018).

Material jetting can print colourful graphics with an injection moulding-like qual-
ity. These attractive models help designers grasp a part’s shape and fit before making
production choices. Due to its exact surface quality, 3D printing is perfect for aero-
dynamic testing and analysis. As seen in Figure 12.7, 3D printing is utilized to make
beautiful aeronautical components, including door handles, light housings, control
wheels, and whole dashboard designs (Iftekar et al. 2023).

12.5.8 TooLING AND MOLD MANUFACTURING

3D printing rapidly produces tooling and molds used in manufacturing processes.
Integrating tribological principles during the design and material selection can
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FIGURE 12.7 Aerospace components (Iftekar et al. 2023).

improve the performance and lifespan of these tools. For example, incorporating
self-lubricating features or using wear-resistant materials can enhance the efficiency
and durability of the devices. Injection moulding is a manufacturing process that
uses a metal mold to shape molten plastic resins (Chua et al. 2015). The mold is often
referred to as tooling. Mold and tooling are relatively interchangeable for the metal
mold at the heart of the injection moulding process, as shown in Figure 12.8 (Hirsch
2014). Mold tooling may also describe machining the mold out of a metal block.
A core and cavity is cut into the negative shape of the part. The injection moulding
machines hold the mold together while injecting it with molten plastic at high pres-
sure. The mold is opened once the plastic has cooled and the part is ejected. The pro-
cess is repeated until the desired amount of features has been completed. Injection
moulding is a cost-efficient way to manufacture a high volume of complex plastic
parts. High-quality tooling is required to produce high-quality parts. ICOMold by
Fathom uses premium components and materials for all injection moulding tooling
and will work closely with you to ensure every project meets your requirements (Cole
and Sherman 1995, Schoenherr et al. 2023).

12.5.9 AUTOMOTIVE APPLICATIONS

3D printing is increasingly used in the automotive industry for producing parts,
prototypes, and customized components. Considering tribological factors in the
design and material selection, such as optimizing surface textures, incorporating
self-lubricating properties, or reducing friction between moving parts, can enhance
fuel efficiency, reduce wear, and improve overall vehicle performance (Cole
and Sherman 1995). Electronics and signal testing fuel these advances. Recent
advances in breaking systems, traction control, and accident avoidance have been
made possible by microprocessors, rapid communications, and sensor technolo-
gies. Modern automobiles utilize electronic ignition systems and hybrid architec-
tures to lessen their consumption of conventional engine fuels. Producers perform
intensive testing and inspections throughout manufacturing to assure quality and
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FIGURE 12.8 Tooling and mold manufacturing (Schoenherr et al. 2023).

safety. Manufacturing uses robotics to decrease costs, speed up production, and
remove human error (Blawert et al. 2004).

Electronic components and systems, manufacturing methods, and testing are used
in the sector. Spectrum has several digitizers and arbitrary waveform generators to
handle the car industry’s diverse electronic signals. PCle, PXIe, PXI, and LXI are
supported. They provide sampling speeds from 100 KS/s to 5 GS/s, bandwidths from
50kHz to 1.5GHz, and resolutions from 8 to 16 bits. Spectrum provides tiny, high-
channel-count products for in-vehicle testing, such as vibration analysis and data
recording. They’re perfect for CAN communication and mechanical parameter test-
ing systems with analogue and digital inputs and outputs.

Spectrum’s digitizer NETBOX devices may be utilized with a DC power source
for mobile applications. Digitizer cards provide 1-16 channels. Spectrum’s StarHub
technology can join up to sixteen cards to create instruments with 256 completely
synchronous channels, perfect for applications with many sensors and sensor arrays.
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FIGURE 12.9 Automotive applications (Du et al. 2023).

Automotive applications include mechanical testing, vibration analysis, ultrasonic
inspection, data logging, component testing, RADAR ranging, telematics, engine
performance, ignition monitoring, CAN communication monitoring, infotainment
systems (RF, audio, video, navigation), and anti-lock braking systems as shown in
Figure 12.9 (Blawert et al. 2004, Du et al. 2023).

12.6 BIOMEDICAL DEVICES

3D printing has revolutionized the production of biomedical devices and implants.
Integrating tribological considerations, such as using biocompatible materials with low
wear rates or incorporating lubrication mechanisms, can enhance the performance and
longevity of these devices, leading to improved patient outcomes. The combination of
3D printing and tribology has significantly contributed to biomedical devices, offer-
ing numerous benefits in terms of customization, functionality, and patient outcomes
(Blawert et al. 2004). The tribological impact of 3D printing on biomedical devices:

¢ Customization and Patient-Specific Designs: 3D printing enables the
production of personalized biomedical devices tailored to the patient’s
anatomy and needs. By utilizing imaging data, such as CT scans or MRIs,
3D-printed devices can be precisely designed and fabricated, ensuring opti-
mal fit and function. This customization reduces friction, pressure points,
and discomfort for patients, enhancing overall tribological performance.

e Material Selection and Biocompatibility: 3D printing allows using a
wide range of biocompatible materials suitable for biomedical applica-
tions. The selection of materials with appropriate tribological prop-
erties, such as low friction coefficients, wear resistance, and corrosion



Tribological Effect of 3D Printing in Industrial Applications 189

resistance, is crucial for the performance and longevity of biomedical
devices. 3D-printed implants, prosthetics, or surgical instruments can be
optimized for improved tribological behaviour, reducing wear and tissue
damage (Ketabchi et al. 2023).

e Complex Structures and Integration: Additive manufacturing enables
the creation of complex and intricate geometries, facilitating the incorpo-
ration of interior features and functional elements in biomedical devices.
By integrating tribological principles during the design stage, 3D-printed
devices can enhance their tribological performance by using lubrication
channels, textured surfaces, or self-lubricating structures. Such features
minimize friction, wear, and the need for external lubrication, improving
functionality.

* Bioactive Surface Modifications: Surface modifications play a crucial role
in enhancing the tribological behaviour of biomedical devices. 3D-printed
devices can undergo surface treatments, such as coating deposition or func-
tionalization, to improve biocompatibility and reduce friction and wear.
Bioactive coatings can promote tissue integration, while low-friction coat-
ings reduce wear and enhance the longevity of implants or prosthetics
(Uddin et al. 2023).

e Surgical Guides and Models: 3D printing facilitates the production of sur-
gical guides and models used for preoperative planning and practice. These
guides and models aid surgeons in understanding patient-specific anatomi-
cal structures and performing procedures with precision. By considering
tribological factors, such as optimizing contact surfaces and reducing fric-
tion, 3D-printed surgical guides can improve the accuracy and success of
surgical interventions.

* Drug Delivery Systems: 3D printing enables the fabrication of intricate
drug delivery systems such as implants, microneedles, or scaffolds that
provide controlled release of medications or therapies. Tribological consid-
erations, such as surface roughness or lubricant coatings, can affect drug
release rates, minimize tissue damage, and optimize the functionality of
these systems.

The convergence of 3D printing and tribology in biomedical devices offers immense
potential for customization, improved functionality, and patient care. While advance-
ments have been made, ongoing research and development are necessary to optimize
the tribological behaviour of 3D-printed biomedical devices and ensure their long-
term performance and compatibility with biological systems.

12.7 ROBOTICS AND MECHANISMS

3D printing is utilized in the production of mechanical components and mecha-
nisms. By considering tribological factors, such as selecting materials with low fric-
tion coefficients, optimizing mating surfaces, or incorporating lubrication systems,
improving these systems’ efficiency, reliability, and lifespan is possible. Robotics
and Mechanisms promote the research and development of technologies that allow
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intelligent, goal-oriented systems and new tools to monitor, operate, and control sys-
tems. These applications demonstrate 3D printing—tribology synergy. 3D printing
and friction, wear, and lubrication may create unique solutions that meet particular
needs and improve performance in numerous sectors (Wang et al. 2023).

12.7.1  ANisOoTROPY IN 3D-PRINTED COMPONENTS
AND I1s TriBoLOGICAL EFFECTS

Anisotropy in 3D-printed components refers to the directional dependence of mate-
rial properties and characteristics resulting from the layer-by-layer additive manu-
facturing process. This anisotropy can have significant tribological effects on the
performance and behaviour of the printed components (Khosravani et al. 2022).
Anisotropy and its tribological impact are discussed below:

¢ Mechanical Strength: 3D-printed components typically exhibit lower
mechanical strength in the build direction (vertical direction) than in-plane
direction (horizontal direction). This anisotropic mechanical behaviour can
affect the load-carrying capacity of the component, potentially leading to
increased wear and reduced tribological performance, particularly in appli-
cations with high loads or sliding contact.

¢ Surface Roughness: Anisotropic surface roughness is a common charac-
teristic of 3D-printed components due to the layer-by-layer deposition pro-
cess. The roughness can vary between the build and in-plane directions,
affecting the frictional behaviour and wear rates. Higher roughness in the
build direction may increase friction and wear compared to the smoother
in-plane movement.

¢ Layer Adhesion and Delamination: Anisotropy in layer adhesion
strength can impact the tribological behaviour of 3D-printed components.
Weak interlayer bonding can lead to delamination or separation under
mechanical stresses, increasing friction, wear, and reduced component
integrity.

¢ Material Orientation and Microstructure: The orientation of material
deposition in 3D printing affects the microstructure of the printed compo-
nent, leading to variations in material properties. This anisotropic micro-
structure can influence tribological properties in different directions, such
as hardness, elastic modulus, and wear resistance. For example, materials
printed with aligned fibres or reinforcing particles in specific orientations
may exhibit different wear rates and frictional behaviour depending on the
sliding movement (Ji et al. 2019).

¢ Post-Processing Techniques: Post-processing techniques, such as heat
treatment or surface finishing, can mitigate the negative effects of anisot-
ropy on tribological behaviour. Heat treatment can improve interlayer
bonding and enhance material properties in the build direction, reducing
anisotropy. Surface finishing processes, such as polishing or coating, can
help reduce surface roughness and improve tribological performance by
promoting smoother sliding contact (Hanon et al. 2020).
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It is essential to consider anisotropy and its tribological effects during designing and
applying 3D-printed components. Understanding the specific tribological require-
ments and considering factors such as load direction, contact surfaces, and lubri-
cation can aid in optimizing the performance of anisotropic features. Additionally,
ongoing research and advancements in additive manufacturing processes, materi-
als, and post-processing techniques address anisotropy-related challenges, aiming to
improve the overall tribological behaviour of 3D-printed components (Zhang et al.
2020, Dhakal et al. 2023).

12.8 FUTURE DIRECTIONS AND RESEARCH OPPORTUNITIES
OF TRIBOLOGICAL EFFECT OF 3D PRINTING

The tribological effect of 3D printing is an active area of research, and several
future directions and research opportunities hold significant potential (Roy and
Mukhopadhyay 2021).

* Material Development: Further research is needed to develop new materi-
als specifically tailored for tribological applications in 3D printing. This
includes developing materials with enhanced wear resistance, low friction
coefficients, and improved self-lubricating properties. Investigating the
influence of material composition, reinforcement additives, and surface
treatments on the tribological behaviour of 3D-printed components can lead
to material selection and optimization advancements (Pant et al. 2020).

¢ Surface Engineering and Post-Processing Techniques: Surface engi-
neering is crucial in optimizing the tribological performance of 3D-printed
components. Exploring post-processing techniques, such as polishing, coat-
ing, or surface texturing, can improve surface finish, reduce friction, and
enhance wear resistance. Additionally, investigating novel surface modifica-
tion methods, such as laser surface texturing or electrochemical treatments,
can offer new opportunities for tailoring surface properties and enhancing
tribological behaviour.

e Design Optimization and Topology Optimization: Research efforts
can be directed towards developing design methodologies and optimiza-
tion algorithms that consider tribological factors in the design process of
3D-printed components. This includes topology optimization techniques
that can generate optimal designs by considering material distribution, load
paths, and tribological requirements. Such approaches can lead to the cre-
ation of lightweight and efficient components with improved tribological
performance.

e Multi-Material and Hybrid Printing: Exploring multi-material 3D print-
ing techniques and hybrid printing approaches can provide opportunities
to create components with tailored tribological properties. Researchers can
achieve enhanced performance by combining materials with different tri-
bological characteristics or incorporating inserts, fibres, or coatings into
3D-printed structures, such as improved wear resistance, reduced friction,
and customized functionality.
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e Simulation and Modelling: The development of accurate simulation and
modelling techniques for predicting and analyzing the tribological behav-
iour of 3D-printed components is crucial. This includes modelling the
contact mechanics, lubrication, and wear processes specific to additive
manufacturing. Such simulations can aid in the virtual design and optimi-
zation of components, reducing the need for extensive experimental testing.

e In situ, Monitoring and Control: Real-time monitoring and controlling
tribological behaviour during 3D printing offers quality assurance and opti-
mization opportunities. Integration of sensors, such as temperature sensors
or force sensors, into 3D printers can enable the detection of anomalies or
variations in tribological behaviour during the printing process. This infor-
mation can then be used to adjust printing parameters or identify poten-
tial issues, ensuring consistent and optimized tribological performance
(Holovenko et al. 2018).

e Application-Specific Studies: Conducting tribological studies focused on
specific applications, such as aerospace, automotive, or medical devices, can
provide valuable insights into the performance requirements and challenges
in those domains. Investigating the tribological behaviour of 3D-printed
components under different operating conditions, loads, temperatures, or
lubrication regimes specific to these applications can lead to tailored solu-
tions and advancements (Pan et al. 2023).

Overall, future research on the tribological effect of 3D printing lies in material
development, surface engineering, design optimization, modelling, and application-
specific studies. By addressing these areas, researchers can unlock the full potential
of 3D printing technology in achieving enhanced tribological performance, opening
up new opportunities for various industries and applications.

12.9 GLOBAL STATUS OF TRIBOLOGICAL EFFECT
OF 3D PRINTING IN RESEARCH

Bibliometric analysis, a scientific computer-assisted review procedure, may identify
essential research and authors by reviewing all relevant publications. Books, journals,
and other magazines, particularly those with scientific content, may be analyzed using
bibliometric techniques. The area of library and information science relies heavily
on bibliometric techniques. Bibliometrics and scientometrics, the study of scientific
metrics and indicators, are so intertwined that they are sometimes considered syn-
onymous terms (Tambunan et al. 2023). The study of friction, wear, and lubrication
between rubbing surfaces (tribology) is one of the many areas that has taken notice of
3D printing, often known as additive manufacturing. The requirement for new materi-
als and the quantity of trash transported to landfills are reduced. Therefore, 3D print-
ing is aiding in lessening the damage the industrial industry does to the natural world.
3D printing has also contributed to the decline in manufacturing costs. The section
below discusses the evolution of research in tribology and 3D printing on different
parameters, such as research sub-area-wise, year-wise (2018-2023), country-wise,
keywords used, document type, and funding sponsors, as shown in Table 12.1.
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TABLE 12.1

Steps for Collecting Information on the Scopus Database

Search Documents
Steps Query on Scopus Description Count

1 Tittle-Abs-Key Tribology effect 21,167

2 And (Limit-To-Subarea) Material Science 19,810

Engineering

Biochemistry, Genetics,
and Molecular Biology

Medicine

Multidisciplinary

Pharmacology,
Toxicology, and
Pharmaceutics

Health profession

3 And (Limit-To Publication 2018-2023 14,374
year)

4 And (Limit-To-Document Conference 2,011
type) Book chapter

Short survey

5 And (Exclude Funding Science and 2,000

Sponsor) Engineering Research
Board

Figure 12.10 shows the most used keyword in the research between 2018 and
2023 in tribology. The most widely used keywords are tribology, friction, wear of
materials, wear of resistance, friction coefficients, tribological properties, and scan-
ning electron microscopy. The treemap shows the percentage usage of a particular
keyword, as depicted in Figure 12.11. Similarly, Figure 12.12 shows the keyword use
trend over the past 10 years.

To estimate the exponentially declining returns of searching for references
in scientific publications, Bradford’s law was originally stated by Samuel C.
Bradford in 1934. The number of journals in each group will be proportional
to 1:n:n?; if the journals in a field are sorted by article, count into three groups,
each containing around one-third of all reports. The concept may be stated in
many different ways (Palaniyappan et al. 2023). Figure 12.13 shows Bradford’s
law, which indicates the number of articles published by the top four sources in
this case.

Using the frequency scale of 1-14, China to the USA collaboration frequency of
research is 14, China to the United Kingdom is 11, China to Australia is 6, Algeria
to Saudi Arabia is 3, China to Japan is 5, Germany to France is 5, Italy to Spain is 5,
South Africa to Nigeria is 5, Germany to Spain is 4, South Africa to Botswana is 4,
and the rest of the countries has frequency 3—1 as depicted in Figure 12.14. Several
articles published by different countries are shown in Figure 12.15. India ranks Ist,
China ranks 2nd, Germany ranks 3rd, the USA ranks 4th, Malaysia ranks 5th, Poland
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ranks 6th, and the United Kingdom ranks 7th. Other countries have less than 25% of
the published papers.

A thematic narrative is an ongoing series of topics that spans many periods. There
is a group of words that compose each issue. This study’s thematic evolution chart
is divided into five sub-periods, i.e., 2010-2012, 2013-2015, 2016-2018, 2019-2020,
and 2021-2023, based on different sub-themes. Three-field plot analysis explains the
relationship between three other pieces of information. In this context, three-field
plots were used to visualize the relationship between the study’s source, author, and
keywords variables, as shown in Figures 12.16 and 12.17, respectively.

12,10 CONCLUSION

Finally, 3D printing’s tribological influence in industrial applications affects sev-
eral industries. The design, material selection, and manufacture of 3D-printed com-
ponents may benefit from tribological concepts. Complex geometries and bespoke
designs optimized industrial component performance using 3D printing. 3D-printed
parts may be more efficient, durable, and friction-free by addressing tribological
aspects, including surface roughness, lubrication, and wear resistance. Customized
components for particular applications may be made using 3D printing. 3D-printed
parts may be adjusted for performance and wear by including tribological concerns
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like material selection and surface quality optimization. Rapid prototyping with 3D
printing allows design revisions and idea testing. During prototyping, tribological
considerations may reveal friction, wear, and lubrication concerns early in devel-
opment, allowing for essential corrections and improvements. 3D printing may use
several materials with different tribological qualities. 3D-printed components may
increase frictional properties, wear resistance, and performance by carefully choos-
ing and optimizing materials depending on application requirements. Industrial
applications may benefit from 3D printing. 3D printing may expedite manufactur-
ing operations, eliminate material waste, and shorten production cycles by removing
conventional machining and assembly methods.
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Tribology, which examines friction, wear, and lubrication of interacting surfaces, has
drawn attention to 3D printing, also known as additive manufacturing. This decreases
the requirement for virgin materials and landfill garbage. Thus, 3D printing is reduc-
ing Manufacturing’s environmental effect. Additionally, 3D printing lowers manufac-
turing costs. The section below discusses the evolution of research in tribology and
3D printing on different parameters such as research sub-area, year-wise (2018-2023),
country-wise, keywords, document type, and funding sponsors. The most widely used
keywords are tribology, friction, wear of materials, wear of resistance, friction coef-

ficients, tribological properties, and scanning electron microscopy.

China to the USA

collaboration frequency of research is 14, the highest among all collaborations. This

study’s thematic evolution chart is divided into five sub-periods, i.e.,

2010-2012, 2013-

2015, 20162018, 2019-2020, and 2021-2023, based on different sub-themes.
While 3D printing may improve tribological performance, it also has drawbacks.

The final components’ tribological behaviour may be affected

by surface polish,

material qualities, and 3D printing constraints. Therefore, careful evaluation of appli-
cation requirements, comprehensive testing, and continual improvement are needed
to maximize 3D printing’s tribological performance in industrial applications. Using
tribological concepts to design and manufacture industrial 3D-printed components
improves performance, durability, customization, and cost. Further study and devel-
opment in this subject will open up more opportunities for enhancing tribological

behaviour in 3D-printed industrial components.
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13.1 INTRODUCTION

3D printing, also referred to as additive manufacturing (AM), is a manufacturing
process that involves the creation of three-dimensional objects through the layer-by-
layer addition of material, guided by a digital model or design (Tyagi et al., 2023;
Ranjan et al., 2023a; Phadke et al., 2022). It is an innovative manufacturing tech-
nique that enables the production of intricate and customized objects with complex
geometries (Tyagi & Tripathi, 2023 ; Ranjan et al., 2023b; Raj et al., 2022). The use
of 3D-printed parts in industrial applications introduces specific tribological con-
siderations related to friction, wear, and lubrication. The tribological performance
of these components is influenced by factors such as material properties, surface
finish, and the layering process employed during 3D printing (Dwivedi et al., 2022).
Tribology is basically a scientific discipline that explores the interaction between
surfaces when they are in relative motion, focusing on the consequences of friction,
wear, and lubrication. It involves the comprehensive understanding, analysis, and
management of friction, lubrication, and wear phenomena that arise from the contact
and sliding or rolling of two surfaces (Zhang, 2013).

Friction behavior in 3D-printed parts varies depending on factors like material
composition, surface roughness, and part design (Dwivedi et al., 2022). The interac-
tion between these parts and their mating surfaces results in varying friction coef-
ficients and wear rates. Understanding and optimizing the frictional characteristics
of 3D-printed components is crucial to ensure proper functionality and minimize
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energy losses in industrial settings (Hanon et al., 2019). Considering wear resistance
is vital when utilizing 3D-printed parts in industrial applications. The choice of
printing materials, such as polymers, metals, or composites, impacts the wear resis-
tance of these components. Factors like surface finish, applied load, and operating
conditions affect the wear rate and mechanisms experienced by 3D-printed parts
(Hu et al., 2019). Evaluating wear behavior and durability is essential to ensure reli-
ability and longevity in industrial environments. Effective lubrication is essential
to minimize friction and wear in industrial applications involving 3D-printed parts
(Keshavamurthy et al., 2021). The surface characteristics and material composition
of these components influence their lubrication requirements. Selecting appropri-
ate lubricants and optimizing lubrication strategies can enhance performance and
reduce the risk of premature wear or failure (Neville et al., 2007).

A comprehensive understanding of the tribological effects of 3D-printed parts
in industrial applications necessitates thorough testing, analysis, and material selec-
tion. Researchers and engineers are exploring various techniques, including surface
treatments (Chabak et al., 2021), post-processing methods (Hanon and Zsidai, 2020),
and material modifications (Fouly et al., 2022), to improve the tribological properties
of 3D-printed components. By optimizing these factors, the industrial usability of
3D-printed parts can be enhanced, enabling reliable and efficient operation across
diverse applications.

This chapter offers an introduction to the core principles of tribology, which
involve the examination of friction, wear, and lubrication. It also provides an explora-
tion of diverse AM techniques, an area that is continually evolving. Additionally, the
chapter emphasizes the importance of tribological studies specifically in relation to
3D-printed parts. Understanding the tribological characteristics of these components
is essential to ensure their dependable and efficient operation. The chapter further
discusses the extensive range of applications for tribology across various indus-
tries, including Classical and Open Systems Tribology, Biotribology, Nanotribology,
Tribotronics, and Aerospace Tribology. These specialized branches of tribology
address the distinctive challenges and demands of their respective industries, thereby
facilitating advancements in materials, coatings, lubricants, and design strategies to
enhance overall performance and durability.

13.2 FRICTION AND WEAR

Friction and wear are predominantly influenced by the properties of the sliding sur-
faces (Zhang, 2013). The intricate nature of these occurrences introduces difficulties
in accurately predicting and comprehending them. This challenge arises from the
need to analyze various surface attributes, including microstructural properties, the
existence of organic compounds and oxides, moisture content, geometric deviations,
and potential contaminants absorbed from the ambient environment. Hence, when
two surfaces make contact, their distinctive characteristics significantly influence the
interaction. This encompasses mechanical aspects along with stress—strain dynam-
ics within the sliding region, frequently accompanied by the formation of physical
or chemical bonds (Gropper et al., 2016). The estimation of contact stresses can be
approximated by considering the notion of idealized smooth surfaces, assuming
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the absence of geometrical inconsistencies. However, achieving genuinely smooth
surfaces at the molecular scale poses difficulties. The connection between con-
tact stresses and deformations can be deduced through theoretical examination, as
originally established by Hertz for linear elastic materials. This analysis is relevant
when the two bodies are in frictional or elastic contact, presuming that the radius
of the contact body is substantially greater than the dimensions of the contact area
(Purushothaman and Thankachan, 2014). There are typically three types of sur-
face contacts: (a) Elastic contact, (b) Viscoelastic contact, and (c) Plastic contact
(Kildashti et al., 2023). Elastic contact can be categorized into two main types: con-
formal and nonconformal contacts. Conformal contact arises when mating surfaces
closely match, as seen in scenarios like a bearing sliding on shafts or between a
wire and tool during drawing processes. In contrast, nonconformal contacts involve
point or line contacts (Liu et al., 2023). In the context of polymers, the deformation
response is shaped by plasticity, elasticity, and viscoelastic mechanisms. In polymer
plates, viscosity has a significant impact, particularly when holding the amorphous
phase at temperatures above the glass transition temperature (Deshmukh et al.,
2020). Energy loss is associated with viscoelastic loading and unloading processes,
leading to temperature generation due to the material’s lower thermal conductivity.
Plastic deformation, however, remains stable. Both plastic and viscoelastic processes
are temperature-dependent, with their intensity increasing as the temperature rises.
When the material exhibits ductile behavior, the applied contact load induces plastic
deformation (Nie et al., 2021). At the same time, the stress equivalent at the critical
point impacts the uniaxial yield stress of the material. In such scenarios, the material
transitions from an elastic phase to an elastic-plastic state.

Friction forces can be classified as either beneficial or unfavorable. Friction is
indispensable for enabling the use of vehicle tires on roads, facilitating walking on
surfaces, and enabling the act of picking up objects. In specific contexts such as
clutches, vehicle brakes, and power transmission mechanisms like belt drives, fric-
tion is deliberately augmented. Conversely, in scenarios involving moving and rotat-
ing parts like seals and bearings, friction is considered undesirable. Elevated levels of
friction lead to amplified material degradation (wear rate) and energy dissipation. As
a result, endeavors are undertaken to diminish friction in such operational conditions
(De Castro et al., 2022).

Friction is the resistance force that opposes the relative movement of two surfaces
in contact, often within a fluid medium. As these sliding surfaces undergo relative
motion, the frictional interaction between them transforms kinetic energy into ther-
mal energy or heat. The coefficient of friction is commonly used to quantify friction,
denoted by a dimensionless scalar value (u). It represents the ratio of frictional force
(F) between the surfaces to the applied force (F,) on them, as described in the fol-
lowing equation:

F = u(F,) (13.1)
In the investigation of sliding scenarios, it becomes crucial to observe and analyze

frictional characteristics. Variations in friction, coupled with wear data, offer valu-
able information for modeling and comprehending the fundamental mechanisms
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involved. Typically, friction is divided into two primary categories: (a) static friction,
which pertains to the resistance encountered when two objects are at rest relative to
each other, and (b) dynamic friction, which emerges when the interacting objects
undergo relative motion (Faghihnejad and Zeng, 2013).

Normally, the interaction between tiny projections on metallic surfaces is primar-
ily characterized by plastic behavior. Metals like cobalt, titanium, and magnesium,
possessing a hexagonal closed packed (hcp) crystal lattice configuration, display a
coefficient of friction around 0.5 when in contact with similar metals during sliding
movements (Ma et al., 2013). Within ceramics, the interaction at the microscopic
projections usually combines both elastic and plastic responses. When the surface
irregularities are minimal, the interaction might lean towards being entirely elastic
(Yin and Komvopoulos, 2010). Nevertheless, when confronted with greater surface
roughness, the transition to a plastic state becomes more likely. In cases of elas-
tic contacts, the coefficient of friction usually remains consistent irrespective of
the applied normal load. Certain polymer composites, like polyether ether ketone
(PEEK)-reinforced polytetrafluoroethylene (PTFE), exhibit extremely low friction,
around 0.1-0.2, when sliding against the same material or other metals (Khare and
Anders, 2023). This makes them function effectively as solid lubricants in sliding
applications. In general, most polymer materials have friction coefficients ranging
from 0.2 to 1 under dry conditions. The work of adhesion in polymers is typically
lower compared to ceramics and metals (Ghanem and Lang, 2017). However, their
material stiffness and hardness are also lower, and these two effects are usually
proportional.

In a general sense, wear denotes the material removal or surface damage arising
when two surfaces undergo rolling, sliding, or impacting interactions. These wear
phenomena predominantly manifest at a microscopic level, specifically at the sur-
face asperities. As relative motion transpires between two objects or components,
material displacement can occur within the interfacial region, consequently inducing
alterations in material properties. Nevertheless, it’s plausible for this displacement
to result in minimal or negligible material loss. This displaced material might either
transfer to the opposing surface or fragment into small debris, thereby giving rise to
wear. In scenarios where material is transferred from the bulk to the opposing sur-
face, the net mass or volume loss at the interacting surface remains zero, despite wear
occurring within the bulk material surface. It’s imperative to recognize that wear
loss signifies the actual material diminution and can occasionally manifest indepen-
dently. Wear, as a phenomenon, is not solely determined by material properties but
is influenced by the working conditions and environment. It is crucial to consider the
specific working atmosphere when evaluating wear at the interface. It is a common
misconception that higher frictional forces necessarily lead to an increase in the
wear rate. Concerning wear, the common variations include: Abrasive Wear, which
arises from the sliding motion of a rugged, unyielding surface against a softer one;
Adhesive Wear, which arises due to undesired transference and adhesion of worn
fragments from one surface to another; Fretting Wear, which arises from recurrent
cyclic abrasion between two surfaces; Erosive Wear, which transpires when solid or
liquid particles collide with the surface of an object; Surface Fatigue wear, which
occurs when the surface of a substance weakens due to repeated loading cycles; and
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Corrosion Wear, which materializes through chemical reactions between worn sub-
stances and a corroding medium. Given the array of variations, tribology further
elucidates how wear may undergo manifold transformations over time or in response
to altering operational circumstances (Swain et al., 2020).

13.3 TRIBOLOGY AND LUBRICATION

Sliding between surfaces involves solid components and is influenced by factors such
as the coefficient of friction and wear rate (Khonsari et al., 2021). Surface prop-
erties like reactivity, hardness, solubility, and surface energy impact these effects.
Newly manufactured surfaces typically exhibit lower wear and friction coefficients
compared to clean surfaces. Nonetheless, the presence of foreign substances at the
interface has the potential to elevate the coefficient of friction in cases of ongoing
sliding. To mitigate wear and friction, the application of lubricants proves effec-
tive. Lubrication can be classified into two primary categories: solid lubrication and
fluid film lubrication. Solid lubricants like solid films and powders protect surfaces,
reduce wear and friction, and find application in low-speed, high-load operations and
hydrodynamically lubricated bearings. Hard materials are also used as lubricants in
extreme working conditions (Jeyaprakash and Yang, 2020).

Fluid Film Lubrication Regimes: Hydrostatic lubrication maintains a thick layer
of lubricant using an external pumping mechanism, resulting in minimal relative
motion. The Stribeck curve plots the coefficient of friction against rotational speed
and the ratio of absolute viscosity to applied load, identifying different lubrication
regimes (Figure 13.1a). Hydrostatic and hydrodynamic lubrication fall under these
regimes. Hydrostatic bearings use external pumps to induce fluid pressure and pro-
vide a thicker lubricant film. Hydrodynamic lubrication relies on a thin lubricant layer
pulled and compressed between bearing surfaces during motion. This mechanism
is crucial for hydrodynamic journal and thrust bearings, offering low friction coef-
ficients. Viscosity influences the behavior of physical interactions during sliding, and
careful management of lubricant precipitation and film formation helps reduce wear.
Adhesive wear may occur during initial and ending processes (Maarof et al., 2019).

Boundary Lubrication: Raising the load results in a reduction of fluid viscosity
or velocity, culminating in an elevated friction coefficient. This phenomenon takes
place under conditions of limited lubricant supply, where solid surfaces are in close
proximity, and the interaction is affected by multimolecular or monomolecular films.
Boundary lubricants are crucial in establishing a sheared film on bearing surfaces,
effectively diminishing corrosive and adhesive wear. Pertinent attributes of lubricant
films, including hardness and shear strength, hold substantial importance. Notably,
viscosity exerts minimal influence on wear and friction dynamics (Chen et al., 2023).

Mixed Lubrication: The transition from boundary to hydrodynamic regimes
constitutes a mixed lubrication zone where both mechanisms can be active. Solid
contacts may occur, but a partial hydrodynamic film remains on a small portion of
the bearing surface. Metal surfaces can experience wear debris formation, particle
adhesion, metal transfer, and potential seizure. Nevertheless, chemically generated
films offer protection against adhesion during sliding, creating a regime of thin film
lubrication (Hol et al., 2015).
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13.4 TRIBOLOGY AND 3D PRINTING

Understanding the tribological behavior of 3D-printed parts is crucial for optimiz-
ing their performance and ensuring reliable operation. Tribological studies provide
insights into friction, wear, and lubrication, which are key factors in the functionality
and longevity of these parts. By analyzing and controlling these tribological fac-
tors, researchers and engineers can enhance the performance of 3D-printed parts,
resulting in improved functionality and extended lifespan (Albahkali et al., 2023;
Ramezani et al., 2023). One important aspect is material selection. Different materi-
als exhibit varied tribological properties, such as friction coefficients and wear resis-
tance. Through tribological studies, researchers and engineers can identify suitable
materials for specific applications, ensuring optimal performance and minimizing
wear-related issues. Furthermore, tribological studies contribute to the optimiza-
tion of the design of 3D-printed parts (Portoacd et al., 2023). By analyzing fric-
tional forces, wear mechanisms, and lubrication requirements, designers can make
informed decisions regarding geometry, surface finish, and functional features (Deja
et al., 2021). This optimization helps to reduce friction, minimize wear, and enhance
overall performance and durability. Different industries may have specific tribo-
logical requirements for 3D-printed parts, particularly in safety-critical sectors like
aerospace and automotive. Tribological studies enable researchers to tailor materi-
als, coatings, and lubrication strategies to meet industry-specific demands, ensuring
compliance with performance and safety standards.

In conclusion, tribological studies are essential for 3D-printed parts as they opti-
mize performance, ensure material compatibility, optimize design, and meet industry-
specific requirements. By investigating and controlling tribological factors, researchers
and engineers can unlock the full potential of 3D printing technology in various
industries, leading to reliable and efficient operation of 3D-printed components.

13.5 3D PRINTING TECHNIQUES

Fused Deposition Modeling (FDM) is a popular 3D printing technique that involves
melting and layering of materials. In the late 80s, Scott Crump developed FDM by
melting plastics with a hot glue gun and pouring them into thin layers. He later auto-
mated the process using polymer filaments and patented it. Chuck Hull is widely
recognized as the “father” of 3D printing due to his groundbreaking patent for the
first AM technique submitted in 1984 (Jordan and Wang, 2019). Although the term
“SLA” was mentioned in Hull’s patent, the origins of the technique can be traced
back to experiments conducted by Hideo Kodama at the Nagoya Municipal Research
Institute in 1981. Today, there is a wide range of 3D printing technologies available
for professionals and researchers, including FDM, selective laser sintering (SLS), ink
jet printing (IJP), stereolithography (SLA), digital light processing (DLP), laser pow-
der bed fusion (LPBF), and binder jetting (BJ). Each method has its own advantages
and limitations, and the choice of technique depends on factors such as raw materials,
processing speed, resolution requirements, cost, and performance specifications. The
general process for 3D printing involves 3D modeling, conversion to .STL format,
slicing, and layering of materials. CAD software, 3D scanners, or photogrammetry
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can be used for 3D modeling. The CAD file is then saved in .STL format, which
encodes the 3D model information using triangular facets. The file can be stored in
binary or ASCII encoding, representing the coordinates of the vertices and outward
unit normal vectors of each facet. The next step is slicing, where the file is converted
into G-codes that instruct the printing machine to perform specific actions. Various
open-source software programs are available for slicing. The machine reads the
G-code line by line and overlaps the 2D layers of materials to create the physical 3D
part. Some AM technologies may require additional curing and post-processing to
achieve the final usable product (Raj and Dixit, 2022). Actually, ISO/ASTM 52900-
2021 classifies whole AM into seven categories (Additive manufacturing— General
principles—Fundamentals and vocabulary, n.d.).

13.5.1 ExTRUSION-BASED TECHNIQUE

The extrusion-based technique encompasses two technologies, FDM and Direct Ink
Writing (DIW), used for 3D model fabrication by extruding materials in the form of
strands. FDM is an AM method where a thermoplastic filament like ABS or PLA is
heated above its glass transition temperature. The semi-liquid material is then extruded
through a nozzle and deposited in layers onto a heated substrate to create a 3D struc-
ture (Figure 13.1c). DIW is an AM approach that involves depositing colloids, pastes,
gels, or inks onto a substrate to create functional structures. It utilizes a piston to push
the viscous material through a micro-nozzle connected to a three-axis positioning
stage (Raj et al., 2022c). Curing is achieved through reactive components, heat, or UV
light. DIW can be categorized into piston-based, pneumatic, or Archimedes screw
systems, each with different extrusion mechanisms (Raj and Dixit, 2022).
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FIGURE 13.1 (a) Representative Stribeck curve; (b) representative mechanism; (c) rep-
resentative extrusion-based technique; and (d) powder bed fusion schematic. (Adapted with
permission from Raj and Dixit, 2022.)
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13.5.2 VAT PHOTOPOLYMERIZATION

Vat photopolymerization is a 3D printing technique that utilizes photopolymeriza-
tion to solidify liquid polymers into solid objects layer by layer. This method encom-
passes SLA (Stereolithography) and DLP (Digital Light Processing) technologies
(Figure 13.1b), both of which employ photo-curable resins composed of monomers,
oligomers, and photoinitiators. The distinction lies in the curing process, where DLP
employs UV light from a projector, and SLA utilizes a UV laser beam. In DLP, the
UV light cures the entire resin layer at once, while in SLA, the laser beam traces the
geometry point by point to solidify the resin layer. The curing time and print reso-
lution can be influenced by parameters such as curing depth, laser power intensity,
scanning speed, exposure duration, and the addition of photoinitiators to the resin
(Raj et al., 2022b).

13.5.3 Powber Bep FusioN (PBF)

Powder bed fusion (PBF) is a widely used 3D printing technique in industrial AM
that fuses powdered material point by point using an energy source like a laser beam
or an electron beam. PBF can be applied to both metals and polymers, although
material compatibility varies. Various PBF technologies exist, including SLS, LPBF,
and Electron Beam Melting (EBM). In SLS, a laser selectively sintered and fuses
polymer powder particles to form the object layer by layer. The process involves
heating the powder bin and construction area below the polymer melting tempera-
ture (Figure 13.1d). LPBF is similar to SLS but used for metals. Unlike SLS, LPBF
requires parts to be initially fused to the substrate and often requires support struc-
tures for stability and thermal control. LPBF is typically performed under inert gas
or vacuum due to the combustible nature of metal powders. Unfused powder can
often be reused, although it may degrade over time due to oxidation. EBM is another
PBF process for metals. It operates by using an electron beam to melt the metal pow-
der bed under vacuum. Before the 3D printing process begins, each layer of material
is typically pre-sintered to ensure proper bonding. Parts are printed within the semi-
sintered powder bed, providing support during the build and reducing the need for
additional support structures. Overall, PBF technologies offer versatility in printing
both metals and polymers, enabling the production of complex and functional parts.
The specific technique used depends on the material being printed and the desired
properties of the final product (Popov et al., 2021).

13.5.4 MATERIAL JETTING

MJ 3D printers utilize viscous materials, spreading small droplets of the material
onto the build platform and then curing it using UV light. Once the first layer is com-
pleted, the platform lowers, and the printer proceeds to deposit the subsequent layer.
This layer-by-layer process continues until the object is fully formed. MJ, includes
MultiJet Printing (MJP) and PolyJet or Drop-On-Demand technologies. The work-
ing principle of material jetting printers determines the types of materials they can
handle. These printers can effectively operate with liquids of specific viscosities,
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creating objects from tiny droplets. Additionally, the materials used in material jet-
ting are photo-resistant, meaning they solidify under UV light (Giilcan et al., 2021).

13.5.5 BINDER JETTING

Binder jetting (BJ) is a cost-effective and energy-efficient 3D printing technique
that uses powdered materials like metals, composites, sand, and ceramics. It creates
a fine powder bed by spreading the powder, PBF. Instead of a laser, an industrial
printhead selectively deposits a liquid binding agent onto the powder, building up
layers based on a CAD file. Plastic parts require curing, while metal parts undergo
sintering for completion. Developed at MIT in the 1990s, BJ offers advantages
such as lower energy consumption compared to laser-based methods and the use
of affordable materials. It enables fast production times, making it ideal for pre-
cise and scalable mass production of small, accurate objects. BJ offers benefits like
reduced warping at room temperature and cost-effective high-volume production.
However, it’s important to consider that parts produced through BJ may have mod-
erate mechanical properties and high porosity, which may not meet all requirements
(Ziaee and Crane, 2019).

13.5.6  SHEET LAMINATION

Sheet lamination is an AM process that forms 3D objects by stacking and bonding
thin sheets of materials like paper, plastic, or metal foil. ISO/ASTM 52900-2021
defines this method, which utilizes welding, adhesive, heat, or pressure for bond-
ing. Laser cutting or CNC machining is employed to achieve the final shape of the
object. Sheet lamination can be categorized based on the build material (e.g., paper,
plastic, metal, or woven fiber composites) and the forming methods used (e.g., CNC
milling, laser cutting, or aqua blasting). Various bonding techniques are utilized in
sheet lamination, including adhesive bonding, thermal bonding, and ultrasonic weld-
ing. Materials utilized in sheet lamination vary, including paper, polymer, ceramic,
and metal, each requiring different binding methods. For instance, paper uses pre-
applied adhesive activated by heat and pressure, polymers rely on heat and pressure
for melting the sheets together, metal sheets are bound using ultrasonic welding, and
fiber-based materials and ceramics combine layers through thermal energy via oven
baking (Bhatt et al., 2019).

13.5.7 Direct ENERGY DEPOSITION

Directed Energy Deposition (DED) is a 3D printing technique that utilizes a focused
energy source, such as a plasma arc, laser, or electron beam, to melt and deposit
material through a nozzle. It can be used for repairing existing components or cre-
ating new parts. DED is also known as Laser Engineered Net Shaping (LENS),
Direct Metal Deposition (DMD), Electron Beam Additive Manufacturing (EBAM),
Directed Light Fabrication, or 3D Laser Cladding, depending on the specific method
employed. In DED, the material is melted and deposited onto a designated sur-
face, where it solidifies and fuses with the existing materials to form a structure.
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The process is performed in a controlled chamber with reduced oxygen levels.
Electron beam-based systems operate in a vacuum, while laser-based systems use
an inert chamber for reactive metals. To prevent contamination, a shielding gas can
be used during metal 3D printing. DED is commonly used with metal parts but can
also be applied to polymers and ceramics. It is capable of additively manufacturing
various weldable metals, including aluminum, inconel, niobium, stainless steel, tan-
talum, titanium alloys, and tungsten (Kladovasilakis et al., 2021).

13.6  INDUSTRIAL APPLICATIONS

Traditionally, tribology has primarily been applied to the analysis of common com-
ponents involved in rolling or sliding motion, such as bearings, gears, cams, brakes,
and seals. These components are integral to various machines that involve relative
and rotational motion. The initial emphasis of tribology was on improving the per-
formance and longevity of industrial machinery, but its influence has expanded to
encompass a wide range of applications.

Tribology research spans across different scales, from macro to nano. While its
traditional focus was on the transport and manufacturing sectors, it has become
increasingly diverse over the years, branching out into various fields. These include
but are not limited to:

13.6.1 CrassicAL AND OPEN SySTEMS TRIBOLOGY

This field primarily investigates friction and wear phenomena in machine com-
ponents like rolling-element bearings, gears, brakes, clutches, and manufactur-
ing processes. On the other hand, Open System Tribology delves into the study
of tribological systems that interact with and are influenced by the surrounding
natural environment. Various contemporary additive techniques are currently being
employed for the production of such components, and numerous research groups
worldwide have documented their findings. Research has delved into the tribologi-
cal aspects of FDM 3D-printed Polycarbonate and Acrylonitrile Butadiene Styrene
(PC-ABS) blends. Investigations have been conducted to discern the wear mecha-
nisms in FDM-processed parts (Figure 13.2a). The wear rate of PC-ABS parts pro-
duced through FDM escalates with the augmentation of layer thickness and build
orientation. Conversely, the wear rate can be significantly ameliorated by enhancing
the raster angle and air gap (Ahmed et al., 2017). Additionally, an exploration into the
tribological characteristics of 3D-printed stainless steel fabricated via metal-based
powder bed fusion has been undertaken. The suitability of this material in both dry
and lubricated conditions was assessed. Remarkably, in dry conditions, 3D-printed
stainless steel exhibits a lower wear rate compared to traditionally manufactured
stainless steel, regardless of the applied load. This discrepancy may be attributed
to the heightened hardness of the printed stainless steel or potentially due to varia-
tions in surface roughness between the two samples. Notably, in lubricated condi-
tions, 3D-printed stainless steel demonstrates a higher wear rate when compared to
traditionally manufactured stainless steel (Kc et al., 2019). Polyphenylene sulfide
(PPS) composites reinforced with carbon nanotubes (CNTs) have been successfully
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produced and subjected to friction and wear testing. The incorporation of CNT
into the PPS matrix using 3D printing techniques led to a noteworthy enhance-
ment in tribological performance. The outcomes revealed a substantial reduction in
wear rate, dropping from 3.048E—5 mm?3N/m for pure PPS to 0.808E—5 mm3N/m
for the composite containing 0.7 wt% CNTs under lower load conditions. Similarly,
at higher loads, the wear rate diminished from 1.14E—3 mm?3N/m for pure PPS
to 1.838E—5 mm?3N/m for the composite containing 0.9wt% CNTs (Pan et al.,
2021). The application of vat-photopolymerization-based additive techniques has
been utilized in the production of composite materials reinforced with graphene.
The investigation delved into the wear characteristics of the samples, with a focus
on analyzing the impact of graphene. Notably, the dynamic coefficient of friction
in specimens containing graphene exhibited a notable reduction (approximately
50% decrease when printed horizontally, irrespective of the layer thickness) com-
pared to the corresponding samples composed of the unadulterated resin material
(Figure 13.2b). This reduction is attributed to the influence of graphene, which could
potentially function as a solid lubricant (Hanon et al., 2022). Utilizing micro 3D
metal printing, bionic 3D structures were produced. The pin-on-disk trials exhibited
the effectiveness of scaly textures in diminishing friction and wear. At lower speeds
and higher loads, scaly textures led to a substantial reduction in friction coefficient,
achieving a maximum reduction of 51.5%. The wear patterns indicated that textured
sections had less conspicuous and uniform wear marks compared to non-textured
areas, likely due to the supplementary lubrication effect of the textures. Moreover,
the textured surface displayed less severe wear in contrast to the untreated surface
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FIGURE 13.2 (a) PC-ABS friction coefficient plots at different raster angles; (b) friction
coefficient variation at different orientation 3D-printed samples of graphene composites; and
(c) FDM-fabricated PETG and PLA gears tested for wear analysis. (Adapted with permission
from Ahmed et al., 2017; Kc et al., 2019; Pan et al., 2021; Hanon et al., 2022; Tunalioglu and
Agca, 2022.)
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(Liu et al., 2022). Tribological study examined varied surface conditions of addi-
tively manufactured H13 steel samples: as-printed, polished, ground and polished,
and laser-textured. Tests used base oil-lubricated bearing steel disks in a pin-on-
disk tribometer. Grinding and polishing reduced friction; laser texturing and added
polishing increased it. Ground-and-polished samples maintained hydrodynamic
lubrication at all speeds. Post-processing strongly influenced tribological behavior
(Guenther et al., 2021). A theoretical equation determined wear depth in FDM-
produced plastic gears using MATLAB for calculation along the line of action. Gear
durability was tested through repetitive trials at constant speed until wear damage.
Tooth root region displayed highest wear where driving gear engaged. PLA wear
depth calculations aligned with experimental, validating equation’s applicability.
PETG showcased superior wear resistance due to balanced properties (Figure 13.2¢c
and d). PETG outperformed PLA and ABS, emerging as most wear resistant among
the materials (Tunalioglu and Agca, 2022). Tribology tests in vacuum on FDM-
printed samples demonstrated nylon’s self-lubricating ability, exhibiting a low 0.08
friction coefficient at room temperature, but rising at higher temperatures. Nylon
remained functional above 130°C, PETG showed good performance up to 80°C
with a friction coefficient below 0.1, and ABS performed up to 110°C with increas-
ing friction from 0.12 to 0.29 (Prozhega et al., 2020).

13.6.2 BIOTRIBOLOGY

The additive manufactured parts gaining wide applicability in the modern biomedi-
cal industries. From creating custom 3D-printed simple and complex surgical tools,
bones, and joints reconstruction to bioprinting artificial tissues and organs are some
of the most significant utilities of AM in medical science. This technology produces
an extremely accurate and intricate anatomical model that helps to operate complex
surgical operations with improved outcomes at lower cost and also cut off the surgi-
cal time.

Ensuring enhanced tribological efficiency of AM components employed in surgi-
cal instruments and implanted body parts is an essential prerequisite. This is impera-
tive due to the presence of numerous medical apparatuses comprising components
that exhibit relative motion, either interacting with native tissue or within biomateri-
als, often while under load. The friction and wear characteristics of these mobile
components not only impact the functionality of the device but also detrimentally
influence surrounding natural tissues. This has led to the emergence of the term “bio-
tribology,” which encompasses the study of tribological performance within medical
and biological systems. Extensive research has underscored the significance of tribol-
ogy in medical and surgical equipment, spanning artificial teeth, prosthetic joints,
dental implants, orthodontic devices, contact lenses, and synthetic limbs.

One of the successful medical devices used in the human body is the artificial
joints. Figure 13.3a—c shows some application of artificial joints in human body.
These joints not only provide three-dimensional motions to the parts, but also bear
a significant amount of load. Some joints such as the hips, knee, and shoulder allow
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FIGURE 13.3 (a) Artificial limb and prosthetic socket, (b) medical device typically used
for a hip and knee implant, (c) interactions involving multiple physical phenomena in the
context of a standard medical device like a hip implant, (d) dental repairs and frequently uti-
lized implants in the clinical setting, and (e) gastrointestinal endoscope and diagnosis through
upper and lower track. (Adapted with permission from Jin et al., 2016.).

a relatively large motion. Therefore, tribological issues for the proper functioning
of such joints are important considerations. Significant effort has been made to
improve materials and design for artificial joints resulting in an improved hip and
knee implant however still a number of challenges exist.

Bone fractures are the most common issue worldwide (Olson et al., 2015). The
primary objective of fracture fixation is to reinstate stability and facilitate the heal-
ing process at the fracture locations. The micro-strain present at these fracture sites
assumes a critical role (Elliott et al., 2016). Some of the fracture fixation devices
include intramedullary nails, modular constructs, fracture plates, and lag screws.
Lubrication along with friction is significant factors in governing the relative
motion of the lag screw and the transmission of load to the fracture sites (Kummer
et al., 2011).

Human teeth are an important part of the human being that is closely associated
with facial esthetics and pronunciation. The degradation occurs mainly with aging
and other pathologic factors. Dental restorative materials are employed to regain
the function, structure, and shape of lost tooth components, and this is achieved
through the utilization of dental implants. Among the frequently employed materials
for dental implants are metal alloys, composites, and ceramics (Zhou and Jin, 2015).
Dental restoration, including filling, crown, onlay, and bridge, is classified as direct
and indirect restoration. Direct restoration is made within the patient’s mouth, while
indirect restoration is made outside and then placed inside. Figure 13.3d shows dental
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restoration application and commonly used implants in the clinic. The material attri-
butes of the dental composite are closely linked to its wear performance (Lambrechts
et al., 2000).

Fixed orthodontic appliance systems can experience wear corrosion, fretting
wear, and friction in metals and their alloys due to factors such as the nature of the
metals, alloying elements, and oral conditions. Furthermore, ceramic material poten-
tially suffers from brittle fracture, while composite faces the issue of excessive wear
posterior composite restoration depending upon the nature of the matrix and interfa-
cial bond strength. Composite resins, which consist of a polymer matrix infused with
borosilicate glass or colloidal silica particles, are extensively utilized dental ceram-
ics. These materials are employed for cavity restoration and the replacement of worn
tooth tissue (Zhou and Zheng, 2008). A significant drawback lies in the inadequate
wear-resistant characteristics of dental composites; nonetheless, novel technologies
and approaches have emerged to enhance the wear resistance of these composites
(Heintze and Rousson, 2012). Utilizing fine filler particles at a consistent volume
fraction was observed to reduce inter-particle spacing and enhance wear resistance
(Hahnel et al., 2011). Moreover, silane coupling agents have a crucial function in
enhancing the adhesion of the interface between organic resin and inorganic filler,
leading to heightened wear resistance.

Dental ceramics find substantial applications in restorative procedures.
Nevertheless, they face two primary limitations: the inherent brittleness of ceramics,
which can result in brittle fractures, and their higher wear resistance. It’s important
to note that many ceramic restorations can be abrasive, potentially causing wear
on both the natural and artificial dentition of opposing occlusal surfaces (Zhou and
Zheng, 2008). In recent years, there has been the development of high-toughness
dental ceramics, designed to mitigate the issue of brittle fractures. Zirconia ceramic
has been noted for exhibiting superior wear resistance properties compared to tra-
ditional ceramics, making it a potential alternative to glass-ceramics for posterior
restorations. Past literature also reported that acidulated fluoride in the mouth chemi-
cally attacks and degrades the ceramic surface gradually and increases wear rates
(Theodoro et al., 2017).

Surgical instruments are generally classified into six classes according to their
function while operating such as cutting, holding or grasping, hemostatic forceps,
distractors, clamps, and retractors. Gastrointestinal endoscopy and minimally inva-
sive surgery (MIS) are the popular surgical operation associated with some tribo-
logical issues occurring at their interface illustrated in Figure 13.3e. The endoscopy
is pushed inside the digestive tract of humans with an external force that may lead
to complications such as throat abrasion, mucosal tearing, and sometimes bleeding
due to repeated insertion, rotation, and pushing operation. Several studies have been
made to rectify such serious friction damage. Accoto et al. (2001) were the pioneers
in recognizing and addressing the challenge of navigating collapsed and curved
digestive tracts with minimally invasive devices. Their work involved assessing the
frictional coefficient and its changes by sliding a constant weight block on the surface
of the digestive tract at various speeds. Li et al. (2014) conducted an investigation into
the friction-induced trauma mechanism within the small intestine during endoscopy
procedures involving pulling actions. This study encompassed varying normal forces
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and friction durations. The investigation observed increase in normal force and fric-
tion time increases the total frictional energy dissipation in the small intestine.

Contact lenses, which are extensively employed to improve visual acuity, have
gained significant global popularity. The act of placing a contact lens in the eye
establishes two interfaces: the lid wiper and ocular surface. These interfaces expe-
rience relative motion and loading, underscoring the crucial role of tribological
performance in the effective operation of contact lenses during blinking and eye
movement. The presence of fluid film lubricant between the contact lens and the eyes
ensures minimum friction and smoothen the motion during blinking thus is criti-
cally important. The available literature suggests a synergistic lubrication mecha-
nism considering the lens material, tear film, wetting agent, and their interaction
essential for the contact lens to perform normally in the human eye. The configura-
tion of the tear film and the constitution encompassing proteins, lipids, and mucin
hold paramount importance in both the clinical operation and tribological aspects of
a contact lens (Silva et al., 2015). Scientists have also innovated novel materials for
soft contact lenses that possess surfaces with elevated water content or incorporate
wetting agents like polyvinyl alcohol (PVA), polyvinyl pyrrolidone (PVP), and other
substances. This advancement aims to reduce the friction occurring between the sur-
face of the contact lens and the lid-wiper (Pult et al., 2015). The friction coefficients
of such material are much lesser than the conventionally used silicone-hydrogel con-
tact lenses. Furthermore, the surface morphology of contact lenses also assumes a
crucial role in influencing the tribological behavior of newly designed contact lenses.

Cardiovascular disorders rank as the primary contributor to global mortality
within the realm of non-communicable illnesses. This category encompasses afflic-
tions that impact the heart or blood vessel structures, giving rise to conditions like
heart failure, arterial disease, and heart valve ailments. In certain cases, when the
disease reaches an advanced stage, mechanical intervention utilizing medical equip-
ment such as pacemakers, catheters, heart valves, and vascular prostheses becomes
imperative. Given that these devices interact with blood during their movement, their
design must prioritize preventing any blood-related harm that could lead to compli-
cations like coagulopathy and thrombosis (Jennings and Weeks, 2015). The bear-
ing of the spinning components is the crucial component in the construction of a
mechanical circulatory support system. Because of this, it’s crucial to maintain a
good lubricant film to prevent blood damage and allow enough washout, which is
mostly achieved through optimized bearing geometry utilized in medical equipment
(Kosaka et al., 2013).

13.6.3 NANOTRIBOLOGY

Nanotribology, the study of friction, wear, and lubrication at the nanoscale, stands
as a compelling frontier in the field of materials science and engineering. As techno-
logical innovation continues to shrink devices and systems to unprecedented dimen-
sions, the behavior of surfaces and interfaces at the nanoscale becomes increasingly
influential (Belak, 1993). Whether in the realm of microelectromechanical systems
(MEMS), nanoelectronics, biomedical devices, or emerging nanotechnologies, the
intricate interplay of forces at these microscopic dimensions can significantly impact
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performance, durability, and efficiency (Kim et al., 2007). Traditional tribology, the
study of friction and wear on macroscopic scales, has long been central to fields
ranging from transportation to manufacturing. However, as time venture into the
nanoscale regime, the familiar laws of classical physics no longer hold true. Surfaces
that were once considered smooth now reveal a landscape riddled with atomic irregu-
larities and nanoscale features. The forces governing interactions are reshaped by
quantum mechanical effects, and phenomena like adhesion, deformation, and sur-
face energy take on novel meanings in this intricate landscape.

In advanced manufacturing sector, the fusion of 3D printing technology with the
field of nanotribology has paved the way for transformative innovations in engineer-
ing and materials science (Macovei and Paleu, 2022). Nanotribology, which focuses
on the intricate interactions of friction, wear, and lubrication at the nanoscale level,
presents a realm of challenges and opportunities that align seamlessly with the capa-
bilities of 3D printing. This convergence has led to the creation of bespoke 3D-printed
parts, meticulously designed and engineered to exhibit tailored tribological proper-
ties at the smallest scales. As a result, these 3D-printed components are poised to
revolutionize diverse industries, from biomedical devices to aerospace systems, by
ushering in enhanced performance, extended lifespans, and improved functionality
through a novel amalgamation of cutting-edge manufacturing and nanoscale science.
In this context, exploring the world of 3D-printed parts for nanotribology unveils a
frontier of exploration at the intersection of innovation and precision engineering.

The subsequent section will delve into the examination of the incorporation of
3D-printed parts used for nanotribology and its utilization in industrial contexts.
This study aims to explain the impact of nanotribology on industries and its role
in driving progress in the current era of advanced manufacturing and technology,
encompassing both foundational theories and practical case studies. Nanotribology
is of paramount importance in shaping the industrial sector as it tackles complex
issues pertaining to friction, wear, and lubrication at the nanoscale. The impact of
nanotribology in this context is defined by its notable ability to improve efficiency,
reduce energy losses, and enhance the reliability of energy systems.

In the realm of nanotribology applications, a range of 3D-printed parts can be
classified into various overarching categories. These categories encompass a diverse
array of examples that are frequently employed in this field.

The utilization of 3D printing technology enables the fabrication of complex
micro- and nanoscale structures, which can be subjected to investigation in terms
of their frictional and wear characteristics. The aforementioned structures encom-
pass arrays consisting of micro-pillars, grooves, or alternative surface textures as
shown in Figure 13.4. Utilizing the method of two-photon polymerization, micropil-
lars adorned with nanohairs on their upper surfaces were successfully 3D printed.
Through observation within a scanning electron microscope, their frictional behav-
ior and deformation tendencies were examined. The study revealed that the struc-
tural stiffness of these micropillars significantly influences the initiation of sliding
motion in relation to the opposing surface. Notably, elevating the stiffness of the
micropillars led to an augmentation in the buckling load of the nanohairs, without
sacrificing the inherent hydrophobic characteristics of the surface (Afshar-Mohajer
et al., 2023).
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FIGURE 13.4 (a) The geometries and dimensions of the printed structures; SEM images of
the structures; (b) 3D-printed Ti64 sample at 25 pm magnification; (c) holder used to apply
a precise vertical force on the interconnects, with a spring system counterbalancing the top
plate’s weight. On one side, there’s a 3D-printed interconnect with nine “printed pins,” while
the opposite side features nine separate individual pins. (d) friction coefficients variations of
commercial and 3D-printed Ti64 parts tested against 100Cr6 steel ball. (Adapted with per-
mission from Paydar et al., 2014; Khun et al., 2018; Afshar-Mohajer et al., 2023.)

The study of nanotribological properties of 3D-printed implants and prosthetics
in the realm of biomedicine is essential to ensure their seamless interaction with
surrounding tissues and materials. An electron beam melting (EBM) procedure
was used to 3D print Ti-6Al-4V (Ti64) samples to compare their microstructure,
mechanical, and tribological properties to commercial Ti64 samples. The exten-
sively twinned and acicular martensitic structure of 3D-printed Ti64 samples gave
them a higher surface hardness than commercial Ti64 samples. The 3D-printed Ti64
samples tested against a 100Cr6 steel counter ball without and with Hank’s solution
demonstrated superior wear resistance due to their increased surface hardness than
commercial Ti64 samples. The lubricating action of Hank’s solution during sliding
reduced wear on both Ti 64 samples. This study found that 3D-printed Ti64 samples
have similar mechanical and tribological properties to commercial Ti64 samples
(Khun et al., 2018).

Microfluidic devices, fabricated through the process of 3D printing, offer a means
to investigate fluid flow and its influence on nanotribology by providing fine control
over channel geometry and surface properties. A study presents a novel approach
to addressing the issues associated with the lab-on-chip interface by introducing a
quick, prototyped modular microfluidic connection. The connection is a polymer
gasket that is co-printed with rigid clamps, hence eliminating the need for adhesives
and further assembly. This is achieved using the process of direct multi-material
3D printing, which utilizes a computer-aided design model. This device signifies
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the initial utilization of multi-material 3D printing in the context of microfluidic
interconnects. It possesses the capability to undergo swift redesigning and printing
processes, while exhibiting resilience against applied stresses (Paydar et al., 2014).
Thin films and coatings can be fabricated using 3D printing techniques to achieve
desired nanotribological characteristics. These coatings have the potential to be
applied to various substrates in order to investigate and analyze their tribological
characteristics. The investigation focused on the micro/nanotribological and mechan-
ical characterization of TiN sheet and single-crystal silicon prepared using Laser arc
hybrid wire deposition (LAHWD)-based hybrid AM process. The hardness, friction,
and wear parameters of both materials were assessed using a nanoindenter system.
The findings illustrate the resemblances and disparities between the two materials,
indicating that TiN film has superior characteristics in terms of hardness and resis-
tance to wear compared to single-crystal silicon. It is probable that the approach
derived from this study can be employed to assess the quality of micro/nanofilms.
Additionally, TiN film exhibits favorable micro/nanotribological and mechanical
properties that make it suitable for applications in MEMS (Cao et al., 2004).

13.6.4 TRIBOTRONICS

Tribotronics is an interdisciplinary field that merges the study of tribology and elec-
tronics to investigate the interaction between surfaces and electrical phenomena,
focusing on friction, wear, and lubrication. It involves integrating electronic sen-
sors, actuators, and circuits into tribological systems to enable real-time monitor-
ing, control, and optimization of friction and wear processes. The primary objective
of tribotronics is to comprehend the electrical signals and phenomena associated
with tribological events, such as alterations in friction, contact pressure, and sur-
face conditions. By incorporating sensors and electronics into tribological systems,
researchers can capture and analyze these signals to gain insights into the underly-
ing mechanisms and dynamics of friction and wear. The application of tribotronics
is extensive and holds promise in various industries. For instance, in the realm of
automotive engineering, tribotronics can be utilized to develop intelligent braking
systems that continuously monitor and adjust friction levels for enhanced safety and
performance. In manufacturing, it enables precise control of friction and wear dur-
ing machining processes, resulting in improved product quality and tool lifespan.
Furthermore, tribotronics finds applications in nanotechnology and MEMS, where it
facilitates the measurement and manipulation of surface properties at the micro- and
nanoscale. This capability enables the development of advanced materials, coatings,
and lubricants with tailored friction and wear characteristics. In summary, tribo-
tronics merges tribology and electronics to explore the electrical aspects of friction,
wear, and lubrication. Its potential applications span across industries, empowering
the development of intelligent systems, sensors, and control mechanisms to enhance
understanding and management of tribological processes.

A 3D-printed flexure hinges-based triboelectric nanogenerator (TENG) demon-
strates excellent structural integration and stability. By utilizing the contact elec-
trification between fluorinated ethylene propylene and copper films, the TENG can
efficiently convert mechanical energy into electricity. With the flexure hinges serving
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as mechanical elastomers, the TENG exhibits remarkable stability, as evidenced by
minimal fluctuations in the open-circuit voltage even after undergoing 10,000 cycles
(Wang et al., 2018). In another study, a soft robotic finger with a triboelectric cur-
vature sensor is directly 3D printed using multi-material printing techniques. The
triboelectric curvature sensor (TECS) is situated on the top surface of the finger
and consists of an active layer of TECS printed directly onto the reinforced finger
body. Another active layer made of elastomers is attached to a stretchable electrode.
This triboelectric sensor is capable of measuring curvature up to 8.2m™' at ultra-
low frequencies (Zhu et al., 2020). Additionally, FDM has been utilized for creating
optimized digital designs of TENG devices, enabling efficient harvesting of ambient
vibration energy. The selection of positive/negative polymers as friction layers in the
TENG design significantly improves the output power and energy conversion effi-
ciency. In the vertical contact-separation mode, the triboelectrification efficiency of
these TENG devices reaches an impressive 63.9% (Qiao et al., 2018).

13.6.5 AErROSPACE TRIBOLOGY

Aecrospace tribology is a specialized field that concentrates on the examination of
friction, lubrication, and wear as they relate to aerospace systems. It involves inves-
tigating the effects of tribological phenomena on different components and systems
employed in the aerospace industry. Friction, lubrication, and wear are pivotal fac-
tors in aerospace tribology, significantly influencing the performance, reliability,
and lifespan of aerospace equipment. This encompasses critical components such
as engines, turbines, bearings, seals, and gears found in aircraft, spacecraft, and
associated systems. The main objective of aerospace tribology is to optimize the
efficiency, safety, and durability of aerospace systems by comprehending and man-
aging tribological factors. By analyzing the interaction between surfaces, lubricants,
and environmental conditions, researchers in aerospace tribology strive to develop
effective lubrication strategies, minimize wear, reduce energy losses, and enhance
overall equipment performance. Research in aerospace tribology also includes the
exploration of advanced materials, coatings, and surface treatments that can enhance
frictional properties, decrease wear rates, and prolong the service life of aerospace
components. This involves conducting experiments, simulations, and field studies to
assess and validate tribological models and theories specific to the acrospace domain.
Ultimately, aerospace tribology plays a crucial role in ensuring the dependable and
efficient functioning of aerospace systems. It contributes to the advancement of avia-
tion and space exploration by addressing the distinctive challenges and requirements
of this industry.

Metal AM, such as PBF and DED processes, is widely used to manufacture pro-
totyping and end-use application within the aerospace and aviation industry. The
fabricated structure was observed to be stronger and lighter which distinguished it
with the part manufactured through traditional methods. The common application of
AM in aerospace includes the fabrication of complex structures, frames, and brack-
ets. A joint study between Airbus and EOS group manufactured components with
Ti-64-4V alloy using laser-based PBF technique, intended to replace hinge brackets
on the aircraft engine that were currently used with a goal of overall mass and cost
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FIGURE 13.5 (a) General electric LEAP engine fuel nozzle, (b) AM of Airbus A350 XWB
cabin bracket connector, (c) modern commercial high-bypass engine, and (d) AM-printed
impeller with internal lattice. (Adapted with permission from Boyer et al., 2015; Blakey-
Milner et al., 2021; Rouf et al., 2022.)

reduction (Tomlin and Meyer, 2011). The wide utility area and potential application
of AM part used in aerospace and aviation industry are illustrated in Figure 13.5.
The static and dynamic components of aircraft engines are subject to extreme per-
formance even in most harsh environments such as high pressure, temperature, or
embrittlement condition. Some example of such components is compressor blades,
impellers, turbine blades, and inducers with highly complex geometry (Gebler et al.,
2014). Also, the AM techniques extensively applied to repair damaged aircraft com-
ponents instead of replacing or scrapping them result in significant cost savings for
expensive aerospace components (Singamneni et al., 2019). Gobetz et al. investigate
the feasibility of using AM technique to manufacture heat exchangers used in aero-
space applications and found an effective function under an air-to-air testing setup
after successful printing (Rochus et al., 2007). Moreover, large liquid fuel rocket
components have also been recently developed using the directed energy method.
The selection of material for the acrospace application is based on high strength, low
density, durability, heat resistance, damage tolerance, and low weight. Aerospace
tribology deals with science and technology related to surface interacting in relative
motion. Tribology plays an important role in the operation and service reliability of
both aero-engines and air-frames. Koutsomichalis et al. studied the WC-12% tri-
bological coating deposited through plasma spraying. The high hardness and good
adhesion with the aerospace component the coating exhibit satisfactory wear resis-
tance (Koutsomichalis et al., 2009). The multilayer material of functionally graded
material is also in recent trends an alternative to hard coating technology for aero-
space systems operating in extreme environments.
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13.7 CONCLUSIONS

The chapter delves into the intricate realm of tribology and lubrication in the context
of 3D-printed parts, especially concerning their industrial applications. The influ-
ence of various factors on friction and wear is thoroughly explored, underscoring
the complexity of these phenomena. The interplay of microstructure, environmental
conditions, surface properties, and material interactions shapes friction and wear
behavior.

With a focus on open systems, biotribology, nanotribology, tribotronics, and
aerospace, the chapter delves into how 3D-printed parts find their place in diverse
industrial scenarios. The discussion navigates through the significance of surface
properties, deformation behavior, and temperature influence on friction and wear.
The various stages of contact, including elastic, viscoelastic, and plastic, are explored,
offering insights into their respective behaviors.

Friction, a pivotal element in tribology, is dissected, elucidating its types, clas-
sifications, and impacts. The importance of friction in different industrial contexts
is highlighted, from its intentional increase for enhanced performance to its det-
rimental effects on rotating and sliding components. The coefficient of friction is
demystified, and its role in monitoring frictional behavior is explained, along with
the distinction between static and dynamic friction. Wear, as a corollary to friction,
undergoes comprehensive examination. Different types of wear, such as abrasive,
adhesive, and erosive wear, are elucidated, emphasizing their dependency on mate-
rial properties and environmental conditions. The intricate relationship between fric-
tion and wear is underscored, paving the way for a more nuanced understanding of
tribological phenomena.

The chapter seamlessly bridges the gap between theoretical insights and practi-
cal applications. It emphasizes the significance of lubrication in minimizing friction
and wear, categorizing lubrication into solid lubrication and fluid film lubrication.
An exploration of fluid film lubrication regimes, including hydrostatic and hydrody-
namic lubrication, provides insights into their operational mechanisms.

In summary, the study of tribology in the context of 3D printing is paramount for
enhancing performance, material selection, design optimization, and industry-spe-
cific needs. Tribological insights into friction, wear, and lubrication contribute to the
longevity and efficiency of 3D-printed parts. Material selection gains significance as
different materials exhibit varying tribological traits. Through such studies, suitable
materials can be chosen, minimizing wear-related challenges. Moreover, optimizing
designs based on friction, wear mechanisms, and lubrication requirements reduces
friction, enhances performance, and ensures durability. Industries with distinct
demands, like aerospace and automotive, benefit from tailored materials, coatings,
and lubrication strategies to meet safety and performance standards. Ultimately, tri-
bological investigations empower the utilization of 3D printing technology across
industries, ensuring reliable and efficient operation of components.

The exploration of tribology in various industrial applications has led to transfor-
mative advancements in materials science, manufacturing, biomedicine, and aero-
space engineering. The traditional focus of tribology on improving the performance
and longevity of machine components has evolved into a multidisciplinary field
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encompassing diverse sectors. The study of tribology at different scales, from macro
to nano, has resulted in significant progress across various domains.

Classical and open systems tribology have been pivotal in investigating friction
and wear behaviors in machine components, manufacturing processes, and envi-
ronmental interactions. 3D printing technology has found a niche in tribological
research, enabling the creation of intricate structures for analysis. For instance, the
tribological aspects of 3D-printed materials like polycarbonate and stainless steel
have been explored, leading to insights into wear mechanisms, friction coefficients,
and lubrication requirements. The introduction of nanotribology has allowed for the
examination of friction, wear, and lubrication at the nanoscale, influencing fields like
MEMS and nanoelectronics. The biomedical sector has embraced the integration of
3D-printed parts with tribology, creating custom implants, prosthetics, and dental res-
torations. By investigating the tribological behavior of these components, research-
ers ensure their compatibility with human tissues and enhance overall performance.
Additionally, tribotronics, the convergence of tribology and electronics, has emerged
as a groundbreaking avenue for real-time monitoring and control of friction and wear
processes, offering applications in various industries. Aerospace tribology stands as
a critical discipline for ensuring the reliability, safety, and efficiency of aerospace
systems. 3D printing has revolutionized manufacturing processes, enabling the pro-
duction of lightweight and intricate components that meet the stringent demands
of aerospace environments. From engine components to heat exchangers, AM has
found extensive applications, reducing costs and enhancing performance. The field of
aerospace tribology continues to address challenges posed by extreme conditions and
complex interactions, driving innovation in material selection, coating technologies,
and surface interactions.

In conclusion, tribology has evolved into a dynamic and multidisciplinary field
that intersects with various industries, technologies, and scientific domains. Its
impact is far-reaching, contributing to improved performance, enhanced function-
ality, and extended lifespan of components across diverse applications. By under-
standing and controlling friction, wear, and lubrication, researchers and engineers
continue to shape the future of technology and industry.
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