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Preface
Recent trends in advanced machining are perhaps the most challenging and demand-
ing field of research. In this first book to address all major technologies in this area, 
users can find the latest technological innovations and analysis in one spot, mak-
ing it easy to compare performance requirements. The technology solutions encom-
passed tend to involve mechanical, thermal, chemical, micro and hybrid machining 
processes, and the highly innovative finishing techniques. Advanced manufacturing 
processes bring on scientific advances in materials science, conventional manufac-
turing processes, rapidly growing additive/hybrid technologies, and the industrial 
Internet of Things to develop realistic solutions for industry. The goal of this book is 
to compile original research articles outlining the recent developments in advanced 
manufacturing technology such as additive manufacturing, materials and manufac-
turing process production operations, and manufacturing sustainability. This book 
will have tremendous relevance in the lives of academic institutions, practitioners, 
researchers, and industry players.

This book is unique because it covers a wide array of modern machining method-
ologies; provides a description of potential techniques, including the components and 
materials required; keeps readers apprised of recent developments in nanotechnology 
application in manufacturing; is based on the most recent developments in advanced 
sustainable manufacturing processes; points to new areas for further work such as 
rapid manufacturing of components using 3D printing; shares detailed knowledge of 
applications of magnetic field assisted polishing processes for super finishing of com-
plex surfaces; discusses ultrasonic-assisted drilling for biomedical application; and 
covers recent trends in modeling and optimization of manufacturing processes. This 
book presents pertinent and realistic global interpretations of advanced manufactur-
ing processes and provides the latest research progress in the field of advanced manu-
facturing processes in engineering sciences. In addition, the book certainly serves 
as a guide for the implementations of the latest engineering technologies, providing 
theoretically sound context with relevant case studies.

MATLAB® is a registered trademark of The Math Works, Inc.  
For product information, please contact:
The Math Works, Inc.
3 Apple Hill Drive
Natick, MA 01760-2098
Tel: 508-647-7000
Fax: 508-647-7001
E-mail: info@mathworks.com
Web: http://www.mathworks.com

mailto:info@mathworks.com
http://www.mathworks.com
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1 Recent Trends of Cutting 
Fluids and Lubrication 
Techniques in Machining

Ramandeep Singh and Varun Sharma

1.1  INTRODUCTION

Machining is an essential process in the manufacturing cycle of a product. It is a 
process of removing unwanted material from the workpiece through chip formation. 
This is generally performed at the later stage of the manufacturing cycle, which can 
put forward its significance for the life of the machined components. The machin-
ing process is used extensively for the production of necessary component size and 
shape. The component could be machined at high speed for improving productivity. 
However, a lot of heat is produced during machining because of the friction at the 
tool and workpiece contact pairs. This, in turn, results in high temperature, high 
pressure, friction, and considerable tool wear. Also, it results in the creation of tensile 
residual stresses and chip segmentation and affects the workpiece’s surface integrity. 
Hence, there is a need of cutting fluid to reduce the temperature of the cutting zone 
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2 Advanced Manufacturing Processes

and provide sufficient lubrication to reduce the friction and for evacuation of chips 
from the machining zone [1–4].

The use of lubricants in the metal cutting industry started from the industrial 
revolution in the late 18th century. Generally, the metal cutting fluids can be straight 
oils or some soluble oils. Straight oils are those which are used directly without add-
ing any additive in them while soluble oils are ones that are mixed with some other 
additive and are soluble in water or other liquids [5–6].

Cutting fluid performs microcapillary action in the machining zone to provide 
sufficient lubrication, acts as a heat-carrying medium, and also helps in chip evac-
uation [7]. Cutting fluids are generally used for difficult-to-machine materials and 
in complex machining. Metalworking processes are intended to have tool-work 
contact [8]. In order to separate them, a boundary of lubricant needs to be placed 
in between. The problem of friction and tool wear is addressed by the lubricating 
capability of the cutting fluid while the cooling action encounters high tempera-
tures. The various factors such as cutting conditions, cutting environment, cutting 
tool, machine tool chatter, and workpiece nature significantly influence machin-
ing performance. The cutting fluid, its thermo-fluidic properties, method of appli-
cation, its flow rate/pressure, along with quantity, is, in turn, directly linked with 
the machining performance. The factors that control the machining performance 
are shown in Figure 1.1.

FIGURE 1.1  Depiction of factors that control machining performance.
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Metalworking fluids are used in order to enhance the surface integrity of parts, 
increased tool life, etc. However, cutting fluids cost nearly 17 percent of the manu-
facturing cost. Besides this, almost all the conventional cutting fluids are prepared 
by mixing with water, increasing water consumption. Apart from the economic per-
spective, cutting fluids negatively impacts the environment through contamination of 
soil, polluting air and water. Besides this, cutting fluids creates serious health issues 
for the metalworking industry, like ingestion, toxicity, inhalation, and skin irritation. 
The National Institute of Occupational Safety and Health (NIOSH) [9–10] report 
shows oil-based cutting fluids causing ingestion, irritation, and inhalation, which cre-
ates several health issues among the workers. The various ways through which cut-
ting fluid could invade humans are mentioned in Figure 1.2.

Therefore, there is a need to reduce the cutting fluid consumption from an eco-
nomic point of view and create environment and human-friendly cutting fluid to 
address the sustainability aspect of the metal cutting industry.

Conventional lubricants used in the machining processes were mainly derived 
from mineral oils and petroleum-based oils. However, in recent years, many research 
attempts have been made to prepare cutting fluids from vegetable oils, which has 
resulted in better machining performance. The chemically modified vegetable oils 

FIGURE 1.2  The common paths through which metalworking fluids intrude into humans [11].
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can work as a lubricant in the machining process due to good thermo-physical prop-
erties. However, their use is limited due to poor thermal stability and oxidation at 
high temperatures. However, researchers are looking for suitable alternatives with 
the growing awareness regarding the environmental threat and health problems asso-
ciated with cutting fluids.

The mixing of additives has also been found to enhance the properties of veg-
etable oils and make them suitable for high-temperature applications. The additives 
like ionic liquids, nanoparticles, nanotubes, nanofibres, and surfactants have proved 
to enhance the base oil’s thermo-physical properties, which in turn improves the 
lubrication performance.

Therefore, to address the sustainability aspect in the machining industry, research 
needs to be performed to develop sustainable cutting fluids and produce sustainable 
techniques of cutting fluid applications.

Previous literature is focused more on the techniques of lubrication and cutting 
fluids. This work is dedicated to developing various cutting fluids, the evolution of 
lubrication techniques, application methods, and their challenges. A case study of 
developing a novel cutting fluid and its application in machining has been discussed 
at the end of the chapter.

1.2  CLASSIFICATION OF CUTTING FLUIDS

Several types of cutting fluids have been employed in the machining industry so far. 
Lubricants used as cutting fluids are mainly solid, liquid, and gaseous, but liquid 
lubricants are primarily used. The liquid lubricants can be classified based on their 
origin. Conventional fluids are obtained from petroleum-based mineral oils, which 
are extracted from crude oils. Conventional cutting fluids used are mainly petroleum-
based synthetic lubricants like paraffin, kerosene, SAE 80, etc. Due to the problems 
associated with these lubricants, the use of biodegradable oil has become popular. 
Vegetable oil-based lubricants are obtained from plants and create less threat to the 
environment. To enhance the performance of the cutting fluids, nanofluids have 
been in practice for recent years. Nanofluids have become popular in the machining 
industry due to their outstanding thermo-physical and tribological behavior [11]. The 
detailed classification of cutting fluids is explained in this section.

1.2.1 C onventional Cutting Fluids

Conventional cutting fluids are mineral oils, and synthetic oils made up of non-
petroleum manufactured base stock. Mineral oils are generally obtained from crude 
oil and consist of hydrocarbon chains. Mineral oils have the molecular structure of 
cyclic carbon chains. The mineral oils can be straight, fatty oils, and soluble oils. 
The straight oils are low viscous oils used for light-duty machining operations. The 
fatty oils are used for better surface finish and precision as they provide good wet-
tability between tool-workpiece interfaces. The soluble oils are a mixture of mineral 
oils with emulsifiers. They provide lubrication due to the oil presence and cooling 
action because of water presence. Mineral oils are cheap and are used for several 
applications [6].
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However, there are several limitations of mineral oils, and there is a need to 
develop other kinds of cutting fluids. The major problem with mineral oils is their 
inadequate cooling capacity, which reduces their chances of working in high-speed 
machining. Also, it causes more wearing of the tool, thereby affecting the surface 
integrity of the material. Furthermore, the mineral oils are non-biodegradable, and 
their toxicity creates a threat to the environment and occupational health. The grow-
ing concern of the environment has reduced the use of mineral oils as cutting fluids. 
This has paved research for the development of green cutting fluids [12].

Synthetic cutting fluids were manufactured to overcome the mineral oil limita-
tions. Synthetic oils constitute discrete compounds and are different as compared 
to oils derived from petroleum. They involve compounds like Poly Alkylene Glycol 
(PAG), synthetic and ester-based hydrocarbons. Synthetic oils are less toxic, have 
low vapour pressure, and good thermal stability makes them suitable for working 
in high-temperature machining operations. Synthetic lubricants can be manufac-
tured for use in specific applications involving high temperature and high pressure. 
Synthetic oils are water-miscible and provide good wetting, non-corrosiveness, and 
good lubricity.

However, synthetic oils also have several issues related to their disposal and 
health-related issues because of cutting fluid’s synthetic nature. For example, syn-
thetic cutting fluid can contact the skin and create skin irritation and other diseases. 
Also, their high limits the use of synthetic oils. As a result, researchers have focused 
on manufacturing cutting fluids from plant-based oils to address these issues of tra-
ditional cutting fluids.

1.2.2  vegetable oil-based Cutting Fluids

The growing concern of the environment and government regulations have forced 
industries to use renewable sources. This has encouraged the metalworking indus-
tries to use vegetables as the base oil of a lubricant. Vegetable and plant-based oils 
consisted of long-chain fatty acids with unsaturated double bonds that provide lubri-
cation properties [13]. These oils have high fire and flashpoints, high viscosity index 
like traditional cutting fluids. At the same time, they are biocompatible, renewable, 
less toxic, and economical [14–15].

The environment-friendly cutting fluids usually contain pristine vegetable oils 
and fluids that are chemically synthesized like esters involving phosphate-based 
esters, alkylated aromatics, polybutanes, polyalphaolefins, and polyalklene glycols. 
The major vegetable-based oils like soybean oil, Jatropha curcas oil, canola oil, rape-
seed oil, coconut oil, sunflower oil, hazelnut oil, neem oil, castor oil, and olive oil 
have been used as a lubricant in machining. They are found to improve the cutting 
performance, life of the tool, and surface finishing compared to petrochemical cut-
ting fluids [16–18].

In this regard, three types of vegetable oils (hydrotreated rapeseed oil, rapeseed 
methyl ester oil, and Jatropha curcas L. oil) have been investigated for their thermo-
physical and lubrication characteristics. It has been found that Jatropha curcas oil is 
found to have better thermophysical properties (dynamic viscosity, density, fire point, 
and total acid number) along with superior tribological properties (wear and friction) 
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than the other two oils [19]. Furthermore, the effects of jatropha and moringa oil as 
cutting fluid for the machining of aluminium alloys were investigated by Souza et al. 
[20]. It was observed that the thermo-physical and tribological behaviour of jatropha 
and moringa oil had been far off than the conventional mineral oil. Also, they found 
that the jatropha oil showed the best results during the machining process.

In this regard, the blending of different vegetable oils was investigated for their 
suitability as cutting fluids in mild steel drilling operations. In the work reported 
by Susmitha et al. [21], different vegetable oils (non-edible) such as Neem oil and 
Karanja oil (Honge) along with a blend of these two oils were used. The influence 
of these cutting fluids over cutting force, formation of chips, and roughness of sur-
face are investigated. The obtained results were compared with petroleum-based cut-
ting fluids and dry machining. The cutting fluid prepared after blending 50-percent 
Neem–50-percent Karanja gives the best specific heat, high flash, optimum dynamic 
viscosity, adhesiveness, and fire point. The continuous chips were uniformly formed 
in the case of 50-percent Karanja–50-percent Neem blend. These continuous chips 
produced in the machining of mild steel for the blend of 50-percent Karanja–50-
percent Neem had uncoloured silver showing less heat carried by the chip. Other 
than that, a reduction in machining force by 169.23N for the 50-percent Karanja–50-
percent Neem blend has also been reported compared to dry cutting and least among 
other fluids.

However, vegetable oils as a neat lubricant are not preferred due to low oxidative 
stability, low corrosion resistance, and poor tribological behaviour [22]. The char-
acteristics of vegetable oils can be enhanced using additives and surfactants [13]. 
Mixing additives like ionic liquids, nanoparticles, and surfactants into vegetable oils 
has displayed better lubrication properties.

1.2.3  nanoFluids

Nanofluids belong to that class of fluids that are prepared by dispersing nano-sized 
materials (nanoparticles, nanofibers, and nanotubes) into the base fluid. When 
added into the base oils, nanoparticles create Brownian motion, which enhances 
the stability and thermo-physical behavior of the base fluid. As a result, nanoflu-
ids possess excellent thermo-physical attributes such as convective heat transfer 
coefficient, viscosity, and thermal conductivity compared to base fluids. Thus, 
nanofluids have broader relevance in enhancing heat transfer during several appli-
cations in industries, electronics, food, biomedicine, transportation, and nuclear 
reactors [23–26].

These fluids are classified as unitary nanofluid and hybrid nanofluid. Unitary 
nanofluid includes only one type of nanoparticles dispersed in the base oil, whereas 
hybrid nanofluids consist of mixing of two or more nanoparticles into the base oil. In 
addition, there are varieties of nanoparticles that can be added to the base oils, such 
as alumina (Al2O3), silica (SiO2), molybdenum sulphide (MoS2), calcium fluoride 
(CaF2), zirconium oxide (ZrO), copper oxide (CuO), zinc oxide (ZnO), etc.

When nanoparticles are used as additives in lubricating oils, they produce four 
types of lubrication mechanisms: rolling action, tribofilm formation resulting from 
tribochemical reaction, a self-repairing effect due to minimal size, and polishing 
effect (refer to Figure 1.3). [27–28].
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Besides this, fluid type, nanoparticles type, and concentration of nanoparticles 
have a powerful influence on the cutting performance. In this regard, the effects of 
graphite nanoparticles diffused nanofluid on the cutting force and temperature in 
Minimum Quantity Lubrication (MQL) based lathe turning the process of AISI 1045 
sheets of steel were investigated. It was found that nanofluid provided better cut-
ting performance than vegetable oil [29]. Furthermore, a comparative study between 
multi-walled carbon nanotubes (MWCNT) and aluminium oxide (Al2O3) nanopar-
ticles dispersed nanofluid has been performed by Hegab et al. [30] for MQL turn-
ing of Inconel 718. The results showed that MWCNT nanofluid gave better cutting 
performance than Al2O3 nanofluid. On similar lines, MoS2 dispersed soybean oil 
provided better performance than Al2O3 dispersed nanofluid [31].

In MQL machining of hard materials, hybrid nano-green cutting fluid prepared by 
dispersing MoS2 and cadmium fluoride (CaF2) nanoparticles in mineral oil has also 
been investigated. In this research attempt, green cutting fluid (GCF), indigenously 
synthesized, was utilized to prepare Hybrid Nano- Green Cutting Fluid (HN-GCF). 
GCF is manufactured from coconut oil, Cymbopogon citratus, Azadirachtaindica, 
jaggery syrup, Centella asiatica, and MoS2 and CaF2 nanoparticles mixed to prepare 
nanofluids. The cutting forces and feed force are reduced in HNGCF compared to 
the neat cutting oils, as shown in Figure 1.4(a) and (b), respectively. HNGCF with 

FIGURE 1.3  Lubrication mechanisms in nanofluids [28].

 

FIGURE 1.4  Influence of cutting fluid application on (a) cutting force and (b) feed force [32].
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0.3  percent MoS2 nanoparticles have shown the least amount of cutting and feed 
forces.

1.3  TECHNIQUES OF CLEANER MACHINING

According to the U.S. Department of Commerce, sustainable manufacturing is 
defined as “the creation of manufactured products using processes that minimize 
negative environmental impacts, conserve energy and natural resources, are safe for 
employees, communities, and consumers, and are economically sound” [33]. Thus, 
it involves the sustainability of all manufactured products and the sustainable manu-
facturing of all products. The former involves exploring sources associated with sus-
tainable energy, green, and products associated with social equity. The significant 
facets concerning the latter involve the development and the establishment of effi-
cient processes in energy saving that are economical, non-polluting, and viable for 
manufacturing purposes (refer to Figure 1.5).

Besides this, the deployment of these methods ensures the well-being of society 
along with growth in economics through the adaptation of a system-level approach 
during the complete life-cycle of any product [34–35].

Sustainable machining uses those machining methods, which have a minimal 
negative impact on the environment and makes less usage of natural resources.

For sustainable machining, the following practices can be adopted:

• Reduce the consumption of natural resources and energy.
• Reduce waste and environmental damage.
• Reduce health and safety risks.
• Provide better performance and economy to the users.

In order to address the problems associated with the machining processes, several 
sustainable machining methods have been developed over the years. The researchers 

FIGURE 1.5  Road map for developing sustainable green machining technologies [11].
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have explored sustainable machining methods like Minimum Quantity Lubrication 
(MQL), cryogenic, ultrasonically atomized cutting fluids, use of vegetable oils, ionic 
liquids, and use of nanofluids [34, 36].

The methods of cooling employed during machining processes could be catego-
rized into two parts, i.e., conventional cooling (flood cooling) and non-conventional 
cooling (cryogenic, dry, minimum quantity cooling, minimum quantity lubrication, 
and lubrication, etc.) [5, 37].

1.3.1  Conventional Cooling

Flood cooling is a technique in which a high-pressure jet of fluid is provided in the 
machining zone to produce lubrication, cooling action, and provides evacuation of 
the chips. This technique mainly aims to reduce the temperature in the machining 
zone by supplying a high quantity of coolant. It has been the traditional method of 
cooling which is mainly used in grinding and turning operations where high tem-
perature and sparks are produced. In addition, this process claims to provide a good 
surface finish and reduction of tool wear [38].

The role of cutting fluids has been investigated using a ceramic tool for machining 
AISI 4340 steel compared with dry machining. In this study, three different cutting fluid 
emulsions, synthetic and mineral oils, were used. The experimentation results proved to 
result in better tool life and low cutting temperature using cutting fluid than dry machin-
ing. This is due to the lubrication layer between tool and chip resulting in reduced friction, 
which eventually improves machining performance [39]. Furthermore, the machining of 
AISI 52100 steel was performed by using synthetic oil as a cutting fluid. It has been found 
that cutting force and surface roughness was reduced using flooded cooling compared to 
dry machining [40]. This is due to the decrease in friction between the tool-workpiece 
interface, which reduces cutting force and good surface finish.

Conventional flood cooling uses gallons of cutting fluid which leads to an increase 
in the manufacturing cost. At the same time, there is an issue of disposal of cutting 
fluid which further increases the cost. Therefore the conventional flood cooling tech-
nique is not suitable for sustainable manufacturing, and there is a need to reduce the 
consumption of cutting fluids in the machining industry. Furthermore, the process 
provides ample cutting fluid in the cutting zone, and it may create environmental 
pollution, affect the operator’s health, and contribute significantly to the economic 
aspect of manufacturing [6, 10].

1.3.2  non-Conventional Cooling

Non-conventional cooling methods aim to reduce the consumption of cutting fluid 
and address the environmental and health concerns associated with them. The vari-
ous types of non-conventional cooling methods have been practiced so far, which are 
explained in the following:

1.3.2.1 Dry Machining
Dry machi

 �   
ning is a machining method without the use of any coolant. Dry machining 

is environmentally safe and desirable for production-based industries in the distant 



10 Advanced Manufacturing Processes

future. Industries are necessitated for looking into green manufacturing due to the 
enforcement of laws regarding environmental protection for safety during the occu-
pation and health-based regulations. Machining involving no coolant usage, i.e., dry 
machining, is ideal for reducing environmental and health impacts. Therefore, dry 
machining has drawn much attention within research groups and manufacturing 
industries for creating a clean and healthy environment because of the elimination of 
cutting fluid application [41–42].

Dry machining has numerous advantages involving no threat to the environment, 
water pollution, or earth pollution, no occupational hazard to health, and no injury to 
skin or allergy of any sort. Also, the reduction of cost during machining is achieved, 
and significant cost reduction during maintenance of fluid and disposal. Dry machin-
ing is utilized on workpieces ranging from hard materials and materials which are 
machined with difficulty.

Dry machining requires a harder cutting tool made up of PCD, CBN, etc., and 
wear-resistant coatings, i.e., TiN and TiCN, etc. Tool coating sustains at high tem-
perature even at large heat generation. Therefore, it does not require cutting fluid for 
lubrication and cooling purpose. This will lead to a reduction in the tool wear and 
improve surface integrity. Dry machining is also accompanied by textured inserts 
with internal cooling systems where solid lubricants are put in the slots of inserts, 
leading to adequate lubrication [43–44].

In this regard, the effects of WS2 solid lubricants into a textured cutting insert 
for the dry machining applications were investigated. For machining hard materi-
als, dry machining cannot be used as it leads to excessive tool wear. In this study, 
dry cutting of hardened steel was carried out using TiAlN coated tool and a laser 
textured insert with a solid lubricant filled into the slots to provide self-lubrication. 
The results of the experimental investigation proved to give better results in cutting 
force, cutting temperature, and tool wear. This is due to the higher adhesive strength 
between the WS2 and textured TiAlN coatings. Besides this, the nano-scale grooves 
reduced the contact length at the tool/chip interface, which is another reason for 
improving the tool’s cutting performance. In dry machining of ceramics materials, 
lower thermal conductivity and fracture toughness may lead to early tool fracture due 
to thermal and mechanical shock. Due to this reason, dry cutting is very difficult to 
implement in mass production as it needs extremely rigid machine tools and ultra-
hard cutting tools [45]. The sustainable machining of AISI 1045 steel with a surface 
textured tool was investigated. In this study, micro-capillary networks were made on 
the uncoated cutting inserts for tribological benefits. The investigation proves that 
machining performance is improved with the textured tools in dry machining [46].

However, despite all the benefits of dry machining, it is not suitable for machining 
difficult to cut materials like nickel and titanium alloys due to their poor machin-
ability and low thermal conductivity. This eventually results in high thermal stress 
formation, tensile residual stresses, built-up edge formation, chip segmentation, and 
self-induced chatter.

1.3.2.2  Minimum Quantity Lubrication (MQL)
Minimum quantity lubrication (MQL) is a micro-lubrication method involving mini-
mal lubricating fluid (10–150 ml/hr.) utilized in the machining zone. This process 
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aims to take advantage of both dry and flood cooling techniques. MQL facilitates 
near to dry machining and removes large amounts of coolants and replaces them 
with a very minimal amount of cutting fluid mixed with a transporting medium that 
is generally air. MQL uses a small amount of lubricant that is environment friendly 
under pressure into the machining zone to reduce the temperature generation by 
efficient lubrication at the interface of tool and chip. It has lubrication properties 
similar to oil and cooling capacity similar to carrying medium, replacing conven-
tional flood coolant functions during machining. The air is highly pressurized using 
a compressor, and cutting fluid already contained in the reservoir passes through the 
flow control system where the cutting fluid is atomized. This highly pressurized air 
containing cutting fluid’s microdroplets (i.e., aerosol) is sprayed with controlled flow 
rate values in machining zones utilizing proper tubing and nozzle system [47–50]. 
Figure 1.6 shows a schematic depiction of the MQL system.

There have been various names used for MQL, like near dry machining, Minimum 
Quantity Lubrication and Cooling (MQLC), and Minimum Quantity Cooling 
(MQC). The lubricant’s role in MQL is performing the cooling action because of 
the cutting fluid evaporation rather than lubrication. Even if MQL utilizes cutting 
fluid, the quantity of coolant used is significantly less compared to flood cooling. 
Therefore, the cost of the cutting fluid will be reduced, affecting the economics of 
manufacturing costs. Furthermore, MQL used with ester or vegetable-based lubri-
cants make the process environment-friendly and safe for the workers [5, 51]. Hence, 
MQL possesses the same benefits as dry machining, involving a neat work environ-
ment and less harmful emission levels. Recent research includes nanofluids compris-
ing nanoparticles like Al2O3, MoS2, and diamond and is utilized with MQL systems.

FIGURE 1.6  A schematic illustration of Minimum Quantity Lubrication (MQL) [32].
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While drilling A356 Aluminium-Silicon-based alloys, the MQL technique was 
used, and the results showed a better surface finish for holes drilled using the 
MQL process than flood cooling [52]. The MQL technique used during the turn-
ing process of Inconel 718 with coated tools, and the study revealed that MQL 
resulted in better life of tool and surface finishing while comparing to dry and wet 
machining processes [53]. In a similar manner, turning of alloy steel AISI 9310 
with MQL technique utilizing vegetable oil-based lubricant is performed. The 
results showed that the MQL process results in the best surface finishing under 
the same set of conditions compared to dry and flood lubrication [54]. Further dry, 
wet, and MQL turning of alloy steel AISI 4140 was investigated and found to show 
that MQL gave minimum cutting force compared to the other two [55]. It was 
found that cutting force was reduced by 17.07 percent, whereas tool-tip interfacial 
temperature by 6.72 percent in MQL turning of AISI 4340 steel compared to dry 
turning [56].

MQL technique has various benefits like the machined workpiece is almost dry, 
low installation and running cost, low environmental and health hazards, and bet-
ter machining performance than traditional flood coolant techniques. However, this 
technique has few limitations like the lower capability of cooling, evaporation of 
cutting oil in cutting zone leading to evolving of gases, and requirements of high-
pressure values for getting better penetration ability.

1.3.2.3 Cryogenic Cooling
Cryogenic cooling is a safe technique from an environmental point of view. It 
involves cooling that utilizes gases at cryogenic temperatures like carbon dioxide, 
nitrogen, and helium as primary cooling agents that evaporate without harming the 
atmosphere. In the last few years, the techniques associated with cryogenic cooling 
have drawn much attention, being a potential technique for reducing pollution in 
the environment, hazards to health-related to traditional cutting fluids, and fulfilling 
the machining performance requirements. Furthermore, unlike MQL, this technique 
focuses on keeping the cutting zone temperature to a minimum level [2, 11].

It is sprayed or injected within the cutting zone at around -200°C through a small 
orifice of the nozzle in machining with liquid nitrogen. Quick absorption of heat 
along with the evaporation of liquid nitrogen occurs. A layer of fluid protection in 
gaseous state forms between the tool face and chip acts as a lubricating agent, which 
reduces the interfacial temperature of the tool-chip and thereby prevents the chemi-
cal interactions between chips and cutting tool. This leads to the reduction of adhe-
sive wear at the flank face and avoids diffusion wear. Besides this, the chips produced 
through cryogenic machining could be recycled in the form of scrap because no 
residue of oil is now attached to them. These cryogenic gases are generally inert and 
disperse in the air and pose no danger to the environment and human health. The 
effect of cooling produced by cryogens is fascinating during machining materials 
that can’t be machined difficult-to-machine materials very quickly and observes very 
high levels of tool wear because of high temperatures of cutting [57–58]. Figure 1.7 
shows a typical cryogenic cooling system.

Even though machining using cryogens is an old technique, a new interest has 
been generated in this concept for minimizing the hazardous effects of coolants on 
the environment and humans. The cryogenic cooling utilizing nitrogen in a liquid 

 �   
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FIGURE 1.7 Schematic diagram of Cryogenic spray System [58].

state could improve machinability by varying the friction coefficient and reducing 
temperatures in cutting zones. Its advantages involve the prolonged life of the tool, 
higher speeds of cutting, enhanced productivity, and low cost of production as com-
pared to traditional cutting processes.

The cryogenic machining of steel workpiece shows that a significant improvement 
in the tool’s life, finishing of surface, and accuracy of dimensions associated with the 
workpiece is obtained compared to wet and dry cooling. Several factors cause this, 
including reducing the amount of chemical and abrasive wear at tool flanks and mini-
mal tool and chip interactions, thereby decreasing the built-up edge formation [59].

The compressed air suitability for cooling based on the cryogenic application was 
investigated during the material removal operations in Ti-6Al-4V alloy. The utiliza-
tion of compressed air in a cryogenic state decreased the wear of the flank and the 
formation of a built-up chip edge. The result is a minimal enhancement in machining 
forces (mainly feed force) after machining lengthy distances compared with observa-
tions during dry machining [60].

The machinability of Ti-6Al-4V has been assessed under cryogenic cooling con-
ditions [61]. Titanium alloys have broad application areas involving energy, aero-
space, and biomedical industries because of elevated strength levels at elevated 
temperatures, less weight, and corrosion resistance. Still, due to the low thermal 
conductivity and stiffness, its machinability is extremely poor. The performance of 
cryogenic turning of titanium alloy has been compared with conventional wet turn-
ing. Figure 1.8 shows the effect of cutting speed Vc  on surface roughness Ra. It has 
been found that cryogenic cooling provides significant reduction in surface rough-
ness compared to the wet turning of the machined specimen. Surface roughness is 
found to increase with the increase of cutting speed.

Furthermore, it has been found that cryogenic turning provides enhanced tool life 
and reduced Specific Cutting Energy (SCE) than wet turning (refer to Figure 1.9). 
Reduction in specific energy indicates less power consumption and more Material 
Removal Rate (MRR). This proves the effectiveness of cryogenic cooling in com-
parison to conventional wet cooling.
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FIGURE 1.8 Variation of Ra  with Vc  cryogenic and wet turning [61].

FIGURE 1.9 Tool life and SCE variation at different Vc  under cryogenic and wet turning [61].
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However, there are several problems associated with cryogenic machining as it 
can only carry away the heat away from the machining zone but cannot minimize 
the heat generation. Also, cryogenic technology is a good cooler but does not provide 
enough lubrication. Nevertheless, the experimental results show that the best results 
were achieved using cryogenic and MQL techniques. Also, additions of nanofluid 
have a considerable effect in reducing cutting force and tool wear.

1.3.2.4  Ultrasonic Atomization of Cutting Fluid
Atomization is the process of the formation of tiny droplets from a fluid. There are 
several techniques of atomization of a fluid, such as pressure atomization, spinning 
disc atomization, etc. An atomized fluid finds applications in spraying coatings on 
a substrate, atomized fuel in combustors, drug delivery, analytical nebulizers, etc.

Ultrasonic atomization produces a liquid droplet of the order of 100 µm, usually 
smaller than those provided by a spray nozzle. This process uses an ultrasonic fre-
quency horn, which produces ultrasonic vibrations which produce an atomized mist 
of fluid and air [62]. The phenomenon of ultrasonic atomization is based on cavitation 
theory. In this technique, the liquid is irradiated with ultrasonic waves, generating 
microbubbles as cavities due to the hydraulic vibration. The cavities so generated 
collapse due to the expansion and contraction of ultrasonic energy, and fine droplets 
are produced.

In addition to the mechanism mentioned earlier, capillary wave states that when a 
liquid film is subjected to ultrasonic vibrations perpendicular to the surface, capillary 
waves are produced. When the vibration amplitude increases, the wave’s amplitude 
increases, resulting in a taller crest and deeper troughs. At critical amplitude, the 
wave collapse, and tiny drops of liquids are produced. The so generated droplet size 
is governed by the capillary wavelength and frequency of the waves [62–63].

The size distribution of droplets produced by ultrasonic atomization depends on 
ultrasonic frequency. The peak diameter decreases with the increase in ultrasonic 
frequency. Also, it has been found that an increase in the power intensity of the 
ultrasonic oscillator increases the surface diameter of the nanosized mist [63]. The 
effect of ultrasonically atomized cutting fluid application in micro-milling operation 
is investigated and found to decrease the machining zone temperature, which even-
tually improves the sustainability of the machining process [64]. Furthermore, the 
application of vegetable oil in water emulsion by ultrasonic atomization in the micro-
milling process is investigated and significantly improves machining forces, less tool 
wear, thinner chip thickness, and less burr amount [65].

An ultrasonic atomization-based cooling system has been designed and tested for 
its viability in micro-milling operation. The fluid cutting application consists of an 
atomizer working on the principle of ultrasonic vibration, a reservoir of cutting fluid, 
supply of air, and an exhaust based on the vacuum for drawing extra cutting fluid 
in the form of mist from the air. The atomizer is a piezoelectric-based transducer 
vibrating at 1 MHz. This cutting fluid used was 5 percent diluted Castrol Clearedge 
6519 along with DI water. Experimental results show that low machining forces and 
improved tool life are obtained when cutting fluid is utilized in an atomized form, 
opposite to flood cooling and dry cutting. Furthermore, fewer cutting forces were 
obtained during Castrol 6519 cutting fluid usage than DI water [66].
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The ultrasonically atomized droplet can easily penetrate through a very narrow 
region into the different heat zones of tool work contact and provide adequate lubri-
cation. The droplet characteristics depend on frequency, wavelength, the concentra-
tion of additives in fluid, and flow rate.

1.4 CASE STUDY

Sah et al. [67] have developed a novel green cutting fluid and tested its applications 
in tribological and machining applications. Jatropha oil has been considered the base 
fluid because of its bio-degradability, high melting point, good thermal and chemi-
cal stability. Six types of ionic liquids (ILs; imidazolium based) have been mixed 
into the base fluid to enhance base oil’s physicochemical and thermal properties. In 
addition, ILs have been added in 1 percent weight in the solution. The details of the 
ILs have been listed in Table 1.1. The prepared solutions were investigated for their 

thermophysical properties.

TABLE 1.1 
List of Ionic Liquids with Their Molecular Formula and Chemical Structure [67]
Notations Name of ILs Purity Molecular Formula Chemical Structure

IL1 1-butyl-3- 98 % C8H15N2BF4 CH3
methylimidazolium N
tetrafluoroborate BF4

N

CH3

IL2 1-butyl-3- 97 % C8H15N2PF6 CH3
methylimidazolium N
hexafluorophosphate PF6

N

CH3

IL3 Tetrabutyl ammonium 99 % C16H36NF H3C CH3fluoride N F
H3C CH3

IL4 Tetrabutyl ammonium 98 % C16H36NBr H3C CH3bromide N Br
H3C CH3

IL5 Tetrabutyl ammonium 99 % C16H36NI H3C CH3iodide N I
H3C CH3

IL6 Tetrabutyl ammonium 98 % C16H36NPF6 H3C CH3hexafluorophosphate N PF6H3C CH3

 �   
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FIGURE 1.10 (a) Viscosity study of ILs solutions (b) Thermal conductivity study of ILs 
solutions [67].

Figure 1.10 represents the viscosity and thermal conductivity graphs for the pre-
pared ILs solutions. The addition of ILs enhances viscosity and thermal conductivity, 
which is required for a lubricant. IL4 has shown the maximum improvement in vis-
cosity and thermal conductivity. The ionic liquid solution that has enhanced the vis-
cosity and thermal conductivity highest of base oil has been further used to develop 
nanofluids. Further, Al2O3 and ZrO2 nanoparticles have been used as nano-additives 
to increase the base fluid’s lubricating and load-carrying capacity. Nanoparticles 
have been added in 0.5 percent concentration in the solution. The cutting fluids were 
developed in various combinations, which are listed in Table 1.2.

The prepared nanofluids were further investigated for their properties and charac-
terization, which are explained in the following:

1.4.1  stability study

The stability of a nanofluid is a prime challenge for researchers as nanoparticles 
have a tendency to settle down in the solution. Therefore, nanoparticles must stay 
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TABLE 1.2 
Sample Details of Prepared Nanofluids [67]
Sample Sample details

JO Jatropha oil only

JO+IL4 Jatropha oil mixed with 1 % ionic liquid 4 (Tetrabutyl 
ammonium bromide)

JO+IL4 + 0.5 % Al2O3 Jatropha oil with 1 % ionic liquid 4 and 0.5 % alumina 
nanoparticles

JO+IL4 + 0.5 % ZrO2 Jatropha oil with 1 % ionic liquid 4 and 0.5 % zirconia 
nanoparticles

JO+IL4 + 0.25 % Al2O3+ 0.25 % ZrO2 Jatropha oil with 1 % Ionic liquid 4 and 0.25 % alumina and 
0.25 % zirconia nanoparticles
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FIGURE 1.11 Stability study of nanofluids [67].

in the state of Brownian motion in the solution in order to sustain their stability. In 
the present study, the stability of nanofluid has been investigated using Ultraviolet 
(UV)-visible spectroscopy. UV-vis technique measures the level of absorbance of a 
particular wavelength when light is allowed to pass through it. Figure 1.11 shows the 
degree of absorbance as a function of wavelength. It is clear that hybrid nanofluids 
have more stability than unitary nanofluids.
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1.4.2  CharaCterization oF nanoFluids

The prepared nanofluids were investigated for their characteristics like thermal con-
ductivity, viscosity, and spreadability. Since these properties play a significant role 
for a cutting fluid to be used as a lubricant, a lubricant must have adequate viscos-
ity so that it can create a thick layer between contact surfaces during machining. 
Figure 1.12 shows the effect of nanoparticles on the viscosity of nanofluids as a func-
tion of shear rate. As the shear rate increases, the viscosity of the nanofluids decreases, 
which shows the shear-thinning behaviour of the nanofluids. Furthermore, with the 
addition of nanoparticles, viscosity is found to increase, showing the effectiveness 
of nanoparticles. Hybrid nanofluid containing both Al2O3 and ZrO2 nanoparticles 
shows the maximum improvement in the viscosity compared to unitary nanofluids.

The thermal conductivity of a cutting fluid is an essential property required in 
machining operations as a lot of heat is generated. In order to have an effective heat 
transfer, cutting fluid must have good thermal conductivity. The thermal conductivity 
of the prepared nanofluids was measured. Figure 1.13 shows the effect of nanopar-
ticles on the thermal conductivity of nanofluids at different temperatures. It is evident 
that nanoparticles improve the thermal conductivity of nanofluids. Hybrid nanofluid 
shows the highest thermal conductivity amongst the prepared lubricants. Also, ther-
mal conductivity was found to increase with increasing temperature, which is a must 
for a lubricant.
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FIGURE 1.12  Effect of nanoparticles on the viscosity of the base fluid.
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FIGURE 1.13 Effect of temperature on thermal conductivity of nanofluids [67].

When a liquid falls on the solid surface, it must spread well in order to play a 
lubricating role. Spreadability is the ability of a liquid to spread on the surface. It 
is an essential property required for lubricants. The spreading coefficient indicates 
the measurement of spreadability. It is the algebraic difference between the adhe-
sive forces of solid-liquid interfaces and cohesive forces between liquid molecules. 
A spreading coefficient value more than zero indicates total spreading, and a value 
less than zero indicates the partial spreading nature of the liquid. Figure 1.14 depicts 
the spreading coefficient of all prepared nanofluids. All the fluids have a negative 
spreading coefficient that deduces the partial spreading nature of fluids. Hybrid 
nanofluid shows a spreading coefficient closer to zero amongst prepared fluids shows 
the highest chances of spreading.

1.4.3 t ribologiCal study

Cutting fluids must have good tribological properties in order to provide adequate 
lubrication. In the present study, the characteristic tribological investigation of cut-
ting fluids had been performed through a pin-on-disc test. Nickel-based Nimonic 80 
alloy (Hardness 45 HRC) has been utilized as a disk (100 mm diameter, Ra ≈0.03μm) 
and a tungsten carbide pin (cylindrical shape, 8 mm diameter) with a hardness of 
85 HRC used for the contact pairs. After conducting the pin-on-disc test, the disc’s 
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FIGURE 1.14 Spreading coefficient of nanofluids [67].

worn-out surfaces have been analyzed using a 3D microscope. Figure 1.15 depicts 
the topography of surfaces used under various lubricating conditions.

The properties of lubricants play a vital role in reducing friction at the contact sur-
faces. Dry friction results in higher irregularities on the surface, having an average 
surface roughness of 0.378 µm. It is due to the abrasive wear of the surface resulting 
in catastrophic failure. Cutting fluid application has improved surface topography 
and average surface roughness due to the development of a lubricating film that pre-
vents pin to disc contact. The nanoparticle addition fills up the microcracks and 
asperities, which further improves the surface topography.

1.4.4  MaChining study

A round bar of Super Duplex Stainless Steel (SDSS) with a diameter of 60 mm and 
300  mm length was used for the machining experiment. Based on experimental 
results for the characterization of the cutting fluids, IL4 shown the best lubricant 
additive into JO out of all six ILs considered in this study. Therefore, IL4 is selected 
as a lubricant additive into JO for the machining performance on SDSS. Also, Al2O3, 
ZrO2, and Al2O3+ZrO2 NPs are added to the JO+IL4 solution and used in the machin-
ing experiment under MQL conditions. The hardness of the workpiece is found as 
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51.4 HRC, measured by microhardness tester using the load of 5 N. The following 
sections describe the results for machining of SDSS under dry and MQL conditions.

The turning experiment was performed on an NH22 lathe machine (Make: HMT 
India). The coated carbide inserts, which have a designation of CNMG 120408-LM 
and the tool holder with a specification of DCLNR2525M12, have been used in the 
current work. The cutting parameters used for carrying out the turning experiments 
were cutting speed as 80 m/min, feed rate as 0.12 m/rev. And the depth of cut has been 
taken as 0.3 mm. In addition, the MQL setup parameters were taken as Air pressure=3 
bar, flow rate= 120 mm/hr, Standoff distance=10 mm, and nozzle inclination angle 
was kept as 45°. Table 1.3 shows the cutting fluids used in the machining experiments.

FIGURE 1.15  3D micrograph of worn surfaces with nanofluids [67].

TABLE 1.3 
Cutting Fluid Descriptions
Cutting environment Cutting fluid

Dry No cutting fluid

MQL 1 Neat JO

MQL 2 JO + 1 wt.% IL4

MQL 3 JO + 1 wt.% IL4 + 0.5 wt.% Al2O3

MQL 4 JO + 1 wt.% IL4 + 0.5 wt.% ZrO2

MQL 5 JO + 1 wt.% IL4 + 0.25 wt.% Al2O3 + 0.25 wt.% ZrO2
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Cutting force (𝐹𝑧), feed force (𝐹𝑦), and thrust force (𝐹𝑥) have been measured dur-
ing the turning of SDSS using five different cutting fluids under MQL conditions and 
also in a dry condition as shown in Figure 1.16. The cutting forces have been mea-
sured by the Kistler dynamometer (three-component piezoelectric type) installed on 
the lathe. The cutting force results are recorded and analyzed in Kistler DynoWare 
software. The result indicates that the cutting force is decreased by 2.24 percent for 
JO and 8.54 percent for JO+IL4 under MQL conditions compared to dry machining. 
ZrO2 NPs as an additive into JO+IL4 show better results than Al2O3 and Al2O3+ZrO2 
NPs, which shows a 15.97  percent decrement in cutting force compared to dry 
machining.

This case study shows the effectiveness of a plant-based JO mixed with ILS and 
nanoparticles in tribological and machining applications. The prepared nanofluids in 
different combinations can replace the conventional petroleum-based lubricants in 
the machining industry, providing a sustainable solution.
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FIGURE 1.16  Cutting forces under different cooling conditions.
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1.5 CONCLUSIONS �

A sustainable lubrication system helps in reducing the machining cost and improves 
the machining performance. The present review work has provided an overview of 
cutting fluids used in the machining industry and the progression of techniques of 
lubrication and associated challenges. The key findings of the work have been listed 
here:

•	 Cutting fluids are essential in the machining of rigid materials. However, 
conventional coolants and traditional lubrication approaches result in high 
machining costs, an unsafe environment for workers, and a threat to the 
ecological system.

•	 Vegetable oils possess excellent lubricating properties compared to mineral-
based oils and lubricants, which are synthetic, along with addressing the 
ecological aspect in machining. In addition, they have been found to give 
a good surface finish, low cutting forces, and provides a cleaner cutting 
environment.

•	 Nanoparticles dispersed in the base oil helps to minimize the friction by 
changing the mechanisms of lubrication, resulting in lower cutting forces, 
less tool wear, and improve surface topography. In addition, the mixing 
of additives has shown promising results in enhancing the stability of the 
emulsions and improved machining performance. For research in the future, 
there should be enhanced focus over the application of novel lubricants in 
machining materials that can’t be easily machined.

•	 The application of cutting fluid also plays a crucial role in addressing sus-
tainability in the machining processes. Dry machining, which is considered 
an ideal case of machining, is only feasible at low cutting speeds. However, 
excessive heat is generated at high cutting speed, resulting in decreased 
surface quality, excessive tool wear, and chip disposal issues.

•	 MQL is one technique in which minimal coolant amounts are being sup-
plied at a very high speed into the machining zone, reaching the narrow 
heating zones to provide adequate lubrication. MQL has shown better 
machining performances in the various research attempts that have been 
made. However, MQL provides good lubrication but lacks cooling action.

•	 Cryogenic machining is a technique involving the temperature of the cut-
ting zone is kept at very low with liquid nitrogen or some other gas. The 
cryogenic process gives effective cooling and reduces thermal stresses. 
However, it lacks lubrication and results in poor surface finish and fumes in 
the machining zone.

From the literature, it can be inferred that significant research work has been done 
to develop coolants and their application technology and systems from a machin-
ing performance perspective. However, future research needs to be done from 
an ecological and human perspective. There is a need to develop the ecological 
assessment of coolants and their application techniques. Also, the measurement 
of toxicity of cutting fluids is still a challenging task that has enormous potential 
for researchers.
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2.1  INTRODUCTION

Modern ceramics materials are appealing for numerous applications because of 
their superior mechanical properties and lightweight. Moreover, the application 
of ceramic composites have not been predominantly applied because of too many 
drawbacks, like low toughness and the high cost of fabrication. Electrical Discharge 
Machining (EDM) is a popular technology for producing chemical, aviation, and 
automobile parts [1]. Because of the presence of a reinforcing agent, EDM machin-
ing of composite materials is difficult and time consuming. Despite composite better 
qualities, conducting ceramic composite EDM has acquired considerable industry 
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adoption [2]. These are some of the major challenges faced during EDM machining 
of the ceramic composite is the flushing of fragments from the electrodes gap. The 
formation of electric arcs and short circuiting take place when debris collected in the 
electrodes passage, lowering the material removal rate (MRR) and surface sturdiness 
[3–4].

Various unorthodox approaches have been used with EDM to improve its 
machinability. A lot of research shows that substantial EDM performances are sig-
nificantly governed by both electrical and non-electrical parameters [5–8]. Studies 
indicated that MRR improved at the commencement of the machining operation 
and then began to decline due to blockage of the debris in the region between tool 
and workpiece [9–13]. To respond with the restructuring of the systems integration 
or a modification in tool configuration, investigators have utilized several uncon-
ventional ways. Non-electrical characteristics like discharge gas pressure and tool 
speed are crucial in enhancing operational efficiency [14–16]. Very few findings 
[17–19] explored compressed gas supply to promote EDM performance. The sup-
ply of compressed gas promotes the flushing of material from the spark area, which 
raises MRR. Additionally, experimental research suggests that using several creative 
[20–21] flushing techniques results in a better surface quality and less drilling time.

According to the existing literature, spark erosion machining of ceramic compos-
ites has proved successful. However, the most critical concerns that developed during 
the machining of MMCs were the congestion of non-conducting ceramic particles 
in electrodes spaces, which impeded the EDM process’s spark generation. Detailed 
literature study, it can be concluded that better flushing performance can be used to 
enhance the productivity of EDM operations many researchers have proposed differ-
ent techniques, such as, rotary EDM [3–5], and EDM with different tool geometry 
[14–17]. Apart from that, little study has been conducted in the literature to use the 
advantages of compressed gas flow in the standard die sinking EDM method. Singh 
et al. [17, 22] discovered the benefit of gas-assisted EDM over rotational EDM in 
terms of MRR, EWR, and SR in previous experimental studies. Hybrid machining 
process (HMP) is the incorporation of at least two machining methods. HMP is uti-
lized to machine rigid and hardened materials that can’t be machined adequately by 
an independent machining method. HMP is utilized to extricate the advantages of 
every individual procedure together and to enhance procedure stability and effective-
ness. The present research work emphasized on advancing a HMP procedure utiliz-
ing both fluid and gas as dielectrics, to extricate the advantage of gas based EDM and 
conventional oil EDM while machining of Al-SiC composite during EDM operation. 
Reduced machining costs must be used to encourage the usage of the EDM tech-
nique. As a result, optimization approaches are better ways to save time and expense 
for the examination of the proposed model in order to reduce machining costs.

In this study, compressed air is introduced into the discharge gap via a multi-hole 
slotted rotary tool to investigate the effect of air flow on EDM performance during 
drilling operations. The investigations were executed to evaluate the MRR and EWR 
of the AAEDD and REDD processes. The goal of this research is to look into the 
statistical modeling and optimization of MRR and EWR using pressurized air via a 
multi-hole slotted rotary electrode in conventional EDD, which has not been reported 
in the literature to date.
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The task in this paper is divided into two stages. During the AAEDD process, 
the first phase focused on developing statistically established MRR and EWR mod-
els. To analyze the influence of applying pressurized air via the multi-hole slotted 
rotary electrode in traditional EDD, the main effect and interactions among process-
ing parameters on MRR and EWR were assessed. The second part is a comparative 
analysis of the REDD and AAEDD processes in terms of MRR and EWR.

2.2  MATERIALS AND METHODS

2.2.1  details oF eleCtrode Material

The experimentation was carried out with Al-SiC composite as the work sample 
and copper as the electrode material. During the development of the MMC, SiCp 
was pre—heated at 500°C for up to 20 minutes. Aluminum alloy is then started to 
melt in a furnace at 700°C and mixed thoroughly for up to 20 minutes at 300 RPM. 
The pre—heated SiCp was then slowly added into the liquid aluminum. To achieve 
a uniform dispersion of SiCp in molten aluminum alloy, the molten circuitry was 
agitated at 300 RPM for up to 25 minutes. Afterwards, the melted matrix is injected 
into the mold to create the specified sized cast. The work-sample in consideration 
is rectangular in form (20X15X15mm). As tools, a multi-hole slotted cylinder was 
utilized to provide high-velocity air via the electrodes. Table 2.1 shows the chemical 
composition of the selected workpiece. Throughout the test, the material’s hardness 
stays unchanged (50HRC). Figure 2.1b depicts the experimental setup employed for 
the current work.

2.2.2  tool design

Suitable tool design was chosen to provide continuous compressed air flow. The tool 
specifications of 9 mm diameter and 75 mm length were chosen to remove the most 
heat from the tool tip. The employment of the multi-hole slotted electrodes enabled 
the supply of compressed air via arc opening.

The multi-hole slotted electrodes offer various benefits over the tubular elec-
trodes. This is due to the rotations of the multi-hole slotted electrodes improving 
flushing efficacy by providing a greater escape of gaseous dielectric and degraded 
fragments from the discharge domain, culminating in bettered machining pro-
ductivity. Using conventional electrode throughout a pure drilling operation 
inhibits the production of gudgeons in the core of the borehole. On the tool’s sur-
face, 1.5-mm diameter holes were drilled at 4 mm, 5 mm, and 6 mm pitch circle 

TABLE 2.1 
The Chemical Constituents of the Work Sample
Constituent Al  C  Si Ni  O Supplementary

Wt. (%) 83.42 9.33 4.26 0.89 1.02 1.08
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FIGURE 2.1 (a) Diagram of multi-hole slotted electrode and (b) pictorial view of experi-
mental setup.

diameter. Regardless of how the machining was improved with this configuration, 
frequent the formation of electric arc and short-circuiting occurred due to poor 
ejection of debris from electrodes gap. As a result, three apertures of size 2 mm 
2 mm were made throughout the tool’s surface to address such issues. Figure 2.1a 
depicts the multi-hole slotted tool.

2.2.3  experiMental proCedure

An EDM machine was used for the air-assisted EDD with the multi-hole slot-
ted tool. The machining duration was appropriately decided and set at 15 min-
utes for each trial. Throughout all trials, inexpensive EDM oil was employed as a 
dielectric. Five process factors were chosen for the exploratory work: pulse dura-
tion, discharge current, duty cycle, electrode speed, and discharge air pressure. 
Eventually, four factors were employed during the REDD, and all five factors were 
taken into account for AAEDD. Table 2.2 depicts the array of machining factors 
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ss
Parameters Levels

−2 −1 0 1 2

Discharge current (Ip) (A) 3 4 5 6 7

Pulse on time (Ton) (∝s) 100 200 300 400 500

Duty cycle (DC) 0.52 0.58 0.64 0.70 0.76

Tool rotation (rpm) 100 200 300 400 500

Air pressure (AP) (mm Hg) 3 5 7 9 11

TABLE 2.2 
Factors and Their Levels in the Proce

used during the investigation. Throughout the studies, an open circuit voltage of 
60V was kept constant.

The electrode wear ratio was calculated as wear down tool weight ratio to wear 
down workpiece weight after machining [23] and is given here:

( ) Eroded tool weight
 Electrode wear ratio % = ×100  (1)

Eroded workpiece weightt

Material removal rate was found as fraction of weight of machined sample to 
overall machining time [23] as stated here:

 Material removal rate ( ) Weight of eroded sample
mg min =  (2)

Machiningn time

The machined workpiece was cleansed in acetone. A weighing balance machine 
having least count of 0.1mg was utilized for the weight estimation. So, to guarantee 
a precise machining duration counts, electronic clock (exactness of 0.1 seconds) was 
employed for the present study.

2.3  DATA ANALYSIS ON THE EXPERIMENTAL OBSERVATIONS

In the present study, Central Composite Rotatable Design (CCRD) is utilized to plan 
the experimentation because it has the potential of predicting quadratic and inter-
action effects of different process factors on the process response. Tables 2.3 and 
2.4 compare the computed values of each trial for MRR and EWR for the REDD 
and AAEDD processes, respectively. For the AAEDD, 32 experiments were carried 
out in accordance with the experimental design and 31 experiments were performed 
for REDD. The REDD process utilized four process parameters with five levels, 
whereas the AAEDD process utilized five parameters with five levels (the fifth vari-
able is air pressure) for experiment design. Regression analysis of the data has been 
done to develop the models, which set up the relationship between input parameters 
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TABLE 2.3 
The Estimated Magnitude of the Outputs Pertaining to the REDD Process 
Design of the Experiment
Exp. No. Discharge Pulse on Duty Cycle Tool Speed MRR  EWR

Current (A) Time (Ton)  (DC) (RPM) (mg/min) (mg/min)

1 6 200 0.58 400 11.13 1.89

2 7 300 0.64 300 14.91 2.23

3 6 400 0.70 400 9.07 1.93

4 5 300 0.64 300 8.19 1.85

5 4 400 0.58 400 6.16 1.70

6 5 300 0.52 300 6.97 1.59

7 4 200 0.58 200 7.39 1.56

8 6 400 0.58 200 9.59 1.75

9 4 400 0.58 200 5.30 1.83

10 4 200 0.58 400 6.60 1.86

11 3 300 0.64 300 4.04 1.47

12 5 300 0.64 300 7.94 1.82

13 5 100 0.64 300 14.22 1.89

14 5 300 0.64 300 8.91 1.83

15 6 200 0.70 400 14.28 2.17

16 4 200 0.70 400 8.58 1.72

17 5 300 0.64 100 8.01 1.69

18 6 400 0.58 400 8.08 1.87

19 6 400 0.70 200 10.21 1.90

20 6 200 0.70 200 14.57 2.14

21 4 400 0.70 400 4.29 1.82

22 5 500 0.64 300 5.08 1.71

23 5 300 0.64 300 8.67 1.81

24 4 400 0.70 200 5.19 1.68

25 5 300 0.76 300 8.87 1.89

26 5 300 0.64 500 5.92 1.86

27 5 300 0.64 300 8.14 1.79

28 5 300 0.64 300 8.19 1.78

29 6 200 0.58 200 12.20 2.02

30 4 200 0.70 200 8.67 2.09

31 5 300 0.64 300 7.18 1.82

and process responses. After removing all inconsequential factors, the required 
regression models based on the trial results of the AAEDD process are given by the 
following equations.

MRR I= −43. (6 1+ ×. )31 − ×( .0 0219 T Don ) (+ ×74. )8 0C r+ ×( .0155 pm)

+ ( .4 001× −AP) (0. )000031× −rpm A2 2( .0 0495× P )  (4)
 

+ ×( .0 221 I A× −P D) (5 4. 8× C××AP)
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TABLE 2.4 
The Estimated Magnitude of the Outputs Pertaining to the AAEDD Process 
Design of the Experiment
Exp. Discharge Pulse on Duty Cycle Tool Speed Air Pressure MRR  EWR  
No. Current (A) Time (Ton) (DC) (RPM) (AP) (mm-Hg) (mg/min) (mg/min)

1 6 200 0.58 400 9 19.31 1.80

2 7 300 0.64 300 7 19.50 2.04

3 6 400 0.70 400 9 14.16 1.74

4 5 300 0.64 300 7 12.76 1.64

5 4 400 0.58 400 9 6.57 1.54

6 5 300 0.52 300 7 8.29 1.50

7 4 200 0.58 200 9 8.97 1.37

8 6 400 0.58 200 9 14.84 1.54

9 4 400 0.58 200 5 4.66 1.43

10 4 200 0.58 400 5 6.92 1.62

11 3 300 0.64 300 7 5.45 1.38

12 5 300 0.64 300 7 12.75 1.64

13 5 100 0.64 300 7 17.57 1.75

14 5 300 0.64 300 7 11.84 1.65

15 5 300 0.64 300 11 12.35 1.61

16 6 200 0.70 400 5 18.91 2.42

17 4 200 0.70 400 9 9.79 1.37

18 5 300 0.64 100 7 9.03 1.55

19 6 400 0.58 400 5 7.08 1.73

20 6 400 0.70 200 5 11.44 1.75

21 6 200 0.70 200 9 17.84 2.02

22 4 400 0.70 400 5 7.28 1.78

23 5 500 0.64 300 7 7.39 1.58

24 5 300 0.64 300 3 7.29 1.81

25 4 400 0.70 200 9 9.70 1.66

26 5 300 0.76 300 7 14.80 1.84

27 5 300 0.64 500 7 9.77 1.78

28 5 300 0.64 300 7 11.69 1.64

29 5 300 0.64 300 7 11.63 1.68

30 6 200 0.58 200 5 13.19 1.91

31 4 200 0.70 200 5 11.93 1.49

32 5 300 0.64 300 7 11.45 1.65

EWR I= −1 2. (7 0− ×. )039 + ×( .0 00450 T Don ) (− ×1 7. )9 0C r+ ×( .000270 pm)

− ×− ( .0 0925 AP) .+ ×( )0 0164 I I× + ×( )0.00169 AP× AP (5)
  

− ×( .0 00119 I T× on )+ ×+ ( )0. (639 I D× C T+ ×0. )000139 on ×AP

Analysis of variance (ANOVA) has been applied to explore competency of the 
developed model. The predictive model’s F-ratio was evaluated in comparison to the 
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tabulated F-value for each confidence interval. Tables 2.5 and 2.6 show the ANOVA 
of the second-order model of the AAEDD. The statistical equations of MRR and 
EWR are represented by equations  3 and 4. The assessment of “Prob>F” for the 
proposed model is less than 0.05. (95 percent confidence). Henceforth, it uncovers 
that the process factors in the model have a significant effect on the process output.

Figures 2.2 show the impact of the pulse duration on MRR in AAEDD. It was 
caused by a decrease in MRR as the pulse duration increased. It was because of 
the development of spark column with respect to the time during which energy was 
supplied prompting the decrease in energy density that brought about a decrease 
of MRR with an expansion in pulse on time. This could be since the presence of 
air in AAEDD inflicted exothermic reactions and triggered extra heat besides the 
heat of plasma, resulting in an improved MRR in AAEDD. Furthermore, MRR is 
decreased when the delivery of air and tool rotation gets too high. It was most likely 
due to increased flow of air and tool rotation, which stirred up the plasma passage. 
Figure  2.3 depicts the contributor of each factor in the MRR models. Figure  2.3 
illustrates that the discharge current, duty cycle, and tool rpm are all essential aspects 

TABLE 2.5 
ANOVA Table for MRR
Source DF Seq. SS MS F P R2

Regression 9 518.892 25.094 42.29 0 0.987
F standard

( ) = 2 9. 0
Linear 5 452.203 0 0. ,5 9, ;22

Square 2 37.202 F Fregression > standard

( )0 0. ,5 9,22

Interaction 3 27.563 F standaed

( )
Residual error 22 25.709 0.879

0 0. ,5 17 2, ;2 = 2 9. 6

F Flack− −of fit < standard
Lack-of-Fit 17 27.978 2.48 0.059 ( )0 0. ,5 17 2, 2

Pure error 5 1.679 The model is reliable. 
Total 31 525.641 There seems to be a 

trivial lack of fit.

TABLE 2.6 
ANOVA Table for EWR
Source DF Seq. SS MS F P R2

Regression 9 1.42532 0.07103 36.29 0 0.981
F standard

( ) = 2.762
Linear 5 1.03175 0 0. ,5 9, ;22

Square 1 0.17519 F Fregression > standard

( )0 0. ,5 9,22

Interaction 3 1.40057 F standaed
0 05 9 22 = 2.762( )

Residual error 22 0.51626 0.042
. , , ;

F Flack− −of fit < standard
Lack-of-Fit 17 0.47093 1.47 0.110 ( )0 0. ,5 17 2, 2  

Pure error 5 0.04533 The model is reliable. There 
Total 31 4.74247 seems to be a trivial lack of 

fit.
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influencing the EWR. Besides the pulse duration and duty cycle, the discharge cur-
rent is perceived to be the important factor influencing the MRR.

2.3.1 r esponse surFaCe oF Mrr

Figure 2.4 depicts the MRR for discharge current and discharge air pressure. It is 
possible that a high discharge current led to increased MRR. This is because the 
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MRR.

discharge energy in the machining zone has increased, resulting in further evapo-
ration and melting of the work piece. From the graph, it could be observed that 
MRR improved with an increment in discharge air pressure reaching its maximum 
value and then started decreasing at a low level of discharge current. However, at 
a high level of the discharge current, a continuous increase in MRR with air pres-
sure was obtained. This can be accounted for the reason that the flushing efficacy 
of the procedure improved with rise in discharge air pressure, which contributed 
to high MRR [12].

Figure  2.5 depicts the MRR for discharge air pressure and duty cycle. MRR 
increases with increasing discharge air pressure and duty cycle, as shown in the 
graph. This was very likely since the greater duty cycle value encouraged high 
spark energy, which increases evaporation and extraction of the work material. The 
increased air pressure aided flushing of disintegrated material from the discharge 
gap, leads to a higher MRR.
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FIGURE 2.5 The effect of duty cycle and discharge air pressure on MRR is depicted by an 
interaction plot.

2.3.2 r esponse surFaCe oF eWr

The impression of a discharge current on EWR for the AAEDD process is manifested 
in Figure 2.6. It is clear that the increase in discharge current rapidly increased the 
temperature of the plasma. It increased the overheating and vaporization of the tool, 
resulting in a higher in EWR. Figure 2.6 depicts how the EWR reduced as air pres-
sure increased in the AAEDD. The passage of air via the tool holes brought away the  
heat, lowering the temperature of the tool tip. The effect of cooling further enhanced 
through pressure rise. As a result of the increased air pressure in the AAEDD pro-
cess, the EWR was reduced. Figure 2.7 depicts the proportion of each factor in the 
EWR models. According to the pattern, the discharge current, pulse duration, and 
duty cycle are all important aspects that affect the EWR. Apart from pulse duration 
and duty cycle, the discharge current is noticed to be a more critical aspect influenc-
ing the EWR.

The interaction effect among the discharge current and pulse-on time on EWR is 
depicted in Figure 2.8. From the plot, it could be observed that the combination of 
high current and low pulse duration lead to an excessive EWR. A greater current led 
to increment in discharge energy and, as a result, a high temperature. Because of this 
intense heat, there occurs an overheating of the electrode which increased the EWR. 
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The dark carbon produced by the deformation of mineral oil that adheres to the 
working electrode at longer pulse durations. The development of this kind of layer 
increases the electrode’s resistance to wear, leading to reduced EWR [10].

The EWR response surface for a pulse duration and release air pressure is shown 
in Figure  2.9. The graph clearly demonstrates that combining longer pulse dura-
tion with a greater downstream air pressure results in a significant drop in EWR. 
Increased release air pressure facilitated cooling of the tool. As the pulse duration is 
expanded, the temperature of the electrode tends to decrease caused by the spread of 
the plasma channel.
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Figure 2.10 depicts the EWR response surface for duty cycle and discharge cur-
rent. It might be deduced that the high EWR was caused as a result of a large duty 
cycle and a higher flow current. Considerable discharge energy and impetuous force 
were characterized by greater duty cycle and discharge current, resulting in larger 
sized carters on the workpiece and a rise in EWR with a rise in duty cycle and dis-
charge current [22]. From the plot, it was also observed that the EWR enhanced with 
the increase in discharge current at all levels of duty cycle.

2.4  RESULTS AND DISCUSSION

2.4.1  the inFluenCe oF Control FaCtors on Mrr

Figure 2.11 (a) depicts the influence of discharge current during the AAEDD and 
REDD processes MRR increased as discharge current increased. This was most 
likely caused by an increment in discharge energy in the machining region that fur-
ther enhanced material decomposition and evaporation. According to the graph (refer 
to Figure 2.8a), MRR for AAEDD was comparatively better than MRR obtained 
through the REDD. This is because the energy content of the spark increased as the 
discharge current increased, leading to a huge crater quantity. The perforation on 
the other hand, aided in the efficacious propagating of dielectric, as it accelerated 
cleanup efforts from the electrodes gap. Furthermore, the oxygen level of the air 
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FIGURE 2.11 Influence of (a) discharge current, (b) pulse-on time, (c) duty cycle, and (d) 
tool speed on MRR in REDD and AAEDD. 

triggers an exothermic reaction that provides further heat for specimen melting in 
the AAEDD procedure [23]. 

The effect of pulse-on time, during AAEDD and REDD processes on the mate­
rial removal rate has been shown in Figure 2.11(b). The material removal rate was 
found to decrease as the pulse duration increased. This was most probably owing 
to the assertion that at high pulse duration, large decayed particulates were pro­
duced, and these pieces accrued inside the machining zone and approached the tool 
surface, resulting in short-circuiting. As a consequence of the greater non-cutting 
machining period, though at a high pulse-on time, a reduced MRR is noted [24]. 
A lengthy pulse time during REDD resulted in plasma channel expansion, resulting 
in a lower energy density. As a result of significantly lower melting and vaporiza­
tion of the specimen material, reduced MRR at extended pulse duration is observed 
[25]. Furthermore, the figure shows that AAEDD has a higher MRR as compared 
to REDD. This was most likely due to the increased expulsion of evaporated and 
liquefied substance from the discharge gap caused by the stream of pressurized air 
via a proposed tool. 
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The effect of tool rotation on the MRR during REDD and AAEDD has been 
shown in Figure 2.11(c). The pattern reveals that in both processes, at greater tool 
rotation values, the MRR reduced. It’s most likely owing to enhanced turbulence 
caused by high rotation speed, which stirred up the plasma channel. Increased tool 
speed resulted in significant centrifugal force, resulting in a vortex of dielectric fluid 
across the electrodes passage [26].

The effect of duty cycle on MRR during both processes has been shown in 
Figure 2.11(d). MRR was found to increase with a rise in duty cycle. It was the cause 
of the high spark energy freed at a higher duty cycle, which resulted in additional 
melting of workpiece material. The plot clearly shows that MRR obtained through 
AAEDD was larger than the REDD. It’s most probably because the deployment of a 
multi-hole slotted tool that aided in the extraction of debris and heat from the spark 
region. As a consequence, it enhanced the flushing function, resulting in a high MRR.

2.4.2  eFFeCt oF proCess paraMeters on eWr

The tool electrode governs the cavity to be created in the EDM operation. A good 
EDM tool electrode ought to be highly conductive, have a reduced tool wear, and 
produce a higher surface finish. Figure  2.12(a) depicts the influence of discharge 
current on EWR for proposed processes. EWR increased with increasing discharge 
current in those procedures. This was most likely due to the fact that higher current 
produced higher discharge energy. As a result of the increased temperature in the 
machining zone, wear of the tool as well as MRR increased. As a result, the electrode 
wear ratio rose [25]. Furthermore, at large discharge current, a significant portion of 
eroded particulate amasses in the machining gap, increasing electrode wear [26]. 
The figure shows that EWR was lower in the AAEDD than in the REDD. This one 
was attributed to the rationale that as pressurized air was provided via the multi-hole 
slotted tool, the temperature of the tool surface decreased, and as a result, the crater 
formed during the AAEDD decreased on the tool.

Figure 2.12b presents the effect of pulse on time on EWR. It was discovered that 
EWR has an asymmetric relationship with a pulse on time. It could be attributed 
to the essence that as pulse duration increased, the size of the plasma channel wid-
ened, lowering the high temperature of the electrode exterior [24]. Furthermore, for 
extended pulse durations, the black carbon produced by petroleum oil crack propaga-
tion adhered to the electrode’s exterior. The carbon layers deposited on the tool safe-
guard it from excessive tool wear [16]. Furthermore, the figure shows that EWR was 
smaller in AAEDD when weigh up to the REDD. It was most likely due to the fact 
that compressed air significantly lowered the temperature of the copper electrode, 
minimizing melting and vaporization of the tool and thus minimizing its wear.

The effect of duty cycle on EWR for AAEDD and REDD processes is depicted 
in Figure 2.12c. It demonstrated that EWR enhanced in undeviating proportion to 
duty cycle. Strong spark energy was emancipated as a result of a duty cycle increase, 
which inevitably resulted in a high EWR [26]. The graph indicated that the EWR in 
AAEDD has been lower than in the REDD. This has been due to the fact that the 
multi-hole slotted rotary tool utilized during the AAEDD improved flushing efficacy 
in the sparking area by simply eliminating debris and heat.
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triggers an exothermic reaction that provides further heat for specimen melting in 
the AAEDD procedure [23]. 

The effect of pulse-on time, during AAEDD and REDD processes on the mate­
rial removal rate has been shown in Figure 2.11(b). The material removal rate was 
found to decrease as the pulse duration increased. This was most probably owing 
to the assertion that at high pulse duration, large decayed particulates were pro­
duced, and these pieces accrued inside the machining zone and approached the tool 
surface, resulting in short-circuiting. As a consequence of the greater non-cutting 
machining period, though at a high pulse-on time, a reduced MRR is noted [24]. 
A lengthy pulse time during REDD resulted in plasma channel expansion, resulting 
in a lower energy density. As a result of significantly lower melting and vaporiza­
tion of the specimen material, reduced MRR at extended pulse duration is observed 
[25]. Furthermore, the figure shows that AAEDD has a higher MRR as compared 
to REDD. This was most likely due to the increased expulsion of evaporated and 
liquefied substance from the discharge gap caused by the stream of pressurized air 
via a proposed tool. 
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of carbon layers. Hence, when compressed air was passed through tool the formation 
of carbon deposition increased.

2.4.3  surFaCe Morphology

Owing to the quick and frequent strike of elevated electron beam, the machined surface 
reaches elevated temperatures during EDM process. Due to the extreme elevated tem-
peratures, the material quickly disintegrates, vaporizes, and cavities form on the elec-
trode surface. When the severity of thermal stresses surpasses the fracture strength of 
the work material in an EDM procedure, crack initiation begins [20]. The SEM images 
as shown in Figure 2.13 illustrate the surface morphology of machined workpiece.

 
(i) Under, discharge current 3A, pulse on time of 300µs, duty cycle of 0.64, tool rotation 
300rpm

 
(ii) Under, discharge current 7A, pulse on time of 300µs, duty cycle of 0.64, tool rotation 
300rpm

FIGURE 2.13 Surface attributes of a machined component (A) AAEDD process (B) REDD 
process.
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Figure 2.13 shows that parts machined using the REDD process have more micro 
pores, superficial ravines, and recast strands than work—piece machined using the 
AAEDD process. It can be seen (refer to Figures 2.13c and 13d) that the specimen 
machined by AAEDD has fewer fractures than the test specimen machined all 
through the REDD process. This is due to the fact that compressed air reduces tem­
perature variation. Furthermore, SEM images show that AAEDD-machined sample 
have less recast layer than REDD-machined work sample. This is because the com­
pressed air provides a better flushing, which removed the debris from the surface of 
the machined workpiece [24]. 

2.4.4 proCess optiMization and aCCuraCy oF Models 

The various calculated responses and parameters are often uncertain because of the 
experimental errors. Although the accuracy of the process responses was determined 
through estimation of the confidence interval, determined using relation Y ± ΔY , 
where, ∅Y is represented by 

ΔY tα e= , DF V  (6) 
2 

Here the process responses, EWR, MRR, and SR are denoted by Y . The level of the 
confidence interval is denoted by α  and its value is taken as 0.05. The variance of 
error of the foreseen procedure output is presented by Ve . 

The MRR and EWR ranges were approximated, and experiments were carried 
out to confirm the ranges at different parameter combinations. The experimental 
values were discovered to be lower than the regression model range evaluation (see 
Table 2.7). 

2.4.5 genetiC algorithM-based Multi-objeCtive optiMization 

The algorithm is proposed multi-objective optimization technique, that is accessible 
in MATLAB® 12, had been utilized to enable optimal MRR and lower EWR. It aids 

TABLE 2.7  
Confirmatory Experiments 
S. No. Process factors MRR EWR 

(mg/min) (mg/min) 

Ip Ton DC RPM AP Experiment Anticipated Experiment Anticipated 

1 6 300 0.76 400 7 11.40 11.04 ± 1.66 1.35 1.40 ± 0.25 

2 5 100 0.70 200 5 12.03 10.73 ± 1.66 1.65 1.83 ± 0.24 

3 4 300 0.52 500 11 16.32 15.04 ± 1.66 1.72 1.86 ± 0.24 
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in the resolution of bound limitations concerns. RSM regression equations are used 
as activation function in MATLAB to generate the objective functions, and RSM 
design variations were employed as acceptable limits for five process variables. As a 
criterion, the following established statistical description symbolized by formula (5), 
has been utilized.

 Minimize = f (EWR, (-MMR) (5)
Subjected to 3≤ X1≤7; 100≤X2≤500; 0.52≤X3≤ 0.76; 100≤X4≤500; 3≤X5≤11

Table 2.8 shows the optimal variable values that contribute to better MRR and lower 
EWR. The model was validated by running three distinctive types of experimenta-
tion at an optimum level of factors. Table 2.8 shows the average value of the experi-
mental outcome from these three trials under optimal environments. The difference 
between anticipated and experiment values is within justifiable bounds.

Table  2.8 demonstrates that the optimal value of MRR and EWR were in the 
sequence of 25.30 and 1.35 during the AAEDD process of Al-SiC composite. These 
optimal parametric values are extremely helpful during the EDM process in order to 
improve process performance and improving tool topology viability for a prolonged 
period of time.

2.5 CONCLUSIONS

In this work, the effects of a hybrid process
eters on output responses including MRR and

 as well as impacts of process param-
 EWR during EDD of Al-SiC ceramic 

composite was investigated. An air-assisted rotary tool electrode was effectively uti-
lized to machine Al-SiC specimens in the current work. Furthermore, this study 
investigated the effectiveness of an air-assisted multi-hole slotted tool to improve the 
flushing performance of the machining region, thereby enhancing the efficiency of 
removal of material during EDM drilling.

• A comparison of response characteristics for a solid rotary tool and an air-
assisted multi-hole slotted rotary tool is addressed. In comparison to the 
REDD, the AAEDD process gained higher MRR and reduced EWR.

• Statistical models were also developed for predicting the responses like 
EWR, and MRR during AAEDD process. Experimental findings suggested 
that discharge current, pulse on time and duty cycle, notably affected the 

  

TABLE 2.8 
Optimal Factor Values for MRR and EWR
Ip Ton DC (RPM) AP  MRR EWR

(mg/min) (mg/min)

Anticipated Experiment Anticipated Experiment

5.5 244 0.53 260 18.5 24.01 ± 1.88 25.30 1.40 ± 0.24 1.35
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MRR, whereas discharge current, pulse on time and tool rotation signifi-
cantly affected the EWR.

• The Surface analysis showed that recast layers were more pronounced 
on specimen machined by AAEDD in comparison to REDD process. 
Moreover, in this respect, it has been noted that surface cracks induced dur-
ing the AAEDD process were less relative to the REDD process.

• The ideal machining conditions in AAEDD (discharge current 5.5A, pulse 
on time 244µs, duty cycle 0.53, tool speed 260 rpm, and gas pressure 
18.5 mm of Hg) produced MRR and EWR comparable to 25.30 mg/min 
and 1.35, respectively.
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3.1  INTRODUCTION

An important component of an automobile engine is a connecting rod that has 
mass volume production. Depending on the requirement of an internal combus-
tion engine each connecting rod is associated with the number of engine cylinders 
furthermore plays a critical link between the crankshaft and piston. Connecting 
rods are mostly used in single cylinder automotive engines of modern bikes and 
scooters. They are a versatile component that transmits the cyclic reciprocal 
motion of the engine piston along with revolution of the crank-shaft by means 
of a connecting rod [1–2]. Mohammad-Reza et al. [3–4] revealed the effects of 
dynamic combustion load on an engine’s connecting rod and its optimum design 
parameters. They also determined the sensitivity of buckling in reduced weight 
of connecting rods. The stress-induced sensitivity in buckling behavior is com-
paratively more than yield and fatigue stresses. The other studies reported the 
connecting rod with design modifications and parametric study optimization by 
applying a finite-element (FE)-based procedure [5–6]. The weight reduction cri-
teria with aluminum as rod material over forged steel discussed and the FE based 
approach was applied in structural deformation data analysis to avoid manufac-
turing related barriers and issues associated with the complex geometrical and 
boundary-mesh conditions. Hippliti R and Lu PC et al [7–9] analyzed the stress 
data from FE based procedures in the design optimization along with the fatigue 
life calculation for assessment of cyclic loading during engine running condi-
tions. Other parametric optimization studies based on fatigue stress data has been 
reported [10–14]. In the present research based on the previous literature surveys 
on material selection for fabrication of connecting rods, an attempt has been made 
to apply the mechanical properties of D-M-L-S-based 3D metal printing in simu-
lation by utilizing the FE-method-based software SIMSOLID. Most recent studies 
explore the abundant capabilities of additive manufacturing (Add-Mfg.) in product 
development by different 3D printing metals with feasibilities in mass production 
[14–16]. S. Ford et al. and L. E. Murr et al. [17–20] presented the advantages and 
challenges in sustainability of Add-Mfg. G.M.S. Ahmed et al. [21] reported design 
and discussed FE thermal analysis of a direct metal laser sintering of maraging 
steel. In other research work development of Light weight structures and applica-
tion of cellular materials as load bearing mechanical components developed by 
3D printing (3DP) has been presented [22–24]. The web of the connecting rod is 
a critical section of the component that experiences cyclic fatigue loading and 
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experience buckling effect due to heavy gas pressure acting at the big end of 
connecting rod. In this present work FE based Simulation of buckling of the con-
necting rod has been studied by incorporating hexagonal perforations (HP) on the 
web and the buckling stress results are compared with and without HP. Evaluation 
of buckling stress in connecting rods attracts the manufacturers of automotive 
components. Some studies explained the buckling effect with substantial weight 
and area reduction of web by incorporating circular and hexagonal perforation in 
castellated beams [25–31]. The investigation of buckling sensitivity analysis of 
connecting rods performed on ultra-fine grained material AA2618. The numerical 
analysis was carried out through the finite element method (FEM) tool ANSYS 
[32]. The investigation on buckling analysis and stability of compressed low car-
bon steel rods was carried out and the critical stresses were determined [33].

In the present research an attempt has been made to fill the research gap of reduc-
tion in web buckling of connecting rods by reducing the mass of the connecting rod 
by considering D-M-L-S-based metals. By reducing the overall mass of connecting 
rod leads to the reduction of rotational and translational mass. Furthermore there 
are three merits in the engine performance: (1) As load transmitted from connecting 
rod decreases leads to increase in durability of crank shaft, (2) Enhancement in fuel 
efficiency due to reduction in mass of connecting rod, and (3) based upon the struc-
tural deformation analysis probability of failure will be less with minimum design 
volume.

3.2 HEXAGONAL PERFORATIONS

3.2.1 ConstruCtal hypothesis

Slenderness is an important geometrical characteristic of tapered I-section webs. 
When a web of connecting rod subjected to cyclic loading during an axial compres-
sion critical mechanical behavior occurs called buckling leads to displacements out-
of-domain. In the present investigation a buckling behavior in the web of connecting 
rods with hexagonal perforations were studied. Transverse hexagonal perforations 
have been incorporated on the web and FE-based numerical simulation using the 
SIMSOLID software tool to evaluate the critical buckling-load and normal limit-
ing stress (NLS) with equal and increasing HPs on webs of connecting rods. The 
constructal hypothesis was applied to evaluate the effects of the dimensions of hp/lp 
where hp and lp are width and length, respectively, on buckling phenomena. The vol-
ume fraction (ψ) of perforations is a versatile parameter to evaluate buckling stress 
with and without perforations, where volume fraction defined as ratio of volume of 
the connecting rod with perforations to the volume of the solid connecting rod. The 
variation in NLS and critical buckling stress with respect to hp/lp was studied by 
considering different dimensions of hexagonsas given in Table 3.1. The design meth-
odology includes the constructal hypothesis, which states that a finite dimensional 
domain survives with respect to time and its geometric configuration facilitates the 
boundary conditions to be accessed through the domain. The domain possesses (1) 
basic properties such as the boundary conditions type that influence the domain 
with content like mass and heat transfer, laminar or turbulent flow, force or Stress, 

 �   
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TABLE 3.1 
Dimensions Selected for the Constructal Hypothesis

hp=4mm hp=5mm

h1 1 0.5 1.5 1 1.5 0.5

h2 2 3 2 3 2 4

h1 1 0.5 1.5 1 1.5 0.5

lp = 6mm,7mm and 8 mm All dimensions are in mm

FIGURE 3.1 (a) Longitudinal HP, (b) transverse HP, and (c) dimensions of HP on the web 
of the connecting rod.

acoustic phenomenon etc., and (2) the geometrical features or design that describes 
the domain shape. The constructal hypothesis can be utilized in complex engineering 
problems that include objective parameters, boundary conditions, degrees of free-
dom and constraints to determine the influence of these factors on domain analysis. 
The dimensions of the perforations with several equivalent geometric data sets sug-
gested by the constructal hypothesis in web design application were compared with 
solid, equal HP and increasing HP. The degree of freedom considered is hp/ lp and 
the web of the connecting rod is considered as tapered plate of an I-section beam 
with hp  and lp  dimensions, given in Table 3.1. Transverse HP has been selected as 
the force boundary condition to act on the large side of the tapered web and provides 
more rigidity on the edges of the HPs as shown in Figure 3.1. Longitudinal HP pro-
motes stress concentration factors at corner edge points apposing force direction, 
i.e., at the larger side of the web of the connecting rod. Another disadvantage is buck-
ling sensitivity at the sharp corner edge point on right side of the perforation. The 
dimensions of the perforations with several equivalent geometric data sets suggested 
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by the constructal hypothesis in web design applications were compared with solid, 
equal, and increasing HP. 

The degree of freedom considered is hp / lp  and the web of the connecting rod is 
considered as the tapered plate of an I-section beam with hp  and lp  dimensions, as 
given in Table 3.1. Transverse HP has been selected as the force boundary condition 
to act on the large side of the tapered web and provides more rigidity on the edges 
of the hexagonal perforations. Longitudinal HP promotes stress concentration at the 
sharp edge corner point opposing the force direction during transmitting reciprocat­
ing cycle of the connecting rod. The web thickness of the connecting rod is 6mm. 
In order to have a consistent volume comparison between the equal and increasing 
hexagonal perforations a parameter called volume fraction (ψ) has been introduced. 
The volume fraction is defined as the ratio of perforation volume ( ϑ0 ) to the connect­
ing rod without perforations volume ( ϑ ). Volume fraction for transverse hexagonal 
perforation expressed as equation (1) [25] 

ϑ (h1 + h2 ) l t  (h1 + h ) lp 3 hp lpψ =  0 = p w  = 2 =  (1) 
ϑ H Lwtw w 4 H Lw H Lw w W 

For Transversal Hexagonal Perforation h2 = 2h1  therefore and hp = 
4 (h1 + h2 )3 

For the transverse hexagonal perforations type, the volume fractions were investi­
−2 −2gated with ψ = 6 1× 0 , ψ = 8 1 , ψ = 20 ×10−2, and ψ = 25×10−2. The ratio hp p × 0 / l 

represents the geometric variation for each perforation. In other words, the ratio 
hp / lp promotes the perforation geometric shape variation and in order to determine 
critical load PCritical  for each case, critical buckling stress are given by 

PCritical=  (2) fCritical tw 

3.3 REGRESSION ANALYSIS 

Regression analysis refers to the study of the relationship between a response vari­
able such as volume ratio ( )Ψ  and one or more independent variables such as and 
H2/H1, hp/lp, as depicted in Figure 3.2. When the relationship follows a curve, it 
is called a curvilinear regression. Geometrical characteristics of hexagonal perfo­
rations are given in Table 3.2. As the volume ratio increases the web tapered ratio 
decreases which results in rigidity of the web of the connecting rod. The multiple 
regression equation in terms of volume ratio and h1, h2, lp, hp and H2/H1 is given 
in equation 3. 

Volume −Ratio ( )Ψ = −0.  0247 + . h + 0.  ×h2 + 0 0170 × lp0 0377× 1 0305 . 

− 0 0. 1 H2 / )  (3) 817×( H1 
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FIGURE 3.2 Variation of geometric characteristics with volume ratio: (a) hp/lp, (b) web-
tapered ratio H2/H1.

TABLE 3.2 
Geometrical Characteristics of Hexagonal Perforations
h1 h2 Lp H2/H1 hp NLS Volume-Ratio (Ψ)

1 2 6 1 4.02 8.16362E-05 0.0921

0.5 3 7 1.2 4.69 8.14648E-05 0.1045

1.5 2 8 1.8 4.69 8.11056E-05 0.0796

0.5 3 7 1.2 4.69 8.14648E-05 0.1045

1.5 2 8 1.8 4.69 8.11056E-05 0.0796

1 2 6 1 4.02 8.16362E-05 0.0921

1.5 2 7 1.8 4.69 8.11056E-05 0.0696

1 3 8 1 5.36 8.16362E-05 0.1638

0.5 2 6 1.2 3.35 8.14648E-05 0.0640

3.4  MATERIALS AND METHODS

3.4.1  three-diMensional printing Metals

3.4.1.1 Aluminum Al-Si-10Mg
Key features of Al-Si-10Mg that it has a lesser weight, good thermal conductivity, 
versatility in terms of hardness and strength. It is useful in rapid metal building, and 
has excellent machining capability. This material has many applications including 
complex feature dimensions, automotive, aerospace fasteners, structures, and com-
ponents etc. Mechanical properties are mentioned in Table 3.3.

3.4.1.2  Stainless Steel 17-4PH
An additive manufacturing-based metal, stainless steel 17-4PH (SS17-4PH) has 
proven to be ideal for many industrial applications involving functional prototypes, 

 �
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small and medium scaled components, spare products, and mechanical fasteners. 
The D-M-L-S-based cost-effective prototypes offering SS17-4PH was developed 
with 32HRC. When SS17-4PH is heated at 900ºF in an argon atmosphere its hardness 
reached to 42HRC. Mechanical properties are mentioned in Table 3.4.

3.4.1.3  Stainless Steel 316L
D-M-L-S-based stainless steel 316L is ideal for many applications, including con-
sumer utensils, food processing units, chemical storage units, complex marine 
applications, etc. The relatively low cost of D-M-L-S stainless steel offers excellent 
properties for prototyping components with 85HRB. Its mechanical properties are 
in Table 3.5.

3.4.1.4 Titanium Ti64
Titanium Ti64 metal is characterized by very good mechanical properties and is 
corrosive resistant with low specific weight and biocompatibility. It is suitable for 
high-functional, demanding engineering applications in automotive motor racing 
and aerospace applications. The mechanical properties are mentioned in Table 3.6.

   

TABLE 3.3 
Mechanical Properties and Composition of Aluminum Al-Si-10Mg
Mechanical Properties Metric Units Aluminum Al-Si-10Mg Composition

Ultimate Tensile Strength 378MPa Aluminum (Al) Remaining %

Yield Strength 230MPa Iron (Fe) ≤ 0.55

Modulus of Elasticity 68.4GPa Magnesium (Mg) ≤ 0.45

Reduction of Area 10.3% Copper (Cu) ≤ 0.05

Elongation 6.8% Manganese (Mn) ≤ 0.45

Hardness, Rockwell B 64 Titanium (Ti) ≤ 0.15

Silicon (Si) 9.0–11.0

Zinc (Zn) ≤ 0.10

TABLE 3.4 
Mechanical Properties and Composition of Stainless Steel 17-4PH
Mechanical Properties Metric Units Stainless Steel 17–4 PH Composition

Ultimate Tensile Strength 1103MPa Carbon (C) 0.07 Maximum

Yield Strength 1000MPa Phosphorous (P) 0.04 Maximum

Modulus of Elasticity 197GPa Sulfur (S) 0.03 Maximum

Reduction of Area 12% Silicon (Si) 1.00 Maximum

Elongation 17% Manganese (Mn) 1.00 Maximum

Hardness, Rockwell B 35 Chromium-(Cr) 15.00–17.50

Nickel-(Ni) 3.00 to 5.00

Niobium plus Tantalum-(Cb-Ta) 0.15–0.45

Copper-(Cu) 3.00 to 5.00
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3.4.2  direCt Metal laser sintering (d-M-l-s) teChnology

A traditionally die casted aluminum, AlSi-10-Mg is usually characterized by good 
thermal properties, less weight, and greater strength and hardness. Aluminum AlSi-
10-Mg is an economical choice as a 3DP metal for developing D-M-L-S prototypes. 
Prototyping with D-M-L-S-based 3D printing is the fastest, most cost effective 
and easiest way to turn innovative ideas into commercially marketable products. 
In the present decade Industry 4.0 and conventional approaches to manufacturing 
are enhanced their capabilities with additive manufacturing era. From removal of 
complexity in DFMA to developing light-weight, realistic prototypes, high-strength 
structures are the key features of D-M-L-S. This process, also called direct metal 
laser melting or laser powder bed technology, precisely develops complex geometri-
cal features that are not feasible with other metal processing methods. D-M-L-S 
parts are stronger and denser in comparison to casted metal components. Additive 
3D metal printing is an ideal process for intricate complex automotive, medical sur-
gical guides, precision gas components, aerospace parts, and versatile functional 
3D prototypes. D-M-L-S supplies a precision-controlled high-watt laser process-
ing for micro-welding of powdered metals and alloys to form fully functional metal 

TABLE 3.5 
Mechanical Properties and Composition of Stainless Steel 316L
Mechanical Properties Metric Units Stainless Steel 316L Composition

Ultimate Tensile Strength 515 MPa Carbon (C) 0.07 Maximum

Yield Strength 205 MPa Phosphorous (P) 0.04 Maximum

Modulus of Elasticity 193GPa Sulfur (S) 0.03 Maximum

Reduction of Area 15% Silicon (Si) 1.00 Maximum

Elongation 45% Manganese (Mn) 1.00 Maximum

Hardness, Rockwell B 79 HRB Chromium (Cr) 15.00–17.50

Nickel (Ni) 12.500–13.00

Molybdenum-(Mo) 2.25–2.50

Copper-(Cu) 0.50

TABLE 3.6 
Mechanical Properties and Composition of Titanium Ti64
Mechanical Properties Metric Units Titanium Ti64 Composition

Ultimate Tensile Strength 1210MPa Aluminium (A) (5.5–6.5%)

Yield Strength 880 MPa Vanadium (V) (3.5–4.5%)

Oxygen (O) < 2000 ppm

Modulus of Elasticity 950 MPa Nitrogen (N) < 500 ppm

Reduction of Area 36% Carbon (C) < 800 ppm

Elongation 14% Hydrogen (H) < 120 ppm

Hardness, Rockwell B 44HRC Iron (Fe) < 2500 ppm
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FIGURE 3.3 Solidity threshold checkup for (a) solid, (b) equal-HP, and (c) increasing-HP 
connecting rod before 3D metal printing.

components from CAD-based STL files. The solidity check has been done for three 
different designs as shown in Figure 3.3. D-M-L-S parts are developed with metals 
like aluminum, stainless steel, and titanium powdered materials. The components 
produced have an excellent surface finish in comparison to casting parts. D-M-L-
S-based materials built were fully dense, had good resistance to corrosion and more 
robust metallic components that are treated with protective coatings. Laser sinter-
ing parameters in D-M-L-S must be selected so as to ensure sufficient re-melt of 
the spread layer placed and continuity of the solid-liquid metallic interface under 
properly controlled impingement of the laser beam layer by layer. Furthermore the 
blending of powders having variations in metal particle size distribution, irregular 
shapes, and incorrect constituent ratios will results in possibilities of porosity in pow-
der beds, which causes heterogeneity in microstructures of D-M-L-S-based prod-
ucts. The solidity threshold check has been done to confirm the feasibility of metal 
printing, and the solidity threshold value of 2mm signifies the best density quality 
of metal printing of connecting rods. The molten metal flow and solidification of 
metal powders during single layer scanning is strongly influenced by specific laser 
input energy, laser scanning rates, and power. Agglomerate sizes of the D-M-L-S 
processed metal powders increase with increasing specific laser input energy.
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3.5 C AD GEOMETRY WITH HEXAGONAL 
PERFORATIONS IN CONNECTING RODS

3.5.1  Criteria in the lightWeight Web design 
With hexagonal perForations

One of the major design criteria is the stress sensitivity areas in the reduction areas 
and volume of connecting rod. Yield and buckling criteria have been considered 
in the present investigation. The web thickness of the connecting rod is constant at 
6mm. The HPs have been selected as one of the methods in reducing the mass and 
volume of the overall weight of the connecting rod and the effects of these perfora-
tions on buckling stress have been investigated. HPs on the web have been shown in 
Figure 3.4.

3.5.2  buCkling Criterion

The connecting rod must oppose extreme gas pressure in the engine cylinder and 
compressive loads. The limit forces acting on the connecting rod depend on yield 
strength and its geometrical features. The perforations on the web have been given 
in Table 3.7. Therefore to have clear understanding of structural deformations in the 
connecting rod the effects of compressive buckling stress characteristics of connect-
ing rod in terms of web section geometrical features and selected material property 
are taken in consideration. The compressive load of 26.0KN is applied for FE simula-
tion on the large end section of connecting rod. The effective buckling stresses are 

 

FIGURE 3.4  CAD model of connecting rod with (a) solid, (b) uniform HP, and (c) increas-
ing HP.
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calculated at the part of web section using ultimate strength of each of the 3DP metal 
properties. Normal limiting stress (NLS) for buckling is defined as

f
 NLS = critical  (4)

fy

Finally, using this equation for different 3DP metals, the geometric characteris-
tics of the proposed hexagonal perforations are compared. To analyze the buckling 
behavior, the Finite element analysis (FEA) approach was used for predicting buck-
ling stresses with different perforations as given in Table 3.8.

3.6 RE SULT AND DISCUSSIONS

3.6.1  struCtural analysis

The structural analysis has been carried out with FE-based analysis by using the 
SIMSOLID tool, and the results are tabulated in Table 3.9. It has been observed from 
the results that displacement magnitude is less in cases of connecting rods with equal 
HP in SS-17-4 at peak frequency as shown in Figure 3.5.

3.6.2  Modal analysis and FrequenCy response

The dynamic frequency response of all the connecting rods using different 3DP met-
als has been analyzed and their ten mode frequencies have been obtained. The fun-
damental frequency of the solid connecting rod is 8.4860e+02, which is higher in 
comparison with equal HP and increasing HP. The fundamental frequency of the 
increasing HP connecting rod is found to be less and it provides more rigidity during 
the action of buckling load. The modal frequencies are shown in Figures 3.6, 3.7, and 
3.8. It can be observed from Table 3.10 that higher modes of frequencies are lesser 

TABLE 3.9 
Displacement at Peak Frequency of Connecting Rods

Connecting Rod

Solid Equal HP Increasing HP

AISiMg0.6 (At Peak Frequency)

Displacement Magnitude, mm 5.7508 6.4344 5.5867

Stainless-Steel-17-4 (At Peak Frequency)

Displacement Magnitude, mm 1.3722 2.1476 1.9901

Stainless Steel 316L (At Peak Frequency)

Displacement Magnitude, mm 1.1430 2.3764 1.7584

Titanium-Ti-Al-6 (At Peak Frequency)

Displacement Magnitude, mm 3.3958 3.8528 4.2574
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(a)

5.7508 1.3722 1.143 3.3958
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6.4344 2.1476 2.3764 3.8528
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6
5.59

1.99 1.76

4.26

FIGURE 3.5  Deformation of the connecting rod with (a) solid (b) equal HP, and (c) increas-
ing HP.

when compared to fundamental frequencies. Therefore the D-M-L-S-based connect-
ing rods proved to be suitable for buckling load applications in automobile engines.

A minimum buckling moment in the case of equal HP has been observed for 
AISiMg0.6 among different hexagonal perforations and 3DP metals as shown in 
Figure  3.9. The buckling moment is least for stainless steel 316L among all 3DP 
metallic connecting rods. The buckling moments of the 3DP metals are given in 
Table 3.11.

3.6.3  buCkling analysis

The displacement magnitude and von Mises stress have been shown in Figures 3.10, 
3.11, and 3.12 for design 1, 2, and 3 for different buckling modes as stated earlier. 
The normal limiting stress and characteristics ratios hp/lp are determined by factors 
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FIGURE 3.6  DFR of solid aluminum AISiMg0.6 of connecting rods.

 

FIGURE 3.7 DFR of uniform HP in aluminum AISiMg0.6 of connecting rods.

such as the elastic modulus of different 3DP metals with respect to tapered ratio 
H2/H1, perforation characteristics ratio hp/lp, volume ratio, and buckling load condi-
tions. The FE-based stress data has been given in Table 3.12, and the displacement 
magnitude was observed to be less in comparison with other HPs. Designers should 
consider the weight optimization criteria and enhancement of overall efficiency of 
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FIGURE 3.8 DFR of increasing HP in aluminum AISiMg0.6 of connecting rods.

TABLE 3.10 
Modal Frequencies of Connecting Rods with Different Hexagonal 
Perforations
Modes Connecting rod

Solid Equal HP Increasing HP

1. 8.4860e+02 8.2297e+02 7.8566e+02

2. 1.8473e+03 1.8378e+03 1.8051e+03

3. 5.0228e+03 4.4221e+03 4.1333e+3

4. 5.1277e+03 4.9977e+03 4.9716e+03

5. 8.6776e+03 8.3989e+03 8.0688e+03

6. 1.2869e+04 1.2880e+04 1.2925e+04

7. 1.4468e+04 1.3857e+04 1.3042e+04

8. 1.7038e+04 1.5222e+04 1.4826e+04

9. 1.8138e+04 1.7133e+04 1.6679e+04

10. 2.2750e+04 2.2828e+04 2.2876e+04

the engine by considering equal HP as the optimum geometric characteristic of HP 
for design and development of connecting rods.

3.6.4  variation oF norMalized liMiting stress 
With geoMetriC CharaCteristiCs

3.6.4.1 AISiMg0.6
Contour plots are topographical regions obtained from 3D data points and con-
structed from three geometric characteristics. The geometric characteristics such as 

 �
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FIGURE 3.9 Bending moment magnitude at peak frequency of (a) solid, (b) equal HP, and 
(c) increasing HP in AISiMg0.6 connecting rods.

HP are represented on the horizontal axis and lp is represented on the vertical axis. 
The third variable, NLS, is represented by a color gradient and isolines. These con-
tour plots are often useful in data analysis in determining maximums and minimums 
from the set of trivariate data. Figure  3.13 are presents the variation of the NLS 
versus taper ratio H2/H1. It can be seen in Figure 3.13b that NLS decreases with the 
increase of the tapered ratio as it is confirming with the fact that the increase in slen-
derness ratio leads to consistent decrease of NLS. The graphical representation of 
NLS in Figure 3.14a shows that there is marginal increase of the NLS as volume ratio 
increases, as in the case of increasing hexagonal perforations. The range of variable 
between 5.0<hp<6.0 and 7.8<lp<8.0, it has been observed from Figure 3.14b, there 
will be increase in NLS values for Al-Si-10Mg.

3.6.4.2  Stainless Steel 17_4PH
The curve fitting has been done by using the parameters of the Michaelis-Menten 
equation. The parameters included in this model represent both graphics and numeri-
cal tests data such as F-test for curve coincidence and compares curve coincidence 
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TABLE 3.11 
Buckling Moment Magnitude at Peak Frequency of Solid Connecting Rods

AISiMg0.6 Stainless- Stainless Steel Titanium-Ti-Al-6
Steel-17-4 316L

Buckling Moment 2.8 1.6 1.7 2.9
Magnitude, Nm

Moment Magnitude at Peak Frequency of Equal HP in Connecting Rod 

AISiMg0.6 Stainless- Stainless Steel Titanium-Ti-Al-6
Steel-17-4 316L

Buckling Moment 1.6 1.7 1.4 1.7
Magnitude, Nm

AISiMg0.6 Stainless- Stainless Steel Titanium-Ti-Al-6
Steel-17-4 316L

Buckling Moment 1.6 1.7 1.4 1.7
Magnitude, Nm

Moment Magnitude at Peak Frequency of Increasing HP in Connecting Rod 

AISiMg0.6 Stainless- Stainless Steel Titanium-Ti-Al-6
Steel-17-4 316L

Buckling Moment 7.5 7.6 7.5 7.6
Magnitude, Nm

 

 

FIGURE 3.10  Design of case 1: without hexagonal perforations in web of connecting rod.

limit with desired geometric characteristics values. Contour plots are topographical 
regions obtained from 3D data points and constructed from three geometric charac-
teristics. The geometric characteristics such as hp are represented on the horizontal 
axis and lp is represented on the vertical axis. The third variable NLS is represented 
by a color gradient and isolines. These contour plots are often useful in data analysis in 
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FIGURE 3.11  Design of case 2:equal hexagonal perforations in web of connecting rod.

 

 

FIGURE 3.12  Design of case 3: increasing hexagonal perforations in web of connecting 
rods.

TABLE 3.12 
FEA-based Stress Data

Equal HP Increasing HP Solid

Displacement Magnitude, mm 1.627e-01 1.759e-01 1.472e-01

von Mises Stress, MPa 7.589e+02 8.135e+02 6.564e+02

Maximum Principal Stress, MPa 4.930e+02 5.042e+02 4.538e+02

Maximum Principal Strain 2.453e-03 2.454e-03 2.282e-03

Energy Density, MPa 1.546e+00 1.746e+00 1.189e+00

Maximum Shear Stress, MPa 3.952e+02 4.260e+02 3.466e+02
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FIGURE 3.14 Variation of NLS of Al_Si_10Mg (a) hp and lp and (b) volume Ratio and 
tapered ratio H2/H1.

determining maximums and minimums from the set of trivariate data. Figure 3.15a, 
represent the variation of the Normal Limiting Stress versus volume ratio. It has been 
observed from the Figure 3.15b that NLS decreases with the increase of the tapered 
ratio as it is confirming with the fact that the increase in slenderness ratio leads to 
consistent decrease of NLS. The graphical representation of NLS in Figure 3.16a 
shows that there is marginal increase of the NLS as the increase of volume ratio as 
in case of increasing hexagonal perforations. The similar trend has been observed 
in the range of hp between 5.0<hp<6.0 and 7.6<lp<8.0, and it is also observed from 
Figure 3.16b that there is an increase in NLS values.

(a)

NLS vs. Volume_Ratio

Volume_Ratio

0.06 0.08 0.10 0.12 0.14 0.16 0.18
0.0000800

0.0000805

0.0000810

0.0000815

0.0000820

0.0000825

0.0000830

  (b)

NLS vs. H2_H1

H2_H1

1.0 1.2 1.4 1.6 1.8
0.0000810

0.0000812

0.0000814

0.0000816

0.0000818

FIGURE 3.13  Variation of NLS of Al_Si_10Mg (a) volume ratio and (b) web tapered ratio 
H2/H1.
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(a) (b)

FIGURE 3.15 Variation of NLS of stainless steel 17_4PH (a) volume ratio and (b) web 
tapered ratio H2/H1.

 

FIGURE 3.16 Variation of NLS of Stainless Steel 17_4PH (a) hp and lp and (b) volume and 
tapered ratio H2/H1.

3.6.4.3  Stainless Steel 316L
A similar trend has been observed in case of stainless steel 316Lfor the values of 
NLS with respect to volume ratio and tapered ratio H2/H1. Figure 3.17a represents 
the marginal increase of the NLS with volume ratio, and Figure 3.17b shows that 
NLS decreases with the increase of the tapered ratio H2/H1. The graphical represen-
tation of NLS in Figures 3.18a and 3.18b shows that there is marginal increase of the 
NLS as volume ratio increases, as in the case of increasing HPs.

3.6.4.4 Titanium Ti64
The values of NLS with respect to volume ratio and tapered ratio H2/H1 for titanium 
Ti64 has been shown in Figure 3.19a and represent the marginal increase of the NLS 
from the initial value 0.000047575 with 0.18 as volume ratio. It can be observed from 
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FIGURE 3.18 Variation of NLS of stainless steel 316L (c) hp and lp and (d) volume ratio 
and tapered ratio H2/H1.

the Figure 3.19b that NLS decreases with the increase of the tapered ratio H2/H1. The 
graphical representation of NLS in Figure 3.20a and 3.20b shows that there is marginal 
increase of the NLS as the volume ratio increases, as in case of increasing HPs.

Surface plots are the graphical calculators that help the designers in selecting the 
proper geometric characteristic parameters in the 3D data as shown in Figure 3.21. 
The dark black region of the surface plots are the desired region of optimum dimen-
sions of the HP for the connecting rod. The surface plots surface is constructed using 
the averaged values of tapered ratio H2/H1. These surface plots are useful in develop-
ment of regression analysis for viewing the relationship among a dependent and two 
independent variables.

 

FIGURE 3.17 Variation of NLS of stainless steel 316L (a) volume ratio and (b) web tapered 
ratio H2/H1.
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FIGURE 3.19  Variation of NLS of titanium Ti64 (a) volume ratio and (b) web tapered ratio 
H2/H1.

 

FIGURE 3.20 Variation of NLS of titanium Ti64 (c) hp and lp and (d) volume ration and 
tapered ratio H2/H1.

3.7 CONCLUSIONS

The resultant stress data was obtained for the D-M-L-S-based connecting rod by 
using finite element procedure of SIM-SOLID-20.0. The four different 3DP met-
als were selected for the connecting rod, namely, AISiMg0.6, Stainless-Steel-17-4, 
Stainless Steel 316L, and Titanium-Ti-Al-6. Structural analyses including displace-
ment, max principal stress, max principal strain, energy density, von Mises, and 
shear stress have been calculated for different designs for the solid connecting. On 
comparing these FE-based results, it is noted that stainless steel 316L material gives 

 �
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FIGURE 3.21 Surface plots of variations in different 3DP metals with volume ratio and 
tapered ratio H2/H1.

least total deformation, equivalent elastic strain, and equivalent stress among all the 
tested materials. The displacement of stainless-steel-17-4 with equal HP is minimum 
when compared to other printing metals at peak frequency. The percentage decrease 
in volume of connecting rod having equal hexagonal perforations is 4.16 percent in 
comparison with solid connecting rod and similarly 6.15 percent decrease in volume 
in comparison with increasing hexagonal perforations. Von Mises stress is observed 
to be 10.53 percent increase in equal HP when compare to solid connecting rods, but 
the overall weight reduction to 65.90 percent leads to increase the fuel efficiency due 
to less rotational masses. On the other hand, stainless steel 316Lhas the minimum 
buckling moment and equivalent stress distribution in comparison to different design 
configurations. The solid connecting rod has less deformation by considering D-M-
L-S-based metal printing but it cannot contribute to enhancement of the engine fuel 
efficiency. It can be further concluded from the FE simulation data that design of 
Equal HP based 3DP connecting rods should be considered as a design for devel-
oping the connecting rod by D-M-L-S. However the limitations of producing the 
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connecting rod economically need focused controlling parameters based upon the 
number of parts producing capacity of the machine. Further extensions of the present 
work in the future may include development of connecting rods at different sintering 
temperatures, scanning power, powder size, and flow rate of the molten metal and 
experiments to evaluate web buckling behaviors of connecting rods.

Nomenclature:

3DP Three-Dimensional Printing
D-M-L-S Direct Metal Laser Sintering
HP Hexagonal Perforations
NLS Normal Limiting Stress
hp Width of Hexagonal Perforation
lp Length of Hexagonal Perforation
ψ Volume Ratio
H2/H1 Tapered Ratio
Hw  Height of Web of I section
Lw  Length of the Web
tw Thickness of the Web
h1 Geometric Characteristics of Hexagons
h2 Geometric Characteristics of Hexagons
PCritical  Critical Buckling Load
fcritical  Critical Buckling Stress
fy  Yield Strength of D-M-L-S-based metals
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4.1  INTRODUCTION

Additive manufacturing (AM) is described as a process of joining materials to build 
solid parts from 3D model data, one layer upon another [1]. In contrast to machin-
ing, stamping and other conventional manufacturing techniques where the part is 
fabricated by material removal from more extensive sheet metal, AM produces the 
desired shape by material addition by efficiently using raw materials, producing 
minimal waste and giving high-dimensional accuracy [2]. AM involves a variety of 
techniques, materials and apparatus and has been developed over the years with the 
capability of evolving manufacturing and logistics processes [3].

Modern AM or 3D printing dates back to the mid-1980s. Charles Hull, in the year 
1986, developed this technology through stereolithography (SLA). It was succeeded 
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by consequent progress such as inkjet printing, fused deposition modelling (FDM), 
contour crafting (CC) and powder bed fusion [3]. The SLA-1, the first commercial 
AM fabricator, was sold in 1988 by 3D Systems [4]. Patents were granted in 1986, fol-
lowing which different companies like Cubital (Solid Ground Curing, SGC), Helisys 
(Laminated Object Manufacture or LOM) and DTM (Selective Laser Sintering, 
SLS), respectively employed the SLS technique in respective applications. Scott 
Crump in 1989 patented fused deposition modelling (FDM) and formed the Stratasys 
Company. The 3D printing (3DP) process was also patented in 1989 by a group from 
MIT [5]. Several other commercially successful systems were developed in the 1980s 
and 1990s. In 2009, ASTM classified AM processes into seven methodologies [1]:

	 i.	Material extrusion
	 ii.	Sheet lamination
	 iii.	Vat polymerization
	 iv.	Material jetting
	 v.	Powder bed fusion
	 vi.	Binder jetting
	 vii.	Directed energy deposition

Further, the advent of computer geometric modelling and the introduction of per-
sonal computers led to AM gaining immense popularity in the world as this technol-
ogy became accessible. Today, AM finds commercial applications in the biomedical, 
automotive and aerospace industries, architecture, buildings and protective struc-
tures. However, AM also has its limitations. It is difficult and time consuming to 
produce large sized parts due to poor strength of material. AM parts sometimes 
might have a rough and unfinished appearance due to the stacking of large powder 
particles of the raw material. AM is also an expensive technology since the cost of 
AM equipment and materials is high. Research is being carried out to overcome 
these limitations [2].

4.2  ADDITIVE MANUFACTURING PROCESSES

The generic AM process involves three necessary steps [2]:

 i. Development of a computerized 3D model of the required part and its 
conversion to a prescribed format for AM files, for example, the conven-
tional standard tessellation language format (STL) or other modern AM file 
formats.

 ii. Sending the file to an AM machine where the solid model undergoes a 
change in its position and orientation is scaled or manipulated in other ways.

 iii. Layer by layer building of the part on the AM machine.

Various AM methods create and integrate layers in several ways. For instance, some 
methods utilize thermal energy from laser or electron beams which aid in melting 
or sintering metal or plastic powder jointly. In contrast, other methods make use of 
inkjet printing heads to precisely spray binders or solvents onto polymer or ceramic 
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powders [2]. Some commonly used AM processes are described in subsequent 
sections.

4.2.1  Fused deposition Modelling (FdM)

FDM is a relatively recent AM process developed in the 1980s [6]. Two types of materi-
als are generally used as feedstock materials to construct the part; the support material 
and model material, both supplied as wires wound on spools. These wires are then fed 
inside the machine’s head, where the material is heated to a partial liquid condition. The 
heating process in the head is temperature-controlled. Then, the material is extruded 
from the machine head, depositing on the fixtureless base of the FDM machine. The 
newly extruded layers keep bonding with the previous layers and solidify. The desired 
3D solid part gets built in this manner. The support structure is then removed after the 
fabrication of the part. Figure 4.1 depicts the schematic diagram of FDM.

The FDM machine is enabled to operate in the X, Y and Z axes. Typically, the 
layer thickness in FDM varies from 0.127 to 0.254 mm [7]. This process is advanta-
geous as myriads of materials have the potential to be utilized. The accuracy of the 
finished product achieved is around ±0.05  mm. The equipment and maintenance 
cost for FDM is also low. However, the seam line between layers, the requirement of 
support, longer build time, and delamination resulting from temperature fluctuations 
pose challenges to the FDM process [2].

FIGURE 4.1  Schematic diagram of FDM [6].
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4.2.2  seleCtive laser sintering (sls)

SLS was first built by The University of Texas in Austin and patented in 1989. DTM 
Corporation commercially pursued it outside of Austin [8–9]. It is a process of gener-
ating solid models and a wide range of materials to do so. As powders, the raw mate-
rial is deposited in layers fused using laser light, which forms the desired products. 
There are three chambers in the SLS system; the central chamber or part bed where 
the model is built and the two other chambers where the powder is stocked before 
its supply across the build area, employing a roller [9]. A piston is used to adjust 
the powder layer by moving downward by the one-layer thickness, while the extra 
powder provides support to the part when being built. A laser beam traces over the 
powder surface, its heat selectively melting the powder as the laser strikes it under 
the scanning system’s control. The laser’s heat is necessary to elevate the tempera-
ture. The central chamber is kept at a temperature just beneath the powder material’s 
melting point, which slightly causes sintering [8]. Figure 4.2 shows the schematic 
diagram of SLS.

SLS finds vast applications in various industries. The powder used as the raw 
material can be recycled without significant changes in its mechanical properties. 
However, sub-par surface finish, poor dimensional accuracy, and microstructural 
and mechanical properties seldom matching industrial requirements are some SLS 
limitations [10].

4.2.3  stereolithography (sla)

SLA, developed in 1986 by 3D Systems, is the first commercial solid free form (SFF) 
technique [12]. SLA incorporates curing or solidifying photosensitive polymers in 
the liquid state by employing an irradiation source of light. This provides the energy 
needed to cause a chemical reaction, i.e., curing, leading to bond formation between 

FIGURE 4.2  Schematic diagram of SLS [11].
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FIGURE 4.3 Schematic diagram of SLA [12].

myriads of tiny molecules. Consequently, a highly cross-linked polymer is formed 
[13]. This reaction is an exothermic polymerization reaction known as photo polym-
erization, during which two transitions, namely gelation and vitrification, occur. 
During gelation, a liquid-to-rubber transition takes place, which leads to a significant 
rise in viscosity. Vitrification is the thermodynamically reversible transition from 
liquid or rubber resins to glassy and solid resins [14]. The resin solidification process 
takes place on a platform. The prescribed depth for curing is somewhat greater than 
the platform’s step height, ensuring significant bonding with the first layer. The cur-
ing and solidification process is continued until the 3D solid product is obtained. 
Figure 4.3 represents the schematic diagram of SLA.

SLA surpasses other SFF techniques with respect to accuracy and resolution, 
achieving an accuracy of up to 20 microns [12]. The major drawback of SLA is its 
relatively small product size and high cost [2].

4.3  ADDITIVE MANUFACTURING MATERIALS

All engineering materials are broadly classified as metals, ceramics and polymers 
based on their bonding and structure. Composites combine the beneficial features of 
metals, ceramics, and polymers with a matrix and reinforcement constituting these 
material categories. The commonly used materials for AM under each category are 
discussed in the following sections.

4.3.1 M etals

Metallic parts are typically manufactured using conventional methods such as cast-
ing, forming and machining. Being a tool-free, cost-effective and digital approach, 
AM has significant advantages to offer for manufacturing metals and bring about a 
paradigm shift in aerospace, automobile, electrical and medical industries. Some of 
the key benefits of the same are [15]:

 i. The part characteristics obtained are superior to their cast and comparable 
to their forged counterparts.
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	 ii.	The development of complex 3D geometries such as architecture lattice 
constructions, topologically optimized structures and recesses for cool-
ing channels is facilitated, which is not easy to achieve using traditional 
processes.

	 iii.	Fabrication time is shortened, and the cost is reduced due to the elimination 
of production and assembly steps, thus cutting down material wastage and 
negative environmental impact.

	 iv.	Low volume production and manufacturing of personalized products is 
possible.

	 v.	3D functionalization and surface engineering are permitted.

Metals, to be manufactured using AM, must possess two main properties: a decent 
ability to be welded to evade crack formation during solidification and metal stock 
being available in the form of spherical powders to obtain good packing density and 
homogeneity of the powder deposition. As of 2017, fewer than 50 different compo-
sitions of alloys are available in the form of atomized powders. Commonly used 
metals for AM are steel and its various types, aluminium alloys, superalloys of 
nickel, titanium and its alloys, precious metals (gold and silver) and refractory met-
als (tungsten and tantalum) [15]. These metals are pulverized to form powders using 
water, gas or plasma atomization before being used for the AM process. Powder 
characteristics, particle size, morphology and chemical composition, to name a few, 
vary with the difference in the powder production method. Powder characteristics 
influence the fabricated components’ bulk material properties, such as part density 
and porosity [16].

Steel being the most common engineering material, is of great interest in AM. 
Spierings & Levy studied the AM of stainless steel 316L produced using SLS. They 
considered three different powder particle size distributions and varying energy den-
sities of the laser beam and compared the resulting solid part density. They concluded 
that a minimum amount of fine grains is needed to fill the void between coarse 
grains. In the absence of those fine grains, lower scan speeds would be required to 
produce dense parts. Further, powder type also affected the mechanical strength, 
ductility and surface quality of the part [17]. Burkert & Fischer investigated the effect 
of various SLS process parameters with respect to the void formation in the micro-
structure of Marage 300, a type of maraging steel. They found energy fed following 
the scanning speed, thickness of the layers, and the platform’s preheating to be the 
most influential parameters [18]. Liang et al. successfully repaired a 34CrNiMo6 
steel sample using laser melting based AM techniques, performed heat treatment 
on it and studied its microstructure and mechanical properties. They observed an 
enhancement in the heat-treated AM sample’s tensile strength, ductility, and micro-
hardness [19]. Cui et al. printed a 24CrNiMo low alloy steel using laser-based AM 
with the aim of studying the influence of volumetric energy density on the hardness, 
microstructure and densification characteristics such as internal defects and surface 
roughness of the printed material. The microstructure largely comprised of the α 
ferrite phase with the presence of martensite and bainite mixture. Larger amount and 
size of bainite was found with a rise in laser energy density. Further, they observed 
an increase in microhardness of the printed alloy steel material with an increase 
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in the energy density and concluded that internal defects primarily controlled the 
microhardness [20]. Napolitano et al. optimized the parameters for the selective laser 
melting of 316L stainless steel by investigating the mechanical properties, micro-
structure, defects and melt pool characteristics of the fabricated part. They intro-
duced a dimensionless quantity called power ratio to define local melting intensity 
and found its optimum value to be around 3.5. They determined that poorer ductility 
and strength below the optimum resulted due to the dearth of melt fusion while the 
poorer properties above the optimum value are achieved owing to fusion line defects 
and grain growth [21]. The allotropic nature exhibited by iron alloys like steel com-
bined with the large temperature gradient of AM opens the possibility of generating 
unique microstructures. On the contrary, alloys producing varied phases depend-
ing upon the cooling rate, like retained austenite and martensite in precipitation-
hardened steel, impact AM parameters’ choice [22].

A limited number of aluminium alloys are available for AM since aluminium is 
easy to machine and less expensive and does not give a high commercial advantage 
when processed using AM [23]. Also, aluminium alloys lack good weldability. High-
performance alloys usually acquire strength as a result of precipitation hardening. In 
some cases, hardenable alloys may consist of elements such as zinc, which are highly 
volatile, which may cause turbulence in melt pools, porosity and splatter. Therefore, 
they are not fit for use in AM [24]. Molten aluminium’s low viscosity limits AM 
to small-sized melt pools. However, aluminium’s high thermal conductivity favours 
the fabrication of AM parts since it lessens stresses induced thermally, eliminates 
the requirement of support structures, and allows higher processing speeds [16]. 
Aluminium alloys commonly being used for AM include hardenable AlSi10 Mg (EN 
AC-43000), Al-Cu (2139) and Al-Mg-Si (6061) alloys and the eutectic AlSi12 (EN 
AC-44200). Schmidtke et al. investigated the use of aluminium alloy with scan-
dium content for AM techniques employing lasers since the amount of scandium in 
modified aluminium alloys, greater than the eutectic composition, results in a mate-
rial having great potential for aerospace applications. Further, alloying with magne-
sium or zirconium facilitates the reduction of weight and corrosion resistance and 
improves metallic lightweight alloys’ strength properties [25]. Zhang et al. examined 
the influence that process parameters have on the properties of a sample composed 
of 9 % Al powder mixture using SLS. They observed a fine equiaxed grain structure 
and achieved higher density under lower laser input and scanning speed [26]. Yang 
et al. successfully fabricated a novel aluminium alloy i.e., the Al-5Mg2Si-2Mg alloy 
using selective laser melting and obtained products with minimal defects and free 
from hot cracking. Further, they attained excellent mechanical properties including 
ultimate tensile strength, yield strength, elongation and a refined microstructure [27].

The most crucial feature of titanium and its alloys is its high strength to weight 
ratio and have wide industrial application in high-performance parts. Thus, they are 
of great research interest for the AM process. The large variety of titanium alloy 
compositions and microstructures and its allotropy combined with high-temperature 
gradients favours titanium alloys for AM given the complex thermal cycle involved in 
AM. Attar et al. manufactured AM parts using commercially pure titanium (CP-Ti) 
since it is a widely used biomedical application material. They fabricated CP-Ti parts 
using SLS and compared its mechanical properties with traditionally manufactured 
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CP-Ti parts and observed significant improvement in both the compressive and ten-
sile ultimate strength of the sample and its microhardness, compared to the conven-
tionally produced sample because of martensitic α′ grains forming and subsequent 
grain refinement [28]. Carroll et al. investigated a cruciform shaped Ti-6Al-4V part 
made by laser-based AM techniques for its anisotropic mechanical properties. They 
achieved significant ductility in transverse and longitudinal directions. Also, oxygen 
being present in trace amounts was found to increase its ultimate tensile and yield 
strength [29]. Kolomiets et al. researched the application of Ti-AM in designing and 
manufacturing wind musical instruments using FDM. They concluded that Ti-AM 
is a promising technique to produce musical instruments which are cost effective, 
biocompatible and have unique sound properties [30].

Other metals, including nickel-based super alloys like Inconel 718, magnesium, 
refractory metals like tantalum and precious metals like gold have successfully been 
produced using AM techniques.

4.3.2 C eraMiCs

Ceramics demonstrate superior properties such as strength, resistance to wear, out-
standing chemical inertness and high-temperature stability. Therefore, they find 
commercial applications in aerospace, biomedical, machine tools, electronic indus-
tries, and similar high-end applications. Ceramics are challenging to manufacture 
using conventional processes owing to their melting point and hardness. Hot press-
ing, slip casting, sintering and grinding are some ceramic manufacturing techniques. 
However, they result in high cost and energy consumption and grinding leads to dam-
ages caused by pulverization and micro cracking [31]. A substantial part of research 
in ceramic AM is focused on porous structures because the development of complex-
shaped porous architectures is possible using AM alone, which gives precise control 
over-dimension, shape and amount of pores [32]. Some commonly used ceramics 
for AM include alumina (Al2O3), zirconia (ZrO2), hydroxyapatite (HA), nitride alu-
minium and porcelain.

Wang developed a solvent-based slurry SLA and sintering technique to fabricate 
parts using Al2O3 powder and successfully built parts with a mean density of approx-
imately 98 percent. Further, the parts built were free from delamination and cracks, 
hence had better mechanical properties [33]. Li et al. prepared Al2O3 ceramic, porous 
and mixed with CaSO4 and dextrin, using a combination of 3D printing and sinter-
ing techniques. They observed the Vickers hardness of the prepared ceramic sam-
ple to reduce with an increasing amount of CaSO4- dextrin [34]. Alumina ceramics 
have excellent mechanical properties, are porous and has well—connected channels, 
along with a uniform microstructure, and can be used effectively for engineering 
applications. ZrO2-Al2O3 alloys have enhanced toughness, superior resistance to cor-
rosion and temperature, mechanical properties that can be controlled and excellent 
biocompatibility. Thus, ZrO2-Al2O3 finds industrial applications in the biomedical, 
chemical and high-end engineering domains. Yves-Christian et al. studied the AM 
of a eutectic powder mixture of Al2O3-ZrO2 using SLS. They observed that pre-
heating the material just below its melting point ensured the elimination of cracks. 
The resulting solid showed a fine-grained microstructure and high flexural strength; 
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however, bending strength was lower than that of an equivalent conventionally manu-
factured part [35]. Liu et al. adopted laser-based 3D printing techniques to fabricate 
a directionally solidified eutectic Al2O3- ZrO2 ceramic. They observed an irregular 
morphology in the microstructure of the eutectic ceramic. They obtained the frac-
ture toughness in the transverse and longitudinal directions and found the toughness 
along the transverse direction to be higher. Another interesting observation was the 
crack length. The crack length parallel to the direction of extension of the eutectic 
colonies formed in the microstructure was longer than its equivalent perpendicular 
to the extension’s direction [36]. Bertrand et al. manufactured 3D solid objects made 
of pure yttria-zirconia powders using SLS. They deduced that SLS could be success-
fully used to fabricate yttria-zirconia components without the addition of additives. 
They further studied the impact of laser length and its orientation on the quality of 
the manufactured product and determined that shorter laser lengths lead to droplet 
formation and hence should be avoided. However, the mechanical properties, espe-
cially the product’s density, were much lower than the requirement for its potential, in 
biomedical applications, in particular [37]. Schlacher et al. developed a lithography-
based AM technique to manufacture alumina ceramics with a characteristic strength 
greater than 1GPa, which is far more than the 650 MPa strength of monolithic alu-
mina. They sandwiched alumina-zirconia layers between pure alumina ceramic lay-
ers to fabricate the part layer by layer and achieved good biaxial strength in the part 
[38]. Hofer et al. used a lithography-based 3D printing technique to print highly 
textured alumina ceramics. They achieved high quality texture and comparable char-
acteristic strength to equiaxed alumina ceramics [39].

Hydroxyapatite is a calcium phosphate-based ceramic (Ca10(PO4)6(OH)2) gener-
ally used in biomedical applications like spacers, fillers and as synthetic bone graft 
substitutes. The primary application of HA is in dentistry and orthopaedics, primar-
ily due to its bioactivity, biocompatibility, and osteoconduction characteristics to host 
tissue [40]. Scalera et al. built custom-made scaffolds made of different HA powder 
concentrations filled in epoxy UV curable suspensions for bone tissue engineering 
using the SLA method. They obtained good mechanical properties and low shrink-
age, and the parts built showed no signs of delamination. Furthermore, they observed 
a fall in the reaction rate on raising the proportion of HA powder in the suspension 
[41]. HA components can be manufactured using SLS; however, the SLS of pure HA 
has not been done. HA is used in polymer matrix composites as filler and produced 
using SLS. Salmoria et al. used HA as reinforcement in high-density polyethylene 
(HDPE) and fabricated functionally graded HDPE/HA scaffolds using SLS. They 
concluded that the HA content in HDPE results in increased distance between HDPE 
particles and heat dissipation, affecting the degree of sintering. The flexural and 
ultimate strength of the built component was close to the bone tissue properties. 
Reinforcement of HA in HDPE also led to a reduction in cyclic fatigue and plastic 
deformation during their respective testing [42]. Savalani et al. examined the perfor-
mance of Nd: YAG (Neodymium-doped Yttrium Aluminium Garnet) and CO2 lasers 
for the SLS of HA-HDPE bio-ceramic polymer matrix composite. They deduced that 
the CO2 laser had a wider operation range and better control over the material during 
its laser sintering than the Nd: YAG laser. Further, Nd: YAG laser could effectively 
sinter particles as small as 212 microns as opposed to 106 microns in the case of 
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the CO2 laser. They also determined the binding mechanism dominant when using 
the two types of lasers, i.e. necking in CO2 laser and coalition of particles in Nd: 
YAG laser [43]. Feng et al. prepared HA bio-ceramic scaffolds using AM methods 
and studied its biocompatibility and mechanical properties. They concluded that the 
developed AM technique can be effectively used for the AM of HA bio-ceramics 
as the degradation behaviour and compression strength achieved showed potential 
for applications in bone tissue engineering [44]. Ceramics, such as Titanium carbide 
(TiC) and other titanium-based ceramics and Silicon carbide (SiC), have favourably 
been applied to build components using AM methods.

4.3.3  polyMers

Polymer AM gained attention owing to its capability to yield geometrically complex 
parts. Engineering polymers usually have the following properties: high strength to 
weight ratios (lightweight but comparatively robust), corrosion resistance, tough-
ness, lack of electrical and thermal conductivity, resilience, colour, and low cost 
[45]. Hence, polymers are one of the most widely used classes of materials in AM. 
They find wide applications in industries, such as aerospace, architecture, toy manu-
facturing, and medicine. Several polymers such as acrylonitrile butadiene styrene 
(ABS), polylactic acid (PLA), acrylic, polycarbonate (PC), polyester, polyurethane 
and polystyrene are used to manufacture components using AM methods including 
SLS, material jetting, SLA and FDM [46]. These polymeric materials are utilized for 
AM as thermoplastic filaments, reactive monomers, resin or powder.

PLA is an easy to print polymer that provides good visual quality and is very rigid, 
strong, but brittle. It is typically fabricated using the FDM process. Song et al. addi-
tive manufactured PLA using the FDM method and studied its mechanical properties 
along different directions. They observed anisotropic and asymmetric mechanical 
properties and direction-dependent fracture behaviour. The mechanical response of 
PLA so manufactured was better than its injection moulded counterpart. Moreover, 
they construed that AM helps increase the crystalline nature of the material, reduce 
ductility, and improve fracture toughness [47]. Chacon et al. investigated the influ-
ence of FDM parameters, namely feed rate, build orientation, and layer thickness, on 
the PLA sample’s mechanical properties. Based on their study, they established a set 
of guidelines for the FDM of PLA. They deduced that the on-edge build orientation is 
suitable for achieving optimal mechanical properties such as ductility, stiffness and 
strength. Layer thickness and the feed rate should be high to minimize printing time. 
Additives are also mixed into the pure PLA to help meet PLA’s strength require-
ments; hence, PLA-based composites are commonly used in AM [48]. Hinchcliffe 
et al. considered an additively manufactured natural fibre reinforced PLA matrix 
composite, using plant-based fibres, for example, jute and flax and studied the impact 
of fibre type, matrix’s cross-section, amount of reinforcement strands, and level of 
initial fibre prestress on the composite’s flexural and tensile properties. Flax fibre sur-
passed jute fibres with respect to tensile properties. Also, applying a prestress force 
on the fibre led to the enhancement of mechanical properties [49]. Dave et al. printed 
a PLA sample using FDM to study the influence of parameters such as infill density 
and pattern at different sample orientations on its tensile strength. They obtained 
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greater tensile strength when samples were constructed with flat and long edge part 
orientation than those printed with short edge orientation during printing with con-
centric and rectilinear and pattern. Further, tensile strength and infill density was 
found to be directly proportional and maximum strength was attained at 100 percent 
infill density [50]. Zhou et al. 3D printed a carbon nanotube (CNT)/PLA composite 
and carried out its study using electron microscopy. They concluded that the adopted 
3D printing technique helps eliminate impurities from the material. The addition of 
CNT in PLA aids increase crystalline nature, improves tensile strength and surface 
roughness [51].

ABS is a polymer with resistance to high temperature and has excellent tough-
ness. Dana et al. used polymer AM techniques to print ABS components and study 
print direction’s influence on its tensile properties. On analysis, they observed that 
a network of pores was formed, the structure of which depended on the printing 
path, and the distance between successive layers depended on the angle between 
them. An alteration of 90o in the printing angle between successive layers resulted 
in the reduction of distances and the overall fraction of pores by volume. This also 
led to the material possessing good tensile properties. However, printing with 0o 
printing angle resulted in an ABS sample with the poorest ultimate tensile strength, 
elongation during fracture and stiffness [52]. The surface quality of ABS products 
manufactured using FDM was found to be substandard and unfit for engineering 
applications. Hence, Kuo et al. devised a polishing mechanism for FDM fabri-
cated ABS using acetone vapours to overcome the limitation of poor surface finish. 
The proposed technique was quick and cost-effective and reduced average surface 
roughness by around 98 percent. Consequently, the manufactured ABS had better 
dimensional accuracy and also possessed high stability [53]. Torrado et al. evalu-
ated the result of mixing different additives to the ABS matrix of additively manu-
factured ABS samples’ mechanical properties. They aimed to improve anisotropic 
properties and hence, created a blend of ABS with UHMWPE, i.e., ultra-high 
molecular weight polyethylene and SEBS, i.e., styrene ethylene butadiene styrene. 
The resulting combination served the purpose of improving anisotropy by creating 
a stronger bond and increasing the surface area in contact between consecutive lay-
ers [54]. Chawla et al. tested the feasibility of using a secondary recycled ABS fila-
ment as a raw material for FDM. They produced the ABS filament using extrusion 
and varied the extrusion parameters to study its effect on filament properties. They 
concluded that the use of recycled ABS filament for FDM is feasible and obtained 
desirable mechanical properties in the filament [55]. Nabipour and Akhoundi used 
FDM to print an ABS matrix composite with copper particle filler and investigated 
the effect of layer height, nozzle temperature, nozzle diameter and raster angle 
on the production time, density and tensile strength of the printed material. They 
determined optimum parameter settings in order to achieve maximum material 
properties [56].

The thermoplastic polymer, polyether ether ketone or PEEK, is a semicrystal-
line polymer that has outstanding mechanical, thermal and chemical properties. It 
is stable at high temperatures and has good chemical stability. Rinaldi et al. sur-
veyed PEEK usage for space applications as a structural material, and successfully 
3D printed a nanosat structure using FDM. Following a comprehensive mechanical 
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and thermal analysis of the printed component, they concluded that PEEK has the 
potential to be used for space applications [57].

Polymers have the advantage of being recyclable. Boparai et al. synthesized a 
nanocomposite material using waste Nylon6-Al-Al2O3 using FDM. They obtained 
substantial improvements in the synthesized material’s thermal properties as the 
nanofiller material in the Nylon6 matrix absorbed the crystallization heat that hin-
dered the crystal nucleation and growth, thus acting as a thermodynamic sink. The 
filler also improved the thermal resistance of the material. Further, they compared 
the manufactured nanocomposite properties with ABS and concluded that it could be 
used as an alternative material for ABS [58].

Several other polymers like polycarbonate, polyethylene terephthalate have been 
successfully manufactured using AM methods. They also used reinforcement mate-
rials such as glass, carbon, and Kevlar fibres as polymer matrix composites.

4.4 APPLICATIONS

AM finds a wide range of utilization in the manufacturing industry today, with a 
plethora of materials being used to print 3D solid components for domestic and 
engineering applications. The automobile, aerospace, architecture, biomedical, and 
energy sector are few places where AM is popularly used. Some of the trending 
industrial applications are discussed in the following.

4.4.1  aerospaCe

AM methods are fit for utilization in the aerospace industry, owing to its features 
discussed as under [3]:

 i. Complex geometry: Aerospace functions require parts with complicated 
shapes, components capable of performing multiple functions such as form-
ing the structure, ensuring heat dissipation and proper flow of air, and elec-
trical and electronic components. Hence, AM has been effectively used to 
manufacture fuel nozzles, fan blades and printed electronic items.

 ii. Difficult to machine materials: State-of-the-art and expensive materials 
such as high-strength steel alloys, super alloys of nickel, titanium and tita-
nium alloys, ultra-high temperature ceramics find uses in this sector. AM 
ensures that these materials can be manufactured with ease and with mini-
mal material wastage.

 iii. Customized production and on-demand manufacturing: Parts produced 
for use in the aerospace sector are made in small batches. Also, aerospace 
vehicles have a long working period. Hence, AM allows the production of 
parts in small batches, whenever required, cutting down the requirement of 
maintaining an inventory and the associated costs.

Turbine blades, aero-engine components, and heat exchangers have been manufac-
tured with metallic and non-metallic materials using AM techniques such as SLA 
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and FDM. Structural components designed for the Boeing 787 Dreamliner were built 
with titanium using AM by a firm called ‘Norsk Titanium AS’. A  cost reduction 
of around $2 to $3 million per aircraft was reported by them. Another organiza-
tion called ‘Arconic’ has fabricated fuselage and engine pylon components made of 
titanium for the Airbus A320 and A350 XWB test versions and spacecraft vents of 
NASA’s SLS/Orion. A company named ‘Stratasys’ used FDM to produce tools and 
parts with polymer, ceramic and composite materials for various aerospace establish-
ments, such as NASA, Piper Aircraft, and Bell Helicopter. Over 70 lightweight yet 
strong components for the Mars rover by NASA were fabricated by Stratasys using 
FDM. Bell Helicopter successfully slashed the manufacturing time from 6 weeks to 
2.5 days by producing wiring conduits containing polycarbonate (PC) for the V-22 
Osprey using FDM. The NASA Aeronautics Research Institute is also attempting to 
build a gas engine using lightweight, temperature resistant materials such as ceramic 
matrix, polyetherimide and polymer matrix composites. In addition, AM allows the 
repair of the high-performance components, which have been subjected to damage 
due to corrosion, cracking, impact or cyclic stresses [3].

Several other materials like ultra-high temperature and ultra-high strength ceram-
ics, composites and functionally graded materials are being explored by researchers 
for potential application in the aerospace sector.

4.4.2  bioMaterials

Biomaterials have specific requirements which can be fulfilled efficiently by employ-
ing AM methods [3]:

 i. High complexity: Medical implants, engineered organs and tissues, and 
controlled drug delivery mechanisms are complicated to implement and 
require innovative solutions. AM can aid in creating the necessary complex 
parts using novel engineering materials, for example, semicrystalline poly-
mer composites.

 ii. Patient-specific customization: Biomedical applications like implants, pros-
thetics, and drug dosage have to be designed as per the patients’ needs, 
which vary from person to person. AM offers the scope of personalizing the 
needed parts and adapting to the patient’s body type.

 iii. Easy public access: AM builds the desired part from a CAD model, which 
can be easily shared among researchers. The parts can then be reproduced 
using the CAD model from one location to another based on the needs.

Biomaterials have been used to build parts such as bones, aortic valves, carti-
lage, and branched vascular trees. Keriquel et al. used nano-hydroxyapatite to 3D 
print bones using an in-vivo CAD-CAM set up and highlighted the possibility of 
utilizing robotics and computer assistance in the medical field [59]. Cui et al. 3D 
printed human cartilage tissue and repaired osteochondral plugs with polyethylene 
glycol dimethacrylate (PEGDMA) and human chondrocytes, using AM [60]. Erbel 
et al. used biodegradable magnesium to make stents which gave results similar to 
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its metal equivalent. Magnesium stents had an additional advantage of safe deg-
radation after about four months of use [61]. Biocompatible titanium alloys like 
Ti6Al4V have been used for bone tissue growth. AM was also sanctioned by the 
Food and Drug Administration (FDA) in 2015 for its application in drug manufac-
turing and delivery systems. Goyanes et al. used Flex EcoPLA™ (FPLA) produced 
commercially and polycaprolactone (PCL) filaments filled with salicylic acid to 
develop masks/patches with anti-acne drugs, using FDM. Better shape and char-
acteristics were obtained with FPLA-salicylic acid as compared to PCL-salicylic 
acid [62]. Huang et al. designed drug implants consisting of levofloxacin (LVFX) 
and an optimized binder solution of ethanol and acetone to be used for complex 
drug release profiles. AM helped achieve more sophisticated drug release profiles 
than conventional manufacturing techniques [63]. Goyanes et al. used FDM to 
fabricate oral drug delivery devices comprising polyvinyl alcohol (PVA) filaments 
with paracetamol or caffeine [64].

Functional composites, including ceramic-coated metal implants, AM of artifi-
cial organs, organs being paired with electronic devices, bionic ear, for example, are 
being researched.

4.5 FUTURE SCOPE

The field of AM has witnessed tremendous advancements in the past few decades. 
Several AM techniques have been developed, and a wide range of materials are being 
used to additively manufactured products in various industries, including aerospace, 
automotive, architecture, biomedical and fashion. Further, AM is becoming increas-
ingly popular in the manufacturing sector since it yields products with complex 
shapes and high precision, allows the use of versatile materials, and offers a sus-
tainable and environmentally friendly option as it reduces energy usage and mate-
rial wastage. The major limitation of AM is its high cost and production time when 
compared to conventional manufacturing techniques, and researchers are working to 
alleviate this issue [65–66].

‘Industry 4.0’ is a relatively recent development that aims to combine the Internet 
of Things (IoT) with manufacturing and make the process smarter. The amalga-
mation of IoT and AM in industries can optimize the AM process and increase its 
efficacy. The AM principles and experiences gained in research institutes must be 
passed to businesses through guided visits to leading facilities, guided training, 
induction and practical training, diagnosis, testing, prototypes and specific advice 
in the near future. This will enhance the fabrication of innovative and customized 
products and enable to achieve Demand-Driven Manufacturing, i.e., DDM, which 
shall further reduce energy consumption and material wastage [66].

In addition, researchers are working to make the AM process cost-effective and 
widen the range of materials being used and make the materials readily available 
[67]. Significant strides have been made in the use of composite materials for AM. 
Fibre-reinforced polymer composite and ceramic reinforced metal matrix composite 
parts are made using AM processes. The AM of composites, for example, ceramic 
reinforced nickel matrix composites and TiC added invar, are being researched [31]. 
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Further, the advent of smart materials has the potential to revolutionize the field of 
AM. Smart materials such as shape memory alloys (SMA), shape memory polymers 
(SMP) and piezoelectric materials have the ability to respond to external stimuli, 
reconfigure and acquire necessary properties with time. SMAs have super elastic-
ity and thermal shape recovery properties, which can be tapped in biomedical and 
micro-electromechanical applications. The use of SMPs in the medical and fashion 
industries is being researched. There are numerous prospective future smart mate-
rial applications, including but not limited to lightweight configurations, program-
mable materials, stimulus-activated mechanisms and self-assembling structures [67]. 
Elahinia et al. additively manufactured a high temperature SMA using NiTiHf pow-
der and investigated its functional and thermal properties. Further, they compared 
the NiTiHf material produced using AM and extrusion and observed the transforma-
tion stresses of the two to be comparable [68]. Cersoli et al. 3D printed SMP based 
polyurethane and analysed its mechanical properties, recovery ability and actuat-
ing performance. The printed SMP exhibited excellent flexural and ultimate tensile 
strengths and yielded a recovery of 96 percent and 90.7 percent shape retention. Also, 
they combined the developed SMP with SMA and successfully used it as a thermal 
switch and actuated an electronic circuit [69].

The introduction of smart materials has also led to the creation of another class 
of AM called 4D printing. The fourth dimension in 4D printing includes time, 
shape, functionality or how a property of a 3D printed component could change 
with time when given an external stimulus in the form of heat, light, water or pH 
[70]. Four-dimensional printing allows programming at the material level. Materials 
are directly embedded with sensing and actuation. Self-assembly is done at a macro 
scale to eliminate post-manufacturing assembly. This mode of printing also reduces 
the number of parts and volume of shipping, and these materials can be used for 
bioinspired morphing features [71]. Materials for 4D printing are being developed 
to be used as a coating for defence vehicles such that they can adapt with changes in 
the environment, and 4D printing of antennae and solar cells for satellites and space 
vehicles is being explored. Biomaterials used in 4D printed have a huge potential for 
application in the medical field in bone tissue engineering and self-assembling parts. 
Components of robots such as motors and sensors can be replaced by 4D materials 
for reduction of cost and size [72]. Thus, 4D printing of materials is a beneficial pro-
cess and is being researched for its industrial applications.

4.6 CONCLUSION

This chapter attempts to recapitulate some of the existing AM techniques and high-
lights some of the prominent materials used with these techniques, which fall under 
three broad categories: metals, ceramics and polymers. AM is gaining popularity in 
the manufacturing sector, and researchers have developed several AM processes and 
materials for this sector over the years. Given the numerous advantages of AM, it has 
commercial applications in the medical, aerospace, automotive industries. The near 
future shall witness significant innovations in AM, with AM becoming a mainstream 
manufacturing process that replaces traditional methods.

 �
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List of Acronyms

Acronym Full Form

ABS acrylonitrile butadiene styrene

AM additive manufacturing

ASTM American Society for Testing Materials

CAD computer aided design

CAM computer aided manufacturing

CC contour crafting

CNT carbon nanotubes

CP-Ti commercially pure titanium

DDM demand driven manufacturing

FDM fused deposition modelling

FPLA Flex EcoPLA

HA hydroxyapatite

HDPE high density polyethylene

IoT Internet of Things

LOM laminated object manufacture

LVFX levofloxacin

Nd:YAG neodymium-doped yttrium aluminium garnet

PC polycarbonate

PCL polycaprolactone

PEEK polyether ether ketone

PEGDMA polyethylene glycol dimethacrylate

PLA polylactic acid

PVA polyvinyl alcohol

SEBS styrene ethylene butadiene styrene

SFF solid free form

SGC solid ground curing

SLA stereolithography

SLS selective laser sintering

SMA shape memory alloy

SMP shape memory polymer

STL standard tessellation language

Ti-AM titanium additive manufacturing

UHMWPE ultra-high molecular weight polyethylene
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5.1  INTRODUCTION

Three-dimensional (3D) printing is the process of building natural solid objects from 
a digital file. This process is also termed additive manufacturing as well as rapid 
prototyping. The terms are meant to distinguish it from subtractive processes. This 
additive manufacturing technology can provide the industry with increased design 
freedom, lower energy consumption, and shorten the time to market. Quick tooling, 
rapid prototyping with the prototype, direct part manufacture, and component repair 
of plastic, metal, ceramic, and composite materials are the most common additive 
manufacturing applications. The input raw material type and the energy source used 
to construct the product from the 3D design are the two most essential aspects of the 
metal additive manufacturing process.

In the last developing years, 3D printing technology continues to develop, majorly 
in industrial applications. Nowadays, hundreds of ready to raw materials will be used 
for 3D printing, and they also include some environmentally green and biodegrad-
able materials. These materials include edible materials, ceramics, plaster, and nylon. 
The number of fabric types can promote the appliance of this new technology in the 
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different productive sectors. Nowadays, this 3D printing technology can produce bio-
constructs, spare parts, electronics, only parts, and even jewelry [1].

How does 3D printing help in traditional production mode and industrial layout?
Because 3D printing is used in every sector nowadays, this technology helps to 

create a flexible and understandable layout for any machining company. Like if any 
company wants to adopt this technology, it is possible because due to these advance-
ments, this technology can work with hundreds of materials, is easy to install and 
work fully automatic. This helps to create an excellent choice as a production model. 
There are multiple sectors in 3D printing which are developed to a very advanced 
level now, such as:

Materials Science

• Technological advancements in UV-resistant materials for stereolithogra-
phy in 3D printing [2].

• Innovation of Fine graded powdered metals, which are now being used in 
3D printing.

• Thermo Polymers are blended for filament deposition modeling in 3D 
printing.

• Innovation of materials that decomposes to a fluid and fine powder through 
thermal treatment is also child safe and food-safe material.

• Materials that are produced by two thermal polymerizations and are being 
used for highly high-resolution Printing.

Electro-Mechanical Engineering

• They are mechanically moving print heads with high acceleration and 
speed.

• Elimination of Torsion, Strains, and ringing of arms in machine.
• Closed-loop endpoint inspection and detection with calibration with appro-

priate software used.
• Ultra fine granularity of rotation and translation during machine operation.
• High strength and light-weight machine parts which are fully capable of 

moving with high speed without jerks

Software

• Cheaper and Better slicer software is available now in the market, and also 
multi-model batch slicer software is available now in the market.

• Improved algorithms for strength to weight goal-oriented humidity and 
temperature patterns.

• Batch software was developed to support optimization in 3D printing.

5.1.1  history

According to English philosopher Francis Bacon, learning and knowledge trans-
formed the status of the world and marked the beginning of a new era. The Gutenberg 
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press could produce a unique 3500 printed pages per day. This constituted the major 
production row, which resulted in mass production. Throughout the mid-nineties, the 
sector began to view signs of diversification with two different areas of impact that 
are more elaborated today:

•	 The 3D printing was still costly, which was accelerated by the growth of 
production. This is still ongoing—and growing.

•	 The outcomes are becoming perceptible in applications of productions in 
the aerospace, automotive, medical, and jewelry sectors as research and 
development and qualifications are now giving off. A  significant share 
remains under non-disclosure agreements (NDA).

Concept modelers were developed and advanced by some of the 3D printing system 
manufacturers. However, these systems were all still considerably for applications of 
the industry.

In the early 1980s, 3D printing was originated by Charles Hull, who described 
stereolithography (STL) or layers of cloth to create 3D objects. Hideo Kodama of 
the Nagoya Municipal Industrial Research Institute (Nagoya, Japan) investigated and 
published the production of a printed solid model for the first time in 1981, mark-
ing the beginning of “additive manufacturing,” “rapid prototyping,” or “3D printing 
technology.” Additive manufacturing” creates materials and objects, from a digital 
model, sequentially using an additive layering process.

The technology has progressed since Hull of 3D Systems Corp designed and real-
ized the first 3D printer in 1984. These machines have become more valuable as their 
prices have dropped, making them more accessible.

Sales of 3D printing machines have increased dramatically, and their cost has 
steadily decreased since the turn of the century [3].

In the following years, this technology has changed into a useful gizmo. Wire 
frameworks in composite ear scaffolds improved the fibrous collagen matrix’s 
mechanical properties and ensured a 3D shape after implantation. The 3D-printed 
ears can collect inductive signals from electrodes that describe the joining abilities of 
biological functions. But as scaffolds or soft tissues are supported, tissue engineering 
is made to accumulate actual tissues.

The outcomes reveal that it had advantages over other methods in every term. By 
the first decade of the 2010s, the phrases 3D printing and additive manufacturing 
had acquired new meanings. There were several different terms for AM technolo-
gies, which became popular among consumer-makers and the media. As a result, 
industrial AM end-use component manufacturers, AM machine manufacturers, 
and global technical standards bodies use the other. Both terminologies show the 
straightforward incontrovertible truth of sharing themes between technologies

In recent times, the preceding decade was when metal end-use parts like engine 
brackets and huge nuts were developed (rather than machining) in production instead 
of a plate or bar stoke machining.

Rapid prototyping features an extensive selection of applications in many fields 
of activities for humans. The microarchitecture reflects the tissue architecture. 3D 
printing is also being examined as a relevant source to replace organs; the Sales 
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of 3D printing machines have increased dramatically, and their cost has steadily 
decreased since the turn of the century. Those are not functioning by unreal printed 
organs, such as kidneys, hearts, or skin. The treatment of disease has been advanced 
and removed the shortage of organ transplants [4].

It’s also feasible that, in the future, drug compound databases will take the posi-
tion of pharmaceutical businesses, with databases being handed to pharmacies so 
that they can print only the amounts of pharmaceuticals that are required. Vaccines 
could then be delivered through email to the pharmacy at the point of care, where 
they would be printed and administered.

5.1.2  3d printing responds to the Covid-19 pandeMiC (2020)

In its early stages, 3D printing was mainly used for prototyping and tiny products 
development. Now, 3D printing machines are introduced to industrial applications 
too. New software and proper machined and mechanical kits have made 3D printing 
technology affordable and easy to use, and spread within the market. Today, there 
are various kinds of giant machines and industries that are adopting this technology 
because of its potential to deal with multiple technical challenges

The fourth technological revolution is creating a chance for this technology in the 
supply of products or services. 3D printing technologies can combine with internet-
based communication systems like IoT and cyber-physical systems, which can cause 
the normalization of producing actions and various operations and significant supply 
chain modification. But revolution also brings new challenges.

The manufacturing industries for the entire production and labor pool are going 
to be decreased rapidly. Additionally, this technology made the market very dynamic 
and digital. The consumption of produce questions how different companies have to 
organize their operations to lead by an improved response to the extraordinary mar-
ket supply and needs challenges.

NSWC Corona has been assigned as the Navy METCAL program’s scientific and 
technical (S&T) advisor by the Chief of Naval Operations. The objective of NSWC 
Corona is to identify the Navy’s calibration requirements and to guarantee that 
measuring capabilities and calibration standards are appropriately designed, imple-
mented, and supported. Ammunition, guided weapons, and electric equipment could 
all be printed by Navy AM [5].

Throughout recent times, this technology of 3D printing has had a significant 
effect on industries and the growing world. In the year 2020, many engineers and 
manufacturers stepped into the fight against the COVID-19 pandemic. Therefore, 
they decided to use the latest technologies, including 3D printing in the community, 
to produce the necessary products and materials needed for medications and treat-
ment of the current pandemic. Many Companies with 3D printing technologies pay 
for 3D print masks, respirators, valves, and many other parts [6]. In Figure 5.1, we 
can see that all the valves used with oxygen cylinders for COVID-19 treatment are 
being manufactured with the help of 3D printing technology only. Apart from this, 
3D printing technology helps in the manufacturing of many other hospital treatment 
apparatus and personal protective equipment (PPE) kits, facemasks, and disinfec-
tion kits.
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FIGURE 5.1 Breathing circulation valves used in oxygen cylinders for treatment of COVID-
19 are printed through 3D printing technology.

Here are some latest work lists is done by researchers in this sector

TABLE 5.1 
3D Printing Applications in Various Fields
3D Printing Application Source

Medical applications: Eyeglasses, personalized prosthetic devices, dental implants, 3D [7, 8]
printing of organs and tissue structures.

Fabric and Fashion Industry: Fiber reinforcement. [4]

Healthcare: 3D printed skin, a print drug for increase efficiency and control of dose. [9–12]

Smart materials: Ceramic, biomaterials, electronic materials, and composites of innovative [13]
material.

Aerospace sector: Lightweight parts, improved and complicated geometries. [14–16]

Automotive industry: Local motors, 3D-printed bus (OLLI), and lightweight wing [17, 18]
structures for unmanned aerial vehicles.

Food industry: 3D-food printing. [19, 20]

Architecture: Sustainable modern architecture and innovative construction. [21, 22]

Water treatment: Water treatment technologies. [23]

3D printing glass: Glass ornaments, optical elements, microfluidics. [24]

Quality behaviors: 3D printed cereal-based morphologies. [25]

5.1.3  green 3d printing

The problem has arisen for society as the quantity of used items is fast rising due to 
their qualities, impacting human health and living surroundings. Recycling, reusing, 
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and reducing are undoubtedly the best ways to dispose of waste. Products and plas-
tics need to be reusable and recyclable [3] and consume less energy to reduce their 
environmental impact [26].

Over the last few decades, 3D printing technology has evolved into a burgeoning 
industry and a lucrative opportunity, particularly for engineers and scientists. The 
additive manufacturing process instead of subtractive processes has provided a sig-
nificant advantage by lessening materials and other resources. It starts from a dream 
of creating objects in nearby industrial facilities, and making simply the particular 
item that is wanted, instead of making a whole group in a removed area and deliver-
ing and warehousing the things in mass amounts. Numerous scientists think the abil-
ity to make such moulded parts and increase energy proficiency may offer the best 
ecological advantages from added substance production.

Since AM has been a better way to save resources even after growing the manu-
facturing and processes, it is called green 3D printing. Also, it has been very conve-
nient for people to manufacture through digital designs.

Two significant advantages of 3D printing are as follows:

•	 Manufacturing by 3D printing produces less wastage than traditional tech-
niques like casting, forging, cutting, and stamping.

•	 3D printing in homes, factories, and the community reduces the transporta-
tion needed to get the products to final users as digital designs can be manu-
factured anywhere with the printers.

However, the quantitative and qualitative analysis of the environmental and green 
performance of 3D printing has been limited. This study mainly focuses on the 
energy used and the raw materials instead of focusing on the impacts of raw materi-
als and processes and the use of waste management.

Environmental reflections are related to energy consumption and resources used, 
and emissions and waste. According to previous research, the effects of 3D printing 
are a life cycle balance with resource use having a major influence.

However, the science is uncertain about whether 3D printing has decreased or 
increased the environmental effects compared to other manufacturing methods. 
Additive manufacturing is not an intrinsically waste-less cycle. But can be improved 
with some changes in the process, materials, and other factors in 3D printing, which 
influence waste, physical features, and thus the environment.

We found that moderation in process and materials is required with a good under-
standing of the technology of implementation and the current state of development 
for improving the environment and the health of humans. Future research has stated 
some factors and sub-factors related to the 3D printing process, materials, inven-
tories, and usages that affect the environment and humans. We’ve described their 
impact and how it affects green 3D printing and what is most affected, along with the 
framework of factors and subfactors. We’ve also considered which factors have the 
most significant impact and which have the most negligible impact, which elements 
need to be improved the most, and what procedures need to be modified to polish 
our surroundings.
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FIGURE 5.2 3D printing is more or less green than traditional manufacturing.

The performance of the electronic system improves with multi-material printing 
technology in Industry 4.0, allowing more unique designs to be made in only one 
procedure [27]. Creating a green electronic device with fewer production costs, high 
reliability, more safety, and rapid production is urgently needed to solve environ-
mental problems in today’s society [1]. UV-induced chain-growth and step-growth 
polymerization are employed in a two-step 3D-printing approach to sustainable man-
ufacturing [2].

5.1.3.1  Advances in Environmental Protection
3D printing is achieving high performance with concerns of environmental protec-
tion and minimization of resources. Many items’ transportation and production car-
bon footprints may be minimized if designs are sent across the globe instead of 
objects. These designs will be distributed digitally to individuals or businesses who 
will “print” the product. Furthermore, the final product’s carbon footprint would sig-
nificantly decrease by reducing or eliminating complex supply chains of parts made 
by dozens, if not hundreds, of suppliers spread across the globe. Furthermore, the 
final product’s carbon footprint would significantly decrease by reducing or remov-
ing complex supply chains of parts made by dozens, if not hundreds, of suppliers 
spread across the world. It could help bridge the gap between supply and demand for 
nonrenewable resources, which is widening. The printing technique produces nearly 
no waste compared to “traditional manufacturing” and other current processes. The 
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exact amount of raw materials will result in more finished goods, saving valuable 
resources.

Furthermore, 3D printing may improve recycled materials like plastics and met-
als, particularly for lower-end products. Excess or unsold manufacturing and the 
expense of inventory and spare parts storage are other sources of waste that could be 
drastically reduced or eliminated. It could lower the direct monetary cost of main-
taining new products and spare part inventories. Furthermore, 3D printing has the 
potential to reduce the use of hazardous chemicals in manufacturing. It will make 
disposal of these compounds easier and less expensive and lower the need for their 
manufacturing.

Green 3D printing develops biodegradable composition as a sustainable FFF com-
position material based on renewable and natural-origin ingredients [28]. It aids in 
the alleviation of resource restrictions to promote the spread of socially sustainable 
supply chain innovation [29].

The advancement in sustainability provides vital opportunities like predictive 
analytics in 3D printing, environmentally friendly 3D printing, robotics, and 5G 
technology-based IoT-based cloud manufacturing for future enhancements [30].

5.1.3.2 A F ramework of Criteria and Sub-Criteria for Green 3D Printing

TABLE 5.2 
List of Criteria and Sub-Criteria for Green 3D Printing
Objective: Green 3D Printing

Factors Content Overview Source

Materials/equipment used in 3D Printing

Use of PLA is mainly used biodegradable plastic. Biodegradable plastics can [31, 32]
biodegradable be biodegraded, or it can be recycled. 3D printing filaments for 
plastics biocompatible and medical purposes are constructed of polymers 

with low melting temperatures. These materials have been utilized in 
FDM to make scaffolds and other pieces that merge with human 
tissues.

Green material Poly hydroxyl alkanets (PHA), polyvinyl alcohol (PVA), polyethylene [31, 32]
options terephthalate (PET), and high impact polystyrene are the bio-plastics 

utilized in FDM filaments (HIPS). PHA can be used alone or in 
combination with PLA. PVA is a biodegradable and water-soluble 
polymer that is used to support constructions. As a support structure 
for ABS, Duran printed PVA was used. PVA is printable until 45 
minutes after it collects moisture from the air, at which point it 
becomes impossible to print.

Refuse to the new Saying “NO” to the use of non-biodegradable plastics is a better [33]
influx of plastics option. The arrival of new kinds of plastics can harm the environment 

and health more adversely, so stopping the use of new non-
biodegradable plastics can help to promote the green environment.
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Objective: Green 3D Printing

Factors Content Overview Source

Materials/equipment used in 3D Printing

Life cycle The LCI allows you to tax energy use, raw material use, air, water [34]
inventory pollution, and total solid waste created (grave being the ultimate is 

postal). LCI for every material gives the information of usage until its 
complete disposal. Life cycle analysis of LCI can provide the idea of 
which long-lasting material can be used for a green environment. 
This analysis can then be interpreted form of bar graphs, also called 
as life cycle interpretation.

Use of light- A worldwide problem is reducing greenhouse gas emissions to the [18]
weight point that greenhouse gas concentrations in the atmosphere are 
equipment to stabilized. Using light-weight equipment can be cost efficient and 
reduce will reduce fires and greenhouse gases.
greenhouse gases

Effects on human health
Reducing Human health safety and exposure to process emissions are also [33]
exposure to significant during the building phase. Because the plastic is heated to 
ultrafine high temperatures, 3D plastic printers produce many ultra-fine 
particles particles (UFPs), and the fumes contain harmful by-products. The 

danger of emitted toxic heavy metal vapor requires attention. The 
floating metal powder particles could cause respiratory problems in 
both powder production and AM procedure.

Using PLA Biomaterials like scaffolds are highly useful to improve human health. [9]
elements in Bio-plastic filaments like PLA produce fewer fumes and smells than 
3Dprinting oil-based like ABS. So, using PLA elements in Sprinting is less 

dangerous to human health and is better for the environment as 
compared to other plastics.

Global public If a 3D printer becomes available to every person, people may use it in [35]
safety the wrong manners and can quickly generate weapons; thus, the 

government must manage the usage of 3D printers up to certain 
authorities and people.

Process safety Process safety management could be achieved through the use of data [35]
management collecting methods such as cyber-physical systems and the Internet of 

Things by avoiding hazards and accidents by identifying and 
controlling potential sources of failure.

Process and Usage
Reduction of Designers can use topology optimization to calculate the most efficient [18, 33]
weight to 50% basics shape of the structure to be cost-efficient. The reduced weight 

can increase the efficiency of the expenses, especially in the 
aerospace industry. At the moment, light-weight, high-strength 
materials with future development are primarily titanium alloy 
materials, but their high cost hampers their widespread application. 

Usage of carbon The carbon composite is a robust and light-weight material for 3D [33]
fiber reinforced printing CFRPs can be costly to manufacture. Still, they are 
plastics (CFRP) extensively utilized in aircraft, ship superstructures, automotive, and 

civil engineering applications where a high strength to weight ratio 
and stiffness (rigidity) is required.

(Continued)
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TABLE 5.2 (Continued)
Objective: Green 3D Printing

Factors Content Overview Source

Materials/equipment used in 3D Printing

Powder recycling The material used during the process is highly dependent on nozzle [33, 36]
process efficiency. Powder recycling could significantly reduce this load. The 

unfused powder requires treatments like drying and sieving before 
reuse due to possible damages to the machine, but they can decrease 
the extra usage and improve the environment. The metallographic and 
mechanical properties of Inconel 718 remain the same as brand new 
powder, and research is needed for other materials.

AM as a repairing Metal AM-based processes could be used, as are pairing tools for both [13]
method parts and tools repair. This can give a longer life span from technical 

aspects, which can save a lot of energy and materials.

Usage of inert From the standpoint of traditional low-CO2 concrete, OPC (concrete) [9]
gases can be partially replaced by SCMs and inert fillers. Using SCMs to 

reduce cement consumption is one way to promote sustainable 
concrete, mainly when SCMs are derived from industrial by-products 
and recycled wastes.

Hybrid process Hybrid manufacturing combines additive processes—3Dprinting, [9]
known as additive manufacturing (AM) and subtractive processes, 
such a smiling. Hybrid manufacturing is that both operations so 
occur on the same machines, so it is very cost-efficient for 
manufacturing and production.

Production costs efficiency
Using FFF It is possible to design fused filament fabrication (FFF) because it is so [28]
process easy. Printing is growing more popular due to its ease of use and the 

steady reduction in the cost of printing equipment and materials. An 
FFF process is a low-cost procedure that can be carried out on an 
individual basis.

3D printed The number of companies using 3D printing has increased dramatically .
manufacturing as the technology has progressed. The tool’s applications and use cases 
aid vary by industry, but they generally comprise grids, visual and 

functional prototypes, and even finished products.

Schedule It is process management which includes the activity lists and activity [9]
Planning sequencing process. Different processes need different durations. So, 

schedule planning of operations can improve the time and cost 
required in the process and can save the electrical consumption.

3D printer emissions and air quality control for health
Ventilation of The emissions contain ultra-fine aerosols (UFAs) or volatile organic [9, 37]
place compounds (VOCs), which are harmful to humans. A closed printer 

design and proper room ventilation are generally suggested to avoid 
unpleasant odors and associated health hazards.

Concentration of The amounts of UFPs produced by 3D printers appear to be similar to [8–10]
UFP those generated by indoor cooking. Still, more research is needed to 

understand which UFPs 3D printers are referring to assess the health 
risk. Fans can be employed to deflect fumes, but they may harm the 
operating temperature and, as a result, the print quality.
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FIGURE 5.3 Framework for green 3D printing.

5.1.4 a pplying ahp Method to our FraMeWork

The analytic hierarchy process (AHP) is a math and brain science-based method for 
organizing and breaking down complex options. AHP is a standard tool for giving 
weights to compare other parameters or alternatives. It is based on a simple idea of 
arbitrary calculation. AHP provides a robust model for problem decision-making, 
grading, and prioritization, assisting us in handling and developing a model hierar-
chy depending on our situation. Simple scales can be used to produce comparison 
measures from surveys or tests of respondents. AHP was used in the following five 
processes for this barrier rating with India.

• It was created by Thomas L. Saaty in the 1970s and has been refined since 
then. It is divided into three sections: a clear purpose or issues you seek 
to communicate, a comprehensive list of possible arrangements (called 
choices), and assurances that you will decide on the options.

• AHP gives a mandated choice an analytical framework by measuring its 
criteria and elective alternatives and relates those components to the overall 
goal. AHP changes the assessments into numbers, which can be contrasted 
with the entire potential models. This evaluating ability differentiates the 
AHP from other dynamic strategies

• In the latest of the cycle, mathematical requirements are determined for 
every elective alternative. These numbers show the most wanted arrange-
ments, according to every input quality.



110 Advanced Manufacturing Processes

TABLE 5.3 
Saaty’s Scale of Importance for Pairwise Comparison Matrices
Intensity of Importance Definition Explanation

1 Equal importance Two actions contribute equally to the goal.

3 Moderate importance One operation has a modest advantage over another 
of one over other based on knowledge and judgment.

5 Essential or strong Activity is strongly favored, and its superiority is 
importance shown in practice.

7 Extreme importance The importance of activity is emphasized, and its 
superiority is demonstrated in practice.

9 Extreme importance The evidence that favors one surgery over another is 
of the highest possible quality.

2, 4, 6, 8 Intermediate values When compromise is needed.
between the two 
adjacent judgments

5.1.4.1  Advantages of AHP Method
 i. This method integrates statistical data according to their relations and peo-

ple’s opinions about various factors. From this method, our main aim is to 
design a framework.

 ii. This method combines different sub-methods to resolve disagreement and 
assessments between every factor decided for the framework.

 iii. This method quantitatively manages different types of relations between 
every factor and subfactors with the help of their weights.

5.1.4.2 S teps for AHP Method
Step 1: Classifications and specific obstacles within each class formed the 

foundation of the hierarchical structure. The problem was decomposed into 
a hierarchical tree in this way.

Level 1: Goal/objective (analysis of the main factors for the 3D printing).
Level 2: Represents the priority of the identified five primary elements.
Level 3: Contains overall ranking of priorities of main and sub-factors of the 

3D printing.
Step 2: Create a pairwise comparison matrix using Table 5.3’s nine-point Saaty 

scale of relevance. This pairwise dimension and barrier comparisons have 
been transformed into comparison matrices. To identify the priority matri-
ces, these comparison matrices were solved using the AHP methodology. 
Barriers within the specific dimensions are coupled with global priority 
weights.

Step 3: A pairwise comparison matrix was created for goals and barriers in 
each category based on the survey responses. Comparative judgments were 
merged while evaluating experts’ opinions by applying the geometric mean 
to the views to generate the matrix of the relative assessment.

Step 4: Determine the consistency. The absolute or relative weights of the 
greatest Eigenvector are determined. Then, using the equation, determine 
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the consistency index (CI) value for each n-dimensional matrix (1). The 
consistency ratio can be determined using an equation based on the CI and 
random consistency index (RI) (2). The following are the equations:

( ) n
CI = max −   . . . . . . . . . . . . (1)

n −1

The consistency ratio can be calculated as

CI
 CR =   . . . . . . . . . . . . . . . . (2)

RI

Table 5.4 displays the value of RI for matrices of order (N) 1–10 generated by approx-
imating random indices using a sample size of 500, where the fluctuation of RI val-
ues is dependent on the order of the matrix.

The allowable consistency ratio (CR) range varies depending on the matrix size, 
for example, 0.05 for a 3x3 matrix, 0.08 for a 4x4 matrix, and 0.1 for all larger matri-
ces, n≥5. If CR is less than or equal to 5, the matrix evaluation is satisfactory or 
indicates a high level of consistency. However, if CR is greater than the fair value, the 
matrix is inconsistent, and the evaluation procedure should be evaluated, reassessed, 
and improved.

5.1.5 data analysis and results

A comparative matrix of Table 5.4 was created using the AHP technique in the case 
of factor prioritizing. Table 5.5 provides the target matrix and consistency ratio for 
the parameters. We used the same technique for the sub-criteria components.

5.1.6  ConClusion

3D printing has two crucial characteristics that make it a “green” technology, accord-
ing to proponents. To begin with, unlike traditional production techniques such as 
injection molding, casting, stamping, and cutting, many 3D printing systems produce 
relatively little waste. The factors that majorly affect 3D printing are:

• Materials/equipment used in 3D printing
• Effects on human health

TABLE 5.4 
Random Consistency Index Values
n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49
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TABLE 5.5 
Aggregate Pairwise Comparison Matrix for Criteria
Main Barriers F-1 F-2 F-3 F-4 F-5

F-1 1 1.38 1.56 1.67 1.93

F-2 0.77 1 1.32 1.21 1.6

F-3 0.34 0.95 1 1.09 1.21

F-4 0.56 0.52 0.66 1 1.01

F-5 0.22 0.38 0.31 0.51 1

TABLE 5.6 
Final Weights for Main and Sub-Criteria Factors for Green 3D Printing
Main Factors Sub-Factors Sub- Main Weight of Weight of Rank

Factors criteria Sub Overall 
code weight Factors Levels

Materials/ Use of biodegradable plastics F-11 0.321 0.444 0.163 1
equipment used Green material options F-12 0.199 0.073 6
in 3D Printing Refuse to the new influx of F-13 0.114 0.06 7
(F-1) plastics

Life cycle inventory F-14 0.164 0.012 19

Use of lightweight equipment F-15 0.079 0.013 18
to reduce greenhouse gases

Effects on Reducing exposure to ultra F-21 0.312 0.344 0.107 3
Human health fine particles

(F-2) Using PLA elements in 3D F-22 0.387 0.121 2
printing

Global public safety F-23 0.145 0.045 8

Process safety management F-24 0.125 0.039 9

Process and Reduction of weight to 50% F-31 0.205 0.366 0.077 5
Usage (F-3) Usage of carbon fiber F-32 0.167 0.024 14

reinforced plastics (CFRP)

Powder recycling process F-33 0.166 0.014 17

AM as a repairing method F-34 0.144 0.03 11

Usage of inert gases F-35 0.146 0.03 11

Hybrid process- F-36 0.01 0.03 11

Production costs Using FFF process F-41 0.116 0.623 0.089 4
efficiency (F-4) 3D printed manufacturing aid F-42 0.245 0.015 15

Schedule Planning F-43 0.132 0.012 19

3D printer Ventilation of place F-51 0.046 0.727 0.031 10
emissions and Concentration of UFP F-52 0.273 0.015 15
air quality 
control for 
health (F-5)
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FIGURE 5.4  Overall weights for subfactors.

•	 Process and usage
•	 Production costs efficiency
•	 3D printer emissions and air quality control for health

AHP is a decision-making technique for complicated situations where several vari-
ables or criteria are considered when prioritizing and selecting alternatives. First, we 
divided our factors and sub-factors into various groups, called experts to define the 
evaluation criteria, and then decided on the major factors influencing the subfactor 
selection. At last, we confirmed the selection by giving them the most appropri-
ate numberings. Then, after designing our aspect and subfactors, we established the 
hierarchy structure based on our factors and subfactors. We computed the element 
weight of the hierarchies. Then we calculated the eigenvalue and eigenvector for the 
comparison matrix, and finally, we calculated the relative weights of the element for 
each level. We got our conclusions with the Delphi-AHP method by using the high-
est order of relative importance. We observed this conclusion: materials/equipment 
used in 3D printing (0.321) >effects on human health (0.312) >process and usage 
(0.205) >production cost efficiency (0.116) > 3D printer emissions and air quality 
control for health (0.046). In parentheses, we have included the relative weight value 
results from our analysis. Hence, we concluded that the most influential factor for 
our framework of green 3D printing is “materials/equipment used in 3D printing” 
with the relative weight of 0.321. Hence this factor is the most deciding factor from 
all aspects of this study.
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5.1.7  liMitations and Future sCope

There are various limitations in the adoption of 3D printing:

• The lack of well-established methods, standards, and build-material sys-
tems are major factors restricting the reliable adoption of 3D printing to 
manufacture industrial components and products.

• To maintain and improve the awareness of individuals, businesses, and 
organizations worldwide when making decisions on waste management and 
socioeconomic demands.

• Nylon-based 3D printing has been found a higher risk of developing chronic 
interstitial lung disease.

• The final “bio-properties” cannot be determined by using it as a base mate-
rial. At the filament production stage, adding oils, plasticizers, fillers, and 
colors decreases biodegradability. As a result, the final product cannot be 
labeled as “eco-friendly.”

• The nature of glass, particularly its great brittleness, contributes to the dif-
ficulties of 3D printing glass items. Furthermore, the loss of transparency 
caused by pores generated during printing and sintering is a significant bar-
rier to the practical implementation of 3D-printed glass objects.

More specifically, a critical view of 3D printing and prioritizing important factors 
with AHP has been presented. Our insight suggests that more advances in materials/
equipment like biomaterials are needed for the success and growth of 3D printing 
technology in the healthcare and medical industry. Other decision techniques should 
be used in the future to evaluate emissions from new AM machine types or novel 
source materials. Furthermore, emissions were very low for most analytes during all 
AM machine operations; continuing study of emissions and health risks is required 
to expand and improve technology.

The growth in sustainability gives crucial recommendations such as robotic auto-
mation, predictive analytics in 3D printing, eco-friendly 3DP, and 5G technology- 
and IoT-based cloud manufacturing for future advancements
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6.1  INTRODUCTION

No one would have thought of about nanoscale machines or nanites in the twentieth 
century, however, someone might have heard about them in science fiction. But, this 
word nano has really made revolutionary changes in the thinking of the scientific 
community about matter or materials in the twenty-first century [1]. A series of sci-
entific breakthroughs have come across in materials and design over that time period, 
which has pressured manufacturers to think and work at a small scales, possibly less 
than billionth of a metre. At such small sizes, it is not possible to design and manufac-
ture a device or object with available conventional techniques and technologies. This 
requirement has brought about a new scientific approach, nanotechnology, which 
offers boundless opportunities in industrial development and transformation [2, 3].

Nanotechnology is the major force that will navigate the ‘fourth industrial revolu-
tion’ in the modern world [4]. Basically, nanotechnology encompasses the manipu-
lation and scientific understating of material or matter at the molecular and atomic 
scales. The current status of nanotechnology has opened the door for application 
in diverse fields such as energy storage, biomedical, manufacturing, food packag-
ing and security. The manufacturing sector is continuous evolving and undergoing 
revolutionary changes on a regular basis with newly developed technologies. The 
application of nanotechnology in manufacturing is essentially called atomically pre-
cise manufacturing (APM) or nanomanufacturing [5]. It deals with production and 
application of tiny size material particles, systems, structures and devices, where size 
lies in the range of 01–100 nanometres. Actually, nanotechnology is changing the 
way we look at the manufacturing industry and the way we do business, and it is the 
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FIGURE 6.1 Nanotechnology applications in various manufacturing sectors.

face of the future. Numerous manufacturing sectors [6, 7] have already started taking 
advantage of nanotechnology, such as healthcare, automotive, electronics, aerospace, 
coating and semiconductors, as depicted in Figure 6.1. Material industries are one of 
the key components of the manufacturing sector, where application of nanotechnol-
ogy has already existed.

In material industries, nanomaterials and nanoparticle fabrication, in electronic 
and electric devices, nanoscale transistors, sensors made out of graphene, carbon 
nanotubes etc. and nanosolar panels in solar energy, in mechanical or robotics 
devices, nanomachines or nanorobots that operates at nanoscale, in coating indus-
tries, nanocoating and nanolubricants for high durability and wear resistance prod-
ucts, in healthcare devices, nanites for drug delivery, hierarchically nanostructured 
gel to purify water, are the major applications of nanotechnology in manufacturing 
sector.
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6.2  NANOTECHNOLOGY IN NANOMATERIAL’S 
MANUFACTURING

Manufacturing (or fabrication) and characterization of nanoscale materials require 
specific capabilities [8]. Because you need to control environmental conditions as 
well as process parameters, when you deal at nanoscale. Just by introducing some 
changes in structure at nanoscale, a nanomaterial can be developed with more effi-
cient structure and improved mechanical properties. This could be possible only after 
nanotechnology came in to existence. Nanomaterials can be sturdier, lighter and safer 
than existing one and can withstand large pressures and loads. Manufacturers can 
utilize these nanomaterials for developing more advanced and usable products [9].

Manufacturing of materials, devices, structures and systems at the nanoscale is 
usually termed as nanomanufacturing. It involves set of industrial processes based 
on nanotechnology to develop scaled-up, cost effective and reliable products. In real 
sense, nanomanufacturing performs the integration of manufacturing methodologies 
with nanoscale material science to deal with multi-domain and multi-scale problems 
as depicted in Figure 6.2.

Nanomanufacturing [10] utilizes two broad categories of approaches, either 
bottom-up or top-down, for the manufacturing of nanomaterials and structures. In 
bottom-up nanomanufacturing, a product is developed by joining the individual mol-
ecules or compounds using various combinations of physical and chemical processes. 

FIGURE 6.2 Evolution of nanomanufacturing.

Source: [10]
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Carbon nanotubes that have a unique structure are an excellent example of a bottom-
up approach. In a top-down nanomanufacturing approach, a product is developed 
from larger materials, which break down into nanoscopic components using various 
physical and chemical processes. There are large range of nanomaterials, which have 
a wide variety of potential applications in manufacturing of products [11].

6.2.1 C arbon nanotubes

One of the most famous and widely used nanoscale materials is the carbon nanotube 
(CNT). It is the obvious choice of most of current research activities in the nanoscale 
field due to its unique set of structures and material properties. These tiny materials 
usually show extra ordinary behavior compared to bulk materials; for example, car-
bon nanotubes are ultra-strong and lightweight, and have large surface area, and they 
are more thermally conductive and highly chemically stable. They have numerous 
applications where a manufacturer requires lightweight, high-wear resistance and 
large stiffness such as in development of bike frames, industrial robot arms, bullet-
proof vests, spaceship components and sailboat hulls [12]. The uniqueness in CNT 
structure makes them very suitable for drug delivery and water purification. The 
hexagonal rings in CNT structure plays a major part in filtering out several pollutants 
from water (biological, chemical, physical, etc.). Sometimes carbon nanofibers are 
used in the manufacturing of safety wear like bio-textiles due to their antimicrobial 
properties. CNT is also used in combination with materials of macro size like steel 
[13] in distributed form to improve its strength.

In addition to nanomaterials, nanotechnology can also be utilized in other manu-
facturing domains like nanorobotics, nanoelectronics, solar energy, healthcare and 
nanocoating, as shown in Figure 6.3.

6.3  NANOTECHNOLOGY IN PRODUCT-BASED  
MANUFACTURING

As nanotechnology is growing continuously, manufacturing industry will experi-
ence massive development especially in the automotive, robotics, electronic, coating 
and aerospace sectors. Nanotechnology will also drive the transformation within the 
manufacturing sector in the future, which will be crucial, so manufacturers need to 
be equipped with this advanced technology to unlock its true potential.

In aerospace and space exploration [14–16], aerodynamics is something that needs 
to be considered as it is responsible for fuel efficiency. The use of nanotechnology 
in manufacturing has begun to build smaller and lighter spacecraft, reducing the 
demand for fuel for a operation dramatically. In the automotive sector, all compo-
nents from tires to chassis are benefited by the use of nanotechnology [17]. Polymer 
nanocomposites are also being used in the production of high-end tires in order to 
increase their durability and wear resistance. Nanotechnology has a huge potential 
to create a revolution in the automotive industry in terms of improved engine effi-
ciency, minimized environmental impact and better electronics systems. Racing car 
industries have already started reaping the benefits of nanotechnology in design and 
materials selection.
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FIGURE 6.3 Nanotechnology based manufacture products.

In electronics, nanotechnology equips the manufacturer to developed highly flex-
ible and tiny devices, which can be used for designing high-performance circuit 
boards [18]. The application of nanotechnology makes it possible to design highly 
flexible products such as flexible gas sensors, electric textiles and plastic solar pan-
els. Other areas where nanotechnology has shown a promising impact is in nano-
machines or nanites [19]. Right now, these are not widely used, but this is a future 
technology, where mechanical or robotic devices called nanorobots will operate on 
a nanoscale soon.

In addition, nanotechnology can be applied to develop more efficient nanocoat-
ing and lubricants [20], which have various applications in manufacturing indus-
tries. These nanocoatings can ensure better wear resistance and durability. Use of 
nanoscale lubricants ensure the smooth operation and event distribution of loads and 
makes sure machine components can endure rapid changes in temperature.

Nanotechnology and manufacturing are so well linked that the future develop-
ment in nanotechnology will certainly be helpful for the manufacturing industry 
in improving efficiency of operations such as in design, processing, packaging and 
transportation of goods. This could also help manufacturers in reducing the environ-
mental impact by reducing the use of raw materials, energy and water and reducing 
the output of greenhouse gases and hazardous waste.
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6.4  NANOTECHNOLOGY IN COMPOSITE 
AEROSPACE STRUCTURES

The effort behind improving the performance of materials based on the concept of 
reinforcement to the polymer at the nano- and micro level has been ongoing for 
the last three decades. Apart from the typical structural properties such as strength, 
stiffness, fracture toughness and energy absorption, there are other important non-
structural features like sensing/actuation, self-healing capability, etc.

Multifunctional performance of composites can be understood with an example 
of enhancement in interlaminar shear strength (ILSS) by 20 percent of epoxy matrix 
glass fibre composites with the addition of CNTs in small concentration (~0.3 wt. 
percent) [21]. There are two main paths to make nanocomposites:nano-augmentation 
(nanoparticles are homogenously dispersed into the matrix of composites) and nano-
engineering (introducing pre-organized nanoparticles into the composite laminate).

The novel hybrid composite system may offer properties and functionalities 
enhancement by reinforcement at the nanolevel as additive in the composites other 
than obtained from the traditional structural composites. It has been almost two 
decades since the nanotechnology in fibre reinforced polymer (FRP) was intro-
duced, and a lot of effort has been invested to obtain such materials with outstand-
ing mechanical and electrical properties. The aircraft manufacturing industry has 
been the origin for most of the composite-related novel developments, and there-
fore there is always a demand for highly efficient materials which will meet per-
formance requirements in extreme environmental conditions. Nanotechnologies find 
many potential applications in the space industry, like mechanical toughness and 
high modulus of damage tolerant structures, ILSS for tubular structures, electrical 
conductivity for electrical dissipation and lightning strike protection, coefficient of 
thermal expansion (CTE) for space apertures, protecting the system with severe heat 
and heat transfer in radiators.

The two most typical technologies in practice to produce aerospace composite 
structures are prepreg or autoclave and resin transfer moulding (RTM). The first 
one is the most commonly used technique for manufacturing high-performance and 
precise aerospace components in the space industry, whereas the second is used in 
the manufacturing of large complex parts.

6.4.1  autoClave Cure prepreg proCess

Prepreg/autoclave technology has been the most commonly used technique for 
the manufacturing of high-performance and precise components in the aerospace 
industry, whereas resin transfer techniques have been used as an alternative for the 
manufacturing of large complex shapes. In the last four decades, prepreg/autoclave 
technology has been used to assemble a majority of the composite structures in the 
aerospace industry with the help of prepreg rovings, unidirectional tapes and fabrics. 
This technology includes various possibilities in the material selection of matrix and 
fibre phase. Figure 6.4 shows the conventional process of autoclave cured prepreg 
composite manufacturing. In the very first step of the process, the prepreg fabric/
other fabric is prepared as raw materials and the roll of pre-impregnated fibres. In the 
next step, the layers as per the required shape and size of the aerospace component 
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FIGURE 6.4 Process steps in prepreg or autoclave technique for composites manufacturing.

Source: [21]

FIGURE 6.5 Process steps in RTM composites manufacturing technique.

Source: [21]

to be produced are cut from the roll. Further, the cut layers need to be laid up manu-
ally as per the stacking sequence. Just after the stacking of layers, bagging laminates 
are placed in a chamber with a vacuum maintained along with the temperature and/
or pressure, which controls the resin flow in order to eliminate the air entrapped and 
other volatiles till the curing of the components. The temperature and pressure are 
brought to ambient conditions in order to demould the part. In some cases, for high 
performance polymers the post-curing cycle in a conventional oven is required.

6.4.2 r esin transFer Moulding proCess (rtM)

This is an out-of-autoclave manufacturing process where liquid resin is injected in 
a dry fibrous preform till the final curing. Here the fibre volume fraction in the final 
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composite is less than that of the parts produced from autoclave curing. The RTM 
production process is mapped in Figure 6.5. The preform of fibrous reinforcement 
is assembled and preheating is applied, if needed. Furthermore, the preform is posi-
tioned onto the moulding tool with the help of the additional supporting material, 
if required. The preform impregnation takes place in the presence of pressure and/
or vacuum with the help of resin mixture (liquid). As soon as the preform is com-
pletely impregnated, the part is cured at room/high temperature as per the require-
ment based on the curing profile of the resin system. This curing step is known as the 
composite production process. The produced part is taken out of the mould just after 
completion of the curing and undergoes post-production processing like trimming/
finishing.
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7.1  INTRODUCTION

Sheet metal forming, including the incremental forming technique, is gaining promi-
nence among the many metal forming procedures. The industries based on sheet 
metal forming use various techniques that are mostly dependent on the use of punches 
and die [1]. Therefore, conservative approaches depending on various punches and 
die aren’t frugally feasible in batch production and at low cost level. To overcome 
this, incremental sheet metal forming (ISMF) would be a feasible solution for inex-
pensive sheet metal forming in production sectors of intermittent production with 
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FIGURE 7.1 Schematic representation of Incremental Forming process 

applications in automotive, aerospace and various other fields [2–3]. The incremental 
forming (IF) process twitches due to tool path creation, which is reliant on the shape 
of the component created. Depending on the movement of tool path a numerical code 
(NC) is generated that is used to regulate the forming of material in computerized 
numerical control (CNC) machines. The forming tool moves in the defined tool path 
over the clamped sheet, thereby creating the necessary shape of the part, as shown in 
Figure 7.1. Due to down feed movement and frictional contact of tool with the work 
piece material, local deformation of work piece takes place [4]. 

Several authors have carried out work on the advancement of forming processes 
based on incremental forming. Various process factors such as feed rate, spindle 
speed, tool route, and so on have been studied in order to enhance the essential 
requirements of the ISMF process [1]. 

The characteristics of ISMF for AA7075 were investigated experimentally in order 
to envisage formability. It was found that draw angle of part and depth step affects 
formability behavior to a higher extent in comparison to tool path [5]. The impact 
and influence of three alternative tool pathways process factors were investigated 
[6]. In addition, the process has been analytically and theoretically modeled to study 
and evaluate the formability behavior. The numerical modeling using LS-DYNA 
and experimental validation was carried out for analysis of plain strain and biaxial 
stretching of the fabricated part [7]. The thinning limit of the fabricated part was 
used to analyze the behavior of formability [8]. It was found that in the fabricated 
part, the area near to the clamping region of the plate and the area before failure do 
not satisfy eq (1), which is also known as the sine law, through which thinning of 
material can be predicted. 

t f = t0 sin (90 −ϕ )  (1) 

where, t0  is initial sheet thickness, t f :  is the final sheet thickness and ϕ  is the wall 
angle of the component. 

The analysis of deformation behavior with consideration of stress and strain was 
carried out through development of an analytical model. The deformation of the 
fabricated part in non-contact zone was also found in order to analyze the accuracy 
of the part formed [9]. The diagram of forming limit in the case of ISMF process 
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appears different than that of conventional forming processes. It was observed that 
the part with flat regions suffers plain strain stretching, whereas curved regions suf-
fer biaxial stretching [10].

Investigation in the field of ISMF discloses the effect of process characteristics 
on accuracy and forming limit of the work piece material [11]. An investigation into 
the thickness control in a new flexible hybrid incremental sheet forming process 
was carried out. The model was developed for prediction of thickness of work part 
in terms of process parameters such as drawing depth and performance shape [12]. 
Experimental and numerical investigations on surface quality for a two-point incre-
mental sheet forming with interpolator was carried out [13]. An investigation on 
energy consumption during an incremental sheet forming process was carried out 
through modeling of the effects of process parameters, and the best combinations of 
process parameters were determined for lowest energy consumption [14].

It has been observed from the literature review that a lot of work has been carried 
out on ISMF, but little to no investigation has been done on AA6061 for predic-
tion of process characteristics to achieve the best accuracy and surface finish of the 
fabricated part. Also, interaction effects of the process variables have never been 
explored. Therefore, in this chapter, the main effect as well as interaction effect of the 
process parameters such as feed rate (mm/min), step depth (mm), tool diameter (mm) 
and material thickness (mm) have been investigated on output characteristics such as 
wall angle (θ) and wall thinning (mm) using RSM. The investigation of wall angle 
and wall thinning has been conducted experimentally for the fabricated part. The test 
of significance of the process parameters has been done using ANOVA. Further, best 
process variables have been proposed for maximum wall angle and wall thinning.

7.2 EXPERIMENTAL STUDY

7.2.1  proCess desCription, Material and Method

In this investigation, a CNC vertical machining center is utilized for tests (Figure 7.2). 
A sheet blank of AA6061 material of 150 x 150 x 1 mm (Figure 7.3a) is changed over 
into a truncated cone with its top face length as well as base length of 20 mm and 
100 mm, respectively, and a wall angle of 45º.

Aluminum alloy 6061 is a medium- to high-strength heat-treatable alloy with 
strength higher than 6005A. It has very good corrosion resistance, formability and 
very good weldability although reduced strength in the weld zone. It has medium 
fatigue strength. It has good cold formability in the temper T4, but limited formabil-
ity in T6 temper. The strain hardening of AA6061 is done in cold rolled form that 
results in early failure of the parts. Furthermore, the grain size of the sheet is shrink-
ing as a result of this, and the ductility of the sheet has improved. This process is 
called the Hall-Patch effect [15]. In this manner, to upgrade the formability attributes 
the aluminum alloy AA6061 clear sheet is annealed and matured at 177°C.

Figure 7.3 shows the 3D model of truncated cone along with the generated spiral 
tool path using CNC program. The ball end and hemispheric tool form is normally 
utilized in ISF for sheet metal to obtain high strain rate and cracking delay [16]. Here, 
a hemispherical form tool of 10 mm diameter (Figure 7.3) is utilized for tests.

 �   
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FIGURE 7.2  CNC vertical machining center with incremental forming setup.

 

FIGURE 7.3 Modelled truncated cone, hemispherical form tool of diameter 10mm, spiral 
tool path.

In this investigation, a devoted apparatus arrangement is planned and manufac-
tured for clamping the sheets of measurement 170x170 mm. A plate for backing with 
an external segment profile is utilized to help the sheet during process of forming. 
The ISF fixture setups along with its dissembled views are shown in Figure 7.4.
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FIGURE 7.4 (a) Fixture setup, (b) exploded view of the fixture.

7.2.2 d esign oF experiMents

Design experiments are scheduled to investigate the numbers information utiliz-
ing arithmetical techniques. Here, RSM-Box Behnken design (BBD) is utilized for 
experimental design tests. ANOVA is performed to anticipate factors that altogether 
influence response outputs. The various input factors, such as tool diameter, feed 
rate, step depth and material thickness, and the corresponding factorial levels of 
design are presented in Table 7.1. The chosen process parameters for the correspond-
ing maximum wall angle and wall thinning are depicted in Table 7.2 and Table 7.3 
respectively. Experimentations are executed as per run order to include the environ-
ment clatters with constant rotational speed of the tool at 1000 rpm.

A mix of factors obtained with Box-Behnken design and the response outputs 
obtained during tests were curve tailored into a quadratic equation, which was addi-
tionally utilized for optimization. The regression model of the second order for three-
factor plan is presented by equation (2).

Y C= +0 1C f + +C d2 3C z + +C t4 5C f. .d C+ +6 7. .z t C f. .t C. .+ 8 d t.
 (2)

 + +C f. 2
9 C100 . .d C2 + +11 t C2 . 2

12 z

where, f, d, t and z feed rate (mm/min), tool diameter (mm), material thickness (mm), 
and step depth (mm) as coded factors, C0, C1, C2, C3, C4, C5, C6, C7, C8, C9, C10, C11 and 
C12 are coefficients of regression and Y is the output response predicted.

7.2.3 M aterial testing Methods

Tests were directed as per the run order and formed parts are tried for its formabil-
ity. The important parameters such as maximum wall angle and wall thinning were 
examined as they straightforwardly add to the formability. The produced part was 
partitioned into two equal parts and thinning was estimated utilizing the Vernier 
caliper (Figure 7.5) to assess the thickness in the deformed region of fabricated part. 
The maximum wall angle is mostly influenced by thinning operation in the formed 
region. The formed cone slope was utilized for the measurement of wall angle, the 
segment plane was held perpendicular to z-axis vs. x- axis and the walls in the formed 
region were identified (Figure 7.5) in four areas for accuracy estimation, taking into 
account the average value.
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7.3 RE SULTS AND DISCUSSION

The experimental design was carried out with consideration of input process vari-
ables such as rate of feed (mm/min), depth of step (mm), diameter of tool (mm) and 
material thickness (mm). The output process characteristics such as maximum wall 
angle (θ) and thickness of wall (mm) are tabulated in Table 7.1. The ANOVA inves-
tigation with 95 percent confidence level was carried out for angle and thickness of 
wall formed (Table 7.2 and 7.3). The determination coefficient (R2) determined the 
actual variations for the developed model. The values of R2 were obtained as 0.9903, 
and 0.9914 (Tables 7.2 and 7.3) for maximum wall angle and thickness, indicating the 
model prediction response to be 99.03 percent, and 99.14 percent, respectively. The 
value of R2 was kept at 0.9806, and 0.9828, which is closer to its obtained value, and 
helps in the explanation of output response variations for the model [17–18].

TABLE 7.1 
Input Process Variables and Output Response Characteristics
Std Run Depth of Diameter of Rate of Feed Material Maximum Wall Thinning 
Order Order Step (mm) Tool (mm) (mm/min) Thickness (mm) Angle (degrees) (mm)

2 1 0.2 5 1000 0.8 77.5 0.487

22 2 0.2 5 1000 1 77.2 0.653

13 3 0.2 5 1000 1.2 76.82 0.737

11 4 0.2 10 1500 0.8 77.2 0.489

6 5 0.2 10 1500 1 76.82 0.614

17 6 0.2 10 1500 1.2 75.78 0.747

10 7 0.2 15 2000 0.8 75.4 0.569

14 8 0.2 15 2000 1 75.2 0.628

18 9 0.2 15 2000 1.2 74.2 0.763

15 10 0.5 5 1500 0.8 73.4 0.514

24 11 0.5 5 1500 1 72.45 0.651

16 12 0.5 5 1500 1.2 72.04 0.785

1 13 0.5 10 2000 0.8 73.1 0.516

20 14 0.5 10 2000 1 72.9 0.647

5 15 0.5 10 2000 1.2 71.86 0.787

9 16 0.5 15 1000 0.8 72.3 0.522

26 17 0.5 15 1000 1 72.04 0.654

7 18 0.5 15 1000 1.2 71.04 0.795

23 19 0.8 5 2000 0.8 70.4 0.534

19 20 0.8 5 2000 1 69.4 0.676

12 21 0.8 5 2000 1.2 68.6 0.819

8 22 0.8 10 1000 0.8 69.9 0.538

25 23 0.8 10 1000 1 68.5 0.683

4 24 0.8 10 1000 1.2 66.58 0.839

21 25 0.8 15 1500 0.8 69.6 0.539

27 26 0.8 15 1500 1 69.4 0.676

3 27 0.8 15 1500 1.2 69.2 0.813
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FIGURE 7.5  Wall thickness measurement.

TABLE 7.2 
Revised ANOVA Values for Maximum Wall Angle
Source DF Adj SS Adj MS F-Value P-Value

Model 13 253.589 19.507 102.17 0.000

z 1 231.412 231.412 1212.07 0.000

d 1 0.344 0.344 1.80 0.202

f 1 0.281 0.281 1.47 0.247

t 1 8.932 8.932 46.79 0.000

z*t 1 0.889 0.889 4.66 0.050

z*f 1 1.940 1.940 10.16 0.007

Error 13 2.482 0.191

Total 26 256.071

Model Summary R-Sq = 99.03%; R-Sq (pre)= 94.53%; R-Sq (adj) = 98.06%

TABLE 7.3 
Revised ANOVA Values for Wall Thinning
Source DF Adj SS Adj MS F-Value P-Value

Model 13 0.329653 0.025358 115.71 0.000

z 1 0.010272 0.010272 46.87 0.000

d 1 0.000008 0.000008 0.04 0.851

f 1 0.000036 0.000036 0.16 0.692

t 1 0.313896 0.313896 1432.33 0.000

z*f 1 0.000800 0.000800 3.65 0.078

z*t 1 0.002080 0.002080 9.49 0.009

Error 13 0.002849 0.000219

Total 26 0.332502

Model Summary R-Sq = 99.14% R-Sq (adj) = 98.29% R-Sq (pre) = 95.73%
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The p value of 0.05 of the models as well as the insignificance of lack of fit help 
to describe the impact of process parameters for the experimental model [19]. The 
SN ratio reflects the adequate accuracy for the predicted values to that of the aver-
age forecast error at design points. Its estimated desired value is ≥ 4  [20]. Here, the 
adequate accuracies of the model are 102.17 and 115.71 (Tables 7.2 and 7.3), which 
signifies the efficiency of the model.

7.3.1  Wall angle

Formability is a critical feature that allows the component to stretch without failure 
and within dimensional constraints. However, in all conventional processes of form-
ing, the elastic energy storage takes place; formability could be diminished by choos-
ing suitable forming parameters. Wall angle deviation is due to the resilience in the 
produced section and is directly related with different forming parameters [21]. The 
wall angle and wall thinning are therefore considered as one of the output responses 
for the analysis of the formability of the fabricated part. The variance analysis for 
wall angle is depicted in Table 7.2, and it can be seen that step depth, followed by 
material thickness, has a major effect on the wall angle. In addition, the feed rate has 
no impact on the wall angle of the component produced.

It is evident from Figure 7.6 that, when established with maximum step depth, 
the maximum wall angle achieved is very small. In the deformed area, high elastic 
energy is stored at increased step depth and the energy also dissipates over time, 
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FIGURE 7.6 (A)  Effect of diameter of tool and depth of step on maximum wall angle.
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FIGURE 7.6 (B)  Effect of rate of feed and depth of step on maximum wall angle.
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FIGURE 7.6 (C) Effect of thickness of material and depth of step on maximum wall angle.

thus reducing the formability. The higher localized deformation is achieved due to 
reduced step depth that results in low elastic energy that gets stored in it, causing pro-
longed formability. The step depth aggravates the wall angle to a greater extent, and 
is thus acknowledged as a significant element in affecting the maximum wall angle 
of the shaped component [8, 16].
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FIGURE 7.6 (D)  Effect of diameter of tool and rate of feed on maximum wall angle.
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FIGURE 7.6 (E)  Effect of diameter of tool and thickness of material on maximum wall angle.
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7.3.2  Wall thinning

There is a reduction in the sheet thickness, called thinning, in the forming process. 
Extreme thickness reduction of the material under the unacceptable limit is con-
sidered a failure and, thus, minimum wall thickness found in the shaped section 
of the truncated cone is used for the analysis of wall thickness. While thinning is 
unavoidable, by optimizing the process parameters [8–22], it could be reduced within 
a permissible amount. From ANOVA (Table 7.3), it is shown that the thinning of the 
formed part is primarily influenced by material thickness, followed by step depth.

The material thinning is found to be maximum when operating with high step 
depth for thick materials, as shown in Figure 7.7. Higher step depth in the defor-
mation zone causes increased stretching, resulting in reduced wall thickness. Thick 
materials prohibit the part from strain-hardening by diminishing the time between 
successive paths of the instrument, thus reducing the thickness of the wall. In addi-
tion, stretching is fast under low step depth and material thickness, causing lengthy 
shear in the tool area, resulting in a reduction in wall thickness [23].

Figure 7.7a shows that step depth has an elevated effect on the component’s thin-
ning. The layer is weak to 0.839 mm thickness when operating on a step depth of 
0.8 mm. Therefore, premature failure of the part could be prevented with minimal 
step depth, which also improves the material’s formability. The combined impact of 
feed rate on step depth is seen to be less significant. It is evident from Figure 7.7b that 

Feed rate (mm/min) 1500

Material thickness (mm) 1

Hold Values

Step depth (mm)

To
ol

 d
ia

m
et

er
 (

m
m

)

0.80.70.60.50.40.30.2

1 5.0

1 2.5

1 0.0

7.5

5.0

>  

–  

–  

–  

–  

–  

<  0.62

0.62 0.63

0.63 0.64

0.64 0.65

0.65 0.66

0.66 0.67

0.67

(mm)
Thinning

Thinning vs. Effects of input process parameters

FIGURE 7.7(A)  Effect of diameter of tool and depth of step on thinning of wall.
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FIGURE 7.7(B)  Effect of rate of feed and depth of step on thinning of wall.
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FIGURE 7.7(C) Effect of thickness of material and depth of step on thinning of wall.

reducing the step depth increases the thickness of the wall, regardless of feed rates; 
the diameter of the tool has the same effect on the component’s thinning.

7.3.3  quadratiC equation

The quadratic equation that is achieved from RSM for predicted maximum wall 
angle is shown in equation (3).



141Modeling and Optimization

Step depth (mm) 0.5

Material thickness (mm) 1

Hold Values

Tool diameter (mm)

Fe
ed

 ra
te

 (m
m

/m
in

)

1 5.01 2.51 0.07.55.0

2000

1 800

1 600

1 400

1 200

1 000

>  

–  

–  

–  

–  

<  0.640

0.640 0.645

0.645 0.650

0.650 0.655

0.655 0.660

0.660

(mm)
Thinning

Thinning vs. Effects of input process parameters

FIGURE 7.7(D)  Effect of diameter of tool and rate of feed on thinning of wall.
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FIGURE 7.7(E) Effect of diameter of tool and thickness of material on thinning of wall.

Maximum wall angle

= −80. .77 21 76 ( )z d− 0. .047( ) + 0 00054 ( )f t+ 3 9. 8( )) + 3 3. 6 ( )z2
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FIGURE 7.7(F) Effect of thickness of material and rate of feed on thinning of wall.

Similarly, in equation (4) the quadratic equation for predicting wall thinning val-
ues is given.

Thinning = −0. .026 0 048( )z d− 0. .00451( ) + 0 000021( )f t+ 0.617( )
+ 0.00383( )z d2 2+ 0. .0000478( ) + 0 040 ( )t z2 + 0.00037( )( )d

− 0.0000 ( )z f(( ) + 0. .2194 ( )z t( ) − 0 00542 ( )d t( ) − 0.000062 ( )f t( )  (4)

7.3.4  nuMeriCal optiMization

Optimization diminishes a determination with constraints on its variables or maxi-
mizes them. The prediction of critical factors and their combination for best output 
response characteristics is done through statistical optimization [17–18]. Maximum 
wall angle is a response that needs to be maximized and, as an optimization restric-
tion, the greater the better. Wall angle is a direct profile factor that is affected by 
spring back. The wall angle is often less than the ideal angle because of the spring 
back, so optimal parameters are predicted to achieve a greater wall angle. To avoid 
the failure of the part, the wall thickness must be maximum and hence the maximum 
wall thickness is a painstaking restraint in the technique of numerical optimization.

According to output process characteristics, the best combination of yield values 
achieved could be 77.81 ,̊ 0.8563mm with a step depth of 0.2mm, diameter of tool 
5mm, rate of feed 1000 mm/min and a material thickness of 0.8mm (Figure 7.8) and 
with a step depth of 0.8mm, diameter of tool 5mm, rate of feed 1000 mm/min and a 
material thickness of 1.2mm, respectively as shown in (Figure 7.9). Here, the two sets 



143Modeling and Optimization

Cur
High

Low
D: 1.000
Optimal

Predict

d = 1.0000

Maximum
y = 77.8057

Maximum 

0.80

1.20

1000.0

2000.0

5.0

15.0

0.20

0.80
Tool dia Feed rat MaterialStep dep

[0.20] [5.0] [1000.0] [0.80]

FIGURE 7.8  Optimized response for maximum wall angle and its corresponding parameters.

 �

 

Cur
High

Low
D: 1.000
Optimal

Predict

d = 1.0000

Maximum
y = 0.8563

Thinning

0.80

1.20

1000.0

2000.0

5.0

15.0

0.20

0.80
Tool dia Feed rat MaterialStep dep

[0.80] [5.0] [1000.0] [1.20]

FIGURE 7.9 Optimized response for wall thinning and its corresponding parameters.

of experiments are performed with optimized values of process parameters and the 
results are 99 percent accurate in prediction of output responses.

7.4 CONCLUSION

In this chapter, the material AA6061, which has a wide range of applications in auto-
motive, aerospace, and medical implants, was tested using incremental forming. The 
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process parameters were optimized by the Box-Behnken design with 27 experiment 
sets for modelling. The various observations from the work are as follows:

• The maximum wall angle increases with decrease in step depth, material 
thickness and tool diameter. Consequently, step depth (1212.07) as a factor 
strongly influences maximum wall angle, followed by material thickness 
(46.79) compared to the interaction effects step depth (10.16), followed by 
step depth and tool diameter (4.66) are significant.

• With decrease in depth of step, diameter of tool and thickness of workpiece, 
the part undergoes deformation and stable stretching, which reduces spring 
back, and thus the maximum wall angle increases.

• An increase in lubricant viscosity enhances the surface finish, however, it 
hardly affects the accuracy of profile as well as the thinning of the formed 
product.

• The F-value of material thickness is (1432.33) followed by step depth 
(46.87), indicating its significant influence on thinning, relative to other fac-
tors. From the interaction effects step depth with value of (9.49), followed by 
step depth and feed rate (3.65) are significant.

• The numerical optimization of the model suggested that output values 
achieved could be 77.81 ,̊ 0.8563mm with a step depth of 0.2mm, diam-
eter of tool 5mm, rate of feed 1000 mm/min and a material thickness 
of 0.8mm (Figure 7.9) and with a step depth of 0.8mm, diameter of tool 
5mm, rate of feed 1000  mm/min and a material thickness of 1.2mm, 
respectively.

• The investigation on analysis of energy consumption, force as well as distri-
bution of thickness of the fabricated components can be explored in future 
work. The investigation can also be extended to polymers and composite 
materials. The evolutionary approach can be utilized for the global opti-
mization of input process parameters for estimation of output response 
characteristics.

List of Acronyms

ISF incremental sheet framing
ISMF incremental sheet metal forming
RSM response surface methodology
ANOVA analysis of variance
IF incremental forming
NC numerical control
CNC computerized numerical control
BBD Box-Behnken design
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8.1  INTRODUCTION TO FUNDAMENTALS OF 
PLASMA AND ITS CLASSIFICATIONS

In 1927, the famous scientist I. Langmuir [1] introduced a new term, plasma, to 
the special gas condition in which gases are electrically conducting by the fact that 
electrons are separated from atoms. Thus, plasma consists of positively charged ions 
and negatively charged free electrons besides excited and unexcited gaseous atoms 
and molecules. Although it maintains overall electrical neutrality, its interaction with 
external electromagnetic fields takes place due to electric fields produced within it. 
In practice, strict electrical neutrality, i.e. when the number of positive ions is equal 
to the number of electrons, is hardly possible in plasma. Therefore, plasma is more 
appropriately considered as an electromagnetic fluid which maintains quasi neutral-
ity. Figure 8.1 illustrates the basic concept of plasma and associated voltage distribu-
tion between anode and cathode in the simplest kind of plasma, for example, direct 
current (dc) glow discharge [2].

Table 8.1 highlights various states of matter and respective densities of species. 
It may be noted that plasma occupies the fourth position in the table, also currently 
called the fourth state of matter in physics, and it appears to be so named because of 
its late discovery, after the three basic states of matter: solid, liquid and gas.

Plasma can be created from individual gas, gaseous mixtures, including noble 
gases, ambient air or aqueous vapours [3]. Generally, a gas is an electric insulator 
having a good dielectric constant. A sufficiently large voltage applied across a gap 
between two electrodes breaks down a gas or gas mixture present in the gap and 
conducts electricity [4].

DOI: 10.1201/9781003220237-8 147

https://doi.org/10.1201/9781003220237-8


148 Advanced Manufacturing Processes

This is caused when electrically neutral gas molecules get ionized to form nega-
tively charged electrons and positively charged ions. The voltage required and break-
down behaviour of gas molecules vary with the type of

gas, pressure of gas, flow rate of gas, the materials under treatment including nature 
of dielectric property, design and arc length of the surfaces across which the voltage is 
applied, electrode types, high voltage supply nature (e.g. direct current (dc), alternating 
current (ac), radiofrequency or microwave) and the electrical circuitry design.

[5]

The ionized resulting gas is often known as a discharge or plasma. In plasma the 
interactions develop among electrically charged particles and with the neutral gas 
creating special chemical and physical properties. The constituents of the plasma 
show collective behaviour. Coulombic forces develop among the charges. These 
forces are affected due to collisions among molecules, ions, etc. In other words, an 
essential role is played by the self- generated electric fields and they decide how the 
particles move. As a consequence of the collective behaviour, plasma exhibits screen 

FIGURE 8.1 (a) Conceptual illustration of plasma, (b) voltage distribution across two 
electrodes.

TABLE 8.1 
Various States of Matter and Density of Species
States of matter Density of species (n) in m-3

Solid 1023–25

Liquid 1023–24

Gas 1023

Plasma, Fourth state 106–34

Bose-Einstein condensate, Fifth State 1023

Fermionic condensate, Sixth State 1023
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out local density perturbations. The starting gas used to generate/form plasma influ-
ences oxidation potential and reaction kinetics of the medium.

Plasmas can be classified on the basis of thermodynamic equilibrium of the gas 
species such as equilibrium, local equilibrium and non-equilibrium plasma [5–8]. 
The constituting species of equilibrium plasma are fully ionized and all of them 
exist at same temperature (usually indicated by ion temperature). The ion tempera-
ture is equal to the plasma temperature at this state; it is extremely high in case 
of astrophysical plasmas (such as sun) [6]. The other two varieties of plasma (local 
equilibrium and non-equilibrium plasma) are considered as the industrial plasmas 
in terrestrial conditions [5–8]. The local equilibrium type of plasma known as ther-
mal plasma shows a small fraction of the gas molecules are ionized (not more than 
2–3 percent of molecules get dissociated and ionized) in which the heavy species 
temperature is approximately equal to the electron temperature and the plasma tem-
perature is typically in the range 2,000–25,000 K [9–10] and shows local electri-
cal neutrality, whereas only an upper temperature limit of 2000 K can be achieved 
by burning fissile fuels [11]. It known that the thermal plasmas are at or close to 
atmospheric pressure. Thermal plasma has high degree of ionization, high electron 
density (reaching around 1023–1028 m-3) and high energy density (105–106 W/cm2) 
[5, 9]. Non-equilibrium plasmas are generally low-pressure (<110 mb) in which elec-
tron temperature (kinetic energy of electron is directly converted to temperature, 
ε = 3/2 kT, where k stands for Boltzmann’s constant and T is the temperature, 1 eV ~ 
11, 600 K) is several thousands of degrees higher than the temperature of ions, as a 
result of which plasma shows ambient temperature. We call non-equlibirium plasma 
[6–7]. They are characterised by their relatively low electron densities < 1020 m-3 [5]. 
Different kinds of typical plasmas have different advanced industrial applications 
[12–14]. Typical kinds of plasmas and corresponding charge density and tempera-
tures are shown in Table 8.2.

Typical properties of plasma include the following:

•	 Gas or ion temperature (Tg) is generally different from electron temperature 
(Te), Te”Tg.

•	 Obeys Maxwell Boltzmann distribution law.
•	 More viscous (> 10 times) and conducting (>5 times) than gas.
•	 In thermal and equilibrium modes of generation, it can produce tempera-

tures from several thousands to millions of degrees K.
•	 Reaction kinetics is very fast owing to participation of charges.
•	 Quenching (cooling) rate of the order of million degrees is achievable.
•	 Produces associated radiation including visible, UV, X-ray, etc.
•	 Responds to external electromagnetic field due to its self-generated electric 

field.

In order to define a plasma state from a physics point of view, one has to carefully 
consider the following parameters [2, 15–16]:

•	 Charge density (ion, electron) or plasma density (ni, ne), neutral density (nn).
•	 Plasma potential or space potential (Vp), floating potential (Vf), Vf<Vp.
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TABLE 8.2 
Typical Plasma and Corresponding Charge Densities and Temperatures
Form of Plasma Charge Density (n/cm3) Temperature (K)

Light current discharge 1011 104

High pr. Heavy current Arc Plasma 1015 105

Ionosphere (F-layer) 106 103.5

Electrons in metal 1023 102.5

Interstellar space ~0 103.5

Interior of stars (medium 1027 107.5

magnitude)

Interior of white dwarf star 1032 107.5

Flame (LPG: Indane/Cal gas) <103 1700

• Vp-Vf= kT/2eln(miTe/meTi), where mi = mass of ion, me= mass of electron.
• ion temperature (Ti), electron temperature (Te), gas temperature (Tg)

• Sheath (the space charge region around a floating substrate with relatively 
less charge density), d2V/dx2 = -r/e0, dE/dx = r/e0

• where V =potential, E = electric field, r = charge density, permittivity of 
free space= e0.

• n¢e/ne = exp—e(Vp-Vf)/kTe.

• n¢e =ne exp (-ej/kTe), where ne= initial electron density and n¢e=electron 
density in depleted region.

Debye Shielding and Length (λD) [2, 15–16]

• Variation of Potential around a Perturbation is derived from Poisson’s equa-
tion., and given by the equation. d2V/dx2” e2ni/kTee0DV(x).

• DV(x)= DV0 exp (- êx ê/λ D).
• λ  = (kT e  /n  e2)1/2

D e 0 e .
• Debye Length is the distance over which perturbation is reduced to 0.37(1/e) 

of its initial value (~ many mm).
• Plasma frequency(W  W /m 1/2

e= (ne2
e), ee0) .

Ambipolar Diffusion [17–18]

• je = -e De dne/dx, where De=diffusion of electron, je=electric currentdensity 
due to electrons.

• ji = -Di dni/dx, where Di=diffusion of ion, ji=electric current density due to 
ions.

• It implies that under a concentration gradient, electron and ion diffuse at the 
same rate, i.e. have same diffusion coefficient

• This happens due building up of restraining electric field E.
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8.1.1  oCCurrenCe oF plasMa in nature

Terrestrial: Stellar & Interstellar

Fire Sun
Lightening Stars
Aurora Polaris Interstellar space
Ionosphere Solar wind

8.1.2  Mundane or artiFiCially produCed plasMas

• Electric arc (8000–10,000 K).
• Welding torch.
• Fluorescent light.
• Plasmatron/Plasma torch (~10,000K).
• Laser plasma (up to million K).
• Artificial sun or TOKOMAK (million K).
• Water jet plasma (50,000K).
• Semiconductor (solid state) plasma.
• Radio frequency (RF)/electron cyclotron resonance (ECR) plasma.
• Quark gluon plasma.
• Nuclear plasma (~million K).

This literature review specially focuses on thermal plasma because it is a widely 
applied industrial kind of plasma. The devices employed for thermal plasma produc-
tion occur from a few tens of watts (W) to several megawatts (MW) [10]. It provides 
rapid evaporation rate and steep temperature gradient and can have wide volume and 
area of hot zone, high growth rate, etc. [5, 9, 10, 19–20]. For industrial applications 
it has the most important properties such as (i) the high heat flux or power density 
105–106w/cm2, which can melt metals and vaporize ceramic particles. These prop-
erties of thermal plasma are used in materials and minerals processing [4–5, 9–10, 
19–20]. Thermal plasmas have industrial applications

ranging from small scale (low power thermal plasma devices in industrial operations 
like arc welding, plasma cutting, plasma spraying, arc lighting, circuit interruption, 
etc.) to large scale reactors/furnaces (medium and high power devices like electric arc 
furnaces in the range of hundreds of kW are used for metallurgical applications, min-
eral processing methods, waste treatment, bio-processing, etc), with some processes 
typically on an intermediate scale (nanoparticle production, spheroidization, etc).

[4–5, 9–10, 19–21]

Due to the availability of high power density with high temperature in thermal 
plasma, this plasma has drawn extensive attention, specially for processing of ultra-
high temperature ceramics and their composites (WC, TiC, B4C, SiC, Al2O3, AlN, 
TiN, BN, TiB2, WB, etc.) in desired shapes and sizes for synthesis of advanced mate-
rials and generation of value added materials [5, 22–24]. Thermal plasma technology 
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is very popular for processing new and high-performance advanced materials. 
Thermal plasma is used in extraction and process metallurgy and covers refining and 
re-melting of materials, casting operation, etc. [4–5, 9–10, 19–24]. By some new kind 
of plasma processes deposition of thick nanostructured coatings [4, 9–10, 19–20, 25] 
could become possible.

In cases of processing of waste into energy, thermal plasma technology has 
recently been considered as a highly attractive route. It can be easily used for the 
treatment of various wastes (municipal solid wastes, heavy oil, used car tyres, medi-
cal wastes, etc.) for conversion of biomass to syngas at more than 99 percent effi-
ciency (which is mainly composed of H2, CO and CH4), because of the ability of 
the plasma to vaporise anything and destroy any chemical bonds [4, 9, 19–21]. Each 
of these categories or applications of thermal plasma may include a broad range of 
endeavours and could be the topic of separate reviews. Most thermal plasmas can 
be generated by DC or AC electric fields (electric arcs) and inductively coupled RF 
energy, microwave energy or laser energy [4, 9–10]. Plasma torches are the most 
commercially available thermal plasma source which are used in industrial uses like 
welding, melting, furnace and thermal synthesis of materials, etc. Because of these 
reasons, more representation is required to generalize all the types and applications 
of thermal plasmas.

8.2  ADVANTAGES OF THERMAL PLASMA 
PROCESSING OF MATERIALS

Thermal plasma processing technique is relatively simple and provides a cost 
advantage, particularly in the case of ceramics and refractory compounds that 
require high-temperature operations. The most generally used gases in thermal 
plasma are Ar, He, N2, H2 and their mixtures [5, 10, 19, 23–24]. Ar is an inert 
gas, it provides non-oxidizing/non-reducing ambience during processing. Since it 
is a monoatomic gas, no energy is lost in dissociating molecule and its ionization 
potential is fairly low (15.759 eV) amongst the inert gases. It is commercially avail-
able plentifully unlike other inert gases (e.g. Kr, Ne, He, Xe, etc.). Due to inert 
nature, electrode service life is more in Ar plasma [19]. Typical cathode materials 
used in plasma devices are tungsten, thoriated tungsten, graphite, copper, hafnium, 
niobium and zirconium/zirconia [5, 10, 19, 23–24]. Hollow graphite electrodes are 
usually used as cathodes, but water-cooled metal electrodes (like thoriated tung-
sten) have also been used when required. Graphite electrodes are preferred for 
most processes, as they impose no limits on the current (up to say, 100 kA- scaled 
up to industrial operation) and its use is simpler (require less skilled maintenance) 
[26]. The consumable graphite cathode is cheap but has the disadvantage that it 
can contaminate the product as result of which a more frequent substitution of 
electrodes is required. Tungsten electrode has to be operated in an inert atmosphere 
like argon or nitrogen. The non-consumable electrode like tungsten shows a longer 
life performance but its application is limited because of its erosion behaviour. 
Copper, graphite and refractory metals possessing excellent thermal and electri-
cal conductivity are generally used as the material for anode [5, 10]. The salient 



153Plasma Fundamentals

reasons why thermal plasma processing is preferred over conventional processing 
of materials are summarised as follows:

 1. Availability of high temperature (up to 25,000 K) in terrestrial laboratory 
conditions and large enthalpy (preferred for refractory materials processing).

 2. Independent oxygen potential (preferred for reactive materials processing).
 3. Very high quenching rate (million K/sec), useful for producing new phases 

of material from meta stable states.
 4. High energy density (105–106 W/cm2), suitable for reducing reactor size due 

to high throughput.
 5. Presence of ionic species accelerates oxidation/reduction reaction, thus 

reaction kinetics of any chemical reaction becomes faster.
 6. Ability to feed powders directly into plasma furnace/reactor due to plasma 

interaction taking place through surface.
 7. Environment pollution is minimised due to high temperature involvement 

in thermal plasma which breaks hazardous and toxic molecules into their 
constituent molecules of non-toxicity.

 8. Acoustic and electrical noise of reactors are reduced to very large extent due 
to better electrical conductivity of plasma (10–100 ohm-1.cm-1).

 9. Purity of higher order in metals is achievable because of higher temperature 
of reaction in reduction process.

The most important plasma-source devices currently used in processing of materi-
als include “plasma torches and transferred arcs operate in dc mode, inductively cou-
pled (radio frequency (RF)) plasma torches and hybrid combinations of them, etc.” [5, 
9–10, 19–24]. Generally power sources involved for formation of thermal arc plasma 
are accompanied by DC power supply [3, 21–24, 26–37]. Polarity reversal takes place 
in AC, thus causing stoppage of arcing in one half cycle. Particularly for metals and 
alloys, it therefore causes difficulty to sustain continuous arc in lower-wattage reac-
tors. A DC source generates plasma having the advantage of having control reaction 
kinetics [19]. Hybrid plasma reactors are therefore designed [38–40] to superpose AC 
over DC where DC sustains the arc and AC delivers high power so that the resulting 
combination becomes cheaper. Many reactions which require high temperatures in 
extractive metallurgy (e.g. carbothermic reduction of metal oxides), which is beyond 
the scope of conventional furnaces due to thermodynamic behaviour involved and 
kinetic reaction limitations, can be effectively carried out in plasma furnaces [26].

8.3 CONCLUSION

Plasmas show many outstanding properties which are very useful for processing of 
materials and their industrial applications. In this chapter we have discussed the fun-
damental characteristics of plasmas that are important for exploring the properties 
of plasma science and technology. Research and development work on fundamen-
tal plasmas, and plasma processing of materials are now one of the prime areas of 
focus for researchers. Specially, thermal plasmas have many industrial applications 

 �
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ranging from small-scale applications of arc welding to metallurgical applications, 
mineral processing methods, waste treatment, bioprocessing, etc. There are many 
fundaments properties of various plasmas and their applications are yet to be dis-
covered. Over a last few decades, thermal plasmas have been used in industries. 
Because of its qualities, new application areas are currently being explored. Hence, it 
is important to explore the details of its fundamental characteristics and applications. 
There is a need in particular to evaluate the commercial viability of plasma in vari-
ous industries, which needs be explored in detail to attract the science and technol-
ogy communities to study the plasma processing of materials.
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9.1  INTRODUCTION

Bone is the infrastructure of the human body, it provides a rigid framework that offers 
protection and support, as well as attachment sites for muscles that are essential for 
locomotion and movement [1]. Bones are living, metabolically active and growing 
soft fibrous material that has dense connective tissues. The 206 distinct bones in the 
human body come in four basic shapes: long bone, short bone, flat bone and irregular 
bone. Bone tissue is made of distinct types of bone cells. The properties of bone are 
hard, brittle and have poor thermal conductivity [2]. It is a composite tissue having a 
hard outer layer made of crystalline calcium phosphate (hydroxyapatite) with small 
amounts of other mineral substances, covering a soft spongy structure made of the 
protein collagen. The outer layer gives strength and the inner honeycomb-like struc-
ture containing a matrix gives the flexibility required by the body. The exterior outer 
layer is known as cortical bone and the inner spongy surface is known as cancellous 
bone [3]. With the task of structurally supporting the body, 80 percent of the weight 
of a human skeleton is due to cortical bones, and they are very dense compared to 
cancellous bones. The bones are stiffer and stronger at higher strain rates, which is a 
way to compensate for the higher loads and stresses imposed by vigorous activity or 
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super physiological loading. Both cortical and cancellous bone contains living cells, 
which help make repairs when bones are broken or injured.

As the bone helps to strengthen the body, so the mechanical behaviour of bone is 
exceedingly important for estimating fracture risks. Some part of a body is constantly 
under compressive loads, which may increase the risk of fracture. The fracturing of 
bone is a common issue because of sports injuries, age, osteoporosis, industrial and 
transport accidents, etc. At the time of fracture, bones break, or bone alignments may 
be dislocated. A bone fracture occurs at the point where the physical force exerted 
on bone is much stronger than the bone itself. It is a medical condition where the 
continuity of the bone is broken partially or completely. The treatment of bone frac-
ture usually involves restoring fractured bone to its initial position and immobilizing 
it until restoration and reconstruction take place. There are two main methods for 
the treatment of bone fracture: direct and indirect. The indirect method is a time-
consuming process, during which the body part is immobilized from the outside 
and its movement is relatively restricted. For outer fixing of bone, plaster casts, body 
casts and orthopaedic casts are used, as depicted in Figure 9.1a. There are a few 
disadvantages with the indirect method, like wrong bone alignment and a lengthy 
process of healing; the indirect method is also known as the conventional method. 
To overcome these limitations, a direct method has been introduced by orthopaedic 
surgeons where the fractured bone is treated internally and directly by surgical pro-
cedure to reposition and secure the bones. The direct method implies the fixation of 
the fractured part of bone by exposing the skin and fixing the fractured bone with the 
help of implants and screws, as illustrated in Figure 9.1b. Bone drilling is performed 
to create holes at the right position on fractured sites and an implant is fixed. In this 
approach, immobilization is done by fixation of bone with implants and screws.

Bone drilling removes the misalignment problem of bone but produces a new 
issue, i.e. thermal narcosis, which means completely or partially damaging nearby 
parts (soft tissues) of bone which cannot be regenerated again once burned. During 
drilling of bone, heat is generated due to which thermal burning of soft tissues occurs 
which may result in the failure of bone generation and screw implant failure.

Hillery and Shuaib noticed no significant difference in the temperature when 
drilling with distinct point angles of 70°, 80° and 90° with a 23° positive rake angle 
[4]. This research was carried out to look into the matter of the most suitable drill 

FIGURE 9.1  Methods to treat a fractured bone: (a) indirect method, (b) direct method.
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shape and optimum drilling speed. From experimentation, it was revealed that as 
the drilling depth increases during drilling, the temperature increases. Figure 9.2 
shows a fractured bone undergoing femur surgery with the direct approach of bone 
drilling. In Figure 9.2, a screw is inserted in implants of cortical bone at the left side 
and a cannulated screw is inserted in the cancellous bone at the top. This method 
of treatment is more secure and stable than the conventional indirect approach [4]. 
Therefore, many medical surgeries, for example trauma, dental, orthopaedic and 
neurosurgical operations, require drilling on bone.

The purpose of bone drilling is to provide support to the fractured part of bone 
directly that helps heal the bone fracture faster [5]. The orthopaedic drilling of bone 
is very similar to mechanical drilling processes which results in increasing the cut-
ting force, temperature at the surrounding bone material. As the fractured bone heals 
it causes generation of microcracks on the surface of bone. The holding power at the 
bone-screw joint depends on anchorage strength and pull-out strength between screw 

FIGURE 9.2 Drilling on bone for surgery.

Source: Reprinted with permission from Elsevier [4].
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FIGURE 9.3 Illustration of the RUAM process.

and bone. Damaged bones with microcracks are notable to hold the screws and implants 
for a very long period leading to implant failure. Moreover, the excessive increase in 
force, torque and temperature lead to thermal necrosis, poor pull-out strength of the 
screw, and screw loosening that may lead to intolerable pain at the fracture site and 
affect the reliability of surgery causing reoperation and revision surgery [6–7].

In the last few years, various advanced machining technologies were invented and 
introduced with the aim of reducing surgical complications and eliminating obstruc-
tions for the surgeon. The rotary ultrasonic-assisted machining (RUAM) is the most 
explored technique for eliminating the problem of escalated temperature, enhanced 
cutting forces, torque and reducing microcracks in the surrounding bone surface. 
RUAM is proven to be a better alternative as compared to conventional machining 
during bone surgeries. In this technique, ultrasonic vibrations are provided to the 
drilling tool that produce intermittent (non-uniform) contact between drilling tool 
and bone surface, as illustrated in Figure 9.3. The interruption caused by ultrasonic 
vibrations in the drilling tool discontinues the direct continuous friction at bone-tool 
interface. This technique has been successfully implemented and showed improve-
ments during surgery by reducing temperature rise [8], enhancing pull-out strength 
of screw [9], reducing microcracks [10], minimizing the cutting forces and torque 
[11–12] and reducing tool wear [13]. The various studies related to RUAM are dis-
cussed in the following section.

9.2  APPLICATION OF ROTARY ULTRASONIC-ASSISTED 
MACHINING IN THE BIOMEDICAL FIELD

Today, researchers have discovered a new drilling process, Rotary Ultrasonic Bone 
Drilling (RUBD). Ultrasonically assisted drilling for cutting bones and fixing 
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implants are becoming popular in orthopaedic, neuro and dental surgeries. It is one 
of the advanced technologies that have been developed to overcome most of limita-
tions of conventional drilling. In this method, an ultrasonic machine is used for tool 
vibration with the help of a transducer at an ultrasonic frequency of 20–40 kHz. With 
the help of a piezoelectric transducer an ultrasonic vibration is given to the attached 
tool on the horn. When high power electricity is passed from them, the grains get 
scattered in their specific direction continuously [14–17]. The ultrasonic power is 
supplied from the ultrasonic generator to the piezoelectric actuators—the element 
which generates ultrasonic vibration. Because the tool performs rotary as well as 
longitudinal motion, there is no continuous contact between bone and the tool which 
produces less cutting force generation and less temperature leads to better surface 
texture and fewer microcracks [14, 18–20]. It provides precise cutting and enhances 
the take-off strength of the cortical screw as compared to conventional bone drilling 
(CBD) [9–10]. Various authors used the novel technique of RUBD to improve surgi-
cal procedures and minimize the failure of osteosynthesis. Some of the studies are 
discussed and reviewed as follows:

Gupta et  al. [6] compared RUBD with CBD on porcine bone for force and 
torque measurement and suggested that for lower force and torque, the rec-
ommended process parameters setting is high rotational speed with low 
feed rate. Moreover, it was concluded that ultrasonic drilling of bone gen-
erates a lower temperature than conventional drilling of bone because at 
higher amplitude, time of contact between tool and bone decreases.

FIGURE 9.4  Experimental setup of (a) RUBD, (b) CBD; 1) CNC collet; 2) carbon brushes; 3) 
slip rings; 4) collar; 5) horn; 6) nut and collet; 7) hollow tool; 8) holding fixture for bone; 9) 
bone sample; 10) conventional surgical drill bit.

Source: No permission is required according to the journal policy [6].
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Singh et  al. [7] compared ultrasonic drilling with conventional drilling for 
bovine bone to observe surface morphology. It was concluded that better 
finish and better quality holes are observed with ultrasonic machining due 
to less mechanical forces and that it gives a finer surface of the bone speci-
men as compared to conventional drilling. Moreover, the ultrasonic drilling 
of bone produces less bone debris compared to conventional bone drilling.

Chen et al. [8] used low frequency vibrational assisted drilling to monitor ther-
mal injuries induced during drilling of bovine bone. It was observed that 
vibrational assisted drilling effectively reduces temperature rise as this pro-
cess interrupts the continuous accumulation of cutting heat.

Agarwal et al. [9] used a rotary ultrasonic drilling process on porcine bone to 
enhance the pull-out strength of the cortical screw. It was witnessed that 
rotary ultrasonic drilling produces a precise cut that enhances the bone 
healing and improves the holding power at the bone-screw interface due to 
which pull-out strength of the cortical screw increases.

Gupta and Pandey [14] used rotary ultrasonic drilling (RUD) of pig bone for 
controlling temperature rise. They used diamond coated hollow tools for 
drilling bones. Thermocouples were used for measuring the temperature 
changes of bone. Effect of RUD parameters, which are rotational speed, 
feed rate, amplitude, and drill diameter on change in temperature at dif-
ferent drilling location at a time of bone drilling was monitored. It was 
concluded that as compared to the RUD of bone, the conventional drilling 
method generates a higher temperature, which is very useful for orthopae-
dic drilling operations. This is because temperature increases with rise in 
rotational speed, feed rate and diameter of drill, but decreases with a rise in 
vibrational amplitude.

Shakouri et al. [15] have compared conventional and ultrasonic-assisted drill-
ing of bovine bone to observe thermal necrosis during the drilling process. 
It was observed that the ultrasonic-assisted drilling produces less thermal 
necrosis in comparison to conventional bone drilling.

Singh et al. [16] introduced a new surgical vibrational bone drilling technique. 
During vibration drilling of bone, the twisted tool of the drill vibrates along 
longitudinal direction in a specific frequency and revolves around its axis 
with a constant feed rate. Bovine bone was used for this investigation. For 
heat generation the major process parameter was rotational speed. Its con-
tribution on the result was 80.53 percent. At minimum revolving speed of 
(600 r/min), osteonecrosis was very low, and at maximum revolving speed 
of (3000 r/min), osteonecrosis was high. Hence, according to results, vibra-
tional drilling technique showed less damage as compared to conventional 
drilling specimens.

Gupta et al. [19] compared RUD to conventional drilling of porcine bone to 
optimize force, torque and temperature. It was observed that RUD has the 
capability to reduce temperature, force and torque in comparison with con-
ventional drilling.

Singh et al. [21] compared RUD with conventional drilling of human bones for 
monitoring the change in temperature and cutting force. It was also observed 
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that the cutting force generated was 30–40 percent lower and temperature 
rise was 50–55 percent lower during rotary ultrasonic drilling compared 
with conventional drilling of bone.

Wang et al. [22] investigated the microcrack analysis observed at the drill site 
during the vibrational drilling and conventional drilling of bovine bone. It 
was concluded that vibrational drilling of bone reduces the generation of 
microcracks that affect postoperative recovery.

Alam et  al. [23] compared conventional drilling with ultrasonic drilling of 
bovine bone for optimizing the surface roughness of drilled bone speci-
mens. It was concluded that the drilling done by the ultrasonic process pro-
duces a finer and smoother surface finish of the hole as compared to the 
drilling done by conventional processes.

Wang et al. [24] performed a study on bovine cortical bone to compare the 
occurrence of microcrack levels in conventional drilling (CD) and vibra-
tional (VD) processes. Their experimental results of using VD gave fewer 
and shorter microcracks as compared to CD. Shorter microcracks mean less 
fatigue damage and less stress fracture. It was also concluded that the tem-
perature falls with the rise in the level of vibration frequency and amplitude.

Alam et  al. [25] compared ultrasonically assisted drilling (UAD) and con-
ventional drilling (CD) of bovine bone to monitor thrust force and torque. 
To minimize the thrust force produced during drilling, the UAD and CD 
techniques were compared with variations in different input parameters. 
Higher cutting speed induces greater material removal rate which increases 
the production rate. With a different set of drilling parameters such as drill-
ing speed (600–3000 rpm), drill diameter (4mm), drill cutting edge angle 
(65 degrees), federate (10–50 mm/min) for both CD and UAD, the thrust 
force and torque was monitored. Vibration amplitude (5–25) and vibration 
frequency (10–30) were only provided during the UAD drilling technique. 
UAD was more advantageous as compared to CD in terms of improved chip 
removal rates from drilling site and decreases in force generation.

Alam and Silberschmidt [26] analyzed the temperature rise during ultrasonic-
assisted drilling and conventional drilling of bovine bone. It was observed 
that ultrasonic-assisted drilling minimized the rise in temperature as com-
pared to the drilling of bone by conventional processes.

Gupta et  al. [27] used conventional bone drilling of porcine bone and vari-
ous drilling parameters for studying temperature variation during drilling. 
They used diamond coated hollow tools with grit size 80–100 (very coarse) 
to compare it with a conventional twisted drill bit. Various parameters 
included rotational speed, feed rate and outer diameter. According to their 
conclusions a diamond coated hollow tool with very coarse abrasive grit 
size minimizes the temperature rise compared to a surgical twisted drill bit. 
There was a major difference between the temperature of a twisted drill bit 
(70.8°C) and a diamond coated hollow drill bit (48.2°C).

Agarwal et al. [28] used rotary ultrasonic drilling with a novel designed hol-
low drill bit with different abrasive grits sizes to observe the efficacy of 
bone graft. It was observed that rotary ultrasonic drilling can provide solid 
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cylindrical bone graft as compared to segmented bone graft obtained with-
out ultrasonic vibrations with the help of a hollow designed drill bit.

9.3  EFFECT OF INPUT PARAMETERS ON OUTPUT RESPONSE

Most orthopaedic surgeries done using bone drilling are based on fixing plates and 
implants by the cortical screws. Healing of bone and sustainability of joints will 
depend upon the drilling parameters, i.e. rotational speed, drill diameter, feed rate, 
drilling force, temperature generated, microcracks in bone, etc. The most signifi-
cant process parameters reported can be broadly categorized into two major groups, 
which are drilling parameters and drill specifications. The detailed information of 
process parameters that affect bone drilling are mentioned in Table 9.1.

Li et al. [30] investigated the heat generation during drilling of bone by establish-
ing a finite element method (FEM)-based three-dimensional model focusing on feed 
rate, spindle speed and drill diameter. They revealed that if any of three parameters 
rose, it would increase the drilling temperature. Then they used an empirical formula 
to predict temperature rise and to optimize the parameters. They also introduced the 
idea of intermittent feed drilling to be more effective in reducing thermal necrosis 
of bone tissue.

Singh et al. [31] optimized process parameters for better quality characteristics 
of the hole made during bone drilling processes. Three different types of drill bits 
such as abrasive coated drill bit, twisted drill bit and hollow drill bit without abra-
sives were compared to drill the bovine cortical bone. It was observed that better 
surrounding surface can be obtained from the twisted drill bit as compared with 
abrasive and hollowed drill bits.

9.3.1  Effect of Rotational Speed on Output Response
It is observed from the literature that rotational speed is one of the most important 
parameters during drilling that highly influence the fractured bone during the sur-
gery. The rotational speed during drilling refers to the rate at which the drilling tool 

TABLE 9.1 
Major Process Parameters Affecting Bone Drilling
Serial no. Drilling parameters Drill specifications

1 Drilling rotational speed Diameter of drill bit

2 Feed rate Cutting face

3 Cooling Drill point

4 Internal cooling and External cooling Rake angle

5 Drilling depth Clearance and helix angle

6 Drilling energy Point angle and Chisel edge

7 Predrilling Drill wear

Source: [29]
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rotates. It is measured in revolutions per minute (RPM), which refers to the number 
of rotations that the drill makes in one minute. RPM speeds are crucial for successful 
drilling during surgery. Most of the research studies the impact of rotational speed on 
temperature rise, cohered microcracks, torque and force generation.

Gupta et al. [32] reported the effect of rotating speed and feed rate on chip forma-
tion during drilling of porcine bone. It was concluded that at high speed, forces are 
reduced and large sized chips are formed. The reason is that at low rotational speeds, 
there is high a coefficient of friction between bone and the tool interface. At higher 
feed rates, more material is removed in a specific period as compared to the lower 
feed rate.

Singh et al. [33] reported the impact of rotating speed and feed rate on bovine bone 
drilling to monitor thermal necrosis. It was demonstrated that temperature could be 
reduced far below the critical values if an optimized set of drill parameters were 
implanted. A thermocouple actuator was used for measuring the change in tempera-
ture of bone. It was concluded that rise in bone temperature is inversely proportional 
to the drilling speed and feed rate.

Gupta et al. [6] varied rotational speed and feed rate for investigating the micro-
cracks generated during drilling of porcine bone. It was concluded that higher 
rotational speed of drilling results in smaller width in microcracks, as depicted in 
Figure 9.5. The rise in the microcrack length of bone results in less strength in the 
bone-screw joint. The poor surface finish of bone enhances the increase in micro-
cracks, which are the main reason for decreases in elastic modulus and stiffness of 
bone. In addition, if the length of cracks in bone is equal to or greater than 300 μm, 
then these microcracks result in bone failure, but below 300 μm, the bone can be 
repaired.

9.3.2 E ffect of Feed Rate on Output Response
Feed rate is another most substantial process parameter that is used during the drill-
ing of bone. The drill feed is the rate that a drill bit is inserted into the bone work-
piece in order to create a precise hole. The drill feed rate can be controlled by a 
surgeon and it is highly dependent on the bone mass or bone mineral density of 
fractured bone and the design and geometries of the drilling tool. Most of the authors 
have studied the impact of feed rate on output responses.

Sui and Sugita [34] studied the effect of different geometries of drill bit, rota-
tional speed and feed rate on the thrust force and torque induced during the drilling 
of bovine and swine femur bone. It was observed that geometries of drill bit have a 
significant impact on drilling force. Moreover, with rise in a rotational speed, torque 
and thrust force can be minimized.

Wang et al. [35] conducted conventional a drilling experiment on bovine bone by 
varying parameters like rotational speed, feed rate and drill-bit diameter. According 
to the results, feed rate is a very important parameter that had to be controlled to 
avoid breaking of the bone. In addition, feed rate is directly proportional to forces 
generated. Also, the chip formation process changes with higher speeds, which might 
affect the bone as the friction coefficient decreases. In addition, tool diameter is 
responsible for an increase in force and torque during bone drilling. Because of incre-
ments in tool diameter, the cross-section area between bone and the tool changes.
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FIGURE 9.5 Rotational speed effects on microcracks generation: (a), (c), (e) RUBD; (b), (d), 
(f) conventional surgical bone drilling (CSBD) group. (a), (b) 500 rpm; (c), (d) 1500 rpm; (e), 
(f) 2500 rpm

Source: No permission is required according to the journal policy [6].

Pandey et al. [36] conducted experiments on bovine bone for optimizing drilling 
parameters, i.e. spindle speed and feed rate in view of minimizing the force and 
temperature generated during drilling. It was noted that feed rate has the highest 
contribution (81.94 percent) to the composite desirability. The investigation with a 
feed rate of 40mm/min and rotational speed of 500 RPM had the highest perfor-
mance index and these were the recommended process parameters for minimum 
temperature settings.
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Singh et al. [37] varied rotational speed, feed rate and drill diameter during the 
drilling of human bone for monitoring the change in temperature. It was found that the 
temperature increases with rise in drill diameter and revolving speed. Furthermore, 
the temperature rise can be reduced by increasing the feed rate.

Gupta et  al. [6] varied rotational speed and feed rate for investigating cortical 
screw pull-out strength at bone-screw interface. It was concluded the cortical screw’s 
axial pull-out strength increases with higher rotating speed and the strength of the 
screw decreases with the increase in feed rate. The impact of feed rate on the micro-
cracks can be seen in Figure 9.6. It was witnessed that increasing feed rate increases 

FIGURE 9.6  Feed rate effect on microcracks generation: (a), (c), (e) RUBD; (b), (d), (f) 
CSBD. (a), (b) 10 mm/min; (c), (d) 30 mm/min; (e), (f) 50 mm/min.

Source: No permission is required according to the journal policy [6].
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the microcracks that occur in a conventional drilling process as compared with ultra-
sonic assisted drilling.

9.3.3  Effect of Drill Design on Output Response
The drill bit is the most important tool in the creation of holes for screw insertion 
to provide rigid internal fixations at fractured sites. Various studies from the last 
few decades show the impact of drill design and drill-bit geometries on the output 
responses.

Singh et al. [17] studied the impact of rotating speed, feed rate and tool type dur-
ing the drilling of bovine bone. It was observed that tool type plays a major role in 
the surface morphology at drill site. It was witnessed that a twisted drill bit produces 
a precise cut at adrill site.

Udiljak et al. [38] studied the effect of drill bit geometry on temperature rise and 
axial drilling force. This study showed that cutting speed statistically has no sig-
nificant effect on axial drilling force, but affects the temperature rise. The authors 
conducted some experiments with standard surgical drills and two-phase drills, 
and they found that with the two-phase drills there was a minimal increase in bone 
temperature.

Agarwal et al. [28] compared surgical twisted drill bits with hollow drill bits to 
examine the graft quality of bone observed during the drilling process of porcine 
bone. It was observed that the hollow designed tool is capable of providing cylindri-
cal bone grafts as compared to the surgical twisted drill bit.

Singh et al. [39] studied the impact of various process parameters like rotational 
speed, feed rate and type of tool on bovine bone drilling to monitor the surface mor-
phology of drilled holes. It was observed that a rotational speed of 2000 RPM and a 
feed rate of 50 mm/min is suitable for optimized surface morphology. Moreover, the 
twisted drill bit produces fine and circular holes as compared to coated and hollow 
drill bits, as witnessed in Figure 9.7. The chip morphology can be reduced with the 
use of fine-diamond-impregnated drill bits [40–41].

FIGURE 9.7 Drilled hole surface morphology produced with (a) abrasive coated tool,(b) 
hollow pipe tool and (c) twisted drill tool.

Source: Reprinted with permission from Elsevier [39].
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9.4 L IMITATION OF THE STUDY AND FUTURE SCOPE

The experimental investigations were performed on the cadaver bone of porcine 
femur, however, the structural integrity of bone varies in different species of animal. 
In addition, the drilling was performed in an in-vitro environment and bone speci-
mens were clamped in the especially designed fixture. In the future, the potential of 
RUBD could be explored on different species of animals in in-vivo environments. 
In addition, a histopathological study could be performed to demonstrate the in-situ 
effect of high temperatures on osteocytes.

9.5 CONCLUSION

Bone fractures are very common, and hence there needs to be better care while drill-
ing bone to avoid the problems associated with bone drilling, such as temperature 
rise, high rates of microcracks, surface morphology, delamination, increase in cut-
ting force and torque during the surgery. Therefore, advanced machining technol-
ogy called rotary ultrasonic machining has been invented in recent years to enhance 
orthopaedic surgeries. This novel technique produces interruptions during drilling 
that provides non-uniform contact between bone-tool interfaces. This drilling tech-
nique offers a number of benefits, including reducing temperature rise, reducing cut-
ting force and induced torque, minimizing the microcracks at drill site, improving 
the holding strength of bone screws at bone-screw interfaces, enhancing the pull-out 
strength of bone screws, decreasing interlayer delamination and diminishing implant 
failure rates that reduce the chances of reoperation and revision surgery. The advan-
tage of this technology has been successfully validated over the last few years by 
various researchers. This technique of drilling is a game-changing technology that 
offers a number of advantages over standard conventional bone drilling. This tech-
nique is currently not implemented in clinical applications, but the future of rotary 
ultrasonic machining during orthopaedic surgeries is very bright.
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10.1 I NTRODUCTION

In the present era, dimensional accuracy and surface quality are the two most strin-
gent requirements of manufacturing industries. Many of these products have freeform 
surfaces due to their functional and aesthetic requirements, like metallic mirrors, 
medical implants, etc. Additionally, due to the dependency of fatigue strength on 
surface roughness, it also becomes a major concern for the product’s life. For improv-
ing the surface finish, different conventional finishing techniques like grinding and 
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lapping are available; however, most of these processes cannot finish freeform sur-
faces. Also, applying these conventional finishing processes induces residual stresses 
in the finished surface, resulting in variation in its mechanical properties. Due to 
these limitations, non-conventional finishing processes are used, such as chemical 
polishing, magnetic field assisted finishing (MFAF), etc. Among these, MFAF pro-
cesses are considered versatile because of their ability to finish non-conductive mate-
rial [1–2]. Additionally, the polishing pressure in MFAF processes can be regulated 
precisely, resulting in a smoother and more accurately finished surface.

In recent years, many MFAF processes, for example, the cylindrical magnetic 
abrasive finishing (CMAF) process, ball end magneto rheological process (BEMRP), 
rotational magnetorheological abrasive flow finishing (RMRAFF), magnetic float 
polishing (MFP), etc. have been developed. All these processes were developed to 
finish different geometrical shapes [3] for example, BEMRP is utilized to finish 3D 
surfaces, while, to finish spherical balls, MFP is employed, etc. [4]. The finishing in 
all mentioned processes is carried out by a flexible magnetic abrasive brush (FMAB).

All the MFAF processes use abrasive media (abrasive and carbonyl iron particle 
mixture) in the external magnetic field for executing the finishing operation. Mainly 
aluminium oxide (Al2O3) or silicon carbide (SiC) were more frequently used as abra-
sive particles [6–7]. The bonded or unbonded form of the mixture of abrasive par-
ticles and ferromagnetic material might be used. For preparing the bonded mixture, 
the abrasive particles and iron particles are sintered together in an inert environ-
ment and further followed by ball milling and sieving. The experimental results have 
shown that both the bonded and/or unbonded abrasive particles result in effective 
finishing of surface [8–9].

However, due to the complexity of preparing the bonded abrasive particle, most 
researchers have used unbonded particles. Experimental investigations have shown 
that bonded particle use leads to a better surface finish, whereas the material removal 
rate increases with unbonded MAPs. Figures 10.1a and 10.1b depict the schematic of 
unbonded and bonded abrasives to show the difference between them. The finishing 
efficacy of both bonded and unbonded abrasives has been shown in Figure 10.1c.

FIGURE 10.1  (a) Schematic of unbonded carbonyl iron particle (CIP) and abrasive (b) 
bonded CIP and abrasive and (c) finishing efficacy of bonded and unbonded particles.

Source: [5].
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The abrasive media used in all the variants are of two types: (i) dry mixture of 
abrasive with CIP, and (ii) mixture of abrasive, CIP, and carrier fluid. The mixture of 
CIP and abrasive in carried fluid makes the rheological property of the suspension 
controllable through an external magnetic field. In general, the mixture of CIPs and 
oil-based suspension is termed magnetorheological (MR) fluid. So, all the finishing 
processes which use the CIPs, abrasives, and oil-based suspension as a finishing 
media are known as MR  based finishing processes, namely, MRF, MRAFF, etc. 
However, if the dry mixture of abrasive and CIP is used, the process is named as 
MFAF process. In a strong magnetic field, the fluid operates as solid; however, it acts 
as a fluid after removing the magnetic field. It may be observed from Figure 10.1b 
that the abrasive particle present at the end of the flexible brush performs the required 
finishing. Due to this, after a specific time of finishing, these abrasive particles’ 
edges become blunt and require replenishment to maintain their efficacy. Therefore, 
the abrasive media needs to be changed after some time of finishing maintaining the 
efficacy of the process. So, due to the fluidic behaviour of MR fluid (wit out magnetic 
field), replenishment of the abrasive media becomes easy. Also, to increase efficacy, 
further etchants are used as the carrier fluid, which causes softening of surfaces eas-
ily removal.

The utility of most of the conventional finishing processes has been limited to flat 
surfaces. However, due to the use of the flexible brush, MFAF has been very effective 
in finishing complex surfaces. Due to this, various forms of MFAF processes have 
been developed to finish different surfaces. This chapter discusses different MFAF 
processes like BEMRP, MFP (used for complex shapes and surfaces), etc. Moreover, 
literature on experimental investigations carried out for each variant has also been 
discussed to understand the physics of each process.

10.2  BASICS OF MFAF PROCESS

Apart from so much variation in the setup used in all MFAF processes, the primary 
mechanism stays the same. Also, in all the variants, common process parameters 
govern the MFAF processes’ efficacy. To better explain the basics, the process has 
been divided into process mechanisms and process parameters.

10.2.1 M eChanisM oF MFaF proCesses

As stated in the introduction, all of these MFAF processes use a flexible brush with 
embedded abrasives to remove the roughness present on the work surface. This flex-
ible brush uses a mixture of abrasive particles and ferromagnetic material (mostly 
CIP) powder with or without the fluid medium. When the magnetic field is employed 
in the mixture, a chainlike structure is formed (refer to Figure 10.2a), and the strength 
and stiffness of this chain like structure are dependent on the applied magnetic field 
strength [6, 10]. The abrasive particle present in the mixture gets entangled between 
the chains and forms a flexible magnetic abrasive brush (refer to Figure  10.2a). 
Further, a relative motion (linear or circular) is provided to the flexible brush for 
executing the rubbing operation, which further results in a finishing operation (refer 
to Figure 10.2b).
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FIGURE 10.2 (a) Schematic of flexible brush in MFAF process, (b) material removal mech-
anism in MFAF processes.

Source: [6, 11].

The stiffness and strength of this brush may be modified by increasing or decreas-
ing the applied magnetic field strength, which can affect the finishing process effi-
cacy. The different stiffness of the flexible brush is very effective in finishing surfaces 
with different hardness.

10.2.2  proCess paraMeters in the MFaF proCess

As in the schematic, the process appears to be simple, and there are only a few pro-
cess parameters that affect the process efficacy like magnetic field strength, perme-
ability of the mixture (of abrasive and CIP), size of particle in the mixture, and the 
relative velocity of abrasive brush and the work surface. In this section the effect of 
each process parameter is discussed in brief.

 a. Effect of rubbing speed of particles on finishing efficacy:
   It is observed from the primary research outcomes that as rubbing speed 

increases, the finishing efficacy first increases up to a specific value and 
then starts decreasing after a particular value of rubbing speed (refer to 
Figure 10.3a). It is because of the weak holding force of the flexible brush 
with which the abrasive particles are held between them. With the increase 
in rubbing velocity, the particles come out of the flexible brush and start sep-
arating from the tool surface, which further causes a reduction in finishing 
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FIGURE 10.3 Effect of (a) tool rotational speed, (b) abrasive concentration, (c) abrasive 
size,(d), magnetic field strength.

Source: [14, 16].

efficacy [7, 12–14]. However, the holding strength of flexible brush is pos-
sibly be increased by enhancing the magnetic field strength, which further 
results in higher finishing efficacy at higher rubbing velocity.

 b. Effect of abrasive media on finishing efficacy:
   It has been found in the prior study that the abrasive concentration (in 

a mixture of CIP and abrasive) also has a significant effect on the finish-
ing efficacy. It has been found that the finishing efficacy first increases to 
a particular value then decreases (refer to Figure  10.3b) after increasing 
the abrasive concentration. The researchers concluded that as abrasive con-
centration increases, the amount of cutting sites available for removing the 
asperities enhances and causes an improved finishing efficacy. However, 
too much abrasive concentration results in lower relative permeability of 
mixture, resulting in a lesser holding force of flexible chain and finishing 
efficacy. Apart from the abrasive concentration, its size also plays a crucial 
role in the finishing process. It has been found in the literature that with the 
rise in particle size, the process efficacy first increases and then decreases 
(refer to Figure 10.3c). However, the small abrasive particle size is recom-
mended to surface with lower surface roughness.

   In magnetic abrasive finishing (MAF), the outputs (i.e., material removal 
and surface finish) depend mainly on the process factors like work rota-
tional speed and working gap [8]. The working gap in MAF is the distance 
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of the workpiece from the magnets to construct the flexible magnetic abra-
sive brush. Besides, Chang et al. [9] also considered the finishing time effect 
on material removal and surface finish.

 c. Effect of magnetic field on finishing efficacy:
   The prior section has already discussed that the application of an external 

magnetic field can control the efficacy of MFAF processes [15]. Experimental 
investigations have shown that the finishing efficacy of the process improves 
with the rise in the magnetic field (refer to Figure 10.3d). The researchers 
have generated a physics-based model to relate the magnetic field strength to 
the polishing pressure, which governs the finishing efficacy. It can be seen 
from the relation that the polishing pressure is proportionate to the square 
of the magnetic field strength [16]. The magnetic field strength can also be 
altered by modifying the tool and work surface gap.

10.3  HYBRID MAGNETIC FIELD ASSISTED FINISHING PROCESSES

10.3.1 C heMo-MeChaniCal MagnetorheologiCal Finishing

In order to enhance the efficacy of the MRF, it has been integrated with chemical 
polishing (CMP) to develop the chemo-mechanical magnetorheological finishing 
(CMMRF) process [17]. The CMMRF process possesses the vital features of both 
the MRF and CMP process and can be used to finish various materials like silicon, 
copper, etc. Figures 10.4a and 10.4b depict the schematic and finishing mechanism 
initial of the CMMRF process. Through CMP, the top layer of the process was soft-
ened, which is further removed with lesser finishing forces. Due to the oxidation of 
top surface hard and brittle materials like SiO2, Al2O3 can also be finished with the 
CMMRF process. Experimental results have shown that CMMRF can also be used 
to finish soft and ductile material up to the nanometre level of surface roughness.

FIGURE 10.4 (a) Schematic of CMMRF process and (b) Material removal mechanism of 
CMMRF process.

Source: [18].
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10.3.2  ultrasoniC assisted MagnetiC abrasive Finishing

It is another form of hybrid MAF process. In this process, ultrasonic vibration motion 
is over laid with the conventional MAF process. Like the traditional MAF process, 
the ultrasonic assisted magnetic abrasive finishing (UAMAF) process also utilizes 
abrasive and CIP mixture for the finishing process. The aid of ultrasonic vibration 
increases the relative velocity between the work surface and abrasives, which causes 
higher interaction between abrasive and surface asperities resulting in higher finish-
ing efficacy [19–21]. Figure 10.5 shows a schematic representation of UAMAF; the 
setup includes a power source, a piezoelectric transducer with a horn attached, and 
a power generator that produces electrical signals at 20 kHz frequency. The normal 
force generated on CIP due to the magnetic field provides the required indention to 
the abrasive. Experimental results have shown that the assistance reduces the time of 
finishing needed for hours to minutes.

Few literatures also reported the improved performance of the process by taking 
combined effect of ultrasonic vibration and chemical polishing assistance with the 
MAF and MRF process. Experimental results have also shown that this combined 
effect is very influential on the finishing efficacy of the process irrespective of work-
piece material property.

10.3.3  eleCtrolyte MagnetiC abrasive Finishing

Electrolyte magnetic abrasive finishing (EMAF) is another variant of the MAF pro-
cess, wherein the electrolytic process is utilized to enhance the quality of the surface 
finish. In the EMAF process, an oxide layer is produced for the material removal 
from the surface easily [23].

FIGURE 10.5 Schematic of UAMAF process.

Source: [22].
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The schematic view of the EMAF process is depicted in Figure 10.6. The EMAF 
is a hybrid process in which mechanical and electrochemical energies are utilized for 
material removal. As illustrated in Figure 10.6, a provision of electrolytes is provided 
to the conventional MAF experimental setup.

During EMAF, the electrolyte is filled in the workpiece and electrode gap. 
Subsequently, the workpiece and electrode are linked to the anode and cathode of 
the DC power sources. In this process, the magnetic field of the working gap affects 
the formation of a flexible magnetic abrasive brush for the application of abrasion 
pressure caused by the magnetic forces. In addition to this, an electrochemical reac-
tion creates a passive layer over the work surface during EMAF. Consequently, the 
softened passive layer provides an easier material removal by the MAF process.

During MAF, the magnetic field spreads in the electrode gap; however, the elec-
tric field assists the electrolytic process. In addition, the magnetic and electric fields 
are perpendicular to each other. Figure 10.7a shows the electrolytic process without 
the magnetic field, wherein electric force directs the negatively charged ions to drive 
towards the anodic surface of the metal in a linear direction to get further reacted. 
It results in a highly concentrated electric force at the crest of the surface, thereby 
forming a thicker passive layer at the crests rather than the valleys of the surface. 
While, if the magnetic field is introduced in the electrolytic process as depicted in 
Figure 10.7b, Lorentz force affects the path of negatively charged ions to move in 
a cycloidal manner towards the anodic surface further to enhance the collision of 
electrolytic ions and unionized electrolyte, thereby improving the electrochemical 
reaction of an electrolytic process. This process helps in creating a thicker passive 

FIGURE 10.6 Schematic representation of EMAF.

Source: [23].
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FIGURE 10.7 The effect of (a) no magnetic field and (b) magnetic field during the electro-
lytic process.

Source: [23]

layer to the unattended valleys, which were left by the electrolytic process under the 
influence of no magnetic field. Such a thicker passive layer of the work-surface yields 
a better super finishing of the surface.

10.4  DIFFERENT MFAF PROCESSES FOR NON-PLANAR SURFACES

10.4.1  MagnetorheologiCal Finishing proCess

High precision glass based optical lenses require a very high surface finish, and while 
finishing, crack gets generated during the finishing operation. Also, these lenses are 
of either convex or concave shape, which is hard to finish with the use of traditional 
processes. In order to overcome this bottleneck, researchers have developed a fin-
ishing technology called magnetorheological finishing (MRF) operation [24]. The 
setup consists of an electromagnet, a ferromagnetic wheel, workpiece holding setup, 
pump, nozzle, and MR fluid conditioning unit. The workpiece holding setup has the 
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FIGURE 10.8 Schematic of MRF process.

Source: [6].

dexterity to orient the workpiece to perform the finishing operation at any desired 
portion of the lens. The electromagnet is used to stiffen the MR fluid for finishing. 
The ferromagnetic wheel is used for replenishing the MR fluid. Other parts are for 
supplying and cleaning the MR fluid.

In this process, a suspension of abrasive in magnetorheological (MR) fluid is 
employed as a finishing media. This MR  fluid is a suspension of CIPs spread in 
a non-magnetic fluid (i.e. water, silicone oil, etc.). MR fluid behaves similar to the 
Newtonian fluid in the lack of magnetic environment; however, in the presence of 
a magnetic field, it acts as a non-Newtonian fluid. The schematic diagram of MRF 
based lens finishing process is presented in Figure 10.8. The distribution of CIPs in 
MR fluid in the presence and absence of magnetic field is depicted in Figures 10.9a 
and 10.9b. Figure 10.9c represents that the interaction between finishing media and 
the workpiece (Lens). The magnetic field strength governs the stiffness of CIP chains 
which directly controls the penetration force. Because of the penetration force, the 
abrasives indent into the work surface, and by moving the abrasive media for mate-
rial removal in micro-/nanosized chips, thereby resulting in nanofinishing. The upper 
limit of the magnetic field up to which the efficacy keeps improving depends on mag-
netic saturation of the MR fluid. The MRF finishing process can produce a surface 
finish up to 10 nm peak to valley height on optical lenses [24].

10.4.2  MagnetorheologiCal abrasive FloW Finishing

Magnetorheological abrasive flow finishing (MRAFF) was developed to fine finish 
the inner cylindrical surfaces with complex geometries [10]. This process can be 
seen as an amalgamation of abrasive flow finishing and magnetorheological finishing 
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FIGURE 10.9  CIP distribution in MR fluid and abrasive suspension in the (a) absence, (b) 
presence,(c) during interaction with the workpiece in the presence, of the magnetic field.

Source: [6].

FIGURE 10.10 (a) Schematic representation and (b) mechanism of material removal of 
MRAFF process.

Source: [10].

process. In this process, MR fluid oscillates through the workpiece so that the abra-
sive media can carry out the finishing on the inner surface.

Additionally, the application of an external magnetic field at the peripheral sur-
face of the workpiece results in the formation of chain structure in MR fluid with 
abrasive entangled in between. Because of the applied magnetic field, these chains 
exercise the normal force on the inner work surface, increasing finishing pressure to 
further improves process efficacy.

Due to the existence of a controllable magnetic field, the performance of the 
abrasive flow finishing process can be altered to obtain the desired surface finish. 
However, owing to the application of an external magnetic field, this process is also 
limited to pipes and shells. The schematic of the MRAFF process is represented in 
Figure 10.10.
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10.4.3  rotary MagnetorheologiCal abrasive FloW Finishing proCess

In the rotary magnetorheological abrasive flow finishing (RMRAFF) process, apart 
from the reciprocating motion of MR fluid (as present in MRAFF), the magnetic 
field also rotates about the axis of the cylinder through a fixture [25]. A higher rela-
tive velocity between the work surface and abrasives is achieved through these two 
motions, resulting in higher efficacy. A specially designed fixture has been used to 
provide the rotating magnetic field, which consists of permanent magnets mounted 
on its peripheral surface. This fixture can be rotated via a motor and control device. 
Due to this rotating magnetic field, the flexible brush formed inside the workpiece 
revolves and finishes the inner work surface. Consequently, the inner work surface 
gets finished, and high surface quality is obtained. However, similar to the MRAFF 
process, this process is also limited to pipes and shells because of the application 
of an external magnetic field. Figures 10.11(a) and 10.11(b) show the schematic of 
RMRAFF and the finishing mechanism involved.

10.4.4 M agnetiC Float polishing

Magnetic float polishing (MFP) is another variant of MFAF processes used to finish 
the spherical surfaces. Figure 10.12 presents the schematic diagram of MFP process. 
Despite the complex setup used in the process, the material removal mechanism 
remains almost the same as all MFAF processes. The lowest average surface rough-
ness obtained with the MFP process on the balls made up of hard ceramic material 
is 4 nm. Apart from improvement in surface finish, the sphere form also improved 
and further resulted in 150–200 nm of sphericity. The experimental investigations 
revealed that MFP could be used to finish ceramic balls and bearing rollers with-
out scratch marks and pits [26–27]. This mechanism is established on the ferro-
hydrodynamic behaviour of magnetic fluid that causes levitation in the non-magnetic 
float and abrasives. This force of levitation is in proportion to the controlled applied 
magnetic field gradient. A  stack of strong electromagnets is mounted in alternate 

FIGURE 10.11 (a) Schematic of RMRAFF process and (b) material removal mechanism of 
RMRAFF process.

Source: [25].
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FIGURE 10.12 Schematic of MFP process.

Source: [6].

order in north and south poles orientation underneath the fluid chamber. The higher 
magnetic field area attracts the ferro-fluid, and a buoyant force is applied to non-ferro 
materials to force them towards the reduced magnetic field [6]. All the non-magnetic 
materials experience the buoyant force, and this force results in the levitation of abra-
sive grains, ceramic balls, and acrylic float within the chamber. In order to touch and 
pressurise the balls, the driveshaft is pushed downwards. Then the surface finishing 
of spheres is achieved via abrasives and balls action. Tani and Kawata successfully 
demonstrated that the MFP efficacy on Si3N4 balls used high-speed hybrid bearing 
for jet turbines of aircraft [28].

10.4.5 b all end MagnetorheologiCal polishing proCess

Super finishing surfaces with complex features (like die for coin manufacturing) 
are considered difficult to achieve, especially for tough materials. In order to satisfy 
this issue, the ball end magnetorheological polishing (BEMRP) process was devel-
oped [29]. In this process, an abrasive laden ball end shaped stiffened MR polishing 
(MRP) tip is formed at the finishing tip of the rotating fixture. Apart from finishing 
complex 3D morphologies, the BEMRP process is also very effective in finishing flat 
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surfaces. During finishing, the flow of MR fluid at the tool tip surface is intermittent. 
In the BEMRP process, the ball end of the tool is utilized to perform the finish-
ing operation. Like other MFAF processes, the finishing media must be replenished 
to maintain efficacy. The conditioning of finishing media in the BEMRP process 
is done intermediately by replenishing the flexible MR ball. Because of the round 
shape of the finishing tip, the BEMRP process can easily be 3D surface profiles with 
a uniform surface finish. Due to this flexibility, the BEMRP process has found its 
applicability on constricted surfaces such as in-depth pockets, grooves, and inclined 
surfaces of a workpiece. Finishing this type of surface is difficult through other 
MFAF based processes like MRF, MRAFF, etc. Figure 10.13 depicts the schematic 
diagram of the BEMRP experimental setup.

FIGURE 10.13 Schematic of BEMRP process.

Source: [29].
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10.4.6  MagnetorheologiCal jet Finishing proCess

The magnetorheological jet finishing (MRJF) process was created to finish freeform 
dome optics, cavities, and steep concave optics, among other things [30]. In the MRJF 
process, a jet of MR polishing fluid is thrown into the internal surface or geometry of 
the workpiece. After coming out of the nozzle, the MR polishing fluid jet is subjected 
to an axial magnetic field [30]. Due to this, CIP particles get accelerated towards the 
work surface, and the entangled abrasives can perform the finishing operation in the 
deep internal cavities. The surface roughness value is improved from 0.54 μm to 
0.04 μm [30]. A schematic view of magnetic abrasive jet finishing (MRJF) is dem-
onstrated in Figure 10.14a. The material removal in MRJF is governed by impacting 
the abrasive particle’s kinetic energy. As shown in Figure 10.14b, the jet of MR fluid 
loses its coherence coming out of the nozzle without the magnetic field. In contrast, a 
stable jet of MR fluid that comes out of the nozzle can be observed with the presence 
of a magnetic field (refer to Figure 10.14c). This stable jet of MR fluid is used to finish 
the deep cavity surface of workpiece materials.

10.4.7  MagnetorheologiCal abrasive honing proCess

The magnetorheological abrasive honing (MRAH) process is employed for finishing 
the internal surfaces of through and blind holes [31]. The tool motion of the MRAH 
process is the same as the conventional honing process. In the MRAH process, a 
specially designed fixture with an electromagnet is used as a finishing tool (refer to 
Figure 10.15a). For executing the MRAH process, the fixture/tool with abrasive media 
(CIP brush with embedded abrasives) on its periphery is allowed a to and fro motion 
with the help of a plunger, as represented in Figure 10.15b. Experimental results have 
shown that the MRAH process is only efficacious on non-ferrous materials. The 

FIGURE 10.14 (a) Schematic of MRJF process, and the jet of MR fluid (b) without and (c) 
with the magnetic field.

Source: [30].
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FIGURE 10.15 (a) Schematic of MRAH process and (b) material removal mechanism in 
MRAH process.

Source: [32].

experimental results have also shown that the finishing efficacy reforms with the 
magnitude of current supplied to the electromagnet.

Due to the large size of electromagnets, the aforesaid tool cannot be used for 
smaller size holes. However, a few researchers have also developed a permanent mag-
net based honing tool for smaller sized holes to overcome this bottleneck. Despite 
using a permanent magnet, the developed tool is proficient in producing a variable 
magnetic field. The finishing efficacy of the developed tool was also verified on the 
SS 304 pipes.

10.4.8  MagnetiC abrasive Finishing oF CylindriCal parts

In the modern era, new materials have been evolved to serve a variety of applications. 
These materials are difficult to cut; so, there exists a demand for the alternate manu-
facturing process to machine/finish these materials without amending the quality of 
finish and accuracy. Conventional methods like grinding are restricted to produce 
such quality accuracy and finish with minimal surface defects. Another way of pro-
ducing such quality accuracy and surface finish is the polishing methods. However, 
the polishing may lead to a rise in the cost of the part.

MAF is an abrasive based finishing process. It is employed with a promise to 
produce mirror like, the highly accurate surface finish of the parts without any dam-
age, microcracks to the finished surface. This technique has been evolved as one of 
the crucial finishing techniques for hard materials such as advanced ceramics (i.e., 
silicon nitrides) [5]. MAF is a magnetic field assisted process that is proficient in 
producing (i) high finish and accuracy of the surface, (ii) no surface damages during 
the finishing operations owing to very low cutting forces, and (iii) very high operat-
ing spindle speeds in comparison to the conventional techniques. Other than this, 
various characteristics are associated with MAF processes, such as self-sharpening, 
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FIGURE 10.16 Schematic representation of CMAF.

Source: [8].

controllability, self-adaptability, and no requirement of dressing/truing to the machin-
ing tool [9]. When utilized for the cylindrical components/parts, MAF is known as 
cylindrical magnetic abrasive finishing (CMAF).

The major elements of the CMAF process are the magnetic abrasive particles 
(MAPs), magnetic poles (either permanent or electromagnet), and provisions of 
workpiece rotations and vibrations [33]. Figure 10.16 presents the schematic view of 
the CMAF process. Apart from this, the CMAF process is also greatly influenced 
by the size of the ferromagnetic/abrasive particles, finishing time, type of MAPs 
(bonded, sintered, and unbonded) [5, 8–9, 33]. The CMAF finds its applicability in 
several areas due to its versatility and capability to produce mirror like surface finish 
to difficult-to-finish material with minimum wastage. It is also employed to finish 
the inner and outer work surfaces. The forthcoming section discusses the variety of 
applications of the CMAF process.

10.4.9  internal MagnetiC abrasive Finishing

Internal magnetic abrasive finishing (IMAF) can be utilized to finish internal sur-
faces like tubes, gas, and liquid piping systems [34–36]. Figures 10.17a and 10.17b 
show the schematic representation with stationary poles and the abrasive behaviour 
of the IMAF system. The abrasive behaviour influences the finishing characteris-
tics of the inner surface of tube/pipe concerning the inner surface of the tube/pipe. 
Figure 10.17b depicts the four stages of this abrasive behaviour of MAF.

All the abrasives are kept magnetically in the finishing zone and show the 
clean rotation by following the magnetic field movement along the inner surface to 
improve further the workpiece’s internal surface finish (refer to Figure 10.17a). Then, 
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FIGURE 10.17 Schematic representation of internal MAF (a) using stationary pole system, 
and the (b) abrasive behaviour during the process.

Source: [34, 35].

abrasives undergo different stages, wherein the sequentially weaker magnetic force is 
obtained; this abrasive behaviour may be inferred from Figures 10.17b (stages b-d).

Figure  10.17b presents a stage of abrasives that rotate against the inner surface 
and self-displace under the abrasive mass. Self-displacement of the abrasive explains 
the motion of the cutting edges of the abrasives under the abrasive mass to cause an 
increased material removal further. In stage 3, the magnetic field merely holds the frac-
tion of abrasive mass in the finishing zone, thereby dispersing the abrasives away from 
the finishing zone erratically to strike and cut the work surface. Therefore, a difference 
in the modified surface is evident from the stages of Figures 10.17a and 10.17b, and a 
fiery abrasive contact against the work surface results in noteworthy enhanced material 
removal. Further, the magnetic field could not contain the abrasives in the finishing 
zone due to a reduction in the magnetic force. In this stage, the abrasive sticks to the 
rotating work surface due to the friction irrespective of the movement of the magnetic 
field to further eliminate the relative motion between the abrasives and the inner work 
surface and to retain the initial work surface of the material. Furthermore, it can be 
inferred that the excessive supply of the abrasive and high rotational magnetic field 
speed may result in an unstable condition of abrasive in the finishing zone.

10.5 CONCLUSIONS

Based on the literature review performed on MFAF processes, the following conclu-
sions can be drawn.

• BEMRP process is suitable mainly for finishing complex features on a sur-
face like engraving and protrusion on a die.
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• MRF process is the most efficacious process for finishing concave and con-
vex lenses.

• RMRAFF process is highly suitable to finish the inner work surface of the 
bearing race.

• CMAF process is mainly suitable to finish the outer work surface of the 
cylinder like pistons.

• All MFAF processes have very low MRR, so it is not recommended for 
industries to produce low-cost products in high quantities.

10.6 L IMITATIONS AND FUTURE SCOPE OF MFAF PROCESS

10.6.1  liMitations

Based on the literature review performed on MFAF processes it can be concluded 
that the finishing rate of all its variants are quite low and can not be used for bulk pro-
duction industries. Additionally, finishing of products made of ferromagnetic mate-
rial using MAF based processes is very difficult.

10.6.2 F uture sCope

From the literature review it can be concluded that the despite its slow rate of MFAF 
processes, the surface quality achieved has all the properties required for metallic mir-
rors which is critical for telescopes. Apart from high surface quality, the variants of 
MFAF processes cover almost all types of surfaces, so products of any shape can be 
finished. Additionally, the setup and processing costs of MFAF-based processes are 
low compared to other super finishing operations which makes it an economical option.
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