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The text provides the reader with an in-depth understanding of the need for next-
generation materials and manufacturing, especially in terms of designing process, 
manufacturing, upscaling, and finally selection for industrial applications. It 
further discusses path-planning strategies for robot-based additive manufacturing. 

•	 Discusses synthesis, modelling, and analysis of green composites and 
functionally graded materials. 

•	 Explains hybrid manufacturing processes to address the challenges faced by 
the manufacturing industries. 

•	 Covers additive manufacturing of advanced materials for smart products. 
•	 Presents applications of lasers for sensing, characterization, and material 

processing. 
•	 Illustrates principles and applications of additive manufacturing and cold 

spray-based additive manufacturing. 

The book focuses on sustainability in material and manufacturing processes. It 
covers important topics such as material recycling, optimal utilization of resources, 
green materials, improving surface inhomogeneity, stable material properties, 
and utilization of renewable energy sources. The text highlights the applications 
of deep learning for diagnosis and analysis in materials and manufacturing 
technologies. It is primarily written for senior undergraduate students, graduate 
students, and academic researchers in the fields of manufacturing engineering, 
industrial and production engineering, materials science and engineering, and 
mechanical engineering. 
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     Preface
 

The manufacturing sector is facing issues of high production cost, harm emis­
sion to the environment, need of customized production and low efficiency. These 
issues arise not only because of limitations of the manufacturing processes but 
also due to less effective design and materials. Advancement in both materials and 
manufacturing processes is important for the development of the manufacturing 
sector. The new, improved and efficient design of a product and its cost-effective 
sustainable manufacturing cannot be imagined without compatible and supportive 
materials and manufacturing processes. Development in these sectors can lead to 
customized and flexible manufacturing of components at competitive price and 
less emission to the environment. It will have positive economic, societal and 
environment impact. The requirement of sustainable materials and manufactur­
ing processes are changing continuously. Therefore, a large number of research­
ers across the globe are working for long in these sectors. This book bridges the 
knowledge gap by providing an overview of recent development in materials and 
manufacturing processes. This book has a total of 11 chapters that cover literature 
review and original research in the field of materials and manufacturing processes. 

Chapter 1  discusses the development of sustainable biocomposites with natural 
fibres including plant-based fibres and animal-based fibres, and epoxy or resins. It 
also discusses the naturally available epoxy and resin, which can be a sustainable 
alternative to the commercially available synthetic counterparts.  Chapter 2 pres­
ents theoretical understanding of functionally graded materials by summarizing 
the current modelling and optimization methods, fabrication, post-processing tech­
niques and characterization tools. In addition, the potential strategies to overcome 
various technological barriers and future research opportunities are demonstrated. 

Power factor is important when considering the generation, transmission and 
distribution of electric current. Poor power factor causes an increase in current 
flow and hence more power consumption. Chapter 3  presents the causes of low 
power factor and the techniques to improve it. The advantages and limitations of 
various power factor improvement techniques and the advantages of improving 
the power factor is discussed in this chapter. 

The next two chapters focus on the non-traditional finishing and joining pro­
cesses. Chapter 4 presents nano-finishing of non-ferromagnetic material using 
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xvi Preface 

magnetorheological (MR) finishing process. This process consists of a flexible tool 
of permanent magnet, electrolytic iron particles (EIPs) and abrasive particles. Various 
parameters during MR finishing, including workpiece rotational speeds (400 rpm, 600 
rpm and 800 rpm), tool linear speed (10 cm/min, 30 cm/min and 50 cm/min), mesh 
sizes of SiC abrasives (600, 800 and 1000) and mesh sizes of EIPs (200, 300 and 400), 
are varied to see the change in surface roughness. The minimum surface roughness 
obtained was 97 nm from initial roughness of 361 nm with 40 minutes of finishing 
time. Chapter 5 explores various hybrid friction stir welding processes for joining of 
hard materials. The application of secondary heat sources like plasma, ultrasonic laser, 
induction, arc and electric current are explored to improve friction stir welding by 
reducing the plunging force, improving material flow and enhancing tool life. 

Chapter 6 to 8 represents additive manufacturing as an important pillar of 
Industry 4.0. Different aspects like application of robotics and machine learning 
in additive manufacturing are explored. These chapters will provide readers with 
a practical understanding of how different pillars of Industry 4.0 operate, empha­
sizing their integration and synchronization with each other. Chapter 6 focuses on 
the use of robotic systems in the manufacturing industry, specifically in the field 
of additive manufacturing. It covers the major additive manufacturing processes 
that can be enhanced with advanced robotic systems and explores the potential of 
using robotic systems with advanced materials. This chapter also explores recent 
advancements in industrial applications and future perspectives, considering the 
integration of robots with additive manufacturing processes. Chapter 7 presents 
the usage of cold spray coating technique for additive manufacturing of compo­
nents without melting of metallic powders. The history of cold spray, bonding 
mechanisms, the effect of process parameters, the post-processing involved in cold 
spray and strategies to turn cold spray additive manufacturing into a smart manu­
facturing system are presented in this chapter. Chapter 8 discusses the integration 
of machine learning algorithms with additive manufacturing systems. Various case 
studies demonstrate the effective utilization of deep learning in the field of addi­
tive manufacturing and quality control which can improve product quality, reduce 
waste and optimize the manufacturing process. It can make the additive manufac­
turing more competitive, effective and efficient in the age of Industry 4.0. 

Modern industries are looking for cost-effective, flexible and sustainable solu­
tions for precision manufacturing. Laser has evolved as a flexible manufactur­
ing tool which can be a promising solution for meeting such demands. Chapter 9 
focuses on the applications of laser technology in the academic, industrial, defence 
and medical sectors. Applications related to material processing, measurements, 
sensing and characterization are explored in this chapter. Chapter 10 discusses var­
ious techniques to improve sustainability in machining processes by reducing the 
running cost and limiting harmful emission and waste. Various kinds of machin­
ing processes including dry machining, minimum quantity lubrication, cryogenic 
machining, and hybrid machining processes are discussed in this chapter. This 
chapter also discusses laser and ultrasonic vibration assisted machining, which can 
improve the machining performance without utilizing cutting fluids. 



Preface xvii  

The last chapter presents the machining performance and optimization of 
electrochemical machining of difficult-to-cut Monel 400 alloy. Studied are the 
effects of voltage, electrolyte concentration and inter-electrode gap on the material 
removal rate, tool wear rate and surface roughness; the parameters are optimized 
using a Box–Behnken design generated response surface methodology (RSM). 

The chapters in this book highlight research gaps and directions for future 
research. The chapters are a good combination of review articles and original 
research in the domain of advanced materials and manufacturing processes. The 
volume will help readers to gain broader and deeper knowledge in the field of 
materials and manufacturing. The content of this book will be useful for academi­
cians, researchers and practicing engineers who are looking for sustainability in 
materials, design and manufacturing processes. 

Editor: Ravi Kant 
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Chapter 1
 

Green composites 
for sustainable applications 

Papiya   Bhowmik ,  Ravi  Kant 
and  Harpreet  Singh 

1.1  INTRODUCTION 

Contamination of the soil, water and air by plastic pollutants is increasing globally, 
raising severe concerns among environmentalists. The outbreak of SARS-CoV-2 
has elevated the use of one-time plastics due to the sudden adoption of improved 
hygiene practices [1]. As a result, post-Covid pollution control will be a major 
concern for different government bodies worldwide. Scientists are continuously 
working towards developing a biodegradable alternative to plastic that is non­
toxic, renewable and affordable [2]. Over the past decade, green composites have 
replaced many synthetic composites and plastics in various applications [3–5]. 
This is possible because of the specific qualities of the organic polymer and fibres 
used to develop green composites over conventional components of synthetic 
composites [6]. Developing natural fibre-based composites is now well practised 
worldwide because of their easy availability, renewability, outstanding mechanical 
properties, non-toxicity and excellent biodegradability [7–11]. Natural fibres have 
the potential to replace conventional petroleum-based synthetic fibres. They pos­
sess impressive qualities like low cost, higher flexibility, renewability, non-toxicity, 
low density and better mechanical properties [12–15]. The wide availability in the 
market has also triggered their wide application. However, the low degradation 
temperature of the fibres does not allow them to be used in high-temperature appli­
cations or curing processes [16, 17]. Another significant drawback is the super-
hydrophobic property of the natural fibres, which opposes their natural ability to 
adhere to hydrophobic polymer matrices. It leads to poor adhesion between the 
fibre and the composite matrix [18]. To tackle this problem, researchers have taken 
different approaches to modifying the surface texture of the fibres and matrix 
material. The modified fibres and matrix have better adhesion because the changed 
surface texture allows better bonding [9, 19]. Other approaches to enhance the 
physicochemical properties of the developed composites include adding cross-
linkers and plasticisers to them [20–24]. Various researchers have explored the 
extrusion of proteins under different thermal conditions. Generally, protein extru­
sion or moulding occurs at a relatively low-temperature range of 105 to 120 °C 
[25]. To add flexibility to the protein, the glass transition temperature is reduced 
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from 220 °C to below 100 °C. The plasticiser influences the protein to form a 
clay-like structure, allowing the protein to be thermally extruded or moulded at 
a temperature range of 100 to 120 °C. Various plasticisers are used for different 
natural polymers, considering their plasticising capacity, hydrophilic compatibil­
ity with the polymer, and the capacity to produce many hydrogen bonds. Plasti­
ciser enhances the elasticity of the protein by enabling more fluid melt, flexibility 
and elongation [26, 27]. Besides plasticisers, crosslinkers are also used to modify 
natural polymers’ microstructural rheological features. Crosslinking increases the 
mechanical properties of the polymer by making longer polymeric chains con­
nected with intermolecular bonds or links [28–32]. 

In recent years natural fibre-reinforced polymers have provided lifelong benefits 
over petroleum-based fibre-reinforced composites [33]. The commendable eco­
logical benefits of natural fibres include their suitability for manufacturing a wide 
range of products while being biodegradable [5]. If these fibres can be wisely com­
bined with natural biodegradable polymers, it can significantly reduce the carbon 
footprint. In India’s current plastic management policy, plastic carry bags are the 
most significant contributor to littered waste. Millions of plastic bags end up in the 
environment vis-à-vis soil, water bodies, watercourses and so on. Each bag takes an 
average of one thousand years to decompose completely [34]. In India, the Plastic 
Waste (Management and Handling) Rules, 2011, included plastic waste manage­
ment as its priority to address the issue of scientific plastic waste management. The 
government has announced the Plastic Waste Management Rules, 2016, to replace 
the earlier Plastic Waste (Management and Handling) Rules, 2011, focusing on 
developing alternative biodegradable plastic with a faster degradation rate. An eco­
friendly product that serves as a complete substitute for plastic in all uses has not 
been found to date [35]. In the absence of a suitable alternative, it is impractical 
and undesirable to impose a blanket ban on the use of plastic all over the country. 
The real challenge is to improve plastic waste management systems or develop a 
feasible alternative to plastic disposables [2, 36]. So, the dire need of the hour is 
to furnish a viable low-cost alternative to plastic with zero or minimised carbon 
footprint. In this chapter, we will discuss further developments in the field of green 
composites and their application to reduce the carbon footprint on our environment. 

1.2 NATURAL POLYMERS AND FIBRES 

1.2.1 Natural polymers 

The prime goal of a polymer is to hold together the fibres and shield them from 
surrounding chemical changes, uneven mechanical loading and ambient moisture 
[14, 37–39]. Upon loading, it distributes the load uniformly throughout the struc­
ture of the composite, thus reducing the chances of early failure. Apart from the 
polymer, the strength of the composite also depends on the orientation of the 
fibres [40, 41]. 



 

 
  

  

 
 
 

 
 
 
 

 
 

 
  

  

 

3 Green composites for sustainable applications 

There are two types of polymers: synthetic and natural. Synthetic polymers 
are derived from petroleum oil and made by scientists and engineers. Examples 
of synthetic polymers include nylon, polyethylene, polyester, Teflon and epoxy 
[42]. Natural polymers occur in nature and can be extracted. They are often water-
based. Naturally occurring polymers are silk, wool, DNA, cellulose and proteins. 
Natural polymers are of two types: thermosets and thermoplastics. Thermoplastics 
have poor wettability and high viscosity, while thermosetting polymers possess 
low viscosity and better wettability with the fibre surface [42–44]. Adding cou­
pling agents/compatibilisers to the thermoplastic polymers improves interfacial 
adhesion. Thermoplastic polymers like polyvinyl chloride, polyethylene and poly­
propylene become softer at higher temperatures and regain their original proper­
ties when cooled down [6, 45, 46]. Table 1.1 depicts the properties of the most 
common, renewable and widely used natural polymers reported by researchers. 

1.2.2 Natural fibres 

The main constituents of natural fibre-reinforced composites are plants, minerals 
and animals. Of plant fibres, mainly five types are used: seed fibre, leaf fibre, 
bast fibre, fruit fibre and stalk fibre. Of animal fibres, mostly animal hair and silk 
fibres have been used, and of mineral fibres, amosite, crocidolite, tremolite, actin­
olite and anthophyllite fibres are popularly being employed. The performance 
of green composites or natural fibre composites mainly depends on their length, 
shape and interfacial adhesion with the matrix. These fibres have good thermal 
and acoustic insulation, specific mechanical properties and the most desirable 
property – biodegradability. As per renewability concerns, most researchers pre­
fer plant-based fibres for developing biocomposites. The popularly used plant 
fibres and their relevant mechanical properties are shown in Table 1.2. Concern­
ing animal fibres, they are mostly found as waste material from meat factories, 
textile factories or fish markets. Table 1.3 depicts the popularly used animal fibres 
and their mechanical properties reported by different researchers. 

1.3 COMPARISON WITH MMCs, CMCs, SYNTHETIC NPMCs 

Metal matrix composites (MMCs) have a lot of advantages over standard alloy-
based materials. They are lightweight with outstanding specific modulus and 
strength. They also have a lower coefficient of thermal expansion and resist wear­
ing off. Because of all the advantages of MMCs over alloy-based materials, they 
are widely used in aerospace, transportation and many high-end machineries 
[80, 81] MMCs also have the potential to be used in almost any application. Their 
thermal properties, however, confine them to be used around 1000 °C only. Beyond 
this temperature, generally, ceramic matrix composites (CMCs) are used because 
of their favourable electric, thermal and magnetic properties; in general, MMCs 
have superiority over polymer matrix composites (PMCs) or CMCs [82, 83]. 
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Table 1.1 Properties of different natural polymers 

Properties 

Name Scientific name Tensile strength Modulus Significant property Ref. 

Wheat gluten Triticum aestivum 4.5 MPa 25 MPa Wheat gluten can be used as a natural polymer for developing 
composites.The property of the polymer can be altered using 
different crosslinkers and plasticisers. 

[47] 

Soya protein Glycine max 20 MPa 500 MPa Soya protein is available in abundance and renewable in nature. It 
provides an excellent moisture barrier when used with gelatin. 

[48, 49] 

Tapioca starch Manihot esculenta 45 MPa 2.4 GPa It is superior to other starches due to its amylose content 
compared to other lower amylose-containing starches. It also has 
a higher molecular weight due to amylose and amylopectin. 

[49, 50] 

Potato starch Solanum 
tuberosum 

7 MPa 70 MPa The polysaccharides of potato starch deliver unique edible-film­
forming properties and chemical stability. 

[52, 53] 

Corn starch Zea mays 40 MPa 2.6 GPa From forming thin films for different applications to making 
composites, starch is an economic candidate as a natural polymer 
due to its biodegradable properties, low cost and renewability. 

[52, 53] 

Gelatine NA 95 MPa 3.5 GPa For packaging and shipping food-grade products, gelatine coatings 
or thin films are used because of their excellent forming capacity. 
It is also blended with other polymers to increase the tensile 
strength and elongation. 

[54, 55] 

Agar-agar Aquilaria 
malaccensis 

36.7 MPa 1.1 GPa Agar-agar is a chemically inert and non-toxic hydrophilic 
polysaccharide. It forms thin films with better and more flexible 
mechanical characteristics. 

[54, 56] 

Arrowroot 
starch 

Maranta 
arundinacea 

16 MPa 1.2 GPa Starch from arrowroot has been used recently, which is a less 
studied starch source.Arrowroot starch is cheaper and readily 
available everywhere. 

[57, 58] 
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Table 1.2 Properties of different commercially used plant-based fibres to manufacture composites 

Properties 

Name Scientific name Tensile strength Modulus Significant property Ref 

Hemp Cannabis sativa 1200 MPa 60 MPa Industrial hemp is a source of high cellulose fibres. It possesses superior [59] 
properties such as high specific strength, stiffness and low density. 

Ramie Bohesmeria nivea 615 MPa 20.5 GPa Ramie fibres are widely known for long, silky and strong plant [60] 
fibres, making outstanding textile fibres with impressive mechanical 
properties. 

Kenaf Hibiscus cannabinus 692 MPa 10.94 GPa Kenaf is considered an economically viable natural fibre commercially [61] 
available on a large scale.The impressive properties of kenaf fibre make 
it a suitable replacement for glass fibres in polymer composites as a 
reinforcement. 

Jute Corchorus 399 MPa 24.70 GPa Because of its superior properties, such as high tensile strength, low [62] 
thermal expansion and high strength-to-weight ratio, it is being widely 
used for biocomposite manufacturing. 

White coir Cocos nucifera L. 192 MPa 3.44 GPa White coir fibres possess low strength, low modulus of elasticity and 
high strain to failure due to their low cellulose content and large micro 
fibrillar angle. 

Brown coir Cocos nucifera L. 343 MPa 4.94 GPa On the contrary, brown coir has an advantage over white coir. It 
improves the hybrid composite by improving the impregnation of 
small-diameter fibres. 

Bamboo Bambusa vulgaris 206.2 MPa 20.1 GPa Bamboo fibres are famous primarily for their easy availability, low cost, [63] 
easy and fast renewability, high strength-to-weight ratio, high tensile 
strength, non-toxicity and biodegradability. 

Bagasse Saccharum 70.9 MPa Bagasse fibres have the advantage over other natural fibres and [63] 
officinarum L. traditional reinforcement due to their excellent thermal property, 

energy recovery, good specific strength and low density. 

(Continued) 
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6 Table 1.2 (Continued) 

Properties 

Name Scientific name Tensile strength Modulus Significant property Ref 

Rice husk Oryza sativa 135 MPa 1.8 GPa The ultimate tensile strength of rice husk is compared to nylon fibres. [64] 
The micro-arrangements of cellulose and hemicellulose help rice husk 
to attain high strength. 

Napier grass Pennisetum 12.4 MPa 2.2 GPa Napier grass fibres hold the lowest densities compared to other [65] 
fibre purpureum natural fibres.The tensile strength of the napier fibre is greater than 

bamboo and coir but lower than flax, hemp, jute, kenaf and banana. 
Sisal Agave sisalana 68 MPa 3.8 GPa When used as composite reinforcements, sisal fibres showed [66] 

outstanding wear resistance, indicated by lower mass loss, specific wear 
rate and coefficient of friction. 

Abaca Musa textilis 308.7 MPa 6.186 GPa The high cellulose and low water content of abaca fibres have a high [67] 
value of mechanical properties with impressive tensile strength. 

Banana Musa acuminata 550 MPa 3.5 GPa With high strength and high flame resistance, banana fibres are [68, 69] 
preferred for making fire-retardant panels, strong garments and yarns. 

Betelnut Areca catechu 128.79 MPa 2.56 GPa Dried betelnut fibres exhibit good Young’s modulus compared to ripe [70] 
betelnut fibres. Betelnut fibres are preferred for applications with high 
dimensional stability because of their low moisture content and water 
uptake. 
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Table 1.3 Properties of different animal-/insect-based fibres 

Properties 

Name Scientific name Tensile strength Modulus Significant property Ref 

Human hair Homo sapiens 280 MPa 4.1 GPa Hair executes high tensile strength, but it varies depending on the [71] 
(trichology) strain rate and humidity.The strain rate of hair is comparable to 

keratinous materials and other common synthetic polymers. 
Human nails corpus unguis 120 MPa 4.5 GPa At low humidity, nails are more brittle and flexible than at high [72] 

moisture.The reason behind this is a reduction in torsional stiffness 
with increasing relative humidity. 

Chicken feathers Gallus gallus 203 MPa 3.59 GPa The study showed chicken feather fibres have high resistivity and [73] 
domesticus low dielectric constant, which helps them to be used as composite 

reinforcements to develop electric insulator panels. 
Silk Bombyx mori 623 MPa 14.96 GPa Natural silkworm silk fibres consist of two core of fibroin filaments [74] 

bonded together by a layer of sericin. Silk fibres are abundantly studied 
because of their several unique properties such as good processability, 
desirable biocompatibility and biodegradability. 

Pig hair Sus scrofa 135 MPa 6.39 GPa Being coarser and thicker than natural silk fibres pig fibres can only be [75, 76] 
used in non-woven applications.As the tensile properties of pig fibres 
are comparable with other natural fibres, they can be used as low-cost 
environment-friendly biocomposites. 

Alpaca Vicugna pacos 190 MPa 2.7 GPa Alpaca fibre is a soft, durable, luxurious and silky natural fibre. It is also [77] 
valued because it is lustrous, extremely strong and very warm. 

Camel hair Camelus 212.15 MPa 3.87 GPa Camel fibre adheres to tremendous breaking stress, higher breaking [78] 
bactrianus strain and significant rupture energy.The outstanding texture and 

mechanical properties make it a viable natural fibre for producing 
composites. 

Spider silk Araneae 1 GPa 10 GPa Spider frame silk can be considered the best fibre in terms of stiffness [79] 
and strength, making it stronger per unit weight than high-tensile steel. 
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On the other hand, ceramics are generally made of inorganic materials and non­
metallic substances. Ceramic matrix composites usually have high heat, chemi­
cal and abrasion resistance, making them advanced materials for some particular 
applications. They possess high strength, impeccable hardness, resistance to wear, 
chemical inertness and the ability to withstand high temperatures. These prop­
erties make ceramics a good candidate for high-end applications, but they have 
certain disadvantages. Due to the inherent properties of high brittleness and low 
thermal expansion coefficient of ceramic materials, they are tough to process and 
manufacture. Under tensile and impact loading, they tend to undergo brittle frac­
ture, propagating quickly [84]. Thus to increase the toughness of ceramics, various 
reinforcements like carbon fibres, silicon carbides, silicon nitrides, alumina, and 
titanium diboride have been added to them. These reinforcements improve the 
toughness and load-bearing capacity of the CMCs. CMCs can withstand tempera­
tures of nearly 1500 °C under different working conditions. They offer increased 
toughness compared to traditional ceramic materials [85]. 

Due to easy mouldability and easy manufacturing processes, polymer matrix 
composites are more widely manufactured for various applications. Their light 
weight, high strength and high stiffness promote PMCs for lightweight vehicles, 
turbine rotors and blades, aerospace applications and more. But PMCs also come 
with disadvantages [86, 87]. They have high sensitivity to moisture and radiation. 
They work in low temperatures, that is, around 200 °C, which is very low com­
pared to MMCs and CMCs. Regardless of these disadvantages, PMCs are widely 
popular because they don’t require high pressure and heat for processing, saving 
the composite from fibre damage and thermal degradation. PMCs are generally 
made of polymeric resin and fibre reinforcements [3]. The polymeric resins are 
byproducts of petroleum, and the fibre reinforcements are mainly made of glass 
or carbon. The increasing use of PMCs thus increases soil pollution. However, the 
growing popularity of PMCs has sparked great interest among researchers to work 
on sustainable PMCs. The green PMCs consist of biodegradable polymeric resin 
and fibres collected or procured from nature. The easy availability and competi­
tive properties and pricing make green PMCs a sustainable option in the global 
market [88, 89]. 

1.4 BIO-COATINGS FOR THE COMPOSITE 

Coatings are essential to prevent moisture, water or toxic environmental contami­
nants from entering the composite body. They allow for minimal friction and dust 
build-up on the substrate, thereby enhancing the lifespan of various composites 
[90]. With the growing popularity of natural fibre-based polymer composites, the 
need to develop biodegradable natural coatings is increasing too. Natural fibres 
have strong non-polar characteristics, which leads to poor adhesion of fibre with 
the matrix materials because it induces an uneven distribution of fibers within the 
polymer matrix [91]. In addition, they are prone to moisture absorption when 



 

 

9 Green composites for sustainable applications 

exposed to a humid atmosphere, which leads to early failure of the material during 
mechanical loading or thermal stress [90]. Many studies reported improving the 
fibre-matrix adhesion and different processes to coat the composite naturally. 
These coatings make the composite less susceptible to moisture or a toxic atmo­
sphere [92]. One of the most popular methods to form a biobased coating on the 
fibres and the biocomposite is hygroscopic ageing. In a recent study, it has been 
shown that the moisture absorption of a composite reduces to a great extent when 
coated with biobased polyurethane (PU) and polyfurfuryl alcohol (PFA) [93]. The 
study shows that the flex/phenolic laminates coated with PU and PFA showed 
lower water absorption when compared to uncoated laminates. Among PU and 
PFA, PFA displayed better hydrophobic properties as a coating material. It also 
showed that a little moisture absorption has no significant effect on the mechanical 
and thermal stability of the composite with coatings on it [94]. Recent studies have 
shown that biocoatings can also be applied to metallic substrates [90, 95]. Bio­
based materials like hemicellulose are extracted from plants and are also a byprod­
uct of the pulping industry. Hemicellulose is a water-soluble polysaccharide with 
low molecular weight and hydrodynamic radius [96]. However, the material is 
sensitive to moisture under high humidity conditions. Water absorption reduces 
the binding capacity and weakens the hemicellulose-based film’s structural stabil­
ity and respiratory barrier. Alkyl ketene dimer (AKD) is used as a crosslinker and 
a hydrophobic modifier to prepare a novel hemicellulose-based nanocomposite 
coating to improve the moisture barrier [94]. Another polysaccharide biocoating, 
sodium alginate, is generated from brown seaweed. It is constituted of α-D­
mannuronic and α-L-glucuronic acid [97]. Sodium alginate is used as a thickening 
agent in the food industry because it is non-toxic and biodegradable and has a high 
consumption acceptance rate. If applied as a coating, it improves the shelf life of 
food during storage [98]. Another promising candidate in the field of biobased 
coating is propolis. Propolis is a plant-derived resin product collected by bees to 
develop and protect the hive. Studies have shown that green propolis produced by 
Apis mellifera bees from plant-extracted nectar can be used as a coating for its 
excellent antioxidant and antimicrobial properties [98, 99]. In a recent approach, 
commercial epoxidised cardanol from cashew nutshell liquid (CNSL) has proven 
to be an outstanding biocoating when blended with sucrose epoxy derivative, sor­
bitol and isosorbide. Bisphenol A diglycidyl ether (BADGE) is a popular coating 
because of its unique molecular structure. Finding a substitute for BADGE is very 
difficult, but various biobased epoxy reactants can tailor the required properties of 
the biobased coatings for different applications [100]. Preserving fish or fish 
byproducts using green coatings is of tremendous interest to the food industries. 
Sodium alginate bilayer coating combined with green propolis can increase the 
shelf life by up to 11 days [98]. In a similar approach, to enhance the shelf life of 
exotic fruits like green asparagus, they are coated with a dense hemicellulose­
based coating containing hemicellulose, cellulose, nanofibres and montmorillon­
ite. AKD was added as a hydrophobised coating to enhance the respiratory barrier 
property of the asparagus [94]. Natural coatings are also used to protect the indoor 



 

 

 

10 Modern Materials and Manufacturing Techniques 

microbial colonisation of higher places that require a high level of environmental 
hygiene. Melamine formaldehyde as a capsule shell and lavandin-tea tree essential 
oils as core material were reinforced into painting as a biocide agent [101]. A novel 
UV-curable waterborne polyurethane acrylate, comprising polymerisation of 
hydroxyl telechelic natural rubber (HTNR), was developed as a greener approach. 
The material provides enhanced wettability with the surface, thus increasing the 
mechanical and thermal properties of the substrate [102]. Coatings are also used 
to enhance the anti-crease properties of cotton fabric: α-lipoic acid (ALA) has 
improved the fabric’s crease resistance and hydrophilic properties without loss of 
strength or the use of formaldehyde. ALA attaches itself to the cotton fibre through 
esterification between the carboxyl group and disulfide bond of the materials 
[103]. Neem gum is used as an effective biodegradable glue. It has hydrophilic 
polysaccharides obtained from exudates of neem tree and can be used to coat 
nanoparticles of palladium nano particles (PbNPs) using the sonochemical method 
[104]. For locking in the soil’s nitrogen content and reducing nitrogen loss due to 
irrigation, urea is granulated using duel layers of two natural oils and hydrogels, 
namely epoxidised soybean oil, linseed oil and crosslinked co-polymeric hydrogel 
of polyacrylic acid and polyacrylonitrile (PAN/PAAc) hydrogels [105]. Natural 
edible coatings are gaining popularity in the food and packaging industries. Agar-
agar is a plant-derived polymer with promising results when used as a coating. It 
has worked wonderfully to develop effective coatings for different fresh fruits, 
vegetables, fish and meat [106]. Edible coatings, which are thin and easily soluble, 
are used on the surface of the food products. The coatings provide better protection 
to the substrates against oxygen, moisture and other toxic elements from the food 
surface. Composites of edible coatings containing antimicrobial compounds can 
also reduce bacterial proliferation. Adding vegetable oil to edible food coating also 
increases the food’s moisture barrier, which helps the food stay juicy [104]. 
Though the concept of biodegradable coating is gaining interest globally, these 
coatings aren’t practical considering the current solid waste disposal process. As 
we know, in landfills or dump yards where solid waste is disposed of, it does not 
receive a compostable environment to degrade naturally. So it is also a global 
concern to find an appropriate method for managing solid degradable waste. How­
ever, biocoatings are still required for food preservation and creating moisture 
barriers for end products [107]. In an approach to enhancing bananas’ shelf life 
from physical and biological deterioration during transport and storage, an active 
nanocomposite is used. The nanocomposite consists of polyvinyl alcohol (PVOH), 
agar-agar and maltodextrin with silver nanoparticles. This coating protects the 
fruits against Escherichia coli and Staphylococcus aureus bacteria. The addition 
of silver nanoparticles enhances the flexibility of the composite films, allowing 
them to coat different surfaces of complicated shapes [108]. Agar-agar is one of 
the most commercially used coating materials. Being a porous and inexpensive 
polymer, agar-agar is used as a promising absorbent material. Being hydrophilic, 
it is often used as the skeleton adsorbent. Agar-agar is used to prepare edible poly­
meric composite sheets in various applications with these many properties [109]. 
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Agar-agar usually produces a thick homogeneous gelled structure, and it takes a 
long time to dry off completely. But when mixed with xanthan gum or locust bean 
gum, it produces a translucent flexible film that is easy to dry and prevents water 
for a long time [110]. In another approach, agar-agar (1%) based coatings with 
0.2% chitosan and 0.2% acetic acid showed promising properties when used as an 
edible coating. The study showed that when applied to raw garlic cloves, the coat­
ing delayed decolouration, fungal and bacterial growth, moisture loss and respira­
tion rate, thus increasing shelf life [111]. The cohesive structural layer of agar and 
ethanol reduces the water vapour permeability of polymeric composites from 75% 
to 95%, depending on the layer thickness. The gelation of agar creates a dense 
network which increases water vapour resistance and mechanical resistance [109]. 

As part of natural and sustainable coatings, gelatine plays a significant role. 
Gelatine is a biopolymer with a multifaceted nature. It is a filmogenic polymer 
with a sound barrier against moisture, oxygen and other atmospheric elements. 
It makes transparent films with antimicrobial properties, which can be used as a 
highly functional biodegradable coating. The adhesive property of gelatine helps 
it to stick firmly to any surface [105, 107, 112–115]. Researchers have combined 
gelatine with other substances to make an effective coating for various applica­
tions. In one of the approaches, gelatine-based coating is used to increase the 
shelf life of strawberries. The coating only consisted of gelatine because starch 
doesn’t offer good antioxidant properties. To overcome this problem, plant-
derived essential oils are used to improve the coating’s mechanical, antimicrobial 
and barrier properties. A study showed that to further enhance the barrier proper­
ties of gelatine-based biopolymer coatings, Mentha pulegium can be used. It fur­
ther enhances the barrier and antioxidant properties of the coating, thus providing 
better resistance to the strawberry’s surface [112, 113]. The adhesion of gelatine 
is different for different surfaces. So, other substrates need a different approach 
to be coated with gelatine-based coatings. In a different approach, gelatine and 
chitosan are used to develop an edible coating to delay meat discolouration in 
retail displays. The chitosan-gelatine edible coatings are incorporated with tar­
ragon essential oil (TEO). Nanoparticles of chitosan gelatine were prepared with 
the gelation method. The nano-encapsulated TEO helps in the controlled release of 
TEO in the system, thus improving the meat’s antioxidant and anti-microbacterial 
properties [116]. Another study showed that glycerol instead of TEO can be used 
with different chitosan and gelatine blends, reducing weight loss due to water 
shrinkage and lipid oxidation of the meat in display storage [116]. To reduce 
microbial infections on the surface of fish fillets and delay their discolouration, 
gelatine-based coatings are used widely [105]. Gelatine and native cassava starch 
(NCS), sorbitol and a different fraction of Tetradenia riparia extract are used to 
develop an advanced edible coating for strawberries. The films produced provide 
better protection against bacterial growth and antioxidant activity losses [112]. 
But with increased thickness, the solubility reduces, directly influencing the water 
vapour transmission between surfaces. Thus, using gelatine-based antimicrobial 
edible coating is gaining popularity in the food industry. To protect rice grain from 
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atmospheric conditions, folic acids or folates are used to fortify the nutrients of the 
rice by coating it. Adding folic acid also increases the amount of folic acid intake 
among the consumers, which is suggested by government bodies. Using any acid 
for rice fortification is not suitable for creating a protective barrier to minimize 
the loss of folic acid from within. To tackle this problem, different materials were 
sprayed or press-coated against the fortified rice, including locust bean gum, agar, 
xanthan gum–coated premix, rice gruel, and rice gruel and salic acid combined. At 
the end of the process, calcium phosphate and starch powder were evenly sprayed 
as a final layer while rolling the rice. The final result showed that locust bean 
gum, xanthan gum, and agar coating showed successful masking of rice, which 
further reduced the loss of folic acid [110]. Different biopolymer-based coatings 
act differently with added oil, fats and acids, improving shelf life, quality, physi­
cal properties and chemical barrier, delaying discolouration of the substrate it has 
been applied on. These edible green coatings help food-grade products last longer, 
thus keeping the system sustainable. 

1.5 BIODEGRADABILITY AND ENVIRONMENTAL ASPECT 

Biodegradability tests can be performed using ASTM D6003–96. In popular prac­
tice, the natural soil burial test is considered one of the most effective methods to 
check the rate of biodegradability [117–120]. Apart from that, the simulated solid 
waste aerobic compost test is also used for the same [117]. In the soil burial test, 
the specimens are buried 6 to 7 cm deep inside the soil surface. The soil is kept 
moist by watering it in a regulated manner. The compost soil is kept in a controlled 
environment in the compost test. The temperature is generally controlled at 30 °C 
with 50%–60% water content. The pH level of the compost soil is maintained at 
7. As per the design of the experiment, the samples are removed from the soil and 
washed with distilled water until clean. The samples are then air-dried in a hot air 
furnace at a temperature around 65 to75 °C for 24 hours. The weight loss of the 
sample during the soil burial test and composite tests signifies the rate of biode­
gradability of the sample [120]. 

Polymers are divided into two categories, biodegradable and nonbiodegrad­
able. Though nonbiodegradable polymers have better properties, they face chal­
lenges during disposal. Synthetic, nonbiodegradable polymers are a matter of 
concern globally as they do not degrade fast. So, the popularity of degradable 
and recyclable polymers is increasing. Poly(lactic acid) (PLA) is one of the most 
commercialised degradable polymers. PLA is a starch-derived natural polymer 
that reserves the exclusive properties of commercially used plastics [121]. Chito­
san is another feasible option to be used as a biodegradable polymer. It is derived 
from shrimp shells and is completely non-toxic. Being biodegradable and having 
all the necessary qualities, shrimp shells are used mostly for biomedical stud­
ies [121, 122]. Starch is another naturally found biopolymer that is widely used 
to manufacture substitute sustainable counterparts to plastic bags. Starch-based 
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resins are biodegradable and have considerable thermomechanical and rheologi­
cal properties. The main advantage of starch is its easy processing properties. It 
has been used for many years in plastic manufacturing as fillers, but adding starch 
reduces the mechanical properties of starch-based composites. This is one of the 
main reasons to keep starch content below 40% in any composite [121, 123]. 
Apart from natural biodegradable polymers, other commercially used synthetic 
resins like polybutylene succinate (PBS), polybutylene succinate adipate (PBSA) 
and poly (butyleneadipate-co-terephthalate) are popularly used as biodegradable 
polymers [124]. Biodegradable polymers do not show a competitive advantage 
over synthetic polymers due to their low mechanical properties. Keeping the 
biodegradability factor in the count, natural cellulose is blended with natural 
polymer instead of integrating these natural polymers and synthetic polymers, 
making it more mechanically advanced yet 100% natural. Microorganisms play 
a significant role in the faster degradation of composites. The degradation study 
includes bacteria and fungi with the highest hydrolytic activity. Studies showed 
soil bacteria degrade the material faster than do isolated bacteria away from soil 
or compost [122]. Different hydrolase enzymes like lysozyme glycosides are 
responsible for faster degradation of materials upon soil burial or composting. 
The degradation of the composite materials depends on which bacteria or fungal 
growth can penetrate into the surface faster [125]. In a case study of chitosan 
and tannic acid–based composite, it has been observed that it is very difficult 
for most of the microorganisms to grow in it due to antimicrobial and antifungal 
properties. The SEM analysis showed bacterial growth occurs on the composites’ 
surface as a thin film. Further study shows that composite has 99% antibacte­
rial shielding against Staphylococcus aureus, but only 28.42% shielding against 
Escherichia coli [108, 126]. Oxidation is the key parameter for all microorgan­
isms and fungi to access the material surface quickly. Oxidation bio-assimilates 
the molecular structure and breaks the hydrophilic oxidants, thus facilitating the 
biodegradation process [108, 126]. Synthetic plastics blended with starch create 
a hydrophilic property that helps to catalyse the surface with amylase enzymes. 
These catalysed surfaces can further be easily attacked and removed by microor­
ganisms. Plenty of microorganisms found in soil are responsible for faster mate­
rial surface degradation, including yeast, Streptomyces strains, Mucor rouxii 
NRRL 1835 fungi, Aspergillus flavus and Penicillium simplicissimum YK, to 
name a few [101, 111, 113, 127]. 

1.6 DEVELOPMENTS AND APPLICATIONS 

All-natural composites are increasingly used to solve many problems in our soci­
ety. The field of application primarily varies according to the end user. In such an 
approach, all-natural composites made of either industrial waste fibres or natural 
fibres are replacing disposable plastics [2, 128]. Disposable plastics are used world­
wide for takeaway-based restaurants, eateries and hotels. Streetside food vendors, 
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grocery stores, flea markets, and vegetable and fish markets require disposable 
plastic packets or containers. This generates a massive amount of non-recyclable 
waste worldwide, which has become a prime concern for all environmentalists 
[36]. Microplastic pollution has reached the level where it has been found in the 
body fluids of unborn babies and in unexplored deep trenches in the ocean where 
human interference has not yet occurred. The only solution to avoid this problem 
is to reduce plastic usage and use sustainable practices wherever possible. Many 
researchers and upcoming business startups globally promote and produce sus­
tainable and rapidly biodegradable cutlery and packaging units. The products are 
primarily developed using naturally available biodegradable fibre and polymer 
protein. Several researchers have developed biodegradable counterparts of plas­
tic disposables using bagasse and starch-based composites. Bamboo fibre, textile 
waste, banana fibre, rice or wheat husk and straws have also been used widely to 
develop natural composites. In a similar approach, we have developed all-natural 
composites based on silk fibre waste and wheat gluten. Apart from these, other 
organic constituents are used to develop products. Natural lemon extract is used 
as a crosslinker, and castor oil is used as a natural plasticiser [129]. 

For our research, all the samples were prepared following the same process, 
where the wheat gluten (WG) and chopped filature silk fibre of 20 (∓ 1.5) mm 
length were mixed in a ratio of 50:50 (w/w) for making the composite sheets. The 
process requires hot water at 60 °C, in which the wheat gluten was poured slowly 
and mixed gently by stirring the water at a fixed temperature of 60 °C with 10% 
castor oil as a plasticiser and 5% freshly extracted lemon juice as the crosslinker. 
The fibres were dipped into hot water for 30 minutes until they were soft enough 
to be added to the mixture. After 30 minutes, the water was drained out gently 
from the fibres, the wheat gluten mixture was poured onto it and proper mixing 
was done with the hand. When the mixture became homogeneous, a thin sheet was 
formed using the hand-lay-up method and kept inside a hot-air oven at 70 °C until 
it was dried completely. The dried sample sheets had a thickness of approximately 
1 mm each and were stacked in layers inside a stainless steel mould to achieve a 
sample dimension of 160 mm in length, 105 mm in width and 2.5 mm in depth. 
The mould was then placed in the hot compression mould and compressed under 
a pressure of 120 bar for 10 minutes at 120 °C, followed by a 15-minute compres­
sion cycle without applying any heat. The prepared samples were then cooled 
inside the mould and taken out for in-depth analysis. 

The thermomechanical analysis and biodegradation test further showed the 
viability of the manufactured sheets to be used as biodegradable counterparts of 
plastic. The impressive mechanical strength provides the necessary strength for 
the structure. The enhanced flexibility due to the addition of natural plasticiser, 
and the crosslinker helped the composite deform into different shapes under the 
hot press. The thermogravimetric analysis showed impressive stability of the 
developed composite under high temperatures. A natural crosslinker and plasti­
ciser helped the wheat gluten form disulfide bonds, which enhanced the polymeric 
reaction and formed more extended chains, as shown in Figure 1.1. The better 
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crosslinking helped the composite exhibit more strength under mechanical testing 
and better thermal stability. 

The rapid (two- to three-week) biodegradability of the developed composite 
is also impressive as shown by the soil degradation test. The SEM images also 
showed good adhesion between matrix and fibre in the presence of crosslinker and 
plasticiser, which naturally improves the mechanical properties of the composite. 
The SEM fractography in Figure 1.2 clearly indicated the promising adhesion 
between the fibre and matrix under the influence of plasticiser and crosslinker. 

The tensile test showed that the prepared composites notably improved in ten­
sile strength and percentage elongation compared to the matrix material. Though 

Figure 1.1 Chemical reaction between the wheat gluten and crosslinker to form a longer 
polymeric chain. 

Figure 1.2 SEM fractographs showing the fibre matrix adhesion of the wheat gluten and 
filature silk composite with and without natural plasticiser and crosslinker. 
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Figure 1.3	 Comparison of different mechanical properties of filature silk, wheat gluten and 
wheat gluten and filature silk composite. 

the addition of fibres enhances the strength of the composite, it also increases the 
brittleness of the composite. To reduce the overall brittleness, castor oil was incor­
porated into the composite as a plasticiser to make it more flexible. As a result, 
the final composite showed better elongation than the matrix material. The tensile 
test was performed on five samples, and the average outcome was calculated and 
compared, as shown in Figure 1.3. The composites showed an average ultimate 
tensile strength of 28 MPa, Young’s modulus of 282 MPa and elongation of up to 
20%. The strength and elongation of the prepared composite satisfy the conditions 
for low-pressure moulding. Low-pressure moulding ensures shaping the biocom­
posite sheets into different forms as per the requirement, with significantly lower 
applied pressure and no breakage. 

1.7 CONCLUSION 

Sustainable, green composites are needed urgently as they have the potential to 
replace plastic counterparts on a large scale. Natural composites exhibit advanta­
geous thermomechanical properties. In addition, they are renewable, available in 
ample amounts and less expensive. Biocomposites have increasingly been per­
ceived for their unmatchable biodegradability and low toxicity. Plenty of scien­
tific research has already been conducted on the advantages of biocomposites. 
The outcome of our research demonstrated the immense potential for developing 
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and utilising these composites according to market needs and size. The current 
necessity is to minimize the use of plastic products to the greatest extent possible. 
Developing newer materials and designs for biocomposites to ensure application-
based performance capabilities should also be emphasised for future studies. As 
these biocomposites will be used for different end applications, enhancing the 
overall appearance and the performance of the biocomposites should also be stud­
ied widely for better market acceptance. Ultimately, the market should recognize 
the significance of replacing plastics with biocomposites, and regulations should 
be imposed to mandate using biocomposite-based products. If practised together, 
the problem of plastic waste can easily be countered with the newly developed 
biocomposites. 
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Chapter 2
 

Metallic functionally graded 
materials 

Krishan   Kumar ,  Khushboo  Rakha ,
 Shahriar  Reza and  Harpreet  Singh 

2.1  INTRODUCTION 

Materials development originates from monolithic materials and progresses into 
alloys, composites, and advanced composites such as functionally graded materials 
through various techniques. It is impossible to have conflicting properties in a sin­
gle object with monolithic materials, while alloying is limited by thermodynamic 
behavior and degree of miscibility of their constituents. The traditional composites 
fail under a harsh working environment as the sharp interface (i.e., mismatch in 
thermal and mechanical properties of adjoining materials) acts as a debilitating 
stress concentration site causing crack initiation and propagation to eventual fail­
ure of the object by delamination [1]. This sharp interface of conventional com­
posites is systematically eliminated in novel composites (i.e., functionally graded 
materials) through a gradually changing interface; consequently, stress concentra­
tion reduces [2]. FGMs are advanced engineering materials with spatial gradients 
in either elastic, plastic, or both elastic and plastic properties, used to fabricate 
multi-functional parts by achieving conflicting performance goals in the same part. 
These property gradients are achieved through a seamless transition in porosity, 
material composition, and/or microstructure in their spatial dimensions. Engineer­
ing continuously turns to nature to find solutions to distinct engineering problems. 
FGMs are biologically inspired materials that mimic the ubiquitous FGMs in the 
palm tree, bamboo, and spongy trabecular structure of animal bones, teeth, and tis­
sue variation in muscle and wood [3]. Nature has designed these products to meet 
various performance requirements. For example, the outer part of a human tooth 
is made of wear-resistant enamel with a ductile inner structure that absorbs impact 
load to optimize the fatigue life of teeth. High surface hardness and ductile cores 
achieve similar performance requirements of resisting the surface wear and fatigue 
failure in bearing applications [4]. In a true sense, for the multi-functional status of 
a component, there should be both intralayer and interlayer variation in properties 
[5]. FGM promotes artifact design by customizing various regions of a part with 
different material properties. Artificial FGMs have been investigated for decades 
after their first use by Japan in 1984 in space shuttle bodies as a thermal barrier 
material to withstand temperature differences of 1000°C [6]. The leverage of spatial 
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property gradient is a swiftly advancing research area, especially given the evolu­
tion of additive manufacturing (AM). Figure 2.1 demonstrates diverse application 
streams of FGMs to fabricate products with heterogeneous properties like tough­
ness and wear resistance in engine nozzles, automotive valve stems and turbine 
blades under thermo-mechanical stresses, gears under impact and abrasion wear, 
and compliant hydrostatic bearing and cutting tools in distinct engineering appli­
cations. Graded implants and dental restorations with better biocompatibility and 
mechanical functionality have been ubiquitous in biomedical applications [1, 7–9]. 

Based on heterogeneity, materials with strategically controlled porosity/ 
composition/microstructure or a combination of them across their volume are 
referred to as FGMs. A potential classification of FGMs is exemplified in 
Figure 2.2: (a) heterogeneous structure materials comprising variable densification 
or porosity within a homogeneous composition; (b) heterogeneous composition 
materials having multiple materials combined with smooth and a seamless transi­
tion in composition; and (c) heterogeneous microstructure in any of (a) and (b) 
using heat treatment processes [10]. 

The fabricated FGMs are often post-processed to enhance tribological behavior 
through microstructural gradients [11]. The heterogeneous structure is also known 
as density cellular structure, porous structure, and functionally graded cellular 
microstructure. It comprises a lattice structure instead of solid material for higher 
strength-to-weight ratio to fabricate lighter yet stronger components. The geo­
metrical characteristics of pores, lattice cells, and interconnectivity are linked to 
the properties of this kind of FGMs. The ratio of the void to the solid volume of a 
material (i.e., porosity) is engineered for superior acoustic, optical, thermal, and 
mechanical behavior and reduced weight per unit volume. 

Figure 2.1 Potential applications of FGMs. 
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Figure 2.2 Classification of functionally graded materials. 

Graded porosity or material density gradient can be obtained through variation 
in porosity density or pore size and shape. This kind of FGM has been ubiquitously 
used for surgical implants as porosity helps integrate the implant with surround­
ing tissues and blood circulation [12]. Chemical composition graded FGMs have 
multi-materiality aspects with dynamically composed gradients in the volume of 
bulk material. The materials may have single-phase or complex morphology with 
multiple phases. The distribution of materials may follow uniformity, steps, or 
other particular patterns in objects [3, 12]. In microstructure gradient FGMs, dis­
tinct microstructures are strategically modulated through various methods such as 
composition variation, post-processing like case hardening, quenching, and other 
heat treatment processes to obtain the desired property variation in material [13]. 
FGMs are fabricated using a combination of ceramic-polymer, ceramic-metal, 
ceramic-ceramic, and metal-metal. Along with the heterogeneity-based classifica­
tion, FGMs are classified according to the combination of constituents, structure, 
nature of gradient (i.e., stepped, continuous, or specific pattern) and the applica­
tion [14]. Fabrication approaches have evolved from conventional processes like 
gas-based thermal spray, liquid-based centrifugal casting, and solid-based pow­
der metallurgy to advanced manufacturing methods like additive manufacturing 
(AM). AM technology empowers the direct fabrication of bespoke components 
by accurately placing the material at predefined positions in a design space [3]. 
Tungsten, nickel, titanium, aluminum, copper, and magnesium are reported as the 
most frequently used metals for FGM fabrication [15]. 

Several advantageous aspects of AM techniques include innovation through 
rapid mass customization and unprecedented design freedom, the ability to create 
high geometric complexity with short lead time and part count reduction (PCR), 
producing lightweight components by using lattice structures in place of solid 
material, minimizing waste generation or even eliminating it, embedding different 
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functional component like motors, bearings, or electronic components into a single 
part through part consolidation, and enabling multiple materials additive manufac­
turing (MMAM) [7, 16]. These factors bring AM to the forefront of FGM fabrica­
tion techniques. However, there are also a few restrictive aspects of AM, such as 
a limited ability to build overhanging features, warpage and cracking due to ther­
mal stresses, infill densities, stair-stepping, surface roughness, and microstructural 
anisotropy in the Z-direction [17]. Integrating the restrictive and opportunistic 
aspects of design for additive manufacturing (DfAM) allows for the production of 
complex geometries using multiple build materials while minimizing time, cost, 
material waste, and the risk of build failures [17, 18]. The AM processing variables 
such as beam current, beam focus, and beam speed enable the fabrication of multi-
material parts with embedded components like multi-material airless tires, robot 
fingers, articulated camera probe, and articulated mechanisms [19]. Prabhu et al. 
[20, 21] explored the commensurate need for skilled workers and the importance 
of introducing AM educational intervention by institutions, academics, and profes­
sionals to improve the technical excellence of students’ design outcomes. Recent 
innovations have evolved additive manufacturing from rapid prototyping (RPT) 
to direct digital manufacturing (DDM) of customized geometry with functional 
material properties. Researchers have developed several discretization mathemati­
cal models for composition control at every voxel using function-based models 
through piecewise blending or global function in MMAM. Then, techniques like 
topology optimization and material composition optimization are used to enhance 
fabricated parts’ performance [22]. Metal-based FGMs have garnered much atten­
tion from both academia and industrial communities. Several review papers have 
been published, each addressing various aspects of FGMs. However, none of them 
comprehensively covers all facets of FGMs, including their origination, types, 
design techniques and tools, fabrication methods, post-processing requirements, 
frequently used techniques, and applications. This review is a compilation of all 
developments including materials, modeling, simulation, optimization, fabrica­
tion techniques, scanning patterns, delivery mechanism of multiple materials, and 
applications of FGMs, together with future scope of research. Being a state-of-the­
art and comprehensive review, it can be useful for both researchers and industry. 
For example, designers could retrieve information about available resources and 
their limitations to improve their decisional process. Software developers could 
get insights to improve the constraints while modeling and optimizing the FGMs. 
Finally, researchers can obtain a comprehensive overview of the topic as a guide 
for future research. 

The remaining article is organized as follows: Section 2.2 surveys the literature 
on modeling and optimization of FGMs. Section 2.3 highlights different devel­
opments in FGM fabrication processes. Various auxiliary aspects like toolpath 
planning and scanning strategy, powder feed mechanisms, and support structure 
are elaborated in Section 2.4. Post-processing requirements and techniques are 
reviewed in Section 2.5. Section 2.6 covers various testing and characterization 
tools used in FGM part fabrication. Section 2.7 discusses various fabrication 
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challenges and future directions of FGMs research. Finally, this chapter is sum­
marized in Section 2.8. 

2.2 MODELING AND OPTIMIZATION OF FGMs 

Even though the merits of FGMs have already been unveiled, the modeling and 
optimization of these materials is an effortful task. The increased number of vari­
ables at the design and fabrication stages makes the optimization process overly 
complicated, especially in the case of multiple materials. Numerous simulation-
based analyses on additive manufacturing of composites have been conducted. 
However, as FGM fabrication is a newer application of AM processes, only a 
limited number of computational models have been investigated [12]. Computer-
aided design technologies have helped researchers generate a multitude of 3D 
CAD representations with boundary representations (B-rep), spatial decompo­
sition, constructive solid geometry (CSG), and function representation (F-rep) 
as commonly used geometric representation techniques. B-rep and F-rep tech­
niques represent 3D geometry only while CSG and spatial decomposition along 
with hierarchy-based parallel representation describe both geometry and mate­
rial [3]. Before developing special modules for FGMs in commercial software 
like ANSYS, ABAQUS, and COMSOL Multiphysics, manufacturing simulation 
used to be done through NC programming using G-code [23]. Optimal process 
parameters for minimizing the undesirable residual stress and part distortion can 
be determined using experimental trial and engineering judgment. However, 
the experimental trial becomes exorbitantly expensive for multi-material parts 
of complex geometries. The computational model can provide an accurate rela­
tion between process parameters and the magnitude of induced residual stress 
and part distortion. Furthermore, incorporating a feedback loop and real-time 
process parameter modification can prompt optimization. Computational tools 
enable optimization of the structure, composition, topology, or a combination of 
multiple variables using algorithms. Computational fluid dynamics (CFD) and 
fast Fourier transform (FFT) combined with finite element (FE), finite volume 
(FV), and finite difference (FD) models have been used for thermal-mechanical 
and thermo-fluid modeling [24, 25]. The modeling of the heterogeneous objects, 
that is, FGMs, enfold geometric modeling with varying material composition and 
heterogeneous lattice structure. Topology optimization (TO) has arisen as a pow­
erful design tool and has been exploited to optimize the material or weight of an 
object, which further reduces fabrication time and material cost. The prominent 
TO methods for FGM fabrication include homogenization, solid isotropic mate­
rial with penalization (SIMP), geometry projection method, level set, Heaviside 
projection method, phase-field method, moving morphable component (MMC) 
method, and evolutionary approach which were first developed for single mate­
rial (SIMO) and then extended to multi-materials (MMTO) [26]. The modeling 
and optimization techniques used for microstructurally, structurally, and com­
positionally graded materials are outlined in Sections 2.2.1, 2.2.2, and 2.2.3, 
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respectively. Various software programs and their application and salient features 
are presented in Table 2.1. 

Table 2.1 Summary of design and optimization tools of FGMs 

Compositionally graded material 

Software/Tool Salient features Application/ Reference 
Material 

COMSOL FEA results show good compatibility Compliant [9] 
Multiphysics with that of the analytical method hydrostatic 

bearing 
To understand the relation between Nickel alloy [25] 
operating parameters in coating process coated 
Topologically optimized, porous Photopolymer [27] 
structure with weight saving liquid resin 

Thermo-Calc and Undesirable phase formation in FGMs, For any multiple [28–32] 
Pandant software their identification, and avoidance materials FGM 

Optimum property gradients using the 
map-based planner 
Computationally predicting phase Ti-6Al-4V/Inconel [31] 
transformations	 718 FGM 

ABAQUS	 CFD simulation with variable operating FGM ofTi-6Al-4V [24] 
parameters user-defined functions 
Design elastic FEM model Any Material [33] 

MATLAB, and A mathematical model for multi- Inconel 718 and [8] 
modeFRONTIER® objective optimization in DED Ti-6Al-4V 
MATLAB Optimization of macro periodic Any material [34] 

structure using substructures 
Autodesk, and Voxel-based modeling software for Any material [3] 
GrabCAD Voxel multi-material 3D printing to simulate combination 
Print the design 
Rpdata, and Slicing of the support structure and Any material [35] 
Netfabb design structure combination 
SolidWorks 3D geometric modeling and FEA TB+, VW+ [36] 

simulations 
Structurally Graded Material 
3D Multigrid A mathematical model for numerical Any substrate/ [37] 
Solver analysis of substrate/coating with coating 

varying elastic properties combination 
MATLAB, and MATLAB coding, gradient cellular Elastic [38] 
OptiStruct structures design and optimization, properties-based 
software mechanical and thermal performance optimization 

analysis 
MATLAB topology optimization Messerschmitt- [39] 
to accommodate the orientation Bolkow-Blohm 
dependence of material properties Beam 

(Continued) 
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Table 2.1 (Continued) 

Compositionally graded material 

Software/Tool Salient features Application/ 
Material 

Reference 

ANSYS, 
Rhinoceros 

Unigraphics NX 
10.0 and 3-Matic 
software 
3-Matic and 
Magics 

Magics and Slicer 

FEA for mechanical properties in 
ANSYS and 3D lattice distribution in 
Rhinoceros software 
Design the graded porous scaffolds and 
optimization of same 

Design of functionally graded lattice 
structures with cubic and honeycomb 
unit cell 

Fix the meshed STL files and generate 
the toolpath 

Hip implant [40] 

Mimic gradient [41] 
structure of bone 
for implant 
Modeling [42] 
the energy 
absorption 
structure 
Any material [43] 
combination 

2.2.1 Microstructurally graded material 

The graded microstructure can be induced in both homogeneous and heterogeneous 
composition materials through predetermined process parameters. The concept and 
fabrication technique of microstructurally graded FGMs using fine- and coarse-
grained microstructure is demonstrated in reference [13]. In the case of homoge­
neous composition materials, gradation in microstructure is obtained by varying heat 
input to fabricate fine-grained and coarse-grained regions in a part. In the case of 
heterogeneous composition material, gradation in microstructure can be a function 
of composition or heat input during fabrication or a combination of both. Such types 
of FGMs are frequently fabricated using powder bed fusion-based AM techniques. 
No unique modeling and optimization are needed as simple parameter variation can 
fabricate such gradation. A graded microstructure can be obtained by selectively 
adding thermal energy to allow grain growth, and multiple scanning can result in 
tailored microstructural morphology comparable to wrought microstructure [17]. 

2.2.2 Structurally graded material 

Geometric modeling with heterogeneous lattice structures is concerned with the 
geometric features of the objects. These FGMs came into existence earlier than 
compositionally graded materials and have been extensively researched. They 
involve lattice structures and have been a popular design application for fabri­
cating lightweight and advanced energy-absorption structures. Each lattice struc­
ture comprises unit cells with solid and void regions [42]. The main challenge 
in lattice structure–based FGM design is bridging the designed computational 
models and complex material properties realized in fabrication. The orientation-
dependent properties of metallic parts, such as horizontal features which have a 
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rougher surface than do vertical ones, make the task even more complex [39]. 
These materials are further classified as strut-based lattice structures and triply 
periodic level surface (TPLS)-based cellular structures. Functionally graded cel­
lular structures (FGCS) have objectively controlled lattice structures in different 
volume regions using software or the Voronoi algorithm [38]. Porous scaffold 
designs are optimized for mechanical and biological properties and for osseointe­
gration [41]. Zhang et al. [44] fabricated various functionally graded triply periodic 
minimal surface structures (TPMS) using stereolithography and compared them 
for mechanical properties and deformation mechanisms. These structures offer 
smooth surface and pore interconnectivity to meet the biological and mechanical 
requirements of dental and other orthopedic tissues. Cetin and Baykasoğlu [45] 
developed graded lattice structure filled tubes (GLSFTs) for energy absorption 
under high-speed in-plane crushing. 

Finite element methods (FEM) combined with fast Fourier transform have been 
widely used for numerical analysis, but they require massive CPU and memory. 
Boffy et al. [37] demonstrated an efficient numerical model using multigrid tech­
niques within a finite-difference framework that offers accelerated convergence 
through a local refinement strategy such that large-scale problems can be solved 
with moderate memory and CPU capacity. Li et al. [38] developed a generative 
design and optimization technique for TPLS-based FGMs, and the results show 
better density distribution control that enhances structural and thermal properties. 
Wang et al. [40] demonstrated an evolutionary algorithm for graded cellular mate­
rial by combining structural optimization with multi-scale analysis. Recently, Fu 
et al. [34] put forth an efficacious topology optimization method that substructures 
the global periodic structure into a series of the condensed linear system before 
optimizing the same. Smith and Norato [46] extended the geometry projection 
method of topology optimization to optimize multi-material structures. 

2.2.3 Compositionally graded material 

Applications involving extreme environments, such as nuclear power generation 
and aerospace engineering, require components capable of functioning at high-
temperature gradients within the same part. Consequently, multiple properties 
like toughness, wear resistance, corrosion and oxidation resistance, lightweight, 
strength, and reasonable cost become essential in distinct regions. Nevertheless, 
because contrasting properties are rare in a single material, multi-material FGMs 
with tailored composition gradients and stable interfacial bonds between dissimi­
lar materials are used [3]. The varying material modeling produces composition 
distribution for greater diversity in properties than structurally graded FGMs. 
This class of FGMs has become more prevalent with the development of the AM 
technique. However, these materials often face secondary phases with deleteri­
ous properties and cracks [28]. Kaufman and Ågren [29] came out with a novel 
technique of predicting the formation of such phases with the help of calculation 
of phase diagram (CALPHAD) software to manipulate composition accordingly. 
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The biggest drawback, however, was that the software could not visualize more 
than three elements at once. Hofmann et al. and Kirk et al. [30, 47] computation­
ally predicted brittle intermetallic phases’ free gradient paths and proposed that 
these undesirable phases could be avoided by adding an alloying element, or a 
discontinuous jump in composition. The methodology successfully produced del­
eterious phase–free FGMs, but it lacks an optimum gradient for properties. 

Authors achieved the same in their other work to produce a composition 
path with monotonic property gradients [28, 31, 48]. Yan et al. [8] designed a 
multi-objective optimization algorithm with injection nozzle diameters, injection 
velocities, nozzle angles, laser power, and scanning speed variables for the FGM 
fabrication. Xu et al. [49] proposed the SIMP method for multi-material ther­
moelectric generators (TEG) to achieve high efficiency. Another innovation in 
CAD modeling of multi-material FGMs is algorithmically generated voxel models 
where the material deposition is controlled in each voxel [50]. 

2.3 MANUFACTURING TECHNIQUES OF FGM OBJECTS 

FGMs can be a thin coating applied over a substrate or a bulk volume material for 
harsh operating conditions. A thin coating of the target material is used for applica­
tions demanding surface properties different from that of the bulk volume of material 
[51]. Bulk FGMs have varying properties across their volume. Fabrication methods 
of both types of FGMs are conventional and advanced (Figure 2.3), based on their 
ability to process complex shapes. Each technique possesses unique features for a 
type of material, complexity of shapes, dimension control, and volume of the part. 
For example, centrifugal casting holds the edge over other methods for fabrication 
of bulky parts, powder metallurgy-based methods suit the moderately complex part, 
and AM techniques excel in fabricating small complex parts [52]. Distinct types of 
fabricating methods falling under conventional and advanced techniques are out­
lined in Sections 2.3.1 and 2.3.2, respectively. An overview of various fabrication 
techniques, their features, and materials processed are summarized in Table 2.2. 

Figure 2.3 Classification of FGM fabrication methods. 



 

  

 
 

 
 

 

 

Table 2.2 Overview of FGM fabrication methods and their salient features 

Conventional fabrication processes 

Processing technique Material Features of product/fabrication Application Reference 
method 

Vacuum plasma spray 

Magnetron sputtering process 

Powder metallurgy 

Centrifugal casting method 

Tape casting method 

Directed energy deposition 
(DED), laser engineered net 
shaping (LENS), or direct laser 
metal deposition (LMD) 

Ferritic martensitic high 
chromium steel EUROFER97 
and Tungsten 
Ferritic martensitic high 
chromium steel EUROFER97 
and Tungsten 
Fine Mg-Zn particles 
Al2024/SiC FGMs 

Rubber-like polymer for 
support, titanium for slipper 

Functionally graded Al/B4C, Al/ 
SiC, Al/Al2O3, and Al/TiB2 

Lanthanum strontium cobalt 
ferrite (LSCF) 
Acicular hydrogen processed 
using freeze tape casting 
Magnetocaloric materials 

Functionally graded coating	 [53] 

Aerospace, transportation, [16] 
biocompatible, and electronic 

Pump, motor, machine tool, civil [9] 
engineering applications 

Wear resistance behavior study [54] 
of FGMs 

Solid oxide fuel cells	 [55] 

Fuel cell	 [56] 

Magnetic refrigeration (MR) [57] 
technology 

Automobile engine valve stems, [75] 
and corrosion-resistant coatings 

Excellent quality and crack-free 
microstructure 

Poor interfacial strength as 
bonding between particles is only 
formed by mechanical clamping 
Specimen for microstructural 
and mechanical characterization, 
density measurement 
Compliant hydrostatic bearing 
for non-constant curvature of 
counter surface 
Hollow cylindrical shell 

Functionally graded cathode 
using LSCF 
Functionally graded acicular 
hydrogen electrode 
Specific magnetocaloric 
properties 

M
etallic functio

nally graded m
aterials 
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Advanced fabrication processes 

304L stainless steel (SS304L) 	 IN625 provides strength and 
and Inconel 625 (IN625)	 corrosion resistance at elevated 

temperatures, and SS304L 
reduces the cost 

(Continued) 



IN738LC Correlated scanning strategy 
with obtained microstructure

FGM development with tailored 
mechanical properties

[59]

Soda-lime glass, Al2O3, Cu, 
polymer

Ultrasonic vibration-assisted 
feeding mechanism

Shoe sole, turbine blade,
bearing

[7]

Ti47Al2Cr2Nb Compositionally graded FGM 
using raw powder

Demonstration of complex 
FGM

[60]

Stereolithography or vat 
photopolymerization

Photopolymer liquid resin The topologically optimized 
porous structure

Structurally graded FGM 
fabrication

[27]

Al2O3-Si3N4 mixed with 
photocurable resin to form 
a paste

Printed using optimized 
parameters like layer thickness 
and paste viscosity

Complicated FGM fabrication [61]

3DSR ultra-high resolution 
(UHR) resin, isobornyl acrylate,
and iron oxide (Fe3O4)

Variation in the magnetic 
field can fetch different 
gradients of magnetic particles 
concentration

Compositionally graded 
polymer composites

[62]

Binder jetting (BJT) Polyvinyl alcohol powder,
graphene oxide ink

Compositionally graded FGM 
fabrication

High-porosity FGM for 
supercapacitor

[35]

Vero cyan (VC) and tango 
black+ (TB+)

Voxel-based design of fatigue 
test sample

Analyzing stepwise and 
continuous grade

[63]

Sheet lamination (SHL) Stainless steel,Al, and Cu foils Optimum welding parameter 
selection

FGM fabrication using SHL [64]

Material extrusion (MEX) Al, and carbon nanotubes 
(CNT)

FGM with superior mechanical 
and thermal properties and a 
high weight-to-strength ratio

Transportation equipment parts 
and air-hydro cylinder tube 
body

[65]

Hybrid AM technology 
(SLM + cold spray)

Ti6Al4V, Al, and Al2O3 Thick, dense, and machinable 
FGMs free from intermetallic 
phases, improved hardness is 
achieved

Ti6Al4V part is manufactured 
using SLM and cold sprayed 
with Al and Al+Al2O3

[56]

 

 

  

 

 

 

 

  

  Table 2.2 (Continued) 

Conventional fabrication processes 

Processing technique Material Features of product/fabrication 
method 

Application Reference 

Stainless steel (SS410),Ti6Al4V 
(Ti64) alloy, and Ni-Cr bond 
layer 

Intermediate Ni-Cr bond layer 
in bimetallic structure reduces 
thermal and residual stresses 

Cheaper bimetallic component 
with hot hardness & corrosion 
resistance 

[77] 

Ti-6Al-4V/Inconel 718 Increasing microhardness with 
IN718 content 

FGMs coating [42] 

Inconel 718 (IN718)/SS 316L Selective compositional range 
exclusion to produce a defect-
free FGM 

FGM fabrication and 
characterization 

[44], [74] 

SS316L, IN718, Pure Cu Intermediate layers fetch 
defect-free coating 

Coating of pure Cu on SS316L 
substrate 

[77] 

Copper-nickel (Cu-Ni) Defect-free and high-density FGM High energy storage capacity [76] 
Ti6Al4V to Invar 36 Intermetallic phases FeTi, Fe2Ti, 

Ni3Ti, NiTi2 
Improve the understanding, 
design 

[95] 

Laser powder bed fusion 316L stainless steel and Cu10Sn 6-channel ultrasonic selective Turbine disk, ring and blade [5] 
(L-PBF), electron beam powder powder delivery 
bed fusion (E-PBF), selective 
laser melting (SLM), selective 
laser sintering (SLS) 

Ti6Al4V Rationally designed porous 
scaffolds for high strength and 
toughness 

Load-bearing orthopedic 
applications like cortical bone 

[41] 

Structurally graded FGMs Advanced energy absorption 
device 

[42] 

Inconel 718 Microstructurally graded FGMs Aircraft engine and nuclear 
applications 

[14] 

Characterization for defects 
and compared with computed 
tomography 

The mock leading-edge 
segment of the turbine blade 

[33, 58] 
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Conventional fabrication processes

Processing technique Material Features of product/fabrication 
method

Application Reference

Stainless steel (SS410),Ti6Al4V 
(Ti64) alloy, and Ni-Cr bond 
layer

Intermediate Ni-Cr bond layer 
in bimetallic structure reduces 
thermal and residual stresses

Cheaper bimetallic component 
with hot hardness & corrosion 
resistance

[77]

Ti-6Al-4V/Inconel 718 Increasing microhardness with 
IN718 content

FGMs coating [42]

Inconel 718 (IN718)/SS 316L Selective compositional range 
exclusion to produce a defect-
free FGM

FGM fabrication and 
characterization

[44], [74]

SS316L, IN718, Pure Cu Intermediate layers fetch 
defect-free coating

Coating of pure Cu on SS316L 
substrate

[77]

Copper-nickel (Cu-Ni) Defect-free and high-density FGM High energy storage capacity [76]
Ti6Al4V to Invar 36 Intermetallic phases FeTi, Fe2Ti,

Ni3Ti, NiTi2
Improve the understanding,
design

[95]

Laser powder bed fusion 
(L-PBF), electron beam powder 
bed fusion (E-PBF), selective 
laser melting (SLM), selective 
laser sintering (SLS)

316L stainless steel and Cu10Sn 6-channel ultrasonic selective 
powder delivery

Turbine disk, ring and blade [5]

Ti6Al4V Rationally designed porous 
scaffolds for high strength and 
toughness

Load-bearing orthopedic 
applications like cortical bone

[41]

Structurally graded FGMs Advanced energy absorption 
device

[42]

Inconel 718 Microstructurally graded FGMs Aircraft engine and nuclear 
applications

[14]

Characterization for defects 
and compared with computed 
tomography

The mock leading-edge 
segment of the turbine blade

[33, 58]

 

 

  

 

 

 

 

  

IN738LC Correlated scanning strategy 
with obtained microstructure 

FGM development with tailored 
mechanical properties 

[59] 

Soda-lime glass, Al2O3, Cu, 
polymer 

Ultrasonic vibration-assisted 
feeding mechanism 

Shoe sole, turbine blade, 
bearing 

[7] 

Ti47Al2Cr2Nb Compositionally graded FGM 
using raw powder 

Demonstration of complex 
FGM 

[60] 

Stereolithography or vat 
photopolymerization 

Photopolymer liquid resin The topologically optimized 
porous structure 

Structurally graded FGM 
fabrication 

[27] 

Al2O3-Si3N4 mixed with 
photocurable resin to form 
a paste 

Printed using optimized 
parameters like layer thickness 
and paste viscosity 

Complicated FGM fabrication [61] 

3DSR ultra-high resolution 
(UHR) resin, isobornyl acrylate, 
and iron oxide (Fe3O4) 

Variation in the magnetic 
field can fetch different 
gradients of magnetic particles 
concentration 

Compositionally graded 
polymer composites 

[62] 

Binder jetting (BJT) Polyvinyl alcohol powder, 
graphene oxide ink 

Compositionally graded FGM 
fabrication 

High-porosity FGM for 
supercapacitor 

[35] 

Vero cyan (VC) and tango 
black+ (TB+) 

Voxel-based design of fatigue 
test sample 

Analyzing stepwise and 
continuous grade 

[63] 

Sheet lamination (SHL) Stainless steel,Al, and Cu foils Optimum welding parameter 
selection 

FGM fabrication using SHL [64] 

Material extrusion (MEX) Al, and carbon nanotubes 
(CNT) 

FGM with superior mechanical 
and thermal properties and a 
high weight-to-strength ratio 

Transportation equipment parts 
and air-hydro cylinder tube 
body 

[65] 

Hybrid AM technology 
(SLM + cold spray) 

Ti6Al4V, Al, and Al2O3 Thick, dense, and machinable 
FGMs free from intermetallic 
phases, improved hardness is 
achieved 

Ti6Al4V part is manufactured 
using SLM and cold sprayed 
with Al and Al+Al2O3 

[56] 

M
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2.3.1 Conventional fabrication processes 

These methods are limited by their capabilities to fabricate only simpler shape objects. 
Therefore, these processes are further subclassed based on their application for fabri­
cating thin coating and bulk volume-based FGMs, as elucidated in Figure 2.3. 

2.3.1.1 Thin film/coating-based FGM fabrication processes 

Thin coating-based FGMs are fabricated using physical and chemical vapor 
deposition methods. The physical vapor deposition (PVD) processes share their 
root with the electroplating process but have better process control with improved 
outcomes. In PVD processes, coating material (target material) is vaporized or 
atomized before being deposited over the substrate to be coated. Based on atom­
izing techniques, PVD processes are further categorized as evaporation based, 
sputtering based, and plasma spray based. Various kinds of heat sources like 
electrical resistance, laser, electron beam, ion beam, and several others are used 
for melting and evaporating the target material in a vacuum chamber. Thermal 
evaporation and electron beam-based PVDs are depicted in Figure 2.4 (a) and 
(b). The sputtering-based PVD process involves the collision of high-velocity 

Figure 2.4 Conventional methods of fabricating FGMs. 
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plasma with atoms of target material and sputters them before depositing them 
on the substrate surface. Plasma spray-based PVD is a hybrid deposition process 
comprising traditional low-pressure plasma spraying (LPPS) for atomizing the 
target material and the PVD technique for depositing the same. In contrast to 
PVD processes, chemical vapor deposition (CVD) uses heat sources to atomize 
the atoms from the target material in a lesser vacuum chamber. The deposi­
tion of vaporized atoms at the substrate surface is achieved through a chemical 
reaction with precursor gases in the chamber, as shown in Figure 2.4 (c) [2]. 
CVD has the advantage over PVD in terms of lower power consumption, higher 
deposition rate, and coating of the underside of the substrate, but the chemical 
reaction’s by-product can be toxic, explosive, and corrosive [52]. Tang et al. 
[66] synthesized W-Cu based FGM using spark plasma sintering after homoge­
neously mixing the powders of distinct compositions in a high-energy planetary 
ball milling system. 

2.3.1.2 Bulk FGM fabrication processes 

The conventional methods for fabricating the bulk FGMs include powder met­
allurgy, tape casting, and centrifugal casting [52]. Powder metallurgy involves 
depositing the predefined powder composition layer by layer followed by com­
paction and sintering, as illustrated in Figure 2.4 (d) [10]. Centrifugal casting 
involves pouring the molten material comprising multiple constituents into a 
rotating mold, as depicted in Figure 2.4 (e). The centrifugal force causes the 
constituents to segregate into layers, with the denser material at the outermost 
side and the next most dense coated inside it, rendering a high-density product 
[67]. Saleh et al. [54] reviewed the literature on the fabrication of function­
ally graded metal matrix composites (FGMMCs) using centrifugal casting and 
synthesized process parameters for distinct materials. Tape casting is a popular 
method of fabricating large-scale multilayer ceramic substrates by casting the 
amalgamation of ceramic powder into a solvent, with dispersants, plasticizers, 
and binders followed by drying and sintering. The process involves spreading 
the slurry of materials over a moving belt by a blade edge and stacking tapes 
of varying compositions, as demonstrated in Figure 2.4(f) [68, 69]. Another 
approach for FGM fabrication is adjacent co-flow of slurries (side-by-side tape 
casting) [70]. Metal-ceramic reinforced FGMs combine the best properties of 
both materials, like the mechanical properties of metals and the hot hardness of 
ceramic [1]. For instance, TiB/Ti-based FGMs for fabricating armor are ductile 
and tough with excellent anti-penetration properties. The acoustic impedance 
matching principle can optimize the anti-penetration performance and second­
ary strike ability of such FGMs. Their high strength-to-weight ratio with high 
ballistic resistance makes them the leading candidate for defense applications to 
improve maneuver capacity and battlefield survivability [57]. Another applica­
tion of tape casting is fabricating graded electrodes [55]. Recent advancements 
have demonstrated the use of hybrid AM processes to reinforce hard particles 
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using cold spray into a selectively laser-sintered soft substrate; decreasing the 
concentration from the surface into the matrix gives graded surface hardness 
with a tough core [56]. 

2.3.2 Advanced fabrication processes 

Advanced fabrication methods hold an edge over conventional methods in terms 
of their capability to fabricate complex shape parts easily and without any spe­
cial jigs or fixtures [68]. Functionally graded additive manufacturing (FGAM) 
techniques provide a time-efficient and economical way to produce complicated 
geometries, especially low-volume, customized, personalized products with 
advanced material directly from the 3D CAD model with a drastically com­
pressed supply chain [71]. The manufacturing procedures for FGAM begin with 
a 3D CAD model, slicing, converting CAD file into an appropriate data exchange 
file format, optimal orientation determination, toolpath definition, support gener­
ation, fabrication, and post-processing (if needed) in the same sequence. Potential 
data exchange formats are STL file and OBJ file (describing geometric features 
only), AMF file, FAV file, SVX file, and 3MF file (describes both geometric and 
material-related features). CAD software such as SolidWorks, CATIA, AutoCAD 
2022, Inventor, Rhino, and Mesh Mixer can generate these file formats [72]. After 
its inception in the mid-1980s, AM has blossomed and unfolded into a plethora 
of processes, including several techniques to fabricate FGMs. The fabrication 
of FGMs using AM techniques involves one extra step of material description 
within the object before fabrication. Furthermore, growing competition among 
AM machine manufacturers has reduced the entry threshold for investment. By 
gradually varying the spatial distribution of various constituents, objects with 
graded magnetic, hysteresis, and mechanical properties can be fabricated [3]. 
All commercially available AM techniques (classification according to ASTM 
F2792 standards) – stereolithography (SLA), material jetting (MJT), fused fila­
ment fabrication (FFF), binder jetting (BJT), powder bed fusion (PBF), and sheet 
lamination and directed energy deposition (DED) – are being used to fabricate 
multiple material parts with tailored properties [15, 72]. The electron beam and 
laser-based AM processes – DED and PBF – offer far more design freedom and 
structure customization at the microscale. Moreover, open-source firmware, slic­
ers, printer setup, control software, and hardware design have reduced the cost 
of 3D printers significantly [40]. Selective laser sintering (SLS) for fabricating 
polymer-based products and direct metal laser sintering (DMLS) or selective 
laser melting (SLM) for metallic parts are subsumed under the classification of 
L-PBF technologies [73]. SLM shows enormous potential to fabricate geometri­
cally complex parts of multiple materials with fully dense structures and material 
saving using topology optimization. One crucial drawback of AM parts is a rough 
surface, which needs post-processing such as abrasive flow machining (AFM) 
and magnetic abrasive finishing [74]. A generic overview of the FGAM process 
is illustrated in Figure 2.5. 
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Figure 2.5 Generic functionally graded additive manufacturing process flow [3]. 

2.3.2.1 Powder bed fusion (PBF) AM process 

Laser powder bed fusion (L-PBF) and electron beam powder bed fusion (E-PBF) 
are superior techniques to fabricate fully dense complex 3D components with 
functionally graded properties, high resolution, and surface finish [33]. The selec­
tion of heat sources depends on multiple factors – type of material, desired func­
tional properties, and other user-defined functions. A few researchers have also 
conducted a comparative analysis to provide an essential guide for selecting the 
appropriate heat source. The E-PBF process is conducted in a vacuum, and L-PBF 
uses inert gas to avoid oxidation of the melt pool. The electron beam has higher 
absorptivity and lower heat dissipation due to reduced convection in a vacuum 
[75]. Mechanical properties of additively manufactured objects depend on fea­
ture orientation relative to the build plane [39]. As an advancement from the con­
ventional E-PBF process, Zhou et al. [60] demonstrated an E-PBF based novel 
process, called selective evaporation, for fabricating FGMs from a homogeneous 
composition powder by varying irradiating energy density onto distinct regions in 
a powder bed; for instance, by varying the quantity of aluminum being evaporated 
from Ti47Al2Cr2Nb powder. Ghorbanpour et al. [58] systematically examine the 
effect of manufacturing parameters on grain size, crystallographic textures, pre­
cipitate and lave phases, unmelted particles, and porosity in L-PBF fabricated 
parts. In similar studies, Tan et al. [76] and Mao et al. [77] examined the effect 
of the power of heat source, hatching pattern, and scanning speed on interfacial 
characterization and mechanical properties of build part. Material characteristics 
of the substrate such as thermal conductivity, melting point, and solubility with 
coating material play a vital role, as significant differences in thermal conductiv­
ity and coefficient of thermal expansion cause misfit strain in the interface, and 
thermal gradient affects residual stress. 

Pure titanium (Ti) and its alloys, especially Ti6Al4V, also abbreviated as Ti64, 
have the highest strength-to-weight ratio, making it the most versatile alloy. Ti64’s 
excellent mechanical properties, good corrosion tolerance, and favorable osteo­
integration make it the most used alloy for orthopedics [72]. El-Sayed et al. [78] 
and Caiazzo et al. [79] fabricated porosity-graded implants in cancellous bone and 
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trabecular bone of the human body. However, its poor wear resistance, low thermal 
conductivity, high coefficient of friction, great affinity toward other materials, and 
reaction with cutting tool material make it difficult to machine material. Conse­
quently, AM provided a fantastic opportunity for exploiting the properties of Ti 
alloys for various applications. Popovich et al. [13] fabricated a microstructurally 
graded cylindrical rod of nickel-based superalloy, using the SLM process with 
coarse grains at the center and fine grains at the outer shell, allowing a trade-off 
between creep and fatigue performance. For iron, nickel, and titanium-based mate­
rials, a high -power source renders columnar coarse-grained, and more refined 
equiaxed grained microstructure is obtained by using a low power source [80–82]. 
Similarly, continuous-wave (CW) laser results in coarser grain, and pulsed-wave 
laser fabricates fine grain microstructure [83]. The reason in both cases is that 
high power, and continuous-wave laser, result in a larger heat affected zone (HAZ) 
or bigger melt pool such that grains have more extended time for growth before 
solidification completes, and the opposite is the case with low power and pulsed-
wave laser. Coarse-grain microstructure has better creep resistance, and fine 
grains have longer fatigue life. So, distinct properties can be achieved in different 
regions of the same part [80–83]. Recent works by Zhang et al. [59] and Wei et al. 
[5, 61] demonstrate the fabrication of compositionally graded FGMs using the 
SLM through point-by-point selective powder deposition using a dual ultrasonic 
vibrational powder feeding system. 

2.3.2.2 Directed energy deposition AM process 

This class of AM process uses multi-coaxial nozzles to deliver materials in vary­
ing proportions to fabricate FGMs. The supplied materials are melted by using a 
directed laser at the intersection region of exiting materials [72]. Ji et al. [31] fabri­
cated Ti-6Al-4V/Inconel 718 based FGM with graded microstructure and increased 
microhardness with Inconel 718 content as a secondary phase precipitate. Kim et al. 
[48] and Su et al. [84] fabricated compositionally graded 316L stainless steel and 
Inconel 718 material and performed characterization for variation in microstruc­
tural, chemical composition, and mechanical properties. Zhang et al. [85] fabri­
cated compositionally graded FGMs of 316L stainless steel and Inconel 625 using 
DED and evaluated them for elemental composition, phases, microstructure, and 
mechanical properties. DED has also been used for fabricating defect-free Cu-Ni­
based FGMs for energy storage applications [86]. Thermal and residual stresses 
induced when coating the stainless steel substrate with Ti6Al4V (Ti64) alloy can 
be reduced by depositing intermediate Ni-Cr bond layers [87] or Cu layers [88]. 

2.3.2.3 Stereolithography AM process 

Stereolithography can fabricate components of photocurable polymers with 
high accuracy and fewer defects, but it has been comparatively less exploited 
for FGM fabrication. Topologically optimized porous structures with 
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contrasting mechanical properties using UV light curable photopolymer liquid 
resin (SPR6000 epoxy) have been fabricated using stereolithography [75]. In 
another study, compositionally graded Al2O3-Si3N4 mixed with photocurable 
resin was fabricated [27]. Recent work used novel magnetic-field-assisted digi­
tal light processing (DLP) stereolithography (M-SL) AM technique for printing 
compositionally graded polymer composites with embedded magnetic particles 
with the help of ultrasonic homogenizer [89, 90]. Valizadeh et al. [62] used 
grayscale-masked stereolithography (MSLA) to tailor orange tough resin-based 
hyperelastic FGMs such that the degree of photopolymerization is controlled by 
changing grayscale pixels. 

2.3.2.4 Binder jetting (BJT) AM process 

The BJT AM technique is frequently used for fabricating ceramic parts, but it 
has also been used for fabricating FGMs [91]. Shen et al. [92] reported a novel 
binder jetting approach for fabricating the multi-material FGMs using a switching 
nanoparticle binding ink. Although a sizeable number of articles demonstrate the 
application of BJT in fabricating FGMs, most of these are ceramic-based. 

2.3.2.5 Material jetting (MJT) AM process 

Another infrequently used FGAM technique is material jetting. It uses raster-based 
toolpaths to provide on and off the respective jets to obtain desired geometry and 
material composition. Salcedo et al. [36] developed a physical model of polymer-
based FGM. Kaweesa and Meisel [35] presented a voxel-based design and com­
pared stepwise gradients against continuous gradients. It was observed that FGM 
fabrication applications of MJT are restricted to polymer-based materials only. 
The hybrid AM process can fabricate significantly good-quality FGMs [63]. 

2.3.2.6 Sheet lamination (SHL) AM process 

The sheet lamination technique is also infrequently used to fabricate metallic 
FGMs. It involves ultrasonically welding the thin sheets of dissimilar materials to 
replicate the CAD model [64]. 

2.3.2.7 Material extrusion (MEX) AM process 

In this fabrication process, the fused filament is extruded through a moving nozzle 
along a predefined toolpath to fabricate components by adding layer upon layer. 
High melting temperature and oxidation issues restrict MEX in metallic FGM 
fabrication. Stoner et al. [43] demonstrated the TPMS method for structural gra­
dation using Magic and Slic3r software to fix the meshed STL files and generate 
the toolpath. Kim et al. [65] fabricated tubular shape aluminum (Al) and carbon 
nanotubes (CNT)-based FGM by a hot extrusion process. 
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2.4 AUXILIARY ASPECTS OF FGM FABRICATIONS 

2.4.1 Toolpath planning and scanning strategies 
for advanced fabrication processes 

Directed material delivery-based AM processes (DED, MJT, and MEX) use tool-
path planning to supply materials. In contrast, powder bed or liquid pool-based 
AM processes like PBF, BJT, and stereolithography use term-scanning strategies 
as a heat source to scan the bedded material for melting or curing. Research has 
proved that toolpath planning and scanning strategy play a vital role in obtain­
ing texture and microstructure in the fabricated part. Different toolpath planning 
for single-composition structurally graded and compositionally graded FGMs are 
used [12]. Specific region-filling toolpaths for single material deposition are uni­
directional linear, zigzag, and continuous contours. For multi-material FGMs, the 
toolpath for material deposition is described by functions that correlate the mate­
rial composition with the position inside the part. Xiao and Joshi [93] proposed a 
global automatic toolpath planning strategy for the DED AM process using a slice 
file containing geometry and material boundary information. The FGM part can be 
represented as an assembly of sliced and pixelated STL files. The material function 
provides a material description for each voxel, and the algorithm prioritizes the 
scanning of different pixels. No experimental work is reported yet, but in principle, 
proper implementation toolpath planning or scanning strategy fetch quicker fab­
rication of superior quality products at less cost. In recent work, Chandrasekaran 
et al. [94] used a bidirectional (zigzag) scanning strategy to depose multiple layers 
while fabricating FGM using ER70S-6 and ER2209 coating on duplex stainless 
steel substructure using wire arc additive manufacturing (WAAM). 

In the case of powder bed or liquid pool-based FGAM processes, striking a 
balance between heat source power and scanning speed plays a vital role in the 
producing high-quality parts. During additive manufacturing, local stresses (resid­
ual stresses) develop in the already built region. It is continuously subjected to 
non-uniform thermal contraction under different cooling rates at distinct locations 
and intermittent expansions caused by reheating as the heat source moves [95]. 
This emphasizes the importance of selecting the appropriate scanning strategy 
and post-processing techniques to minimize residual stresses, as these are criti­
cal parameters. Control of thermal energy supplied during the fabrication process 
allows spatial control of microstructural architecture [17]. Jhabvala et al. [96] pro­
posed four different scanning strategies leading to homogeneous heating of parts 
and concluded that low scanning speed with a thermal gradient can lead to local 
solidification with cracks. High scanning speed needs higher power and may cause 
delamination and balling defects. Bobbio et al. [97] used a hatch angle of 90º 
to reduce thermal stresses during the fabrication of Ti6Al4V to Invar 36 FGMs. 
Geiger et al. [98] fabricated microstructurally graded IN738LC using three differ­
ent scanning patterns in the SLM process and performed a comparative study. An 
overview of prominent scanning strategies is summarized in Table 2.3. 



 

  

 
  

  
 

  

  

   

  

Table 2.3 Overview of scanning strategies for FGM fabrication and their outcomes 

Strategy Schematic diagram Key features	 Reference 

Parallel scanning 

Spiral scanning 

Paintbrush 
scanning 

•	 Easiest to generate from CAD file [96] 
•	 Large temperature gradient orthogonal to scan direction for a 

single scan 
•	 Overheating causes thermal stress, consequently balling and cracks 
•	 Multiple pass scanning fetches better results 

•	 No overheating near sides but severe overheating at the center of 
part, causing cracks and balling effect at center 

•	 Multiple pass scanning fetches high-quality product provided that 
deposited energy in each cycle is more prominent than heat loss in 
between 

•	 Similar to parallel scanning but has smaller scan width with reduced 
overheating and temperature gradient for both high and low 
conductivity powders 

•	 Dense part with reasonable accuracy but delamination for the tall 
part due to weak interlayer bonding 

M
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  Table 2.3 (Continued) 

Strategy Schematic diagram Key features	 Reference 

Chessboard 
scanning 

Scanning at 
45° to layer 
deposition plane 

Hatch angle 90º 
or scan vector 
rotate 90º 

•	 The consolidation area divided into smaller cells 
•	 Parallel scanning in alternate directions can be seen as scaling down 

of standard parallel scanning 
•	 Modified thermodynamics renders reduced temperature 

inhomogeneity 

Z-axis is taken as building direction, and each deposited layer [13, 99]
 
is scanned at 45° between X and Y with chessboard scanning.
 
Anisotropic microstructure using two heat sources of distinct 

capacity
 

Compositionally graded FGM fabrication using DED to improve the [97]
 
understanding of FGMs
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2.4.2 Powder feeding system of PBF-based AM process 

The DED process has outpaced the PBF-based processes for fabricating multi-
material FGM components, as the latter have been limited to single-component 
microstructurally graded FGMs. Nevertheless, the development of an ultrasonic 
vibrational powder feeding system has paved the way for multi-material compo­
nents fabrication using the SLM for high-end applications [59]. This novel approach 
combines point-by-point selective powder delivery with a conventional PBF-based 
AM process for printing multi-material components [5, 61]. Wei et al. [5] developed 
another multiple selective powder delivery array device that can be incorporated 
into a conventional SLM system and can deposit up to six dissimilar materials with 
point-by-point control. Most of the researchers have fabricated the FGMs with inter­
layer composition gradient with constant composition within a layer. This limits the 
application of FGMs, as industries would need both horizontal and vertical property 
gradients for high-end applications. The efficiency of the powder-based AM fabri­
cation process depends on powder flow characteristics such as powder deposition, 
which further affect the track geometry, molten pool volume, and capture efficiency. 
Katinas et al. present a computational fluid dynamics (CFD) model using ANSYS 
Fluent software for predicting powder capture efficiency and other process charac­
teristics in four-nozzle injection systems in an LMD AM process [32]. 

2.4.3 Support structure in AM of FGMs 

The support structure is vital in AM fabrication as it can act as (i) heat diffuser 
and rigidity enhancer in fabrication processes involving high thermal gradient caus­
ing shape distortion and residual stress; (ii) substrate for local deposition in MJT 
and DED AM processes; and (iii) support structure for overhanging parts [100]. 
Research has been conducted to optimize the support structures to reduce support 
material waste and print time. Optimization includes part orientation to eliminate or 
minimize the need for support [101–103], using cellular structures in place of solid 
[104–106] and use of sacrificial or soluble material (rare in the case of metallic fab­
rications) [107]. Critical thermal contraction and expansion coefficient, sufficient 
rigidness, high oxidation resistance at elevated temperatures, and suitable brittleness 
allow for easy removal through induced vibration or some mechanical means. This 
makes ceramic and cermet potential candidates for the support structure. Wei et al. 
[108] developed an easy to remove SiC-316L composite as a support structure mate­
rial for the L-PBF process. Embedding the support structures into cellular structures 
improves mechanical performances [41]. Removing these structures is a tedious 
task and debilitates additive manufacturing as it needs post-processing such as cut­
ting, breaking, and machining. Tailored brittleness can alleviate the removal process 
using mechanical vibration or machining. It is common to use the support structure 
material similar to the build material [109]. Nevertheless, removing the metallic 
support structure is difficult and time-consuming; so, using easy-to-remove com­
posite materials is becoming popular. Support material dispenser is used to create 
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a brittle composite that can be easily removed [110]. Self-terminating dissolvable 
support materials with chemical solutions can alleviate the tiresome removal pro­
cess 109]. Weakening the support structure by adjusting its geometries and process­
ing parameters can minimize post-processing. However, weak support structures 
can result in severe deformation in overhanging features of components [85]. 

2.5 POST-PROCESSING 

AM technologies showed enormous potential to fabricate end-use products with 
tailored spatially varying properties and several other features, as detailed in pre­
vious sections. Despite the promising potential, AM fabricated parts are prone to 
defects like rough surfaces due to the stair-stepping/stair-casing effect, delamina­
tion, insufficient fusion, cracks, and pores, among many other defects that compro­
mise quality [18]. Numerous research efforts have addressed these issues through 
part orientation, layer thickness, and build direction. However, post-processing 
is identified as a robust solution to improve these restrictive aspects of AM and 
impart the desired properties to the fabricated part. Surface finishing operations 
include conventional machining operations like CNC, chemical machining, turn­
ing and milling, abrasive flow machining, electroplating, laser operations for sur­
face finishing, shot peening, abrasive blast (ceramic and grit), and optical polish 
[111]. The additively manufactured metallic parts have benchmarked amalgama­
tion of heat-assisted post-processing steps – (a) stress relief to relieve residual 
stress, (b) hot isostatic pressing (HIP) for demoting porosity, and (c) aging for 
distribution of precipitate in the microstructure – before putting the part in ser­
vice [112]. Weber et al. [53] normalized EUROFER97 and tungsten-based FGMs 
to obtain residual stress-free and martensitic microstructure. Popovich et al. [13] 
fabricated a microstructurally graded tensile test bar Inconel 718 using electro-
discharge machining (EDM). Grinding and polishing are used to remove residue 
from the EDM before post-processing including HIP and HIP + homogenization + 
ageing (HIP + H/T) to get needle-like Ni3Nb-δ precipitate from existing brittle 
laves phase and reduce porosity [99]. Geiger et al. [98] used full heat treatment 
(full HT) comprising recrystallization above γ̍ solvus temperature, HIP, post-
HIP solution, and precipitation hardening, in this order, only to reduce the elastic 
anisotropy by reducing the degree of crystallographic texture through annealing 
twinning. Vibro-polishing following conventional polishing has also been used 
for sample preparation for characterization. Shen et al. [113] performed thermal-
induced phase evolution (homogenization) to obtain FCC structure from residu­
als of BCC lattice. Elevated temperature annealing has also been used to change 
the microstructure for property enhancement through grain growth or martensitic 
decomposition [114, 115]. Ituarte et al. (2020) used ultrasonic vibration-assisted 
ball burnishing to improve surface finish and microhardness and reduce residual 
stress in additively manufactured tool steel. Various post-processing methods and 
their outcomes are summarized in Table 2.4. 
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Table 2.4 Overview of post-processing techniques and their effects 

Post-processing Objectives Reference 

Hot isostatic pressing 
(HIP) 

Annealing heat 
treatment (H/T) 

Aging (often combined 
with H/T) 
Homogenization 

Machining operations 

Grinding and polishing 

Enhanced mechanical properties (ductility, strength, 
and fatigue behavior) by undesirable δ-phase and 
laves-phase dissolution and reduced porosity by 
plastic flow to close flaws 
Alleviates residual stresses induced during 
fabrication, precipitation hardening (depends on 
alloying elements) 
For desired precipitation distribution, dissolve 
impairing intermetallic compounds and carbides 
Elevated temperature annealing to dissolve 
undesired phases 
Remove part from support or baseplate and obtain 
the desired geometry with a good surface finish 
Surface finishing, dimensional control, and sample 
preparation 

[99] 

[99, 112, 
114] 

[99, 116] 

[111] 

[13, 116] 

2.6 TESTING AND CHARACTERIZATION 

The growing research trend and ever-increasing application of AM processes for 
end-use products have intrigued post-processing, testing, and characterization 
researchers. The varied objectives determine serviceable properties before putting 
the product into application and anomaly detection for process control. Recent 
research shows the evolution from ex situ testing to decipher the ongoing process, 
and the efforts are to develop real-time process monitoring and control. Thermal 
imaging by placing a photodiode and a near-IR CMOS camera around melt pools 
has been used for generating process signatures, which are further used to form 
a basis for process monitoring and control. The deviation from benchmark ref­
erence conditions is being monitored. A feedback control method has also been 
proposed in different studies where the experimental process variables control 
the laser power input [115]. Clijsters et al. [114] developed a high-speed, real-
time melt pool monitoring system using optical sensors and a field-programmable 
gate array (FPGA) for in situ quality control in SLM process. The microstructure 
and electrochemical properties of tape-casted porosity-graded cathodes have been 
characterized using SEM and electrochemical impedance spectroscopy. Crystal­
lographic preferred orientations (texture) can be measured by SEM-based electron 
backscatter diffraction (EBSD) for evaluating the correlation between anisotropy 
of Young’s modulus and texture [98]. Popovich et al. [13] fabricated microstruc­
turally graded FGMs of nickel-based superalloy, Inconel 718, using SLM-based 
AM process, and they post-processed the same [99] followed by fatigue and creep 
test analysis at operating conditions analogous to actual operational conditions 
of turbine blades [117]. In recent work, Hussain et al. [118] presented a propor­
tional–integral–derivative (PID) and classical feedback controller to circumvent 
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the intertrack disturbance in the melt pool region. Grasso et al. [119] proposed a 
principal component analysis (PCA) using a fast image capturing camera with 
high-resolution integrated with data analyses and a machine vision system for 
detecting local overheating in L-PBF. Mahmoudi et al. [73] adopted a dual-
wavelength imaging pyrometer for in situ anomaly detection. 

Even in recent literature, in situ monitoring methods are confined to a particu­
lar defect [120]. However, advancements in sensors and hardware systems have 
made original equipment manufacturers (OEMs) integrate the multi-component in 
situ sensing modules in the AM system itself (like EOSTATE melt pool monitor­
ing system) for evaluating process variables like melt pool characteristics, pow­
der integrity, and chamber temperature [121]. Zhang and Coddet [122] observed 
the melting mechanism and densification behavior of iron in SLM under various 
physical descriptors. Ghorbanpour et al. [58] investigated the fatigue crack growth 
behavior under microstructural anisotropy-graded Inconel 718 structure. Various 
characterization techniques/tools and corresponding characterized features are 
summarized in Table 2.5. 

Table 2.5	 Overview of characterized features, tools used in different characterizations, and 
observations 

Characterized 
feature 

Tools/process used Observation Reference 

Microstructure 
and interfacial 
defects 

Optical microscopy 
and SEM 

Transmission 
electron microscopy 
(TEM) 

Micron-sized particles/precipitates, 
carbide and secondary phase, grain 
morphology and size, microscale 
morphology, porosity, fractured 
section, composition 
Presence of ceramics, segregants, 
and precipitates, elemental 
composition using TEM 

[13, 27, 
31, 41, 42, 
48, 57, 58, 
63, 65, 66, 
70, 76, 77, 
84, 90, 
97] 

X-ray diffraction XRD plot of a compositionally 
graded sample, and phase 
identification 

Electron 
backscattered 

Crystallographic maps to study 
texture and microstructure at 

diffraction (EBSD) 
technique in SEM 

fatigue crack using EBSD 

Accurate physical 
properties 

Micro-CT system 3D morphology is evaluated for 
optimization 

[41] 

Chemical 
composition 

EDX spectroscopy 
in SEM 
Auger electron 
spectroscopy (AES) 

Graded composition 

Present phase identification 

[31, 58, 
66, 90, 65, 
97, 113] 

X-ray diffraction Qualitative distribution of 
constituent materials 
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Characterized Tools/process used Observation Reference 
feature 

Local mechanical Nano indenter XP Varying properties with graded [3, 13, 48, 
properties device, triboindenter, chemical composition 53, 58, 63, 
Microhardness contact clip gauge 65, 90] 
and hardness (extensometer) 

Vickers indenter, 
pin-on-disk wear 
machine, durometer 

Transmissivity of Calorimeter Transmissivity varies with particle [122] 
laser size and layer thickness 
Surface 3D profilometer The smoothest surface obtained 
roughness with a scanning velocity of 

0.05m/s and 110W laser 
Surface Age hardening, ball Enhanced average surface [86, 92, 
modification burnishing, Taguchi roughness (Ra), microhardness, 118] 

method, ANOVA beneficial residual stress, and 
test, and XRD ANOVA of process parameter 
analysis optimization 

Tensile strength Tensile testing Variation in wear resistance, [77, 90] 
machine tensile strength, and elongation 

Strain map Video extensometer, Evaluate strain evolution with [13] 
Istra 4D software crosshead displacement through 

digital image 
Compression Universal mechanical Compression strength, strain rate, [42] 
strength testing machine and deformation measurement 
Interface analysis Vibrating sample Isothermal entropy change was [70] 

magnetometer measured 
Porosity Mercury intrusion The theoretical pore diameter [41, 42] 

porosimetry (MIP), is evaluated, and geometric 
optical microscope properties like strut size and pore 
(OM) size of the scaffolds by OM images 

Particle Nano-computed Grayscale analysis using OM 
distribution tomography and OM 
Three-point Universal materials Bending strength variation is [92] 
bending test testing machine measured with composition 

gradation 
Measure fatigue crack growth rate [58] 
and critical stress intensity factor 

Inverse pole TSL-OIM analysis Maps for microstructural analyses [58] 
figure (IPF) software 
Fatigue testing Servo hydraulic MTS Fatigue behavior also depends on 

machine scanning direction 
Energy storage Single-cycle 2.25 times increase in energy [86] 
capacity automated ball storage capacity with the increase 

indentation in Cu percentage 

(Continued) 
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Table 2.5 (Continued) 

Characterized Tools/process used Observation Reference 
feature 

Viscosity 	 Rotational 
characteristics	 rheometer 
Thermal analysis 	 Fourier-transform 
of resin	 infrared spectroscopy 

(FTIR), differential 
scanning 
calorimetry (DSC), 
thermogravimetric 
analysis (TG) 

Creep and TMF Servo hydraulic MTS 
testing 858 tabletop system 

Viscosity measurement of [27, 63] 
formed paste 
Thermal analysis of formed paste 

Analyze the creep and [13] 
thermomechanical fatigue 
behavior of the FGM part 

2.7 CHALLENGES AND FUTURE DIRECTIONS 

This study put forth a conceptual understanding of design, modeling and optimi­
zation, fabrication techniques, post-processing, and applications of FGMs. It is 
observed in the literature that even after various technological advancements, a few 
technical challenges impede the tapping of the full potential of FGMs as advanced 
materials for novel design with tailored properties. Design and optimizing soft­
ware developments are underway for process parameters, but various physical and 
technical factors can introduce potential deviations between predicted and manu­
factured objects. This section discusses the challenges mentioned in previously 
published papers, identifying research gaps and future directions in metallic FGMs. 

2.7.1 Modeling and design 

i. Defining the optimal material distribution function for a multi-material 
FGM requires extensive knowledge of chemical composition, material 
properties, and the limitations of manufacturing processes. The lack of 
design guidelines on material compatibility and thermophysical properties 
has circumscribed material selection. Furthermore, a framework for opti­
mal distribution of property by tailoring the gradient and transition phase 
distribution in design space is lacking [3]. Consequently, accurate predic­
tive process controls like scanning strategies and heat source power are 
complicated. Recent research has shown the importance of thermodynamic 
modeling to model phase transformations and thermophysical properties, 
but more work for computational development is currently needed. 

ii. The CAD software lacks in-built computer representation for automatically 
controlling the toolpath for FGM fabrication. Voxel-based modeling allows 
assigning material by transferring mesh data into voxels. 
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2.7.2 Alloy incompatibility and insolubility 

i. Databases of material performance information provide some insight into 
the “processing-structure-property” relationship [123, 124]. Nevertheless, 
for multi-material FGMs, cracks and delamination defects are common. 

ii. Alloy incompatibility can lead to the formation of insoluble brittle phases, 
resulting in residual stresses that may initiate and propagate cracks. 

iii. Mixing dissimilar materials with different melting temperatures may result 
in preferential vaporization of constituents with lower melting temperatures 
while elements with high melting temperatures may remain intact. More­
over, mixing the constituents with significant differences in liquid surface 
tension and density may render dimensional inaccuracy, segregation, and a 
porous structure. 

2.7.3 Process modeling 

i. Real-time melt pool monitoring and in situ quality control of FGM fabrica­
tion is in the earliest stage, and more research for monitoring and feedback 
mechanism is needed for higher-quality fabrication. 

ii. At present, fabrication machines lack in-built in situ monitoring of the pro­
cess, and published research demonstrates monitoring of only one process 
parameter such as temperature, the morphology of melt pool, heat affected 
zone, and porosity. Simultaneous monitoring and control of multiple pro­
cess parameters are needed. 

2.7.4 Advanced characterization 

Material characterization has evolved significantly over the past few decades with 
methods to differentiate features at the nanoscale or even near-atomic scale. Two 
of these techniques, 3D atom probe tomography (APT) and transmission electron 
microscopy (TEM), are employed in characterizing and designing advanced mate­
rials like semiconductors, aerospace materials, and composites. These techniques 
would prove to be an excellent tool for narrowing the gap between the properties 
of predicted and manufactured objects. Especially in metallic FGMs, both APT 
and TEM can resolve the compositional gradation and interlayer interaction for 
equipping researchers to design and optimize frontier FGMs. In addition, these 
techniques provide 3D nanoscale characterization along with sub-nanometer scale 
spatial resolution [125]. 

Based on the literature survey, the future directions for inclusive growth of 
FGMs are (Figure 2.6): (i) material, (ii) process, (iii) modeling and optimization, 
(iv) mass production and development of new manufacturing techniques, and 
(v) post-processing and testing. These trends aspire to develop and improve FGMs 
by using one or more new materials, new manufacturing methods, numerical sim­
ulation, or mathematical models for fabricating a graded layer or region. Based on 
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Figure 2.6 Potential future research trends in FGMs. 

published research, mathematical modeling is a paramount research direction for 
crucial future developments like producing FGMs with high performance and at 
a lower cost [2, 126]. Based on the summaries of different modeling, simulation, 
and optimization methods, it becomes evident that further research with more 
university-industry collaboration and technology transfer is needed. The forums 
for sharing ideas and disseminating information about the frontiers of FGM 
research, including the current state-of-the-art, educational aspects, identifying 
future potential and gaps in the present scenario, and promoting technology trans­
fer through university-industry collaboration should be developed and advertised. 

2.8 SUMMARY AND CONCLUDING REMARKS 

FGMs fundamentally change the paradigm of part fabrication as material prop­
erties become a parameter in process design. Parts are fabricated with tailored 
regions utilizing varied materials or structures for imparting required proper­
ties. Several engineering operations require components with different proper­
ties at different spatial positions. Although varying properties can be achieved 
through traditional composites, their limitation under extreme environments 
makes FGMs a potential solution to meet these operational requirements. This 
review objectively assessed the diverse aspects of FGMs, beginning with mate­
rial developments and followed by the evolution in fabrication methods, mod­
eling, simulation, and optimization techniques. Substantial progress in each of 
these aspects has been observed in the domain of FGMs. Additive manufactur­
ing has been developed from rapid prototyping to rapid manufacturing, enabling 
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on-demand manufacturing of high-end products, especially in the biomedical and 
aerospace industries, with tremendous potential for future applications in many 
more domains. Multiple prominent features of FGMs have made them one of the 
key materials for a future role in sustainable development. Therefore, researchers 
strive for inclusive development of FGMs to expand their scope of utilization to 
befit the fourth industrial revolution. 

This chapter provides academicians, researchers, and professional experts with 
a dependable platform to understand the fundamental concepts plus complexities 
of FGM fabrication processes, the sequence of their development, and several 
crucial parameters to obtain the required gradation of properties. Furthermore, it 
delivers extensive work exploration and research directions for new researchers in 
this domain. Therefore, researchers and practitioners will benefit from the present 
study’s highlights and save effort and time to grasp critical aspects of functionally 
graded materials. 
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Chapter 3
 

An overview of power factor 
correction techniques 

Jagdeep Kaur   Brar  and  Yadwinder Pal  Sharma 

3.1  INTRODUCTION 

Electric machines, transformers, and fluorescent lamps, all inductive appliances, 
require a magnetic field to perform tasks. The magnetic field is required, but it 
does not produce any productive work. The utility must supply the energy required 
to complete the task. The charge usually needed by motor drives, lamps, and com­
puter systems has been derived from a combination of instantaneous active and 
reactive elements. 

Appliances such as a furnace only necessitate that actual value of current. Sev­
eral applications, including an induction machine, require simultaneous real and 
reactive currents. The actual current is the proportion of the electrical current that 
is converted into useful work by the equipment, including heat generation by a 
heating chamber. The ampere (A) is a current measurement unit, while the watt 
(voltage real current) is a power standard unit (W). The component necessary to 
generate the flux required for induction device operation is reactive current. The 
current is measured in amperes (A) and the reactive power is measured in volt 
ampere reactive (VARs). The three categories of utility grid are resistive con­
sumer load, inductive consumer load, and capacitive consumer loads. To work 
effectively, all inductive loads require two types of power. The work is done by 
active power (P), but the magnetic field is maintained by reactive power (Q). 
Figure 3.1  depicts the relationship between apparent power, useful power, and 
wasteful power. 

2 + 2Apparent Power (S) = P Q (3.1) 

Power factor: The electric power factor is the ratio between usable and 
perceived power (S). Energy factor values vary from 0 to 1.00. Low wattage 
factor can be defined as less than 0.80. The power factor is denoted by PF or 
cosθ. The power factor is written as follows: 

Active Power P( )
PF (Power Factor) = (3.2)Apparent Power S( )  
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Figure 3.1 Triangle of electricity. 

In AC circuits, the power factor is critical since it determines how much power is 
consumed. 

P = VI cosq (for single-phase supply) 
P

So, the value of current is given as: I (current) = 
V cosqAlso, P = 3 VIcosθ (for three-phase supply): 

P 
I = 

V3 cosq 

For constant power voltage, the utility current is generally inversely propor­
tional to cos q, as mentioned earlier. As the power factor declines, the demand 
current rises, and vice versa. 

3.2 DRAWBACKS OF LOW POWER FACTOR 

Low power factor merely suggests inefficient use. Because cosθ ranges from 0 
to 1, a value of 0.9 to 1.0 is considered an excellent power factor, implying used 
power is almost equal. In view of the consumer’s standpoint, it basically implies 
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getting the most out of what they paid for. When the power factor is low, the utility 
must provide both productive active and non-productive reactive power. Larger 
generators, transformers, cables, and other system components generate higher 
capital and operating expenses for the utility, which they mainly permit to indus­
trial users in the form of power factor penalties. As a result, a higher power factor 
aids in avoiding those penalties. The following drawbacks occur when the power 
factor is less than unity [1]. 

I. Required large kVA rating of equipment: To illustrate, kVA is often used 
to evaluate electric machines like transformers and switches. Considering 

kW
kVA= , it is evident that the kVA value of such an apparatus is inversely 

cos q 
related to the power factor. A stronger transformer rating is achieved with 
a lower power factor. Whenever the power factor is insufficient, the trans­
former rating must be increased, resulting in a larger and more powerful 
apparatus. 

II. Requires larger size of conductor: At a low power factor, the conductor 
must carry more current to transmit a set quantity of power at constant volt­
age. This requires the use of big conductors. 

III. High copper losses: There are enhanced copper losses in all of the supplied 
system parts only when current is large at a lagging power factor. As a result, 
efficiency suffers. 

IV. Decrease in voltage regulation: The electric charge at a poor trailing power 
factor causes severe power loss in electric machines, transformers, and 
transmission system and distribution companies. As a consequence, overall 
voltage supplied at the generator terminals is diminished, affecting system 
performance. To keep the terminal voltage energy within reasonable param­
eters, extra equipment is required. 

V. System handling capacity is reduced: The trailing power factor affects 
the system’s overall handling capacity. Because the current’s reactive com­
ponent limits maximum implementation of installed capacity, the system 
handling capacity is reduced. 

3.3 LOW POWER FACTOR CAUSES 

A poor power factor is troublesome from an economic perspective. The distribu­
tion system is a function load power factor that is usually below 0.8. A lagging 
power factor can occur for a number of reasons. 

1.	 The bulk of electric drives include inductive motors with a reduced lag 
power factor under minimal load. The power factor of such machines 
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is comparatively low (0.2 to 0.3), but it improves to 0.8 or 0.9 during 
peak load. 

2. Flash bulbs, electrical discharge machining light bulbs, and industrial heat­
ing burners each have a low trailing power factor. 

3. The power system’s demand fluctuates during the day, with peak load in 
the dawn and dusk and lesser demands at the other intervals. During down 
times, the source voltage rises, which boosts the magnetization flow of cur­
rent. The power factor is weakened as a consequence [2]. 

3.4 IMPORTANCE OF INCREASING POWER FACTOR 

As the following describes, power factor enhancement is crucial for both house­
holds and producers. 

a.	 Consumers: Users pay for their total demand in kVA as well as the units 
used. When their power factor improves, their maximal kVA prices decrease, 
leading to yearly cost reductions according to required power expenditures. 
Despite the fact that power factor correction equipment requires an esti­
mated annual outlay, achieving an ideal power factor results in total yearly 
savings for such customers. 

b. Generating stations: Power factor improvements are just as important to a 
generating station as they are to the user. The generators of power plants are 
rated in kVA, while the result is evaluated in kW. As a result of the station’s 

kW
production kVA= , like a function, the power factor measures the 

cosq 
number of units it can supply. The higher the power factor of a generating 
station, the more kWh it provides to the structure. As just an outcome, 
a greater power factor boosts the generating potential of the generating 
station. 

3.5 POWER FACTOR CORRECTION CALCULATION 

In the power factor analysis, a voltmeter and an ammeter are used to measure the 
source voltage level or current drawn. A wattmeter is often used to measure real 

Ppower. As active power (P) = VIcosθ watt. Whereas, power factor (cosθ) = 
VI 

So, reactive power is calculated by Q = VIsinθ. A shunt capacitor or capacitor 
bank is connected in the circuit to compensate the reactive power. A following 

2V
formula is used to compute the value of a capacitor: Q = 

Xc 
Q

Whereas, C = farad. 
2p fV2 
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3.6 IMPROVING THE ENERGY FACTOR TECHNIQUES 

The overall energy factor of a large producing station is usually between 0.8 and 
0.9. It is sometimes smaller; in such circumstances, it is usually advisable to take 
additional measures to boost the output power. Static capacitors, synchronous con­
densers, and phase advancers can all help with this. 

3.7 STATIC CAPACITOR 

Power factor can be enhanced by installing capacitor banks alongside equipment 
that has a trailing power factor. A capacitor draws a leading current to neutralize 
the trailing reactive component of the demand current, which boosts the power 
factor of the demand. A capacitor can be linked in a delta or star configuration for 
three-phase loads, as shown in Figure 3.2. In factories, static capacitors are almost 
always employed to enhance the power factor. 

How capacitors handle a lower power factor: Reduced power factor 
seems to be a concern that can be remedied by incorporating a PFI capacitor 
element into the industrial power grid. Capacitors work primarily as reactive 
current producers, providing the circuit’s overall power flow (kVAR). By 
creating their own voltage level, industrial applications save money for the 
utilities. As a result, the utility’s extent of power (kVA) will be dropped, cul­
minating in proportionately lower expenses. Capacitors reduce the amount 
of current taken from the power grid, allowing it to run at full capacity. 

Capacitors for PFI come in three primary varieties: 

A. Single capacitor units are required for each inductive apparatus. Individual 
capacitors have several benefits: 

i. Enhanced system capacity: Real power adjustment attached to the 
demand enhances system capacity while lowering power dissipation. 

Figure 3.2 Static capacitor placed with the demand 
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ii. Relatively cool functionality: As voltages decline, flow rises, providing 
excessive heat problems due to the marginally higher flow of current. 
Whenever voltage dips are rectified nearer to the demand, these heating 
concerns are prevented at the outset. 

iii. The control logic is streamlined, and there are fewer control parts, 
because the capacitor and motor can be switched on and off simultane­
ously. There is minor risk of overcompensating because the particular 
capacitor is sized to the exact load and switches concurrently with that 
load. Individual capacitor selection is simple and straightforward, and 
no complex computations are required. 

B. Units of capacitor banks: A bank of capacitor units consists of multiple 
capacitors housed within a container and joined at a centralized spot in the 
power grid [3]. Fully automated capacitors include a capacitor in an identi­
cal container with a circuit or thyristor or silicon-controlled rectifier (SCR) 
controlled by a processor, whereas static capacitors contain a capacitor 
mounted in the identical yard with no switching. On larger inductive loads, 
a single capacitor is placed, and the bank is usually assembled at primary 
lines or switchgear, among many other places. Fixed or automatic bank sys­
tems have a number of advantages. Banks are much more cost-effective than 
standalone capacitor devices when the main purpose is to minimize utility 
power prices and/or reduce current in primary feeds from a significant gen­
erating station or substation. The ease of power factor adjustment is aided 
by the fact that just one installation is required. Instead of a number of sepa­
rate capacitors next to every inductive load, a single fixed or programmable 
shunt capacitor device can save money. 

C. A mixture of the aforementioned: A single capacitor is generally mounted 
on significant induction machines, and groups are mounted on significant 
feeders or switchboards, among other things. One of most effective banks 
are generally individualized and regulated. Single capacitors are employed 
on powerful motors, whereas banks are mounted on distribution systems. 
To determine the required overall power factor correction, it is necessary to 
review both the total kVAR requirement and the desired power factor [4]. 

3.8 POWER FACTOR CORRECTION BY PASSIVE CIRCUIT 

Although a larger inductor is required for passive PFC than for active PFC, it is 
indeed cheaper. Although using a capacitor bank to address non-linearity in a load 
is a straightforward solution, it’s not quite as successful as active PFC. Motor con­
trol centers, utility energy meters, substation transformers, and other sectors with 
numerous inductive loads use these power factor correction procedures. This filter 
suppresses the harmonic components, helping the non-linear instrument appear 
to be a linear demand. By adding capacitors or inductors as necessary, the power 
factor can now be brought approximately to unity. On the other hand, it requires 
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high-current inductors that are complex and costly. In contrast to the converter, 
mainly passive components can be used in passive PFC to improve the shape of 
the line current. This kind of power factor technique can raise the power factor to 
a value of 0.7 to 0.8. 

3.9 POWER FACTOR ENHANCEMENT BY ACTIVE CIRCUIT 

A power electronic system that enhances the power factor by modifying the wave 
shape of current generated by a demand is known as an active power factor com­
pensator (active PFC). The strategy is to create demand circuits with power qual­
ity that appears completely resistive (apparent power equal to real power). In this 
case, voltage and current are in phase, and energy is zero. This enables one of the 
most efficient deliveries of electricity from the utility to that same end user. An 
active PFC is an electronic power system that manages the amount of energy con­
sumed by an application in return for a power factor as close to unity as possible. 
Every active filter design regulates the load’s incoming current to produce a supply 
current that closely resembles the mains’ output voltages (i.e. a sinusoidal wave). 
A mix of reactive components and active switches is used to improve the efficacy 
of source current shaping and generate an adjustable voltage output [5]. 

3.10 SYNCHRONOUS CONDENSERS 

When a synchronous motor is over-excited, it absorbs a leading current and func­
tions like the capacitors. An over-excited synchronous motor running at no loads 
is referred to as a synchronous condenser. When this machine is connected to the 
supply simultaneously, it generates a higher current that partially compensates for 
the load’s lagging reactive component. As a result, the bad factor has improved. 
Figure 3.3 depicts the enhancement of the synchronous condenser method’s power 
factor. A well-known way is to employ a synchronous motor as reactive power 
compensation. In comparison to a set of capacitors, if a synchronous motor is 
simply utilized for reactive power adjustment, the system will be inefficient and 
expensive [1]. Synchronous motors can have a power factor of unity, trailing, or 
going to lead, but there are significant drawbacks, such as the need for human 
control under varying loads. 

3.11 PHASE ADVANCERS 

Induction motors employ a phase advancer to rectify their power factor. Because 
the excitation windings of the stator have lagging current, the power factor of the 
machine is reduced; however, if this current is supplied from an external source, 
the power factor of the machine is improved and the phase advancer is reduced to 
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Figure 3.3 Power factor improvements by synchronous condenser. 

a simple AC exciter. This approach can be employed in situations when using a 
synchronous condenser is not cost effective [6], providing a means to improve the 
power factor of induction motors. An inductive motor’s stator winding draws an 
excited current that would be 90° behind voltage supply. For this reason, electric 
motors will have a poor power factor. If the excitation comes from somewhere 
else, the stator winding would be liberated or continued. As a result, the induc­
tion motor’s power factor could be enhanced. Phase advancers provide this addi­
tional excitation. It’s simply referred to as an AC exciter. It is positioned along 
the same axis as the primary motor and is connected to the rotor winding of the 
machine. It provides stimulating ampere turns at intermediate frequencies to the 
rotor winding. To provide more ampere turns as required, the induction motor 
could be structured to function under leading power factor, similar to an over­
excited synchronous machine. 

3.12 POWER FACTOR IMPROVEMENT BY USING 
ACTIVE FILTER 

Active power filters minimize harmonic pollution in transmission lines. Over the 
last two decades, the proliferation of transmission losses, including stable convert­
ers, heaters, and other load variations, has resulted in a variation of unwanted phe­
nomena in the functioning of energy systems, some of which are intractable with 
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passive LC filtering. An LC circuit is a particular electrical circuit configuration 
that consists of an inductor, typically denoted by the symbol “L,” and a capaci­
tor, typically represented by the symbol “C.” Active filters can adapt to randomly 
changing currents, which is the main difference between LC filters and active 
filters. Active filters have the capability to enhance power factor and simultane­
ously alleviate harmonic distortions, providing a more comprehensive approach 
to addressing power quality concerns. Managing a current source parallel con­
nected to the power converter produces the required harmonic currents [7]. In this 
arrangement, the mains need to deliver the essential current that avoids pollution 
problems through the transmission line. In extreme cases, the load also requires 
reactive power, which can be created by the same source of current. This kind 
of filter can then pay for both harmonics and power factor concerns. In three-
phase unbalanced loads, individual mains phase currents can also be redistrib­
uted and equalized as long as the overall extent of active power stays constant. In 
this design, the filter can address three issues instantly: (a) harmonic reduction, 
(b) modification of power factor, and (c) power reassignment that keeps systems 
stable. In the practical employment of this type of processing, force converter, 
current ampere controller, and voltage source converters are typically used. The 
superiority and performance of an active power filter are primarily determined by 
three factors: (a) the design of the power inverter; (b) the instrumentation tech­
nique often used to continue the current framework (leakage currents, triangular 
carriage, regular intervals representative sample); and (c) the active filter control 
strategy permits power factor correction to unity, harmonic elimination, and com­
pensation for load unbalance. To build the reference template, a “Reference Cur­
rent Calculator” schematic diagram has been created in Figure 3.4. IS is the source 
current, IF is the filter current, and IL is the load current. 

Figure 3.4 Parallel active power filter’s working principle. 
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For determining the active component of the demand current, “Sample and 
Hold” circuits are used as passive components. Harmonic components, power fac­
tor, and non-linear load compensation patterns are created by the network. Most of 
the ways for developing the guide and help for power systems use the concept of 
instantaneous reactive power. This theory offers an extremely precise method for 
acquiring the reference template and allows for a clear difference between active 
and reactive power in the present. This technique has a few distinguishing features. 
First, separating the averaging active power over a certain duration is much more 
comfortable in many instances and from a mains perspective than separating the 
instantaneous active power, because the first method prevents flashes and low­
ers temporal issues from mains. Another challenge seems to be the difficulty of 
creating and modifying the electronic circuit necessary to acquire the reference, 
which comprises d-q conversions, splits, and a significant number of multiplica­
tions. This effort has produced a substantially simpler solution by incorporating 
sample and hold circuits (S&H), which avoids expensive conversions as well as 
mathematical operations such as multiplication and division [8]. 

3.13 POWER FACTOR IMPROVEMENT BY MPPT OR 
DC/DC CONVERTER 

Due to the instability of solar energy, the large penetration of photovoltaic (PV) 
systems in the power grid now poses numerous issues. To address this issue, this 
chapter examines the power factor correction (PFC) management technique for 
supporting converters that are integrated with the maximum power point track­
ing (MPPT) algorithm using the existing power grid. After that, an experimental 
circuit model incorporating two control approaches will be built and tested under 
real-world settings. When PFC assistance is used, the output voltage response is 
more stable than when the simple MPPT algorithm is used [9]. Power distribu­
tion stability and system reliability are becoming key problems for all sorts of 
electronic power systems, including solar energy. Figure 3.5 depicts the proposed 

Figure 3.5 Power factor improvements in a photovoltaic scheme. 
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utility-connected PV system’s power circuit. When linking a solar system to the 
utility, the PV system will meet both the harmonic and active power supply require­
ments. An inverter provides reactive current adjustment, harmonic removal, and 
active power supply, while a DC/DC converter handles maximum power tracking. 
In addition, the suggested system is connected to a utility line through a series 
inductor that provides for reactive power regulation. 

An inductor-capacitor (L-C) filter is used to connect the load to the reactor 
and inverter at the common coupling point. When production of the solar system 
is inadequate, the power source delivers real energy to the system, and the PV 
control scheme introduces compensatory current to remove the harmonic content 
created by the power converter. As a result, the PV system solely supplies power 
flow to the utility in this mode, eliminating the harmonic content caused by the 
load. The photovoltaic system’s primary function in normal operating conditions 
is to provide active power to the load or utility as well as performing necessary 
uninterruptible power supply (UPS) services for the load [9]. 

As a result, the suggested system offers the following benefits: 

1. A power factor close to one. 
2. Demand protection with a UPS service. 
3. Capacity to balance the load. 

3.14 THYRISTORIZED AUTOMATIC POWER FACTOR 
IMPROVEMENT UNIT 

The following discusses using a thyristor in an autonomous power factor adjust­
ment unit. For these types of designs, SCR or triode for alternating current 
(TRIAC) are commonly employed. Thyristors act as a switch/valve between the 
load circuit and capacitor bank. Assume a power factor enhancement system has 
10 capacitor banks, because when the power factor goes below a specific thresh­
old, additional capacitors must be connected to the load circuit; as the power fac­
tor approaches unity, only a few capacitors must be attached to the circuit [10]. As 
shown in Figure 3.6, reactive current is sensed by embedded systems, instrument 
transformer and relay systems that continuously evaluate the power factor of the 
entire power system. The embedded systems trigger the thyristors by sending 
signals to their gate connections depending on the power factor value or com­
parative power demand. Once the thyristor has been activated to adjust for power 
flow or preserve the power factor, the capacitor bank is attached to the load. The 
thyristor gate initiating pulses are generated by zero crossing across conductive 
firing procedures. The use of AC power at zero points (between the positive and 
negative half cycle) where the voltage is almost zero is referred to as “zero cross 
over”. Gate pulses will only engage devices when the power across the thyristor 
is low. This approach is used to avoid nonlinearities, overvoltage, and distor­
tions from generating during switching. Significant enhancements in energy at 
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Figure 3.6 Automatic power factor adjustment device single line schematic diagram. 

home and industrial loads are recommended in this technique. The properties of 
a thyristor toggling mechanism are that the rate of variation is immediate and the 
leakage current is protected. When switching operations, there seems to be no 
disturbance. The activation of thyristors through gate pulses occurs only when 
the voltage across them reaches zero. This method is employed during switch­
ing to prevent the occurrence of transients, voltage spikes, and harmonics. This 
approach yields notable improvements in power quality for both industrial and 
residential loads. The characteristics of the thyristor switching module include 
inrush current protection, instantaneous change, noise-free operation during 
switching, precise automatic zero recognition for zero voltage switching “ON” 
and zero active flipping “OFF,” extended operational lifespan, over-temperature 
protection above 70 °C, dv/dt protection through an resistor capacitor (RC) snub­
ber circuit, user-friendly operation, and the elimination of transients through zero 
flipping technology. 

3.15 AUTOMATIC POWER FACTOR CONTROLLER 

With relay/microprocessor logic, several forms of automatic power factor con­
trollers (APFCs) are accessible [11]. The automatic power factor regulator 
enhances the power factor when it declines. The processor sends the signal to 
the control circuit, which triggers the switches when the power factor falls below 
a specified level. By turning on relays, the capacitor bank rapidly links to the 
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Figure 3.7 Schematic representation of automatic power factor regulator. 

load and boosts power factor. An overview of the proposed method is illustrated 
in Figure 3.7. 

Technical requirements: An electricity supply, the potential transformer, 
the current transformers (CTs), the zero crossing detector, a processor, a 
switch controller, a switch, a liquid crystal display (LCD) screen, and 
switching capacitors are the key components of this APFC system. 

A. Power supply: The AC supply is acquired by the main of a step-down power 
transformer. The output of the transformer is sent to a rectifier. Controllers 
are supplied by a 5-volt DC power supply. A microcontroller intended to 
operate at a voltage greater than 5 volts will burn out and be ruined quickly. 

B. Potential transformer and current transformer: The potential trans­
former (PT) decreases the supply voltage to the appropriate value for the 
circuit to operate. Microcontrollers rarely execute above 5 volts. If a micro-
controller is designed to function at a voltage higher than 5 V, it will imme­
diately burn out and be damaged. For measurement, control, and protection, 
the PT is used to step down voltage. A CT, on the other hand, is a device 
that converts large current into lesser current that can be used in electrical 
circuits. The current transformer can also be used to detect, monitor, and 
secure the network [12]. 
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C. Zero crossing sensor and microprocessor: The outputs of the current and 
voltage transformers are sent into a zero crossing detector that transforms 
the sinusoidal waveform into a square waveform. The voltage level is zero 
in this situation. The output voltage waveform indicates when and in which 
direction and input signal crosses zero volts. The power output will travel 
more slowly through one saturation level to another if the voltage level is a 
reduced frequency signal. When there is disturbance between the two input 
terminals, the output may swing between positive and negative saturating 
potential Vsat. An output wave is produced and transmitted to the micro-
controller whenever the zero crossing happens. The phase of the current 
and voltage signals is used to calculate the power factor. A microcontroller 
drives the APFC. The microcontroller performs calculations, takes action, 
and generates additional income. The phase difference between two outputs 
and, eventually, maximum power is calculated in a microcontroller by com­
paring the current and voltage from set reference detectors. The microcon­
troller will decide whether to switch the capacitor based on the current value 
of the power factor, which will be conveyed to the LCD display. 

D. Liquid crystal display (LCD) and relay driver: A relay driver permits a 
reduced device to control signals, while an LCD seems to be a basic mod­
ule that can be used in numerous systems for visual reasons. The switch 
driver is used in the circuit because the switches require a greater amount 
of current. The relays cannot be controlled directly by the microcontroller. 
A relay is a switch that is controlled by electricity when a relay is inter­
faced with a microcontroller, it can contribute to the enhancement of power 
factor within an electrical system. This collaborative process involves the 
microcontroller’s continuous monitoring of power factor and the relay’s 
pivotal role in controlling the connection and disconnection of power fac­
tor correction capacitors. The microcontroller diligently observes the power 
factor of the electrical system, utilizing appropriate sensors or meters for 
measurement. Upon detecting the necessity for power factor correction, the 
microcontroller transmits a control signal to the relay, directing it to close 
and thereby establish the connection between the power factor correction 
capacitors and the electrical system. The relay is commonly employed to 
govern the switching of these capacitors. With the relay in the closed posi­
tion, the power factor correction capacitors are effectively linked in paral­
lel with the system. These capacitors introduce leading reactive power to 
offset the lagging reactive power generated by inductive loads, leading to 
an improvement in the power factor. As a result, the power factor is brought 
closer to unity (1.0). 

E. Capacitor: Capacitors boost the factor of energy enhancement devices by 
adding a reactive load to the circuit. The power factor of the circuit dic­
tates the number of capacitors employed. The relay operates and provides 
a capacitor to the circuit whenever the power factor drops below a speci­
fied level [13]. If the power factor is much lower than the standard range, 
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however, one capacitance is inserted. An additional capacitor is supplied if 
the power factor dips significantly below the predetermined value, and the 
system will continue in this fashion. The circuit will continue to add capaci­
tors in parallel to the load until an acceptable power factor is attained [14]. 

3.16 SINGLE-PHASE POWER FACTOR CORRECTION USING 
PSO-BASED FIXED PWM 

In the circuit shown in Figure 3.8, power factor adjustment was achieved using 
two loops: The inner loop, also known as the current loop, is used to control cur­
rent, whereas the outer loop is used to control output voltage. The outer loop 
is connected to an outside proportional integral (PI) controller that uses particle 
swarm optimization (PSO) to keep the power output coordinated with the refer­
ence signal. The fixed pulse width modulated (PWM) current converter based on 
bang-bang/PSO is coupled to and controls the internal current loop. The current 
traveling through the inductor is then compared to the reference current (Iref). 
A constant frequency current converter based on bang-bang and PSO receives 
this prediction error signal. The constant current control converter, depending on 
bang-bang/PSO, also regulates the internal current loop. But after, the current trav­
eling through the inductor is compared to the reference current (Iref) (IL1). A fixed 
frequency current converter based on bang-bang and PSO receives the current 
error signal. The metal-oxide-semiconductor field-effect transistor (MOSFET) 
is triggered by the PWM pulses. A DC-DC converter with a larger output value 
than the voltage is the single-ended primary-inductor converter (SEPIC) DC-DC 

Figure 3.8 Power factor enhancements by use of a DC-DC SEPIC converter. 
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converters. In essence, although SEPIC DC-DC converters are not inherently 
engineered for the sole purpose of PFC, they can be integrated into power supply 
designs in conjunction with PFC techniques. This integration works to bolster 
power quality and efficiency within the system. The adaptability of SEPIC con­
verters in managing fluctuating input voltages, preserving output voltage stability, 
and operating efficiently renders them suitable for scenarios where PFC is a con­
sideration, particularly in settings characterized by variable input conditions and 
dynamic loads. Their utilization as part of power supply design should form part of 
a comprehensive approach to address power factor correction and voltage regula­
tion concerns [15]. SEPIC DC-DC converters provide the following advantages: 

1. They have a high-power density. 
2. In comparison to other switching converters, they have a fast transient 

response. 
3. They can execute both buck and boost operations, which is a major benefit. 

3.17 POWER FACTOR IMPROVEMENT WITH HELP OF SEPIC 
DC-DC CONVERTER 

Brushless direct current motors, PFC, and variable speed through a SEPIC are all 
explored. Proposed is an appropriate solution for driving applications, as well as 
a new approach for controlling the speed of the motor and PFC using SEPIC and 
regulating DC link values. The SEPIC conversion could be used in discontinu­
ous conduction mode to perform reactive power compensation for variable speed 
across a wide range in power conversion circuits. The conventional converter pro­
posed only examined DC-DC conversion because that was created to deliver a 
non-pulsating input current despite operating in continuous current mode between 
both inductors. The modified SEPIC converter is an AC-DC conversion technique 
that comprises a cascade of updated buck–boost converter and improved convert­
ers [16]. Figure 3.9 depicts the proposed system’s outline. 

The buck-boost converter employs continuous current while the boosted con­
verter works with intermittent current. Because this method provides a significant 

Figure 3.9 Block diagram of power factor correction by a SEPIC converter. 
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power factor, the output voltage must be adjusted using a simple feedback control 
mechanism. This proposed method aims to accomplish reactive power compensa­
tion without brushed motor drives using SEPIC converter configurations. Cor­
rected power factor converters are essential for improving power quality (PQ). The 
voltage-source inverter (VSI) is predominantly employed for the conversion of a 
consistent DC voltage into an AC voltage characterized by adjustable magnitude 
and frequency. The diode bridge rectifier is removed to reduce conduction loss and 
component count. The approach of perturbation and observation can be used to 
obtain the highest power. The low pass filter can help to reduce ripples. A unique 
bidirectional bridgeless standalone SEPIC converter is employed to achieve a 
power factor close to unity. 

3.18 THE BOOST POWER FACTOR CORRECTION 
CONVERTER 

All connected equipment in an electricity distribution network frequently requires 
rectification. To eliminate ripples in the DC output, single-phase diode rectifiers 
with a high capacitor are employed, although this generates a nonlinear wave­
form of current. As a result, several power factor correction solutions are receiv­
ing a lot of attention. Among the different PFC topologies, boost topology is the 
most widely employed [17]. A boost converter could also help to both enhance 
the power factor and lower harmonic distortion. The rectifier circuit, depicted in 
Figure 3.10, receives the AC power supply and converts it to DC. The boost con­
verter has two modes of operation: one in which it performs the function and the 
other in which it does not [18]. 

1. When the switch S1 is open, the inductor (L) de-energizes and the energy is 
transmitted to the capacitor (C) and load (RL). 

2. In the reverse biased state, in which the inductor is powered by the AC sup­
ply via the rectifier, switch S2 is closed. 

Figure 3.10 Boost power factor correction converters. 
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Because the inductor current falls in state 1 and rises in state 2, the inductor cur­
rent falls in state 1 and rises in state 2. The duty cycle defines how often an induc­
tor current decreases in comparison to how often it increases. The average inductor 
current is modified by adjusting the duty cycle, which results in an increase in 
power factor as well as reduction in total harmonic distortion (THD). A closed 
loop control maintains the output voltage while keeping the current in phase with 
it. The switch is connected to the boost PFC block, which generates a pulse width 
modulated signal that modulates the voltage. 

3.19 PLC-BASED POWER FACTOR CORRECTION 

A programmable logic controller (PLC) is an established manufacturing proces­
sor that controls the state of output devices by continuously monitoring the status 
of inputs and making decisions based on a programming [19]. After reading the 
power factor with the measuring unit, compare the present readings of the power 
factor displayed by the measuring unit to the planned power factor. The desired 
power factor is high enough to suit the needs of the user. There are then two sce­
narios to consider. The current reading and the target power factor are both the 
same in the first case. There is no need to make any changes to the system’s current 
configuration. The two variables in the second scenario differ from one another. In 
this circumstance, power factor correction via system configuration modification 
is required. The next better pattern of inputs demands a change in setup, which 
adds more capacitance to the system circuit. If the next pattern meets the needed 
criteria, the circuit is configured using that pattern; otherwise, continue to the next 
better configuration pattern until the required criteria are met or the circuit has 
the maximum allowed capacitance. The status (ON or OFF) of the PLC’s inputs, 
as well as the logic of the programming downloaded into it, determine the output 
signals [20]. 

When the motor is powered by a single-phase 230 V 50 Hz power supply, the 
total current drawn by an induction motor (IM) from the power supply results 
from the combination of two main components: the magnetizing current and the 
torque-producing component, therefore a current transformer is placed across one 
phase. This circuit uses a 1A/1mA current transformer, with the output going to 
a bridge rectifier, which converts the AC power to DC. The comparator receives 
DC values. The value of current recorded by the current transformer is converted 
to DC value. One of these input pairs is provided with 24 V and is decreased to 
specific values. The other input is provided through the output of the bridge recti­
fier, that is, the current value determined by using the current transformer. When 
the two values are the same, the respective output is turned on. The PLC’s output 
is sent to relays, which then switch the capacitor bank on and off. The current 
transformer monitors the current of the load, and manual switching push buttons 
provide another input to the PLC. There are a total of eight inputs to the PLC, 
including four for manual operation and four for the CT. The output is then given 
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to relays, which in turn switch the capacitors, according to the programming done 
in the PLC. The switched mode power supply (SMPS) is a device that supplies 
power to the PLC and relays. The PLC output is relay switching, which turns the 
condenser. If the power factor goes below a predetermined level, the motor will 
be turned off [21]. The AC supply is fed to the transformer, which is made up of 
three distinct rating transformers that act on the lagging power factor. Different 
rated transformers connected to the PLC’s input port vary the power factor [22]. 
The relay coil becomes energized when the lever S is turned on, and SMPS sends 
24 volts DC to the PLC. PLC also activates the capacitor bank, which provides 
leading current while compensating for reactive power. As a result, the power 
factor has improved. 

3.20 IMPROVE POWER FACTOR THROUGH AN 
ON-DEMAND TAP CHANGER 

Although vital for voltage regulation, the on-demand tap changer’s voltage con­
trol philosophy is only suited for unidirectional load flow power systems. The 
traditional operation of the on-demand tap changer will be greatly impacted 
when distributed generators begin absorbing/injecting reactive power, resulting 
in high voltage values that exceed allowable standards, regular voltage magnitude 
variations, and an overall increased reactive power source [23]. The on-load tap 
changer (OLTC) is the most frequent and successful device for voltage regula­
tion in power distribution networks. The OLTC’s efficiency lies in its capability 
to manage the voltage of multiple feeds by keeping the secondary voltage of the 
power transformer constant as the load changes. As a result, the OLTC adjusts the 
transformer winding ratio to maintain a consistent transformer secondary voltage/ 
bus-bar voltage as the network load changes. 

After analyzing the voltage magnitude, the OLTC will modify its tap position 
to ensure that the voltage is comparable to the defined and fixed voltage reference 
value. Evaluating the voltage at a remote site is dependent on demand current and 
power factor. Because the technique still relies on a set OLTC reference voltage, it 
is unable to adjust to voltage problems posed by distributed generators. 

3.21 POWER FACTOR IMPROVEMENT BY USING DYNAMIC 
VOLTAGE RESTORER (DVR) 

Quality assurance is a pressing problem in present-day energy systems, with 
implications for both customers and producers. As a result of the amalgamation 
of renewable energy sources, micro-grid systems, and widespread use of power 
electronic devices, the present electric power system has encountered several 
challenges. Current-voltage harmonics, voltage sag, and swell can all damage 
sensitive electronics. Input voltage fluctuations in these devices can be caused by 
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interference from other parts of the system. As a result, power quality is crucial 
for the power system’s dependable and safe functioning in today’s environment, 
where sensitive and expensive electronic equipment is becoming increasingly 
widespread [24]. A dynamic voltage restorer, the power quality device that injects 
both voltage and power into the system, can ameliorate voltage disturbances. 
DVRs commonly incorporate energy storage elements such as capacitors or bat­
teries. When the DVR identifies a voltage sag, it taps into the stored energy within 
these components to rectify the situation. The DVR introduces supplementary 
voltage in series with the impaired load. It produces a compensatory voltage to 
counter the sag, guaranteeing that the load maintains the necessary voltage, even 
in the presence of a sag event. The precise quantity of voltage injection required 
for a DVR is contingent on various factors, encompassing the attributes of the 
voltage sag, the specifications of the load, and the governing algorithm of the 
DVR. The ability to correct the power factor at the source side’s point of com­
mon coupling (PCC) uses a dynamic voltage restorer (DVR). Using the phase 
angle control (PAC) approach, the DVR compensating voltage will be injected 
in series with the transmission line with a specific phase angle and magnitude, 
resulting in a power factor angle shift of the resultant load voltage. As a conse­
quence, the source voltage is always in phase with the source current under varied 
load situations, meaning that power factor correction is performed at the source 
side PCC. A laboratory prototype of the DVR is used to evaluate the suggested 
control algorithm. On the source side, a power factor of approximately unity may 
be maintained [25]. 

3.22 POWER FACTOR IMPROVEMENT BY LLC RESONANT 
CONVERTER 

An AC and DC power converter assembly consists of a power factor correction 
module and an LLC resonant DC-DC converter module. This converter employs 
just two switches, three fewer diodes, and one fewer switch than the popular 
LLC resonant converter. The rectifier of interest offers a greater energy effi­
ciency while being smaller than its traditional counterpart due to soft-switching 
in the LLC resonant converter. The single-stage double-switched (DS)-LLC rec­
tifier has a wide output range and may attain unity power factor, indicating its 
efficacy and utility [26]. The following are the advantages of this topology over 
the typical architecture, which includes a pre-stage boost topology and an LLC 
resonant converter: 

•	 A high-PF construction enables easier boost PFC. 
•	 Because the PFC circuit stage shares a pair of switches with the LLC reso­

nant converter stage, fewer power valves are required. 
•	 High energy efficiency is obtained by using soft-switching in the LLC reso­

nant stage. 
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3.23 LATEST TECHNOLOGY IN POWER FACTOR 
CORRECTION TECHNIQUE IS STATIC 
VAR GENERATORS 

The sinexcel static VAR generator (SVG) is the most recent wall-mounted gen­
eration technology for power factor correction, and it offers more benefits than a 
capacitor bank solution. The SVG detects the load current, evaluates the reactance 
of the load, and injects the precise inverse reactive compensating current in real 
time. It can also maintain a power factor of 0.99 lagging or unity, and it can work at 
low voltages. The current transformer decreases the magnitude of current provided 
to the digital signal processing (DSP) and central processing unit (CPU), and the 
reactive power algorithm is used to distinguish between active and reactive power. 
It is delivered to the insulated-gate bipolar transistor (IGBT) control, which gener­
ates a 20 kHz frequency signal using pulse width modulation. Both an inductive 
(lagging) and capacitive (leading) load can be used with static VAR generators. 

SVG’s advantages are listed as follows. 

•	 Lowers a customer’s electricity bill. 
•	 Customers obtain a return on their investment (ROI). 
•	 The SVG minimizes line load by lowering the electrical system’s heat effect, 

resulting in longer life and lower maintenance costs. 
•	 SVG is a wall-mounting solution that frees up space on the floor. 
•	 The SVG minimizes maximum current by balancing the load across all 

three phases, lowering the maximum demand tariff (electricity costs) and 
the load on the circuit. 

•	 It reduces harmonic distortion. 

3.24 REAL-TIME ENHANCEMENT OF REACTIVE 
POWER FOR AN INTELLIGENT SYSTEM USING 
A GENETIC ALGORITHM 

This method of regulating the power factor in real time using multi-step capacitors 
is a novel process. Consequently, no optimization strategies were originally advo­
cated for controlling this problem. The genetic algorithm (GA) is a meta-heuristic 
optimization approach for solving real-time optimization issues like the PF cor­
rective problem. For real-time optimization of numerous power structure chal­
lenges, GA has shown promising outcomes. It’s also suitable for issues involving 
binary choice variables. The power factor optimal solution uses the genetic method 
[27]. Genetic algorithms are built on the principles of natural selection and natural 
genetics. The natural genetics principles of replication, crossovers, and mutations 
are all used in the genetic search approach. The GA creates a randomly generated 
population of chromosomals, the size of which can be specified, before starting the 
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process. After evaluating the fitness function for all created solutions as well as the 
model’s constraints, the algorithm terminates and transmits the achieved solution to 
the controller by turning on/off the multi-step capacitors at appropriate stages. Oth­
erwise, the preceding generation’s parents are employed to generate a new popula­
tion. Reproduction characterizes the selection of some of the chromosomes with the 
best fitness values. The crossover technique is determined by the encoding method, 
which takes a subset of chromosomes that are combined to generate a new pair of 
chromosomes. To avoid slipping below the local optimum, mutation is conducted 
after reproduction and crossover. This genetic algorithm provides a complete itera­
tion in search of the optimum solution. The algorithm repeats these steps until it 
finds a solution that fulfills the stopping requirement. Ultimately, the controller 
turns on and off the capacitor bank and the detuned filter. The correction process is 
repeated after an interval to continuously evaluate and right the power factor [28]. 

3.25 POLYMER-BASED THERMOELECTRIC MATERIALS USED 
FOR IMPROVING POWER FACTOR 

Because of their potential, thermoelectric (TE) materials are gaining prominence 
due to their ability to convert heat to electricity immediately. In order to increase 
global energy efficiency, they are utilized to capture electrical energy from waste 
heat. Polymer-based TE materials are mainly suitable for wearable and moveable 
devices because of their low density, great flexibility, and lower toxicity [28]. 

3.26 POWER FACTOR CORRECTION’S BENEFITS 

Implementing power factor correction has a number of advantages. Among the 
benefits are lesser demand charges on the power system, which increase load-
carrying capacity in existing circuits and lower overall power system losses. The 
advantages of power factor modification are not just financial; they also have 
substantial environmental advantages, which are described as follows. 

1. Decreased consumption charges: Maximum electric utility suppliers 
charge for the highest metered demand dependent on the higher registered 
demand in kilowatts (KW meter) or a percentage of the higher registered 
demand in kilovolts (KVA) (KVA meter). The extent of the measured KVA 
will be significantly greater than the KW required if the power factor is 
inadequate. As a result, power factor correction reduces the demand charge, 
thereby lowering electricity costs. 

2. Existing circuits’ harnessing capabilities: Reactive current is required 
in case of loads that consume reactive power. When power factor correc­
tion capacitors are fixed near inductive loads at the end of existing circuits, 
current carried by each circuit is reduced. The upgraded power factor may 
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permit the circuit to carry new loads, saving dollars in unneeded upgrade 
expenses. Additionally, the decreased current flow lowers the circuit’s resis­
tive losses. Furthermore, power factor correction capacitors reduce line cur­
rent while providing reactive current locally. When line current is lowered, 
transformers and feeder circuits utilize fewer kVA. Thermal overloads on 
transformers, transmission lines, generators, and cables are minimized as a 
result of the shunt capacitor correction. 

3. Improved voltage: At a given load, larger current flow is due to a lower 
power factor. The voltage decreases when the line current increases in the 
wire, resulting in low voltage display on the device. a higher power factor 
reduces the voltage drop in the conductor, which advances the voltage at 
the equipment. Shunt capacitors minimize inductive current in an electric 
circuit, resulting in a better voltage profile. As the line current is lowered, 
the IR and IX voltage drops decrease and increase the voltage level of the 
system from the capacitor site to the source. Voltage of 0.95–1.05 PU must 
be maintained in the distribution supply system and transmission systems. 
Induction motors will run at a greater voltage. If the system voltage is lower, 
the nominal current will be lower. The recovery voltage after fault clearing 
will be sluggish at the low voltages. As a result, maintaining safe voltage 
stages in the power supply is a significant objective. 

4. Reduced power system losses: The economic benefit of lower conduc­
tor losses is adequate to guarantee the fitting of capacitors in older plants 
or in field pumping processes. The conductor losses are directly related to 
induced current and are inversely proportional to the square of the power 
factor, as the current is reduced in proportion to the enhancement in power 
factor. When shunt capacitors are used for power factor correction, the line 
current is lowered. Both I2R and I2X losses are reduced as a consequence. 
Depending on the number of hours of full load operation, conductor size, 
feeder circuit length, and transformer impedance, I2R losses in industrial 
power systems range from 3% to 8% of the nominal load current. The high­
est loads on current circuits vary with respect to time of the day. 

5.	 Lower carbon footprint: By lowering the demand charge on the power 
system by power factor correction, the utility reduces the pressure on the 
electrical grid, lowering its carbon footprint. Hundreds of tons of carbon 
emissions can be saved over time by lowering demand on the energy grid, 
thanks to improvements in power system electrical efficiency via power fac­
tor adjustment. 

6.	 Reactive power support: Due to a lack of reactive power in distribution 
systems, the voltage at the load end tends to drop. In such instances, shunt 
capacitors are used to provide local VAR support. During peak load condi­
tions, long transmission lines have limited available reactive power at the 
end of the line, necessitating the use of shunt capacitors. The reactive power 
consumed from the supply is significantly reduced, as are the kVA and cur­
rent flows. At the load, the power factor has improved. 
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7. Generator capacity release: The capacity of a synchronous generator is 
limited in both kW and kVA. The kVA limit of the generator may refer to 
operating with a unity power factor. The generator must produce a kW with 
a lower power factor when the load is a low power factor device. The output 
of the generator cannot cross the rated kVA. Adjusting the power factor at 
the utility side might unleash kVA capabilities [29]. 

3.27 SOME ENERGY STORAGE DEVICES 

Thermostatically regulated home appliances may be leveraged to power system 
operators and consumers. Reiman et al. [30] used residential AC and electric heat­
ers to increase the power factor in a distribution system, where solar installations 
due to the feeder power factor drop daily, resulting in higher losses. Transmission 
and bulk generating systems become more efficient as the distributed feeder power 
factor enhances. The daily minimum feeder power factor is maximized with a 
daily optimum dispatch plan. Electric heaters cool down at this period to prepare 
for a low feeder power factor incident, then restart and rectify the situation. A vir­
tual batteries (VB) model utilizes the thermodynamic energy storage of thermo­
static regulated equipment for varying power system demand. A VB charges by 
switching equipment on and off. The power and energy restrictions, as well as the 
self-discharging rate, are measured by the properties of the appliances. The energy 
restrictions are symmetrical about zero and directly relate to the number and volt­
age of units in use at any specified time. The range of the power constraints is 
measured by the quantity and heating capacity of the appliances at a moment, 
and the amount of power necessary to keep the VB energy at its neutral position 
defines the location of that span relative to zero. The capacity of a specific appli­
ance to participate at a given moment is determined by the thermostat set point in 
comparison to the ambient or outside temperature. When it is chilly outdoors, for 
example, an air conditioner is not on or available to switch on. A heater is a device 
that warms and stores water for immediate consumption and is regulated by a ther­
mostat. To heat water, a resistive element is usually utilized. The temperature set 
points and dead band of electric heaters are utilized to establish VB characteristics. 
The environmental temperature should never be higher than the device’s thermo­
stat set point. The water heater may not be able to participate in the VB if the water 
draw is too high. Electric heaters generally employ resistive heating elements with 
a power factor of one. Another energy-saving strategy is explained later. 

To optimize voltage and energy savings in an alternating current induction 
motor operating under fixed torque and variable load conditions, T and L circuits 
were selected. The stator losses, which included copper and iron losses, were con­
stant losses associated only with the stator voltage. Meanwhile, the rotor’s copper 
losses were considered variable losses that varied with the load torque. The total 
electrical-loss formula and the optimum voltage regulation formula were evalu­
ated for the motor. The calculations showed that the stator voltage and rotor load 
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torque had an effect on the motor’s overall electrical loss, and that the optimal volt­
age control changed with the load torque [31]. The overall electrical loss revealed 
almost no calculation error when the motor’s operational voltage was more than 
230 V. As the motor load torque increased, the ideal voltage regulation and its error 
climbed, but the optimum voltage regulation error did not exceed 6 V within the 
motor’s operating voltage range. The overall electrical loss was lower with the 
optimum voltage regulation mode and a variable load torque compared with a 380 
or 220 V constant drive mode. As the load rate increased, the overall electrical loss 
increased. When the motor’s load did not exceed the medium load and the voltage 
control was excellent, the energy savings were considerable. While the motor was 
operating without any load, the overall electrical loss was negligible. In order to 
take advantage of solar energy’s low cost, a number of process difficulties must 
be addressed. Triple intercell bar technology and current-source topology are two 
further options. To combat damaged or open contacts, the bar employs sidebars, 
as well as metallurgical short circuits to create short circuit resistance. Further­
more, because of the decreased dispersion of current densities in the technology, 
a 10% increase in sunlight energy is possible. The factory’s energy usage, which 
produces 300,000 tons of copper cathodes per year, might be regulated as a result 
of the enhanced dispersion [32]. A targeted parameter model based on industry 
data is utilized to project the findings. Thanks to this technique, all broken con­
nections are bypassed, and short circuits are avoided or eliminated. The lifetime of 
the electrodes is also increased, and energy efficiency is improved. A conservative 
estimate is of US $2.4 million in power savings and US $0.8 million in electrode 
costs each year. An additional $12.9 million is saved by installing photovoltaic 
modulated electricity. 

3.28 WORKS IN CONNECTION 

Though power factor correction is an old technique, several of the following 
authors have recommended and prescribed a variety of approaches. An adaptive 
compensation strategy is another way to control switching devices under fluctuat­
ing power requirements and uncertain power production, even while dealing with 
practical voltage settings. To illustrate such a technique, a major power aspect 
concept is first proposed and established under power transfer conditions, as well 
as imbalanced and damaged polarities. Second, a common method for generating 
amplification coefficients for compensation purposes is created, enabling standard 
commands to be immediately weighed in order to follow a desired grid electricity 
coefficient value. As a consequence, the technology can be simply implemented 
to energy converter regulators that will minimize distribution losses and enhance 
power quality [33]. 

Iturriaga et al. suggested a model for and control of a power factor corrected dual 
charge controller. This technique is connected to an electrical network through a 
conversion stage generated by a comprehensive rectifier, and the constant current 
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demand is provided with a constant operating voltage via a higher efficiency. The 
key advantage of this design is that it provides good conversion ratios for the 
voltage level. The control scheme is defined as the average system model and pri­
marily comprises two control loops: current monitoring and voltage profile [34]. 

Sayed and Massoud provide a review of recent articles on how PFC converters 
are proposed in electrical vehicles for extended distances. Electric vehicle (EV) 
charging points are categorized into three parts: main recharging terminals, such 
as Level 1 (gradual charger), Level 2 (quick charger), and Level 3 (super duper 
charger), fully electric system, and supplemental charging points. It highlights the 
latest development in on-power quality adjustment (PFC) converters. The global 
demand for upgrading green-based refueling infrastructure has sprung from the 
electrification of the transportation sector. Narrow EVs and long-distance EVs 
and attempts to promote optimal board charging systems have been the subject 
of worldwide study. Depending on the EV, the battery voltage ranges from 36 to 
900 volts [35]. The battery charger is made of a single conversion or a two-level 
converter. This study is about only one unidirectional non-isolated converter for 
the on-power packs. The core PFC topologies and modified PFC topologies are 
divided into two categories. 

Minh and Minh provided an experimental method that reveals that when PFC 
assistance is used, the output voltage response is more stable than when the simple 
MPPT algorithm is used. Due to the instability of solar energy (PV), the large pen­
etration of PV in the power grid now poses numerous issues. To address this issue, 
this research examines the PFC management technique for supporting converters 
that are integrated with the MPPT algorithm using the existing power grid. After 
that, an experimental circuit model incorporating two control approaches will be 
built and tested under real-world settings [36]. 

Ali et al. presented a solution three-phase boosted compensator (PFC) rectifica­
tion device that was modeled and controlled, as well as a down-for-maintenance 
parameterization approach for successfully improving the control performance. 
While analyzing the shortcomings of the traditional control scheme with compli­
cated control nonlinear systems from smaller scales and conducting an investiga­
tion of the constraints of control scheme on harmonic elimination from the model 
predictive concept, a simplification type of control-governing equations based on 
a small prototype has been suggested with a fragmented control method. As an 
outcome, the methodology takes advantage of both simpler control methods and 
fragmented calculator control to achieve a high power factor and decrease overall 
harmonic distortion in a variety of categories [37]. 

Ricardo et al. developed a unique and efficient method of action that allows 
the utility to modify the system load factor in live time and with preventing finan­
cial damage. Decentralized energy PV networks (DGCPSs) have proven to be 
an effective replacement for traditional energy production by minimizing leak­
age currents, simplifying transmission networks, and offering extra services to 
energy systems [38]. Considering these positives, there has been a different sort 
of DGCPS challenge documented in the literature. From the utility’s standpoint, 
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the implementation of a DGCPS may appear to exacerbate the system load fac­
tor. This impact is not caused by physical factors such as equipment failure or 
the load’s excessive usage of reactive power, yet it may result in reactive power 
overcharging (RPEC). Because these fees may increase the time it takes for PV 
installations to pay for themselves, this study examines three options for dealing 
with the problem. A revised regulatory structure for power system regulation in 
DGCPS consumption devices is the first methodology, which has shown to be the 
most beneficial to users. Traditional solutions that use photovoltaic converters or 
capacitors to mitigate for reactive power are the other two alternatives. 

Ali and Khan, using a unit pattern methodology or a proportional–integral con­
trolled system approach, proposed power factor expansion, zero voltage regulation, 
and overall transmission loss reduction in power transmission network for load 
variations. Regulation and compensation are becoming increasingly significant 
components in maintaining power quality. It is preferable to suggest a compensa­
tor to link with power control center (PCC) by employing a shunt compensation 
through an interface. A DC bus capacitor based on IGBT is used in the suggested 
compensator with voltage source converters (VSC). In terms of DSTATCOM’s 
performance, it is recommended for load variation with a voltage supply at the 
point of common coupling and an identity DC connector [39]. 

Ananda provided a method for increasing the power factor in electrical substa­
tions. The substantial inductive load leads to a power factor below 1, causing a 
significant increase in electrical current. Consequently, the installed power cannot 
be utilized to its full potential efficiency. The interface is designed to use human 
machine interface display and a cloud services logger to screen the power factor 
value in real time [40]. 

3.29 CONCLUSION 

When all components of the power aspects are considered, it is observed that the 
most essential component for both the energy supplier and the user is the power 
factor. The utility company is no longer liable for power losses, and the consumer 
is no longer liable for reduced power factor penalty payments. Inserting correctly 
sized power capacitors into a plant’s circuit can enhance its output power. Because 
most electrical demands are inductive and require trailing currents, the power fac­
tor is weak. Connecting certain devices that consume significant power in paral­
lel to the load enhances power quality. The capacitor is an example of such a 
device. The capacitor pulls a higher current that partially or totally neutralizes the 
load current’s subsequent reactive part. As a consequence, the load’s power factor 
changes and the power factor of the load improves. Finally, the following things 
will be discussed. 

•	 To overcome today’s low power factor, a less expensive and more efficient 
method or technology is necessary. 
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•	 By connecting capacitors in parallel, some of the solutions in this study 
affect the power factor. However, SVG is the current generation of power 
factor correction technology, and it provides a number of advantages over 
the classic switched capacitor bank style system. 

•	 A microcontroller and a programmable logic controller (PLC) are also 
devices that are used to control the power factor automatically. 

•	 Power factor adjustment procedures can presumably be used in the power 
system, yielding stability and reliability of the system. 

•	 Using a microcontroller cuts costs and eliminates the need for additional 
hardware. As the usage of power electronics grows in popularity; the prob­
lem of harmonics arises. Harmonic distortion lowers both power quality and 
power factor, necessitating the use of power factor methods. As a result, the 
ideal solution for power factor correction is automatic power factor. 
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Chapter 4
 

Parametric approach of 
magnetorheological external 
finishing tool for its better 
functionality 

Ajay Singh   Rana ,  Talwinder Singh  Bedi and Hema Gurung 

4.1  INTRODUCTION AND BACKGROUND 

The ability to alter properties in an organized way of magnetization, current, force 
and deformation has developed such smart materials as magnetorheological (MR) 
fluids (Rana et al., 2023). It was initially discovered by Rabinow (Rabinow, 1948). 
MR materials can be classified in three categories, namely fluids, foams and elas­
tomers ( Carlson and Jolly, 2000 ). Magnetorheological fluids are mostly used in 
various types of industries, such as automotive, aerospace and machine tooling 
( Jolly et al., 1998 ). Their advantages include noiseless operation and ease of con­
trol. In present-day manufacturing, magnetorheological fluid is helpful for obtain­
ing better surface finishing on various engineering components, which improves 
their operative functionality ( Bedi and Singh, 2016 ; Bedi and Rana, 2021). During 
magnetorheological finishing (MRF), magnetic field–dependent properties such 
as viscosity, shear rate and yield stress of MR fluid can be controlled by chang­
ing the magnetizing current in the electromagnet coils ( Jha and Jain, 2004 ). The 
MR polishing fluid consists of carbonyl iron particles (CIPs), abrasive particles 
dispersed in the visco-elastic base medium (mixer of mineral oil and grease), 
which shows alteration in its rheological properties ( Khurana et al., 2017 ). The 
behaviour of MR polishing fluid without/with the help of magnetic gradient is 
shown in Figure 4.1 . When no magnetic gradient is applied to the MR polishing 
fluid, the particles within the fluid are randomly distributed, as shown in Fig­
ure 4.1a. Under the magnetic gradient, the CIPs attain a magnetic-dipole moment 
relative to magnetic field strength and form a chain-like structure in accordance 
with the magnetic lines of fluxes (Paswan et al., 2017). These chain-like structures 
of CIPs embed the non-magnetic abrasive particles within or between the fluid’s 
structure, as shown in  Figure 4.1 b.         

Hence, these embedded abrasive particles become active in nature, further roll­
ing over the surface to be finished. Also, this activity helps to control sedimenta­
tion of particles with the influence of magnetic field ( Bica, 2002 ). Under the effect 
of shearing, the indentation force induced by the abrasive particles is very low 
during magnetorheological finishing ( Kordonski and Jacobs, 1996 ;  Shorey et al., 
2001 ). With the change in magnetizing current, the viscosity of this smart fluid 
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Figure 4.1	 Behaviour of MR polishing fluid (a) under no magnetic gradient and (b) with 
magnetic gradient. 

also changes (Sidpara and Jain, 2013). Rana et al. (2020) worked on the magneto­
rheological finishing process using a three set of permanent magnets. The results 
concluded that the maximum decrease in Ra value was 62 nm within 40 minutes 
during finishing of the aluminium workpiece. Bedi and Kant (2021) developed 
a magnetorheological finishing setup with different magnetic structures. The 
authors concluded that 62.74% roughness change was found with curved magnets, 
whereas 53.81% roughness change was observed with flat magnets during the fin­
ishing of a stainless steel workpiece. Rana et al. (2021) performed a fine finishing 
on a copper cylindrical workpiece using a permanent magnet-based magnetorheo­
logical finishing. The results revealed that the final Ra value was achieved as 67 
nm from 224 nm after 45 minutes of finishing. 

In this chapter, a parametric study with a statistical design of experimentation was 
conducted for the nanofinishing of the external cylindrical surface of a brass work­
piece. With the help of Design Expert 11 Software, response surface methodology 
was performed to evaluate the effect of different process variables, i.e. workpiece 
rotational speed, tool linear speed, mesh sizes of SiC and mesh sizes of electrolytic 
iron particles (EIPs) against the percent change in surface roughness (Ra) value. 

4.2 MAGNETOSTATIC SIMULATION 

To determine the magnetic flux distribution within the finishing operation, it was 
important to simulate its results before the experimentation (using Ansoft V13 
software). Figure 4.2a represents the simulation results for the brass workpiece 
when it was in contact with the magnetized magnetorheological polishing fluid. 
The gap between magnet and workpiece surface was taken as 1 mm. From the 
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Figure 4.2	 (a) Magnetostatic simulation and (b) 2D field report for analysing the allocation 
of magnetic flux. 

simulation results, it was revealed that the higher magnetic flux was found on the 
magnet surface and decreased to the workpiece surface as shown in Figure 4.2b. 

This concluded that magnetorheological polishing would remain attached to the 
magnet surface instead of the workpiece surface, which is beneficial for obtaining 
better finishing results. 

4.3 EXPERIMENTAL SETUP AND PROCESS VARIABLES 

The magnetorheological finishing process, as depicted in Figure 4.3a (Rana et al., 
2020), has already demonstrated its ability to finish non-ferromagnetic work­
pieces, contributing to their improved durability. This setup was installed on the 
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horizontal slides of the lathe machine where the tool post was mounted. The tool 
post assembly of the lathe machine was replaced by the magnetorheological fin­
ishing tool assembly. The three-dimensional (3D) view of a setup along with brass 
cylindrical workpiece is shown in Figure 4.3b. 

During finishing, the magnetorheological polishing is magnetized within the 
working gap, which further encounters the workpiece surface during the finishing 
process. For the present experimentations, the different process variables used in 
this study are workpiece rotational speed (A), tool linear speed (B), mesh size of 
silicon carbide particles (C) and mesh size of electrolyte iron powders (D). The 
symbolic representation of A, B, C and D was given to each variable for easy iden­
tification. The aforementioned variables were independent controlled variables, 
whereas the ambient temperature was taken as a dependent controlled variable in 

Figure 4.3 (a) Actual photograph of tool and (b) 3D drawing of tool along with brass cylin­
drical workpiece. 



 

  

  

 

 
 

   
 

  

  

  

 

100 Modern Materials and Manufacturing Techniques 

the present research. The following are brief descriptions of each of the process 
variables used in the research. 

4.3.1 Workpiece rotational speed (A) 

Workpiece rotational speed plays a vital role in the magnetorheological finishing 
process for achieving a fine surface finishing. When the magnetorheological pol­
ishing is magnetized and sticks to the tool surface, then due to the workpiece rota­
tion, the polishing fluid moves as per the rotation of the workpiece. This causes a 
material removal from the workpiece surface in the form of tiny chips or micro­
chips. At present, the different workpiece rotations, i.e. 400 rpm, 600 rpm and 800 
rpm, were used for the experimentation as per the preliminary results. 

4.3.2 Tool linear speed (B) 

Tool linear speed represents the horizontal movement of the tool with respect to the 
workpiece surface. The shearing of roughness peaks was only possible when the work­
piece rotates and reciprocates. The reciprocation movement of the tool was also known 
as tool linear motion. This movement was given with the help of the x-axis slide of a 
lathe machine. At present, the different tool linear speeds, i.e. 10 cm/min, 30 cm/min 
and 50 cm/min, were used for the experimentation as per the preliminary results. 

4.3.3 Mesh sizes of SiC (C) 

Abrasive particles used in the present research were silicon carbide of different 
mesh sizes, i.e. 600, 800 and 1000. The coarser mesh size was 600 whereas finer 
mesh size was 1000 and are easily available. Scanning electron microscopy images 
of different mesh sizes of SiC are shown in Figure 4.4a. A coarse range of mesh 
size (i.e. 600) was suitable for cutting the higher roughness peaks, whereas a finer 
range of mesh size (i.e. 1000) was suitable for eliminating the waviness roughness 
peaks. Depending upon the height of roughness peaks on the workpiece surfaces, 
the abrasive particles perform their function of achieving a smooth surface quality. 

4.3.4 Mesh sizes of electrolyte iron powders (D) 

In this research, different mesh sizes of electrolyte iron powder, i.e. 200, 300 and 
400, were utilizedfor experimentation. The scanning electron microscopy images 
of different mesh sizes of electrolyte iron powders are shown in Figure 4.4b. When 
the magnetorheological polishing fluid is magnetized, the iron particles form a 
rigid structure by holding the abrasive particles on its outer circumference. If there 
are no iron particles within the MR polishing fluid, then abrasive particles will 
be randomly circulated inside the base fluid, and no finishing will be performed. 
The indentation capacity of abrasive particles onto the workpiece surface wholly 
depends upon the rigid structure of iron particles. 
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Figure 4.4	 Scanning electron microscopy images of different mesh sizes of (a) SiC and (b) 
EIPs at 500X. 

4.4 DESIGN OF EXPERIMENTS 

An optimum variable plays an important task in increasing the operative func­
tionality of machined components, which can only be possible by performing a 
number of experiments according to their sequence. In this chapter, the effect of 
different process variables such as workpiece rotational speed (A), tool linear speed 
(B), mesh size of silicon carbide particles (C) and mesh size of EIPs (D) with respect 
to change in surface roughness Ra value for brass cylindrical workpiece were anal­
ysed. The workpiece used in this research found its wide applications in the utensil 
making and ornament making industries. The nanofinishing of such products was 
required for their better appearance and performance. The initial surface roughness 
Ra value of a brass workpiece was found to be between 325 nm and 390 nm, which 
was measured with Surftest SJ-210 (Mitutoyo) with 0.25 mm as the cut-off length. 
The difference in Ra value was because of initial grinding of the cylindrical brass 
workpiece by a surface grinder. In order to counteract the huge difference in Ra 
value, the percentage change in Ra value was taken as per Equation 4.1. 

% change in Ra value = (Ra ­ Ra ) / Ra	 (4.1)1 2 1 

Where: 
Ra1 was the initial Ra value of the cylindrical workpiece 
Ra2 was the initial Ra value of the final finished cylindrical workpiece 
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With the help of Design Expert 11 Software, the response surface methodol­
ogy (RSM) technique was used, which represents the addition of statistical and 
numerical data values. This further helps to analyse the engineering models. For 
creating a model, four variables along with three levels of six axial and central 
runs were employed for the experimentation. The central composite design in this 
model was used, and further analysis of variance (ANOVA) with F-test was done 
to evaluate the regression solution. From this solution, the regression equation 
was evaluated, which helps to correlate the relation between controlled variables 
and final surface roughness values. The actual process variables along with their 
respective levels are depicted in Table 4.1. 

For experimentation, the magnetorheological polishing fluid was prepared with 
the following volumes: 

23% of SiC abrasive particles, 17% of carbonyl iron particles and 60% of base 
fluid, out of which 80% paraffin oil + 20% grease by weight were taken. Other 
variables such as the working gap were taken as 1 mm, whereas total time for 
finishing each workpiece was 40 min. Before starting the experimentation, the 
different sets of experimentation were performed as per given in Table 4.2, which 
further represents its standard as well as run order. 

4.4.1 Regression analysis 

Each set of experimentation was conducted, and its corresponding output was 
calculated in terms of percentage change in Ra value as per Equation 4.1. The 
response summary for each set of experimentation is shown in Table 4.3. 

The consecutive sum of squares was analysed to evaluate the higher polynomial 
order, shown in Table 4.4. 

In this model, the extra values were regarded as significant and the model was 
considered to be aliased. The consecutive sum of squares determined the increase 
in complications contributing to the entire model. With this quadratic model, the 
analysis of variance was evaluated where the value of α was taken as 0.05 for the 
shown hypothesis. In this p-value, less than or equal to 0.05 is taken as a signifi­
cant value, whereas if the value is higher than 0.05 it can be eliminated. The full-
length ANOVA analysis for the given set of experimentation is shown in Table 4.5. 

Table 4.1 Different process variables along with their coded levels 

Coded levels 

Process variables Units -1 0 1 

Workpiece rotational speeds (A) rpm 400 600 800 
Tool linear speeds (B) cm/min 10 30 50 
SiC abrasives (C) mesh size 600 800 1000 
EIPs (D) mesh size 200 300 400 
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Table 4.2 Different sets of experimentation 

Std Run A:Workpiece B:Tool linear C:SiC D:EIPs 
rotational speed speed (mesh size) (mesh size) 
(rpm) (cm/min) 

20 1 600 50 800 300 
25 2 600 30 800 300 
1 3 400 10 600 200 
28 4 600 30 800 300 
5 400 10 1000 200 
7 6 400 50 1000 200 
8 7 800 50 1000 200 
9 8 400 10 600 400 
4 9 800 50 600 200 
19 600 10 800 300 
18 11 800 30 800 300 
21 12 600 30 600 300 
16 13 800 50 1000 400 
24 14 600 30 800 400 
15 400 50 1000 400 
23 16 600 30 800 200 
11 17 400 50 600 400 
13 18 400 10 1000 400 
2 19 800 10 600 200 
30 600 30 800 300 
10 21 800 10 600 400 
26 22 600 30 800 300 
12 23 800 50 600 400 
27 24 600 30 800 300 
17 400 30 800 300 
3 26 400 50 600 200 
6 27 800 10 1000 200 
22 28 600 30 1000 300 
29 29 600 30 800 300 
14 800 10 1000 400 

The F-value was calculated as 28.04, which clearly showed that the model was 
significant in nature, i.e. p-value is far less than α value. From Table 4.5, terms 
such as A, B, C, D, BC, BD, A2, B2, C2 and D2 were considered significant because 
their p-values were less than 0.05 (α value). Terms such as AB, AC, AD and CD 
were considered non-significant because their p-values were greater than 0.05 
(α value). In case of lack of fit, the F-value was found to be 4.23, which clearly 
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Table 4.3 Response summary 

Std Run A:Workpiece B:Tool lin- C:SiC D:EIPs Ra1 Ra2 Final 
rotational 
speed 

ear speed 
(cm/min) 

(mesh size) (mesh size) (nm) (nm) output 
(%) 

(rpm) 

20 1 600 50 800 300 367 121 67 
25 2 600 30 800 300 371 186 50 
1 3 400 10 600 200 330 145 56 
28 4 600 30 800 300 341 177 48 
5 5 400 10 1000 200 354 191 46 
7 6 400 50 1000 200 370 155 58 
8 7 800 50 1000 200 387 185 52 
9 8 400 10 600 400 332 169 49 
4 9 800 50 600 200 330 191 42 
19 10 600 10 800 300 361 97 73 
18 11 800 30 800 300 325 230 31 
21 12 600 30 600 300 368 236 36 
16 13 800 50 1000 400 337 192 43 
24 14 600 30 800 400 356 221 38 
15 15 400 50 1000 400 361 173 52 
23 16 600 30 800 200 326 166 49 
11 17 400 50 600 400 390 293 25 
13 18 400 10 1000 400 379 243 36 
2 19 800 10 600 200 380 190 50 
30 20 600 30 800 300 387 201 48 
10 21 800 10 600 400 343 185 46 
26 22 600 30 800 300 351 179 49 
12 23 800 50 600 400 365 280 24 
27 24 600 30 800 300 340 177 48 
17 25 400 30 800 300 359 208 42 
3 26 400 50 600 200 341 208 39 
6 27 800 10 1000 200 389 253 35 
22 28 600 30 1000 300 377 211 44 
29 29 600 30 800 300 350 168 52 
14 30 800 10 1000 400 367 231 37 

revealed that there was a 6.26% chance that F-value in case of lack of fit occurs 
because of environmental effects such as noise, vibration and so on. Other than 
ANOVA, the other calculated values are shown in Table 4.6. 

From this, the value of R2 was found to be 0.9632, which clearly determined 
the intimacy of experimental data with regression analysis. Hence, the model was 
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Table 4.4 Consecutive sum of squares 

Source Sum of df Mean F-value p-value 
squares square 

Mean vs Total 62,107.50 1 62,107.50 
Linear vs Mean 541.67 4 135.42 1.23 0.3237 
2FI vs Linear 1030.75 6 171.79 1.89 0.1342 
Quadratic vs 2FI 1601.81 4 400.45 49.53 < 0.0001 Suggested 
Cubic vs Quadratic 104.33 8 13.04 5.39 0.0194 Aliased 
Residual 16.94 7 2.42 
Total 65,403.00 30 2180.10 

Table 4.5 ANOVA for final response 

Source Sum of df Mean F-value p-value 
squares square 

Model 3174.22 14 226.73 28.04 < 0.0001 significant 
A-Workpiece 102.72 1 102.72 12.71 0.0028 
rotational speed 
B-Tool linear 37.56 1 37.56 4.65 0.0478 
speed 
C-SiC 72.00 1 72.00 8.91 0.0093 
D-EIPs 329.39 1 329.39 40.74 < 0.0001 
AB 2.25 1 2.25 0.2783 0.6055 
AC 20.25 1 20.25 2.50 0.1344 
AD 4.00 1 4.00 0.4947 0.4926 
BC 930.25 1 930.25 115.06 < 0.0001 
BD 49.00 1 49.00 6.06 0.0264 
CD 25.00 1 25.00 3.09 0.0991 
A² 404.26 1 404.26 50.00 < 0.0001 
B² 1143.55 1 1143.55 141.44 < 0.0001 
C² 209.45 1 209.45 25.91 0.0001 
D² 78.13 1 78.13 9.66 0.0072 
Residual 121.28 15 8.09 
Lack of fit 108.44 10 10.84 4.23 0.0626 not significant 
Pure error 12.83 5 2.57 
Cor Total 3295.50 29 

represented as good with adequate response values. The predicted R2 of 0.7644 
was in good agreement with the adjusted R2 of 0.9289; i.e. the difference was less 
than 0.2. The adequate precision of 23.453 was far greater than 4, so the model 
was regarded as adequate in nature. 
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The confidence interval (CI), i.e. 95% CI low and 95% CI high, were the lower 
and higher limits that elaborated the approximate coefficient of all the factors 
(Singh et al., 2012). Table 4.7 represents the coefficient values in coded form. In 
this analysis, the variance inflation factor (VIF) was important for measuring the 
magnification of variance by using orthogonal design. 

The value of VIF was found to be 1.00 in the cases of A, B, C, D, AB, AC, AD, 
BC, BD and CD, therefore these factors were orthogonal to each other within the 
model itself. On the other hand, the value of VIF was found to be 2.78 in the case 
of A2, B2, C2 and D2, which clearly represents that the factors were not dependent 
on each other. If the p-values are non-significant, i.e. p-value is greater than 0.05 
(α value), then the model is not considered to be significant. In ANOVA (Table 4.5), 
there were a total of four non-significant terms, i.e. AB, AC, AD and CD. To fur­
ther improve the model, these non-significant terms can be eliminated, as shown 
in Table 4.8. 

Table 4.6 Other values which were not included in ANOVA 

Std. Dev. 2.84 R² 0.9632 
Mean 45.50 Adjusted R² 0.9289 
C.V. % 6.25 Predicted R² 0.7644 

Adeq. Precision 23.4527 

Table 4.7 Other values which were not included in ANOVA 

Factor Coefficient df Standard 95% CI low 95% CI high VIF 
estimate error 

Intercept 49.08 1 0.8833 47.20 50.96 
A-Workpiece −2.39 1 0.6702 −3.82 −0.9604 1.0000 
rotational speed 
B-Tool linear speed −1.44 1 0.6702 −2.87 −0.0159 1.0000 
C-SiC 2.00 1 0.6702 0.5715 3.43 1.0000 
D-EIPs −4.28 1 0.6702 −5.71 −2.85 1.0000 
AB 0.3750 1 0.7109 −1.14 1.89 1.0000 
AC −1.12 1 0.7109 −2.64 0.3902 1.0000 
AD 0.5000 1 0.7109 −1.02 2.02 1.0000 
BC 7.62 1 0.7109 6.11 9.14 1.0000 
BD −1.75 1 0.7109 −3.27 −0.2348 1.0000 
CD 1.25 1 0.7109 −0.2652 2.77 1.0000 
A² −12.49 1 1.77 −16.26 −8.73 2.78 
B² 21.01 1 1.77 17.24 24.77 2.78 
C² −8.99 1 1.77 −12.76 −5.23 2.78 
D² −5.49 1 1.77 −9.26 −1.73 2.78 
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From this table, it has been concluded that the F-value for the model was 34.34 
(significant in nature), i.e. the Prob > F value, i.e. < 0.0001, was far less than 0.05 
(α value). Hence, the model was significant. The R2 value after eliminating the 
non-significant terms was 0.9476, as given in Table 4.9. 

The predicted R2 of 0.8467 was in good agreement with the adjusted R2 of 
0.9200. The adequate precision of 26.2345 was far greater than 4, so the model 
was regarded as adequate in nature. Table 4.10 represents the coefficient values 
in coded form after eliminating the non-significant terms. The value of VIF was 
found to be1.00 in the cases of A, B, C, D, BC and BD, therefore these factors were 
orthogonal to each other within the model itself. On the other hand, the value of 

Table 4.8 ANOVA for final response after removing the insignificant terms 

Source Sum of df Mean F-value p-value 
squares square 

Model 3122.72 10 312.27 34.34 < 0.0001 significant 
A-Workpiece 102.72 1 102.72 11.30 0.0033 
rotational speed 
B-Tool linear 37.56 1 37.56 4.13 0.0564 
speed 
C-SiC 72.00 1 72.00 7.92 0.0111 
D-EIPs 329.39 1 329.39 36.22 < 0.0001 
BC 930.25 1 930.25 102.30 < 0.0001 
BD 49.00 1 49.00 5.39 0.0315 
A² 404.26 1 404.26 44.46 < 0.0001 
B² 1143.55 1 1143.55 125.75 < 0.0001 
C² 209.45 1 209.45 23.03 0.0001 
D² 78.13 1 78.13 8.59 0.0086 
Residual 172.78 19 9.09 
Lack of fit 159.94 14 11.42 4.45 0.0543 not significant 
Pure error 12.83 5 2.57 
Cor Total 3295.50 29 

Table 4.9 Other values which were not included in ANOVA (after 
eliminating non-significant terms) 

Std. Dev. 3.02 R² 0.9476 
Mean 45.50 Adjusted R² 0.9200 
C.V. % 6.63 Predicted R² 0.8467 

Adeq Precision 26.2345 



 

   

   

 

 

 

 

 

 

108 Modern Materials and Manufacturing Techniques 

Table 4.10 Other values which were not included in ANOVA (after eliminating non-
significant terms) 

Factor Coefficient df Standard 95% CI low 95% CI high VIF 
estimate error 

Intercept 49.08 1 0.9367 47.12 51.04 
A-Workpiece −2.39 1 0.7108 −3.88 −0.9012 1.0000 
rotational speed 
B-Tool linear speed −1.44 1 0.7108 −2.93 0.0432 1.0000 
C-SiC 2.00 1 0.7108 0.5123 3.49 1.0000 
D-EIPs −4.28 1 0.7108 −5.77 −2.79 1.0000 
BC 7.63 1 0.7539 6.05 9.20 1.0000 
BD −1.75 1 0.7539 −3.33 −0.1721 1.0000 
A² −12.49 1 1.87 −16.41 −8.57 2.78 
B² 21.01 1 1.87 17.09 24.93 2.78 
C² −8.99 1 1.87 −12.91 −5.07 2.78 
D² −5.49 1 1.87 −9.41 −1.57 2.78 

VIF was found to be2.78 in the cases of A2, B2, C2 and D2, which clearly represents 
that the factors were not dependent on each other. 

The quadratic equations (4.2 and 4.3) represented the correlation between each 
process variable. Equation 4.2 in its coded form is given as follows: 

% change in Ra =
 
+49.08 ­ 2.39*A ­1.44*B + 2.00*C ­ 4.28*D (4.2)
 

2 2 2 2+7.63*BC ­1 ­12.49*A + 21.01*B ­ 8.99*C 1.75*BD ­ 5.49*D 

Equation 4.3 in its actual form is given as follows: 

% change in Ra =
 
­157.31140 + 0.362792* Workpiece rotational spe ­ 4.48604
eed
 
*Tool linear speed + 0.312462*SiC + 0.312946
 
*EIPs +  0 . ­ 0.000875
.001906* Tool linear speed * SiC (4.3) 

*Tool linear speed * ­ 0.000312* Workpiece rotational speed 2*EIPs 
2 2 2+0.052522*Tool llinear speed ­ 0.000225*SiC ­ 0.000549*EIPs 

After analysing each process variable, its contribution against percentage change 
in Ra value is depicted in Table 4.11. 
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Table 4.11 Percent contribution of process variable 

Process variable Sum of squares % contribution 

A 102.72 3.28 
B 37.56 1.2 
C 72.00 2.3 
D 329.39 10.54 
BC 930.25 29.78 
BD 49.00 1.56 
A2 404.26 12.94 
B2 1143.55 36.62 
C2 209.45 6.70 
D2 78.13 2.5 

4.5 RESULTS AND DISCUSSION 

The actual equation (as per Equation 4.3) evaluated from the regression analysis 
was directly or indirectly dependent on the experimentation results. The effect of 
different process variables such as workpiece rotational speed, tool linear speed, 
mesh sizes of SiC and mesh sizes of EIPs against the percentage change in Ra 
values was observed. For analysing the results, the effect of each process variable 
upon the percentage change in Ra value is discussed as follows. 

4.5.1 Effect of workpiece rotational speed (A) 

Figure 4.5 represents the effect of workpiece rotational speed against percentage 
change in Ra value. In this plot, the values of workpiece rotational speed (A) are 
varied, i.e. 400 rpm, 600 rpm and 800 rpm, whereas the other process variables 
remain constant, i.e. tool linear speed (B) as 30 cm/min, SiC mesh size (C) as 800 
and EIPs mesh size (D) as 300. 

From this plot, it is clear that with lower speed, i.e. 400 rpm, lesser tangential 
forces are induced by the abrasive particles, which results in less material removal 
from the work surface. For higher speed, i.e. 800 rpm, the tangential forces with 
high impact allow the abrasive particles to move over the surface; rather than 
removing the material it even produces grooves on the work surface. At 600 rpm 
speed, the abrasive particles allow a sufficient tangential force on the work by 
removing the unwanted chips from it. 

4.5.2 Effect of tool linear speed (B) 

Figure 4.6 represents the effect of tool linear speed against percentage change in 
Ra value. In this plot, the values of tool linear speed (B) are varied, i.e. 10 cm/min, 
30 cm/min and 50 cm/min, whereas the other process variables remain constant, 
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Figure 4.5 Effect of workpiece rotational speed (A) with percentage change in Ra value. 

i.e. workpiece rotational speed (A) as 600 rpm, SiC mesh size (C) as 800 and EIPs 
mesh size (D) as 300. This tool moves in the horizontal direction, which results in 
producing shearing forces simultaneously with the workpiece rotation. 

From this plot, it is clear that with lower speed, i.e. 10 cm/min, the shearing 
forces induced by the abrasive particles are sufficient to cut the peaks more effi­
ciently from the work material. This is because the travelling speed of the tool in 
linear direction is very slow, which results in higher material removal. At 30 cm/ 
min speed, the abrasive particles show a lesser material rate because there may be 
a lesser shearing effect of the abrasive particles finishing cycle. At 50 cm/min, the 
cutting efficiency of abrasive particle gain increases due to higher shearing action 
against the tangential forces. 

4.5.3 Effect of different mesh sizes of SiC (C) 

Figure 4.7 represents the different mesh sizes of SiC against percentage change 
in Ra value. In this plot, the values of different mesh sizes of SiC (C) are varied, 
i.e. 600, 800 and 1000, whereas the other process variables remain constant, 
i.e. workpiece rotational speed (A) as 600 rpm, tool linear speed (C) as 30 cm/min 
and EIPs mesh size (D) as 300. 
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Figure 4.6 Effect of tool linear speed (B) with percentage change in Ra value. 

In practicality, it was already proved that the mesh size of abrasive particles 
would be selected as per the initial surface roughness of any material. However, in 
this plot, the results are found to be similar in nature, i.e. the 800 mesh size abra­
sives finish the surface more accurately than do the 600 and 1000 mesh sizes. The 
sharper corners of abrasive particles cut the peaks more efficiently in the form of 
tiny chips. These results show that the initial surface roughness is quite important 
for choosing the mesh size of abrasive particles. 

4.5.4 Effect of different mesh sizes of EIPs (D) 

Figure 4.8 represents the different mesh sizes of EIPs against percentage change 
in Ra value. In this plot, the values of different mesh sizes of EIPs (D) are varied, 
i.e. 200, 300 and 400, whereas the other process variables remain constant, 
i.e. workpiece rotational speed (A) as 600 rpm, tool linear speed (B) as 30 cm/min 
and SiC mesh size (C) as 600. 

The main role of EIPs is to hold the abrasive particles under the effect of mag­
netic fields. Due to the magnetic field, the EIPs remain attached to the magnet 
surface, whereas the abrasive particles are entrapped by the EIPs. The size of EIPs 
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Figure 4.7 Effect of different mesh sizes of SiC (C) with percentage change in Ra value. 

will be selected as per the size of abrasive particles. The EIPs of 300 mesh size 
are found efficient in holding the abrasive particles, and it further approaches 
the work surface under sufficient indentation forces. Less material removal is 
achieved with 400 mesh size EIPs, because the size of EIPs is large compared to 
abrasives size. 

4.5.5 Effect of workpiece rotational speed (A) with 
different mesh sizes of SiC (C) 

The 3D contour plots for the effect of workpiece rotational speed with different 
mesh sizes of SiC abrasives against the percentage change in Ra value is shown 
in Figure 4.9. In this plot, the values of workpiece rotational speed (A), i.e. from 
400 rpm to 800 rpm, and SiC mesh size (C), i.e. from 600 to 1000, are varied, 
whereas the other process variables remain constant, i.e. tool linear speed (B) as 
30 cm/min and EIPs mesh size (D) as 300. From this plot, it is clear that with SiC 
of 800 mesh size and workpiece rotational speed of 600, the maximum material 
removal is achieved. This is because of the maximum tangential forces induced by 
the SiC abrasives, which further help to remove the peaks more efficiently from 
the work surface. 
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Figure 4.8 Effect of different mesh sizes of EIPs (D) with percentage change in Ra value. 

4.5.6 Effect of workpiece rotational speed (A) with 
different mesh sizes of EIPs (D) 

The 3D contour plots for the effect of workpiece rotational speed with different 
mesh sizes of EIPs against the percentage change in Ra value is shown in Fig­
ure 4.10. In this plot, the values of workpiece rotational speed (A), i.e. from 400 
rpm to 800 rpm, and EIPs mesh size (D), i.e. from 200 to 400, are varied, whereas 
the other process variables remain constant, i.e. tool linear speed (B) as 30 cm/ 
min and SiC mesh size (C) as 800. From this plot, it is clear that with EIPs of 300 
mesh size and workpiece rotational speed of 600, the maximum material removal 
is achieved. This is because EIPs forma strong chain under the magnetic field, 
which further helps the abrasive particles to cut the peaks under the sufficient 
tangential forces. 

4.5.7 Effect of tool linear speed (B) with different mesh 
sizes of SiC (C) 

The 3D contour plots for the effect of tool linear speed with different mesh sizes of 
SiC abrasives against the percentage change in Ra value is shown in Figure 4.11. 
In this plot, the values of tool linear speed (B), i.e. from 10 cm/min to 50 cm/ 
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Figure 4.9 Effect of workpiece rotational speed with different mesh sizes of SiC abrasives 
against the percentage change in Ra value. 

Figure 4.10 Effect of workpiece rotational speed with different mesh sizes of EIPs against 
the percentage change in Ra value. 
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Figure 4.11	 Effect of tool linear speed with different mesh sizes of SiC abrasives against the 
percentage change in Ra value. 

min, and SiC mesh size (C), i.e. from 600 to 1000, are varied, whereas the other 
process variables remain constant, i.e. workpiece rotational speed (A) as 600 rpm 
and EIPs mesh size (C) as 300. From this plot, it is clear that with SiC of 800 mesh 
size and tool linear speed of 10 cm/min, maximum material removal is achieved. 
This is because of the shearing action of the abrasives when the tool moves in the 
horizontal direction. Hence, the combined effect of workpiece rotation along with 
tool linear movement provides better finishing results. 

4.5.8 Effect of tool linear speed (B) with different mesh 
sizes of EIPs (D) 

The 3D contour plots for the effect of tool linear speed with different mesh sizes 
of EIPs against the percentage change in Ra value is shown in Figure 4.12. In this 
plot, the values of tool linear speed (B), i.e. from 10 cm/min to 50 cm/min, and 
EIPs mesh size (D), i.e. from 200 to 400, are varied, whereas the other process 
variables remain constant, i.e. workpiece rotational speed (A) as 600 cm/min and 
SiC mesh size (C) as 800. From this plot, it is clear that with EIPs of 300 mesh size 
and tool linear speed of 10 cm/min, maximum material removal is achieved. This 
is because the EIPs provide a sufficient gripping strength to SiC abrasives, which 
further remove the peaks at low linear tool speed. 
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Figure 4.12	 Effect of tool linear speed with different mesh sizes of EIPs against the percent­
age change in Ra value. 

4.6 CONFIRMATORY EXPERIMENTATION 

For confirming the experimental data, the total four experimental runs (from 
Table 4.3) were taken randomly, and again the experiments were performed with 
a finishing time of 40 minutes each and a working gap of 1 mm. After perform­
ing the experiments, their results were matched by the putting the optimum vari­
ables value of each run in the regression equation (i.e. Equation 4.3). The results 
of experimentation data and regression equation data (theoretical) were close to 
each other (maximum 4% error) as depicted in Table 4.12. The optimum process 
variables, i.e. workpiece rotational speed (A) as 600 rpm, tool linear speed as 
10 cm/min, SiC mesh size as 800 and EIPs mesh size as 300, were found where 
the change in Ra value was 70%. The roughness profiles for initial ground and 
finished surface are depicted in Figure 4.13a and Figure 4.13b. 

4.7 CONCLUSIONS 

In this chapter, magnetorheological finishing was found efficient to finish the 
brass cylindrical workpiece. Some of the brief conclusions from this study are 
given as follows: 

1. From this study, the effect of workpiece rotational speed, tool linear speed, 
mesh sizes of SiC and mesh sizes of EIPs against percentage change in Ra 
value was analysed using response surface methodology. 
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Table 4.12 Confirmatory experimentations analysis 

Process variables % change % change % 
in Ra value in Ra value Error 

Sr No. A B C D (Experimentation) (Theoretical) 

1 600 50 800 300 65% 69% 3%
 
2 600 10 800 300 70% 72% 2%
 
3 800 10 600 400 43% 45% 2%
 
4 600 30 800 300 53% 49% 4%
 

Figure 4.13	 Roughness profiles for (a) initial ground and (b) finished surface (experimen­
tation done with optimum process variables, i.e. A= 600 rpm, B= 10 cm/min, 
C= 800 mesh size and D= 300 mesh size). 

2.	 The optimum process variables, i.e. workpiece rotational speed as 600
 
rpm, tool linear speed as 10 cm/min, SiC mesh size as 800 and EIPs mesh
 
size as 300, were found to accurately finish the cylindrical components
 
made of brass.
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3. The lowest percentage change in surface roughness Ra value was found to 
be 73%, i.e. 97 nm from 361 nm after 40 minutes of finishing time and 1 mm 
of working gap. 

4. The roughness profiles of the initial and final finished surface clearly 
showed the difference in surface quality after the present magnetorheologi­
cal finishing. 

REFERENCES 

Bedi, T.S. and Kant, R. (2021) Comparative performance of magnetorheological external 
finishing tools using different magnetic structures. Materials Today Proceeding, 41(4), 
908–914. 

Bedi, T.S. and Rana, A.S. (2021) Surface finishing requirements on various internal cylin­
drical components: A review. Journal of Micromanufacturing. Vol 4(2), 216–228. 
https://doi.org/10.1177/25165984211035504. 

Bedi, T.S. and Singh, A.K. (2016) Magnetorheological methods for nanofinishing-a review. 
Particulate Science and Technology, 34, 412–422. 

Bica, I. (2002) Damper with magnetorheological suspension. Journal of Magnetism and 
Magnetic Materials, 241, 196–200. 

Carlson, J.D. and Jolly, M.R. (2000) Magnetorheological fluids, foam and elastomers 
devices. Mechatronics A, 10, 555–569. 

Jha, S. and Jain, V.K. (2004) Design and development of the magnetorheological abrasive 
flow finishing (MRAFF) process. International Journal of Machine Tools and Manu­
facture, 44, 1019–1029. 

Jolly, M.R., Bender, J.W. and Carlson, J.D. (1998) Properties and application of commer­
cial magnetorheological fluids. Journal of Intelligent Material Systems and Structures, 
3327, 262–275. 

Khurana, A., Singh, A.K. and Bedi, T.S. (2017) Spot nanofinishing using base nose magne­
torheological solid rotating core tool. International Journal of Advanced Manufactur­
ing Technology, 92(1–4), 1173–1183. 

Kordonski, W.I. and Jacobs, S.D. (1996) Magnetorheological finishing. International Jour­
nal of Modern Physics, 10, 2837–2848. 

Paswan, S., Bedi, T.S. and Singh, A.K. (2017) Modeling and simulation of surface 
roughness in magnetorheological fluid based finishing process. Wear, 376–377, 
1207–1221. 

Rabinow, J. (1948). The magnetic fluid clutch. AIEE Transactions, 67, 1308. 
Rana, A.S., Bedi, T.S. and Grover, V. (2020) A new permanent magnet type magnetorheo­

logical finishing tool for external cylindrical surfaces having different outer diameter. 
Advances in Production and Industrial Engineering, 209–217. 

Rana, A.S., Bedi, T.S. and Grover, V. (2021) Fine-finishing of stepped cylindrical work­
piece using magnetorheological finishing process. Materials Today Proceeding, 41(4), 
886–892. 

Rana, A.S., Rafiq, I. and Bedi, T.S. (2023) Parametric optimization of curved-rectangular 
shaped magnetorheological finishing tool for external cylindrical surfaces. E3S Web of 
Conferences, 430, 01263. 

https://doi.org/10.1177/25165984211035504


 Parametric approach of magnetorheological external finishing 119 

Shorey, A.B., Jacobs, S.D., Kordonski, W.I. and Gans, R.F. (2001) Experiments and 
observations regarding mechanism of glass removal in magnetorheological finishing. 
Applied Opicst, 40, 20–33. 

Sidpara, A. and Jain, V.K. (2013) Analysis of forces on the freeform surface in magneto­
rheological fluid based finishing process. International Journal of Machine Tools and 
Manufacture, 69, 1–10. 

Singh, A.K., Jha, S. and Pandey, P.M. (2012) Parametric analysis of an improved ball end 
magnetorheological finishing process. Proceeding of the Institution of Mechanical 
Engineers Part B: Journal of Engineering Manufacture, 226(9), 1550–1563. 



 

5

   

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

    

  
 

 

          
   

Chapter 5
 

Hybrid energy assisted friction 
stir welding using secondary 
heating sources 

Ankit Mani   Tripathi ,  R. C.  Singh ,  Rajiv  Chaudhary 
and Ravi Kant 

5.1  INTRODUCTION 

The friction stir welding process is clean, energy-efficient, eco-friendly and ver­
satile. It is a solid-state joining process that was first invented and patented by the 
Welding Institute in the UK in 1991 and used for the first time to weld alloy, which 
was difficult to join through the conventional fusion welding process due to poor 
solidification microstructure liquefaction cracking and porosity in the fusion zone 
[1, 2]. In addition, the researchers redirected their attention to welding dissimilar 
materials, aiming to investigate the mechanical and metallurgical properties of the 
joints and to repeatedly optimize the process parameters. In this regard, Kwon et al. 
welded Al and Mg plates, maintaining a constant traverse speed while varying the 
tool’s rotational speed. They observed that increasing the rotational speed resulted 
in a defect-free weld. They have not observed any significant impact of tool rota­
tional speed on strength and ductility of the welded part, which were independent 
of tool rotational speed [3]. Their paper did not provide a clear explanation for 
why this occurred. Moreover, Shanmuga et al. have optimized welding parameters 
such as tool rotational speed, different tool pin profile, plunging force and traverse 
speed and outlined the effects of these parameters on the dissimilar Al alloy welded 
joints. They discovered that using tapered hexagonal tool pin profiles offered a 
smooth flow of the materials to weld centerline, resulting in maximum tensile 
strength and elongation of the welded joint. In contrast, straight cylindrical tools 
offered the lowest tensile strength and elongation. Furthermore, they found that 
the tensile strength increases first, reaches its maximum value, and then decreases 
when the tool rotational speed and plunging force are increased [4]. Moreover, 
as previously discussed, friction stir welding (FSW) has many advantages over 
fusion welding, including good results in welding Al and its alloys. It still faces 
a lot of challenges, however, in welding intermediate and high melting materials. 
Welding harder materials places the tool under constant stress and high tempera­
tures, leading to rapid tool deterioration, reduced tool lifespan and increased tool 
costs [5]. Following this, welding that occurred in the case of dissimilar FSW was 
the nominal difference in their melting points. Researchers and industrialists have 
always sought to extend the scope of conventional friction stir welding for welding 
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harder or higher melting point materials. Considering the causes of tool wear, vari­
ous perspectives are available in the literature for welding hard or high-melting­
point materials. As discussed earlier, if a material is supplied heat by some external 
means, then its yield strength value decreases, and the materials easily deform 
plastically with the rotation of the tool. However, if an additional source of heating 
is introduced in a controlled manner to the workpiece so that the peak temperature 
remains below its melting temperature, the heat input required from the FSW tool 
is reduced. This scientific principle is followed by several researchers, and the 
development of the process is called “hybrid” or “assisted” FSW [6]. Moreover, 
laser, plasma, gas arc, induction and so forth come under the category of “ther­
mally assisted hybrid” FSW, whereas ultrasonic welding comes under mechani­
cally assisted hybrid FSW. Consequently, as the researchers’ primary concern was 
to extend tool life, they found that using a secondary heat source reduces stresses 
on the tool and improves material flow. In conclusion, this chapter will provide 
insights into recent developments in the domain of various hybrid or secondary 
heating assisted welding processes in terms of their distinct process parameters, 
experimental methodology, and mechanical and metallurgical characteristics. 

5.2 LASER-ASSISTED FSW (LAFSW) 

In laser-assisted friction stir welding (LaFSW), the base metal laser spot is used 
ahead of the tool. Neodymium-doped Yttrium Aluminum Garnet (Nd: YAG) fiber-
optic laser, diode laser and CO2 laser are the most commonly used secondary heat­
ing sources. Experimental setup of the laser-assisted preheating system is shown in 
Figure 5.1. As previously discussed, by using secondary heat sources, the material 
loses its yield strength. A similar result was obtained by Sun et al. They welded 
S45C steel with laser-assisted friction stir welding and positioned the laser spot 
ahead of 10 mm from the tool. In that case, LaFSW increased the welding speed 
up to 800 mm/min, which was only possible by conventional FSW up to 400 mm/ 
min. Again, they changed the position of the laser spot and found that when base 
metal was preheated by placing the laser spot on the advancing side, the friction 
heat generation between tool and material is significantly reduced, and the high­
est total heat input was found by positioning the laser spot on the retreating side. 
They observed that preheating on the advancing side had the lowest total heat 
input, and focusing the laser beam on the retreating side gave the maximum total 
heat input [7]. Furthermore, Fei et al. investigated the effect of laser power on 
steel and Al alloy. In measuring the welding strength and thickness of the inter-
metallic compounds, they found that 950 W laser power is a critical point, where 
weld strength decreases due to an increase in the size of intermetallic compounds 
(IMCs). The inevitably larger size of the intermetallic compounds reduces the weld 
strength at the given weld power, which is shown in Figure 5.2 and Figure 5.3 [8]. 
Laser-assisted friction stir welding introduces additional non-contact local heat­
ing immediately ahead of the weld zone, reducing the mechanical energy exerted 
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Figure 5.1 Experimental setup of LaFSW used to weld S45C steel, with the laser spot 
positioned 10 mm ahead of the tool [43]. 

Figure 5.2 Variations of laser power vs tensile strength [8]. 
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Figure 5.3 Variations of laser power vs thickness of intermetallic phase [8]. 

on the tool. In addition, Sundqvist et al.’s transient thermal model demonstrated 
through their mathematical modelling at dissimilar type welding in butt joint con­
figuration that a laser beam reduces the forces on the tool probe and shoulder [9]. 
Laser power, heat source diameter, and the distance between the heat source and 
the tool are the three common parameters that significantly influence the process. 
Ahmad et al., using Abaqus software, optimized the process parameters of LaFSW 
by considering structural steel as workpiece material. They showed that LaFSW 
increased the welding speed up to 1500 mm per min, which was higher than the 
conventional FSW welding process. In addition, when the laser spot was posi­
tioned 20 mm ahead of the tool probe, stresses on the tool were reduced by 55% 
compared to conventional FSW. It was found that reducing the distance between 
laser spot and tool develops higher peak temperature and reduces the temperature 
difference between the workpieces to be welded. But it also has some restrictions; 
locating the heating source nearer to the tool or increasing the laser power will 
melt the parent metal [5]. Hence, proper optimization of the distance between the 
tool and the preheating source is necessary to get the maximum joint strength. 
Moreover, Fei et al. have investigated the metallurgical characteristics of Q235 
steel with LaFSW and traditional FSW and found that the strength of the weld nug­
get was favored LaFSW, which enhances the flow of materials. Thus, a defect-free 
weld can be obtained, which was one major limitation of using traditional FSW 
for harder materials. They indented laser spots for 5 s before the plunging stage 
causes the material to become relatively soft; as a result, the resistance offered by 
the materials on the tool was reduced and the material flowed easily. The process 
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Table 5.1 Materials, FSW tools and process parameters to use in LAFSW 

References Sample FSW tool Tool Traverse Distance of Type of laser 
materials to rotational speed/mm laser spot from and operating 
be welded speed/RPM min−1 the rotating power/kW 

tool, mm 

[8] Q235 steel W and 950 23.5 20 Fiber laser, 
and 6061­ Mo alloy 0.55, 0.75, 
T6 Al alloy 0.95, 1.15 
(3mm) 

[7] S45C steel WC-based 600 100–800 5, 10, 15 YAG laser 
alloy generator, 

2 kW 

parameters of different reference papers that have been considered in this review 
of LaFSW are shown in Table 5.1. 

5.3 ELECTRICALLY ASSISTED FRICTION STIR 
WELDING (EAFSW) 

In EaFSW, the electric current is directly supplied either to the workpiece or to the 
tool, which causes the material to be heated due to resistance heating or joule heat­
ing. Additionally, the material becomes soft due to the electroplastic effect without 
any preheating. In the electroplastic phenomenon, the material becomes soft due 
to moving electrons, and no significant increase in temperature was found during 
this process [11–13]. The processes of heat generation and material softening are 
given next in the form of mathematical equations [13]. 

QFSW = Qfriction + Qdeformation (5.1) 
QEAFSW = QFSW + QElectric (5.2) 
QElectric = QJoule + electroplastic softening (5.3) 

In the equations, Q represents heat and the subscripts represent the type of the 
process. 

There are two ways by which an electrical current can flow inside the work­
piece. The electric current goes either through the tool inside the workpiece where 
the tool is an integral part of the circuit, as shown in Figure 5.4a, or the electric 
current is directly supplied to the workpiece. The tool does not contribute to the 
passage of electric current through the workpiece and is also not a part of the elec­
trical circuit [13], as shown in Figure 5.4b. 

Moreover, Ni et al. [11] provided a different experimental setup to bypass the 
tool for the flow of current. This was achieved by using a single electrode. They 
attached two Cu brushes in pressed conditions with the help of springs on the top 
surface on either side relative to the weld centerline, in which both Cu brushes 
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Figure 5.4	 (a) Includes electrically assisted FSW system, insulation system, cooling system 
and gas protection system.The electrically assisted system was attached to the 
FSW-TS-S08 bench-type friction stir welding equipment. [12]. (b) Current passed 
directly to the workpiece [15]. (c) Instead of using the tool as one electrode, 
two additional copper brushes were spring preloaded to address the concerns 
of spark generation as they slide on the top surface of the workpiece, serving as 
the anode and cathode respectively.The copper brushes were mounted to the 
spindle holder and travel together with the FSW tool in close proximity [11]. 
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Figure 5.4 (Continued) 

were acting as anode and cathode. Both Cu brushes were mounted on the spindle 
holder, and these were also moving along with the tool as shown in Figure 5.4c. 
Furthermore, the researchers investigated the effect of elastoplastic and resistance 
heating on the material welded by EAFSW and found that the plunging force 
reduced significantly after the flow of current. It gave noticeable results when 
the tool rotational speed was kept low and the tool was offset towards aluminum. 
They also investigated the metallurgical characterization and observed that due to 
the passing of electrical current, the thin intermetallic layer is being formed near 
the plunge section of the welded joint, as shown in Figure 5.5. This is only pos­
sible because of the effect of accelerated atom diffusion and reduced activation 
energy for a chemical reaction. In their investigation, they also noticed the micro 
interlock feature in the Al-Fe interface welded joint, which greatly improved the 
crack initiation and propagation caused by the brittle IMCs. In addition, Chen 
et al. investigated the mechanical properties of AA2219 and found that just at the 
time of introduction of electric current, advancing side (AS) and retreating side 
(RS) had a very high temperature difference. Compared to conventional friction 
stir welding, due to the current introduction in the weld zone, they observed much 
improvement in overall hardness, especially in AS. Again, they measured the 
tensile strength of the welded joint by varying the current supply. When the cur­
rent range was between 100–400 A, the authors found a 2.74%–7.38% increase in 
the tensile strength of the welded joint. A significant improvement in the tensile 
strength of the welded joint 17.11% was observed when the current range was 
increased to 500–600 A. Furthermore, in the analysis of fractured surfaces, they 
found that failure in friction stir welded material was occurring in the weld zone 
(WZ)/thermomechanical affected zone (TMAZ) boundary from the advancing 
side. The same EAFSW welded material was showing V-shaped ductile fracture 
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Figure 5.5 Optical images of EAFSW welded joints with a current of (a) 0 A, (b) 100 A, 
(c) 200 A [14]. 

behavior and failure starts in the nugget zone from the retreating side, where 
hardness value was at a minimum. The cross-section of the dimple size of the 
welded material in the range 500–400 A was found to be relatively large and deep, 
as shown in Figure 5.6. It was also observed that EAFSW had refined the Al2Cu 
precipitate and also distributed this precipitate uniformly, which is the favorable 
condition in the case of the weld joint strength [12]. Han et al. investigating the 
mechanical and metallurgical properties of the AZ31B Mg alloy at different cur­
rent ranges, from 0 to 200 A, welded by EaFSW, found the same results in their 
investigation as has been previously discussed. They showed that by increasing 
the temperature, the size of the stir zone increased gradually. In addition to that, 
the microstructure in the stir zone (SZ) was significantly uniform ahead of the 
thickness line. The difference in grain size at the advancing side between SZ 
and TMAZ was also improved due to an increase in temperature, as shown in 
Figure 5.7. According to their findings, fracture generally initiates in all the welded 
joints, starting from the area with the lowest hardness value. Further, they showed 
that as the current increased, the tensile strength of the material had also increased 
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Figure 5.6 Hardness value of the welded joint with different current [14]. 

and reached the maximum when the current was at 200 A. Due to the increase in 
current, many effects on the hardness of the welded joint was not found, as shown 
in Figure 5.8 [14]. Moreover, Jiang et al. examined the microstructural texture 
and mechanical properties of Ti6Al4V alloy welded with EaFSW and compared 
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Figure 5.7	 Comparison of Al-Fe interface at the weld centerline using EAFSW with tradi­
tional FSW [11]. 

their properties with conventional FSW. It was found in their investigation that 
in both welding processes, the microstructure of the heat-affected zone (HAZ) 
and the base metal exhibited a coarse equiaxed structure, while the stir zone 
displayed a relatively fine structure. In SZ, the grain size in the advancing side 
was slightly bigger relative to the retreating side. Although the material welded 
by EaFSW, base metal (BM) and HAZ have strong prismatic texture, the texture 
of SZ was randomly distributed. Also, in terms of degrees of dynamic recovery 
in HAZ and dynamic recrystallization in SZ, they found in conventional FSW 
appeared slightly stronger than in EaFSW [15]. Sengupta et al. showed weld 
joint strength and weld efficiency by varying the process parameters of EAFSW. 
They also optimized the process parameters by Taguchi methods to get better 
weld efficiency, ultimate tensile strength and hardness value. As a result, they 
found that the weld efficiency and hardness value of the EaFSW welded material 
was much better than the traditionally FSW welded material [16]. The process 
parameters of different reference papers included in the review of EaFSW are 
shown in Table 5.2. 
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Figure 5.8	 Fractured surfaces of EAFSW Al 2219 alloy (a) 0  A, (b) 200  A, (c) 400  A, 
(d) 600 A [12]. 

Table 5.2 Materials, FSW tools and process parameters to use in EAFSW 

References Sample materials to FSW tool Tool offset Tool Traverse Operating 
be welded (offset: rotational speed/mm electrical 

mm) speed/RPM min−1 current/A 

[15]	 Ti6Al4 V (3 mm) . . . . . . 200 40 100, 200 
[11]	 Al 6061 to TRIP 780 WC-10% 1.03, 1.63 1200, 1800 60 560 

steel (1.4 mm) CO 
[12]	 AA2219 Al alloy . . . . . . 800 160 0–600 

(6 mm) 
[14]	 AZ31B Mg alloy . . . . . . 1300 50 0, 100, 200 

(5 mm) 
[16]	 2062 Grade B plates WC . . . 500–1000 10–25 50–150 

5.4 INDUCTION-ASSISTED FRICTION STIR 
WELDING (IAFSW) 

A high-power electromagnetic field is produced that induces huge eddy currents in 
conductive metal, and metal becomes heated because of resistance heating. Thus, 
it offers less resistance to the tool surface during stirring of the material than con­
ventional FSW, and finally the workpiece welds easily. Induction-assisted friction 
stir welding is a non-contact type of welding process. 

Furthermore, concerning the weld centerline, if there is no loss of induction 
current, during that time, it heats the metal with its maximum efficiency. For this, 
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the induction coil is placed in such a way that the same current direction is ensured 
on each side of the workpiece [13]. Moreover, in the context of the experimental 
process, Sun et al. completed this welding in four stages. In the first stage, both 
the tool and the heating coil (HC), which were to be welded, were 5 mm above 
the metal; the heating coil was ahead of the tool and supplying heat where the 
metal was to be welded. In the second stage, the HC heated the metal for a certain 
duration, and then it was removed from that place after which the rotating tool 
was brought there. In the third stage, a particular load was applied to plunge the 
tool into the sample, initiating a stirring action within the sample. After stirring for 
some time, the tool was taken out of the sample. Finally, the welding process was 
completed [17], as shown in Figure 5.9a. Furthermore, Sharma et al. investigated 

Figure 5.9	 (a) The welding work is completed in four stages by IaFSW: first, the surface to 
be welded is preheated by induction coil; second, the induction coil is retracted; 
third, the tool is penetrated; and finally, the tool is retracted. (b) Schematic dia­
gram. (c, d, e) Experimental setups for IaFSW. (f) Interfacial and plug failure mode 
in IaFSW spot weld [17, 18]. 
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Figure 5.9 (Continued) 
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Figure 5.9 (Continued) 

the mechanical and metallurgical properties of high-density polyethylene plates by 
varying the tool rotational speed and tool pin temperature. They found a narrow 
transition zone between the weld and base metal that exhibited no defects, and the 
strength was identical to that of the base metal. At almost all process parameters, 
however, there is a drop in the hardness of the weld zone, and the conversion from 
brittle to ductile in the joint was observed when the tool pin temperature increased 
[18], as shown in Figure 5.10. Moreover, Sun et al. investigated the mechanical 
and microstructural properties of S12C low carbon steel that was welded by high-
frequency induction-assisted spot friction stir welding. Keeping the same process 
parameters, they found that the average grain size of the FSW welded material was 
smaller. In the same induction-assisted friction stir welding, metals were heated up 
to 10 s that showed a slight increase in average grain size in the stir zone. Addition­
ally, in induction-assisted friction stir welded joints in which prior heat was given, 
a larger joint interface was formed, resulting in a significant increase in bonding 
strength of the welded joint and a considerable increase in the shear tensile load 
of the welded joint. A fracture in the joint was observed due to plug failure mode 
rather than interfacial failure mode [17], as shown in Figure 5.9f. IaFSW has some 
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Figure 5.10 Hardness value and stress-strain curve at different tool temperatures [18]. 
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Figure 5.10 (Continued)
 

Table 5.3 Materials, FSW tools and process parameters to use in IaFSW.
 

References Sample materials FSW tool Tool rotational Traverse Operating 
to be welded speed/RPM speed/mm power/kW 

min−1 

[17] S12C low carbon WC 800 . . . . . . 
steel (1.6 mm) 

[18] Thermoplastic H13 tool steel 1000, 2000, 3000 50, 100 . . . 
(high-density 
polyethylene 
plates) (5mm) 

limitations, however, as only electrically conductive material can be welded by 
this process. The process parameters of different reference papers included in the 
review of IaFSW are shown in Table 5.3. 

5.5 ULTRASONIC VIBRATION ENHANCED FRICTION STIR 
WELDING (UVEFSW) 

In ultrasonic welding, a high-frequency ultrasonic vibratory energy superimposed 
on static load exceptionally softens the material and much less heat is generated, 
around 35% to 50% of the melting point temperature, causing the joint to be made 
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through localized plastic deformation at the interface. Furthermore, different 
components used in UVeFSW are shown by schematic diagrams in Figure 5.11a 
and b. In UVeFSW, many researchers, using ultrasonic vibration assistance to dif­
ferent materials, studied the changes in their mechanical and metallurgical char­
acteristics, and compared them to the conventional FSW with the same process 
parameters. In that order, Baradarani et al. observed the effect of UVeFSW on 
AZ91−C magnesium alloy and compared the change in mechanical and metal­
lurgical properties of the material with conventional FSW on the same param­
eters, and they observed that both tensile strength and hardness were significantly 
greater in UVeFSW welded material than in conventional FSW welding welded 
material, as shown in Figure 5.12a and b. Also, in their microstructural analysis 
of the workpiece and in this analysis, they found that β-Mg17Al12 coarse dendrites 
are segregated to very fine and partly spherical particles that homogeneously dis­
tribute in an α-Mg matrix. Therefore, they concluded that ultrasonic vibrations 
play a very important role in UVeFSW for this kind of remarkable modification in 
the microstructure [19]. In addition, Zhong et al. investigated the effect of weld­
ing load, temperature and material flow, with or without ultrasonic vibrations, 
in friction stir welding and found that due to ultrasonic vibration traverse force, 
tool torque and axial force of welding reduce significantly. At a higher speed, the 
effect of ultrasonic vibrations on the tool torque was more noticeable than traverse 
force and axial force. In the microstructural investigation, they observed that ultra­
sonic vibration improved the material flow as well, and material refilling increased 
from the RS to the AS. The inner defect was either reduced or eliminated and the 
strength of the weld joint was also significantly enhanced [20]. In addition, Kumar 
et al. applied ultrasonic vibrations in the stir zone with a specially designed weld­
ing tool, as shown in Figure 5.11b. They showed its effect on plunging force, tool 

Figure 5.11 Schematic view of the UVeFSW setup [20]. 
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torque and tool input power by varying the welding and rotational speeds, and they 
found that due to ultrasonic vibrations, the values of these three parameters were 
reduced by approximately 38%. Consequently, in conventional FSW, IMC phases 
were found in the stir zone that reduced the weld strength of the welded sample. 

Figure 5.12 (a) Hardness profiles of UVeFSW and FSW joints. (b) Comparison of yield 
stress (YS) and ultimate tensile strength (UTS) [19]. 
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By using ultrasonic vibration assistance, these unfavorable IMC phases are uni­
formly fragmented and mixed due to acoustic action, resulting in unprecedented 
improvements in weld strength, interfacial bonding, and the weld surface quality 
of the welded sample [21]. Following this, Lu and Wu examined in detail for tun­
nel defects when aluminum alloy 2024Al-T4 was welded by FSW and UVeFSW. 
They also explored the elimination of these defects using the marker insert tech­
nique based on the “tool sudden stop action” technique and metallographic obser­
vation. It was found that due to the time delay of material flow, this particular 
defect was happening in the welded sample. Furthermore, for a detailed analysis, 
they divided the weld nugget zone into three different sub-zones, shoulder affected 
zone (SAZ), pin affected zone (PAZ), and weld bottom zone (WBZ), and observed 
in their investigation that in PAZ, there was a delay in the flow of material due to 
which this defect was generated. Two factors were responsible for this defect. The 
first factor was the insufficient material flow from RS to AS, and the second was 
due to the shortage of material transfer in the downward direction in SAZ. Ultra­
sonic vibrations reduced the time delay in material flow by broadening the PAZ; 
in broader PAZ, the demand for filled material from SAZ was also reduced due to 
which no tunnel defect was found in the welded joint even at higher welding speed 
and with less plunging force [22]. Moreover, Tian et al. [23] and Shi et al. [24] 
showed the mechanical and metallurgical properties of the Al/Cu welded joint that 
was welded by UVeFSW, and in this case, the results of the welding loads and mix­
ing of materials in the stirring zone were almost the same as previously discussed. 
Besides, they optimized the process parameters and found when the rotation speed 
was 500 rpm, the value of weld tensile strength improved approximately by 60.7% 
compared to the joint welded by conventional FSW [23]. Furthermore, Padhy et al. 
compared the local microstructure evolution and macrotexture of the Al6061-T6 
weld nuggets, welded by UVeFSW with the same material welded by conven­
tional FSW. They observed that the sample in the weld nugget zone was deformed 
easily welded by UVeFSW than by conventional FSW due to the prior supply of 
ultrasonic assistance. Electron backscattered diffraction (EBSD) analysis showed 
ultrasonic vibration had improved the recrystallization process because the grain 
was refined and there was a variation in the grain orientation along the vicin­
ity of the weld centerline. EBSD showed that application of ultrasonic vibration 
improves the recrystallization process, causes better grain refinement and brings 
about variations in grain orientation along the weld center axis [25]. Following 
this, Alinaghian et al. investigated the longitudinal residual stress as well as weld 
quality and weld joint strength and found that supplying high frequency and 200­
watt power in ultrasonic-assisted welding caused a reduction in tensile residual 
stress up to 45% with an increase in weld tensile strength. Also, due to weld peen­
ing effects, voids and tunnel defects were not seen in weldment [26]. Finally, 
Wu et al. welded 2024-T3 aluminum alloys using conventional FSW as well as 
UVeFSW and examined the fatigue strength and life of the joints welded by them. 
They showed that for 50% survival probability, there was an increase in fatigue 
strength of the joint welded by UVeFSW; the strength was up to 96.13% of base 
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metal strength. In the microstructural analysis, they observed that in the advancing 
side, due to material flow near the part above the transverse cross-section of the 
weld, a weak bond was being formed where the stress concentration reaches its 
maximum value, and finally, the fatigue crack was initiated at that point. Also, they 
showed that by using UVeFSW, which narrowed down the weak bonding region 
and also reduced the stress concentration there in the crack propagation zone, they 
found fatigue striations in UVeFSW joint fracture where they were parallel to each 
other and spaced apart. Contrastingly, in conventional FSW, fatigue striations were 
found to have inappropriate parallelism and enormous spacing between them, as 
shown in Figure 5.13. By using ultrasonic vibrations, the secondary-phase par­
ticles were fragmented into a smaller size, increased in quantity and distributed 
homogeneously. In conclusion, all these factors enhanced the fatigue performance 
of the welded joint [27]. The process parameters of different reference papers 
included in the review of UVeFSW are shown in Table 5.4. 

Figure 5.13 Fatigue striation in crack propagation region [27].
 

Table 5.4 Materials, FSW tools and process parameters to use in UVeFSW
 

References Sample materials FSW tool Tool Traverse Ultrasonic specifications 
to be welded rotational speed/mm 

speed/RPM min−1 

[19]	 AZ91−C Mg 
alloy (6 mm) 

[20]	 AA6061-T6 to 
AA2024-T3 
plates (6 mm) 

[21]	 AA6061-T6 to 
AZ31B Mg alloy 
(3 mm) 

[22]	 Aluminum alloy 
2024Al-T4 
(3 mm) 

H13 tool 	 1400 40 Amplitude 15 µm 
steel, heat 
treated 
. . . 200–800 65–330	 Frequency 20 kHz, 

amplitude 40 µm, 
output power 500 W 

H13 tool 	 400–1200 50–250 Frequency 20 kHz, 
steel	 power 3000 W, 

amplitude 25 µm 
. . . 600 80–150	 Frequency 20 kHz, 

output power 300 W, 
amplitude 40 µm 

(Continued) 
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Table 5.4 (Continued) 

References Sample materials FSW tool Tool Traverse Ultrasonic specifications 
to be welded rotational speed/mm 

speed/RPM min−1 

[23]	 6061-T6 H13 tool 500–800 60 Frequency 20 kHz, 
Al alloy and steel amplitude 25 µm 
C11000 copper 
(2 mm) 

[25]	 Al 6061-T6 Tool steel 800 320 Frequency 20 kHz, 
plates (6 mm)	 output power 300 W, 

amplitude 40 µm 
[26]	 AA 6061-T6 AISI H13 700 50 Frequency 20,347 Hz 

(3 mm) 
[27]	 2024-T3 Al . . . 800 75 Frequency 20 kHz, 

alloys (6 mm)	 output power 500 W, 
amplitude 40 µm 

5.6 OTHER HYBRID ASSISTED FRICTION STIR 
WELDING PROCESSES 

In addition to the hybrid friction stir welding discussed previously, some other 
types of thermally assisted welding processes compiled in this section, such as 
arc assisted welding, exothermic heat-assisted friction stir welding (EHaFSW) 
and plasma-assisted friction stir welding. It was observed in this review that the 
experimental setups were common in all of these welding processes except in 
EHaFSW, where the preheat source was kept 10–20 mm ahead of the FSW tools, 
and to weld the dissimilar type workpiece, the higher strength material was kept in 
the AS concerning the weld centerline. The relatively softer material was kept on 
the RS. Apart from this, to weld the dissimilar material, the tool was offset towards 
relatively softer material. This was because their thermophysical properties had 
huge differences due to heat generation; resistance to mechanical load and flow 
stress values were different in both plates. Therefore, to reduce the formation of 
IMCs in the dissimilar type of welding, the tool is generally placed towards the 
relatively softer material. 

We will discuss the major findings of various researchers in this particular field, 
especially in arc assisted welding, EHaFSW and plasma-assisted welding. 

Bang et al. welded Ti and Al alloy samples through gas tungsten arc assisted 
FSW, where Ti alloy was positioned in the AS and Al alloy in the RS, and the 
GTAW torch was ahead of 20 mm with the FSW tool. Furthermore, Ti alloy had 
been preheated by the gas tungsten arc torch so that the melting point temperature 
difference of the two would be reduced. They compared the mechanical and met­
allurgical properties of the welded joint by the gas tungsten arc preheat assisted 
FSW with the traditional FSW welded joint, and found the ultimate tensile strength 
(UTS) of arc assisted FSW welded joint was 91% of that of base material and 
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elongation of the joint welded by arc assisted FSW was 24% more than the con­
ventional FSW welded joint, whereas fracture of the arc assisted FSW welded joint 
was ductile in nature [28]. 

Following this, Bang et al. investigated the mechanical and metallurgical prop­
erties of Al6061-T6 and SS400 steel, welded by TIG assisted FSW. They showed 
that the strength of the welded joints from TIG assisted FSW was about 104% of 
the strength of Al alloy base metal, and the grain size of welded joints, by TIG 
assisted FSW in HAZ and TMAZ of aluminum alloy, was fine compared to welded 
joints with conventional FSW [29]. Subsequently, Bang et al. welded Al5052 Al 
alloy and DP 590 steel through TIG arc assisted friction stir welding (AAFSW) 
that had thicknesses of 2.5 mm and 1.4 mm respectively. They observed similar 
results as were found in other thermally assisted welding processes discussed pre­
viously. AAFSW enhanced the plastic flow behavior and also reduced the stresses 
on the tool. Apart from this, they analyzed Al-Fe IMCs at different TIG currents 
and found that at 20 A the average maximum tensile strength value was 184 MPa 
and the size of the IMCs at that current was 2.39 µm. The reason for this behavior 
was heat generation per unit length of the time was affecting the growth of maxi­
mum temperature and IMCs layer thickness [30]. Furthermore, Siva.et al. used 
exothermic heat-assisted friction stir welding (EHaFSW) to weld the Ni-Al bronze 
alloy by preheating the exothermic reaction of Al/CuO thermites and comparing 
the changes in mechanical and metallurgical behavior of the welded joint with 
conventional FSW joint. It was found that due to EHaFSW, top to center α-phases 
in the stir zone were seen at an enormous amount; also, transverse tensile strength 
was increased by 27% and 14% in the joint welded by EHaFSW and traditional 
FSW respectively compared to the tensile strength of the base metal. They consid­
ered the temperature rise to be an important factor behind it. Apart from this, they 
observed that due to the increase in temperature, the tunnel defects in the welded 
parts were eliminated, whereas, in the stir zone, the hardness value was the highest 
in the bottom part of the material welded by EHaFSW, while the material welded 
by traditional FSW was higher in top and center. For this, the grains of joints 
welded from EHaFSW were finer than those of traditional FSW. The presence of 
β-phases in a larger amount was also a major reason for this [31]. 

Finally, Yaduwanshi et al., by taking the plasma as a preheat source, welded Cu 
and Al alloy samples through plasma-assisted friction stir welding, in which only 
harder material was preheated by the plasma heat source. They observed that if Al 
and Cu were welded by conventional FSW, there would be a greater difference in 
their temperature and yield strength value, and the difference between these two 
values was reduced due to preheating by the plasma torch that caused an easier 
material flow and reduced stresses on the tools. Finally, plasma heating showed 
satisfactory improvement in the bond strength due to preheating at the interface 
of the welded joint [6]. 

The process parameters of different reference papers that have been discussed 
in this review of arc assisted, exothermic heat-assisted friction stir welding and 
plasma-assisted FSW heating assisted FSW are shown in Table 5.5. 
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Table 5.5 Materials, FSW tools and process parameters to use in arc assisted, thermite 
heating assisted and plasma-assisted FSW 

References	 Sample materi- Tool material Tool Tool tra- Specifications/pre­
als to be welded	 rotational verse speed heat source type 

speed (mm/min) 
(RPM) 

[28]	 Al6061-T6 Al WC-12% CO 300–450 60–84 Gas tungsten arc 
alloy, titanium assisted welding 
alloy (3.5 mm) (GTAAW) 

[30]	 Al5052 WC-12% CO 400 60 (GTAAW), arc 
(2.5 mm), length 2 mm, 
DP590 distance to tool 
(1.4 mm)	 20 mm, interface 

offset 5 mm, torch 
inclination 60°, 
Ar shielding gas 
(99.99%) 

[29]	 Al6061-T6, WC-12% CO 400 48 TIG current 60 A 
SS400 (3 mm) (WF20) 

[31]	 Ni-Al Bronze WC-based 1600 100 Exothermic/ 
Alloy (6 mm)	 alloy tool thermite heat-

assisted FSW 
using Al/Cuo 
thermites 

[6]	 Pure copper, . . . 440–815 63–200 Plasma assisted, 
AA1100 preheating 
(6 mm) current 0–65 A 

5.7 MODELLING 

Generally, the FSW modelling process is categorized into either the area of 
application that includes flow models or residual stress models or the continuum 
mechanics approach which includes computational solid mechanics (Lagrangian) 
based models and computational fluid dynamics (Eulerian) based models. The 
main objective of any residual model is to calculate the temperatures by applying 
the given boundary conditions, energy equations, heat sources or other given con­
ditions in Lagrangian (fixed coordinate system) or Eulerian (moving coordinate 
system) frame to determine how the heat is generated by the rotating tools. Two 
types of thermomechanical coupled models are mentioned in the literature. The 
first modeling approach is a fully coupled thermomechanical model that makes 
realistic predictions about the material flow as well as the formation of the shear 
layer, heat generation and temperature field during welding. The second approach 
is semi-coupled thermomechanical models, in which material flow is generally 
not considered during welding and surface heat flux usually represents complete 
heat generation, as well as avoiding source terms in energy equations. In addition, 
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it is normally modeled in a Lagrangian frame and the thermal field is calculated 
before the mechanical field. In this order, residual stresses are easily predicted 
by this modeling approach, while the fully coupled thermomechanical model­
ing approach is more suitable to predict the temperature fields and mechanical 
properties during welding. As previously discussed, fully coupled flow models in 
FSW are based on either computational fluid dynamics (CFD) or computational 
solid mechanics (CSM), in which the CSM-based model is capable of predicting 
the residual stresses on its own. In contrast, the CFD-based model cannot predict 
residual stress by itself unless it is coupled to any CSM-based model. The CSM-
based model is analyzed by arbitrary Lagrangian-Eulerian (ALE) formulation in 
which dynamic equilibrium equations are solved in an explicit manner [32]. 

Long and Khanna welded high strength and high melting point materials like 
steel and titanium alloys through electrically enhanced friction stir welding pro­
cess (EHFSW) rather than via conventional friction stir welding, a drawback of 
which was high tool wear and low welding speed. By using finite element model­
ing, they analyzed the weld characteristics of the welded joint. Modeling hybrid 
friction stir welding is a very labyrinthine task, so they modeled EHFSW finite 
element modelling by modifying the thermal–electrical–mechanical finite element 
(FE) code which was modeled by previous researchers for analyzing the electrical 
resistance spot welding process. 

In addition, they used Fourier’s second law as a governing equation for heat 
flow analysis in FSW for finite element modeling of the process, which is shown 
mathematically as follows. 

2 2 2¶T é¶ T ¶ T ¶ T ù 
r = k + + + q( )C ê 2 2 ú 0 (5.4)

¶t ë ¶x2 ¶y ¶z û 

Where ρ, c, k, t, T, q0  and x, y, z are the density of the materials, specific heat, 
thermal conductivity, time, temperature, inner heat source and coordinate systems, 
respectively. Material properties c and k both depend on the temperature. At the 
same time, the inner heat source contained three heat sources: 

q0 = q0F + q0P + q0R (5.5) 

Where, q0F is the friction heat, generated due to friction between tool faces and the 
workpiece material. q0P is plastic work heat that typically arises from material flow 
due to stirring by tool pins at the bottom of the workpiece during FSW and q0R is 
electrical resistance or joule heating. q0F is the main heating source in the upper part 
of the workpiece. Furthermore, they assume that if all the shearing energy on the tool-
workpiece interface is converted into friction heat, then the average friction heat per 
unit area per unit time can be written in the mathematical form is given in Equation 5.6. 

2 34p mPNR q0F = (5.6)
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m, P, N, and R are friction coefficient, pressure subjected to the tool, tool rotation 
speed and tool shoulder surface radius, respectively. The researchers also found 
that the heat generated from friction is proportional to m , where m depends on 
temperature, which is approximately found to be 1 at the time of welding start. The 
value of m  decreases as the temperature increases. Also, heat generation q0P  for 
time (t) and space (x, y, z) generated in the material due to plastic flow is shown 
mathematically through the following equation: 

. pq0P (t x y z, ) = sij ij, ,  h e
(5.7) 

Where sij ,e
.
i 
p
j , and h  are the deviatoric stress, incremental plastic strain rate ten­

sors and energy input coefficient, respectively. 
Furthermore, they found in their analysis that plastic work heat depends on 

strain rate. Also, the lower part of the workpiece was found to be relatively 
colder than the upper part. Because of this temperature difference, the lower 
cooler surface of the workpiece is responsible for the tool wear and low weld­
ing speed. In addition, by preheating using a hybrid heat source, the tempera­
ture difference at the bottom surface is minimized and the material is softened 
enough, which significantly reduces tool wear during stirring and also increases 
the welding speed. In this case, they used EHFSW, and this joule or electric 
resistance heat produced by electric current is mathematically shown in the 
following equation: 

q0R = I 2 Rt (5.8) 

Where I, R and t are the electric currents, the resistance of the tool-workpiece 
interface and the time for which current is passed, respectively. 

Furthermore, the researchers analyzed it in two friction stir welding steps 
numerically in EHFSW, the first being the tool pin plunge stage and the second 
the welding speed stage. Through the finite element model given earlier, they mea­
sured temperature distribution in these two stages and observed that the significant 
increase in temperature on both the surface and the lower part of the material was 
due to both electric current heat and friction heat in the EHFSW process during 
the plunge stage. Based on this, they expected EHFSW to have less tool wear in 
welded joints than conventional friction stir welding, but at the same time during 
the welding stage both conventional FSW and EHFSW had the same temperature 
distribution, but the EHFSW process was accomplishing the temperature profiles 
in half the time compared to conventional welding. Finally, they concluded that 
the welding speed in the EHFSW welding process should be at least double that of 
the conventional welding process [33]. 

In addition, the previously discussed modeling approach can be used to model 
similar materials, but that approach cannot be used to model for dissimilar 
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materials because the thermomechanical properties such as density, specific heat 
and thermal conductivity will be different in both samples. Yaduwanshi et al. 
modelled and experimentally validated this approach to weld Al and Cu sheets, 
two different materials, by friction stir welding. They found that welding Al 
and Cu through a conventional FSW is a complex process as it contributes to 
asymmetry in material flow and heat generation due to the different physical 
and mechanical properties of both materials. Furthermore, they preheated the 
Cu sample from 500 to 600 K by placing the plasma heating source at the opti­
mal offset distance relative to the weld centerline on the Cu side. In addition, 
they found a significant reduction in asymmetry in material flow as well as an 
adequate amount of material flowing around the tool. For modeling, they devel­
oped a 3D heat transfer P-FSW model as well as calculated the transient tempera­
ture field through this model in which they considered the interaction between 
tool-workpiece and backing plate within the geometry. In addition, they used the 
3D nonlinear heat conduction equation as a governing equation to measure the 
temperature field, in which the tool was moving along the weld centerline. The 
governing equations in which the coordinate system is moving are shown next in 
the form of the mathematical equation: 
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specific heat of the material, transverse speed of the tool and rate of heat genera­
tion, respectively. 

As has been mentioned, the heat generation in the conventional FSW process is 
due to tool-workpiece friction and the plastic deformation of the stirred material. 
In addition, the heat generated by the tool-workpiece was treated as surface heat 
flux and the heat generated by plastic deformation was treated as volumetric heat. 
They consider this surface heat in the solution domain as the boundary conditions 
in the FSW process. 

In the governing equations, the applied initial boundary condition and the convec­
tion and radiation heat loss from the surface are shown mathematically as follows: 

T h T  
n ( ) 4 4) + k T0 T0 T
 (5.10)
es  q q= ­ ­ ­ ­ s pre 

Where, qpre is the heat energy provided by the external heat source, which is con­
sidered the surface heat flux. They found that plasma heating and friction heating 
were responsible for generating heat in the P-FSW, where plasma preheats the 
samples to be welded (qpre). In addition, the actual total heat produced in the FSW 
process (QFSW ) is due to friction between the tool-workpiece interface (Qf ) and 
the plastic deformation of the samples ( Qp ). 
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Mathematically, it is represented by the following equations: 

QFSW  = Qf + Qp (5.11) 

QP FSW = QFSW + Q e (5.12)­ pr 

In addition, they used the flat shoulder and straight cylindrical tools for P-FSW 
welding and assumed total heat generated from friction is a linear unification of 
sliding and sticking conditions. This is mathematically shown by the following 
equations: 

2QFSW  = d *QSticking + (1­d )*QSliding = 
3 

pw 
(5.13)

3 3 3 2éë¶t yield  + (1­d ) m pùû *{(Rsholder  h ­ Rprobe ) + Rprobe + 3RprobeH probe} 

Where w  is the angular speed of the tool, m  is the coefficient of friction, H speci­
fies tool probe height, and R specifies the radius of the tool pin and tool shoulder 
surface, respectively. Included are contact stress variables that establish a relation­
ship between the velocity of the sample contact surface and the velocity of the 
tool surface. In practice, the value is less than 1, because some friction work in the 
sample is converted into heat energy. In the same full sliding condition, its value 
is 0 and in the full sticking condition, it is 1. Contact state variable (d ) is shown 
mathematically by the following relation: 

Vmatrixd = 
. 

(5.14)
Vtool 

Also, heat input by preheating source, in this case plasma heating, can be calcu­
lated by the following equation: 

Qpre = hVI (5.15) 

Where h , V  and I  are the thermal welding current and voltage, respectively. 
Despite this, both materials were forming intermetallic compounds after plasti­

cization and mixing. Moreover, these IMC crystal structures were different from 
either component (in this case Al and Cu). At the same time, IMC crystal structures 
also affects joint efficiency in the weld nugget zone. Therefore, it is important to 
include the effect of IMCs in thermal analysis for the design of material properties. 
Many researchers in their study found that the formation of IMCs in the nugget 
zone and their flow pattern were similar to a functionally graded material in the 
weld zone. In addition, the researchers introduced the concept of time-varying 
functionally graded material (FGM) to define the weld zone size. In their analysis, 
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they found that when the tool was a plunge to a fixed position along with the 
thickness in the sample; the weld zone size was increasing but when the tool was 
moving along the weld centerline there was no significant change in the weld zone 
size. Furthermore, they analyzed the workpiece by dividing it into three distinct 
regions – the advancing side (Cu), the retreating side (Al) and the middle region 
(i.e. FGM). They treated all three regions as three different materials and consid­
ered the individual properties of the material in the no-weld zone. Furthermore, 
the material properties in the weld zone varied according to the mixture rule of the 
FGM, which depends on various parameters like flow pattern of material. They 
calculated FGM properties such as specific heat, thermal conductivity, and density 
from the mathematic relations given as follows: 

é (1 3+ k  k v )( 1 ­ 2 2 ) ù 
k k1 ê (5.16)= 
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(c v c  v  + rr )1 1 1  2 2 2c = (5.17) 
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r r= v r v (5.18)1 1  + 2 2  

where k, c, and r  represent thermal conductivity, specific heat and density in the 
context of FGM. In Equation 5.18, subscript 1 and subscript 2 denote the thermal 
conductivity, specific heat and mass density of Cu and Al, respectively. v1 and v2 
are the volume fraction of copper and aluminum, respectively. 

They validated this numerical model based on the results of the time-tempera­
ture history and the computed isotherm of nugget zones obtained by the P-FSW 
experiment, and they found that the heat transfer model used to specify the heat 
input in the P-FSW process gave relatively precise results in predicting the peak 
temperature during the process; also, the overall error in peak temperature was 
around 5%–12% with a maximum reliability of 0.84 [6]. 

5.8 DEFECTS 

The welded material from FSW consists of tunneling, kissing bonds, void, joint 
line remnant, incomplete root penetrations and hooking defects. Generally, insuf­
ficient heat generation around the pin, an inappropriate amount of material move­
ment around the pin and an inappropriate amount of material consolidation behind 
the pin are the main reasons for these defects. Heat generation and stirring of the 
material depends somewhere on the process parameters. If they are not properly 
selected or optimized, this generates defects in the welded joint. In this order Deh­
ghani et al. welded Al and steel by FSW, keeping the tool rotation speed constant 
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and varying the welding speed, tool tilt angle, tool pin geometry and plunge depth. 
They observed the influence on the formation of IMCs, tunnel defects and weld 
tensile strength. They found that at low traverse speeds, thicker IMCs were pres­
ent in the weld zone, resulting in reduced weld tensile strength. Additionally, they 
observed the formation of tunnels at lower welding speeds. When they increased 
the traverse speed, the amount of IMCs was found to be significantly lower and 
found only in the upper part of the weld. Because of fewer IMCs, a remarkable 
increase in weld tensile strength was found, but too high of a traverse speed and a 
low plunge depth weaken the bond strength, so the traverse speed can be increased 
to an optimal value only. Furthermore, they observed by varying the diameter of 
the cylindrical pin from 4 mm to 3 mm, in both cases, tunnel defects were being 
formed, which means they did not see any significant improvement in the tunnel 
defects by varying the size of the pin. Again, by tilting the tool to 5 degrees as well 
as varying the plunge depth, due to the high heat generation and forging force, the 
tunnel defects were not found in the welded material but the weld strength was 
very low due to larger IMC thickness. Finally, using a special M3 pin tool, they 
showed that the welded joint on the 56 mm/min was forming a bell shape nugget. 
Also, because of the extreme thinness of IMCs at that particular speed, the weld 
strength was at a maximum due to the tool being a threaded pin. This increased the 
forging forces as well as helped to send the plasticized material in the downward 
direction. Moreover, they found weld strength very susceptible to variation of 
the plunge depth; when the plunge depth decreased, the weld strength decreased 
significantly [34]. 

Kim et al. looked at the optimal conditions by varying the plunging force and 
found that the range of optimal conditions was getting wider as the plunging force 
increased. Generally, they observed three types of defects. First, when the tool 
rotational speed was very high, excess heat generation caused a very large amount 
of flash formation. Second, due to high traverse speed, a cavity or groove-like 
defect was found, due to insufficient heat generation. Third, cavity defects were 
generally due to abnormal stirring, which looked distinctly different on the top 
surface of the AS, which was arising due to less heat generation and decreasing as 
the plunging force increased [35]. 

Furthermore, Chen et al. investigated the Al 5456 alloys in which they mainly 
observed the defects and weld properties generated at different tool tilt angles. As 
previously discussed, the tilt angle turns the plastically deformed material flow 
pattern in the stir zone and controls the weld properties accordingly. In addition, 
they observed that the oxide layer available on the butt surface before welding is 
dispersed on the grain boundary during FSW, and the failure of the welded joint 
was induced by this oxide layer [36]. 

Song et al. welded AA2024-T3 and AA7075-T6 aluminum alloy sheets through 
FSW by placing them in two lap joint combinations. In the first combination, 
AA2024 was placed on top and AA7075 placed on the bottom (2024/7075). In the 
second combination, the position of the plates were reversed (7075/2024). Again, 
they observed the effect of process parameters (weld speed, lap joint combinations) 
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on the defect features produced in a welded joint (hook, voids), weld joint strength 
and mechanical properties, and found that hook in both lap weld positions at low 
welding speed were deflecting upward significantly in the stir zone. In 2024/7075, 
due to the lap shear test, the weld joint fracture was occurring from the tip of the 
hook from the AS at the SZ/TMAZ interface where voids were also appearing. At 
the same time, when the welding speed was high in 7075/2024 joints, the hook 
geometry was extending horizontally at a long distance in the bottom stir zone on 
the RS. In addition, the welded joint was showing fracture in three modes – the 
first shear fracture was happening at the lap joint interface, the second one was 
a tensile fracture and the last was a mixture of both. They found, in both welded 
lap joint combinations, the lap shear strength was increasing as the traverse speed 
increased. Also, at lower traverse speeds in the 7075/2024 joint, there was a higher 
failure load relative to the 2024/7075 joints, while at higher speeds the failure load 
result was opposite [37]. 

Morisada et al. visualized the material flow through X-ray radiographs and 
investigated the defect formation mechanism in the joint welded by FSW. They 
observed that the tilt of the material flow around the tool and the sedentary of the 
material flow in the RS of the tool were correlated with the defect formation. In 
addition, they also calculated the material flow velocity during FSW based on 3D 
visualization and found that in the AS where the defects were forming, the material 
flow velocity was noticeably lower [38]. 

Chauhan et al. used the coupled Eulerian and Lagrangian method to model 
the FSW process as well as the volume of fluid principle they used to predict 
the defects formed during the process. In addition, they validated experimentally 
observed spindle torque and plunging force with the model. At three different 
probe heights, they welded the plates by simulation and got optimal results at 
2.5 mm heights. Following this, they successfully predicted the defects on differ­
ent process parameters from the model and also obtained a defect-free welded joint 
on the 2-degree tilt angle [39]. 

Huang et al. used a novel multi-functional tool probe with circumferential 
notches to eliminate hook and cold lap defects from dissimilar lap joints, welded 
by FSW. They showed, due to the use of noble pins, that turbulent flow regions 
were relatively larger and that at the bottom of the tool pin plasticized material 
was converging. They observed that the tensile shear load of the welded joint 
6082-T6/2A12-T4 reached 85% of the base alloy 6082-T6 strength. In addition, 
they obtained a sound weld, as well as a large bonding area and a limited diffusion 
bonding layer of 2 mm [40]. 

Moreover, the kissing bond defects appeared at the interface of the stir zone. 
The main reason for this defect is the inappropriate removal of the oxide layer 
from the weld interface, the insufficient amount of material movement and very 
high welding speed. 

Generally, phased array ultrasonic NDT is used to detect kissing bond defects. 
Also, solid-state filling/fusion filling plus FSW, fusion welding and friction plug 
welding are the major methods to repair commonly welded joints by FSW in 
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engineering applications. Incomplete root penetration defects appear normally 
below the weld centerline in the stir zone. The main reasons this defect forms is 
the difference in plate thickness, poorly designed tools and reduced pin length. 

5.9 APPLICATIONS 

Miles et al. found in the starting phase of FSW that this welding process has more 
potential than conventional welding to weld sheets made of aluminum, Cu, Cu 
alloy, Ti and Mg alloy. They suggested the future researcher use it in the trans­
portation industry because Al is three times lighter than steel, and its use in the 
transportation sector will result in high speed, high payload, low emissions and 
low fuel consumption [41]. 

Wahid et al. analyzed aluminum alloys (AAS), mainly the 5xxx and 6xxx series, 
because of their high strength-to-weight ratio and high corrosion resistance prop­
erties. They are primarily used for marine applications and shipbuilding, usually 
for constructing hulls, superstructures, deck panels, bulkheads, stack enclosure, 
keen, gunwales, monohull vessels and superstructures. The researchers found 
that it was difficult to weld these materials through conventional fusion welding 
because of the enormous difference in their chemical and mechanical properties. 
In addition, corrosion of Al alloys was also a serious concern. They also found in 
their analysis that welding Al alloy by FSW compared to fusion welding showed 
unprecedented increases in weld joint strength and ductility. Additionally, consid­
ering the advantages of FSW in the field of shipbuilding, they suggested hybrid 
friction stir welding has immense potential [42]. 

Wang et al. studied aluminum alloy, which is used extensively in the aero­
space industry, and found that FSW is widely accepted for fabricating aluminum 
alloys, including the joining of large-volume fuel tanks and rocket tanks. This is 
because the FSW welded joint exhibits notable properties such as low distortion, 
fewer defects compared to fusion welding and fine equiaxed grain due to dynamic 
recrystallization in the stir zone [43]. 

In conclusion, the application of FSW has been reported in previously published 
literature, summarized in the next section. 

Engine and chassis cradles, wheel rims, track bodies, cryogenic tanks for space 
shuttles, helicopter landing platform goods wagon, container bodies and refrigerator 
panels are some of the applications in which this welding can be used extensively. 

5.10 CONCLUSION 

In the literature review of hybrid assisted friction stir welding, it was observed 
that welding dissimilar materials through assisted welding compared to conven­
tional FSW welding, whether it was thermally assisted or mechanically assisted. 
Both improved the mechanical and metallurgical properties of the welded joint. 
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Furthermore, the material flowed smoothly and applied less resistance to the tool 
compared to conventional FSW, significantly enhancing tool life. Apart from this, 
in most of the cases of FSW, the plate was either in the butt joint configuration or 
in the lap joint configuration. There is huge scope for future researchers to weld 
circular pipe or any other hollow shape joint configurations and to investigate their 
mechanical and metallurgical properties and optimize their process parameters. 

In conclusion, much progress has been made in the field of friction stir welding 
process so far. Still, welding high melting point materials while also achieving 
lower cost and good quality is a challenging task. There is still a lot of work to 
be done in this area, such as reducing tool costs by the development of new tools, 
minimizing stresses caused by the welding and optimizing process parameters, 
particularly to weld the advanced high strength materials. 
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Chapter 6
 

An overview of robot assisted 
additive manufacturing 

Sumitkumar  Rathor ,  Avneesh   Kumar ,  Ravi  Kant 
and Ekta Singla 

6.1  INTRODUCTION 

6.1.1   Additive manufacturing 

Additive manufacturing (AM), also referred to as 3D printing, is a process that 
builds a three-dimensional object by adding layers of material until the desired 
shape is achieved. The manufacturing industry is shifting towards AM, either as 
a replacement for subtractive manufacturing processes or as a hybrid technol­
ogy that combines both [1]. This evolution is mainly because of advancements in 
digitalization and material innovation. The advantages of AM over conventional 
manufacturing processes have made it a preferred choice for industries such as 
aerospace, automotive, energy, and biomedical. These industries often require 
parts that are difficult, expensive, or even impossible to produce with traditional 
methods. AM technologies, inspired by the principles of Industry 4.0, offer intrin­
sic advantages like design flexibility, sustainable production practices, and faster 
time to market [2]. 

AM provides significant advantages over traditional manufacturing methods 
by minimizing the amount of equipment and tooling required. This results in 
reduced inventory costs, improved material utilization, decreased manufacturing 
time, and lower production waste. As a result, AM technologies have become 
increasingly popular across various industries and applications. In the biomedi­
cal industry, AM has revolutionized different areas of the healthcare system by 
enhancing product quality and reducing manufacturing costs [3]. AM technolo­
gies are particularly useful for producing patient-specific implants, improving 
cardiology and orthopaedic procedures, and advancing dental care. AM technolo­
gies are already being used in the automotive and aerospace industries for full-
scale production processes. 

There is enormous potential for improving processes in defence through the use 
of AM technologies. AM has proven to be particularly advantageous in operational 
fields like mobility, sustainability, reduced logistics, field repair, and maintenance 
[4, 5]. Additionally, with the standardization of advanced machinery, incorporating 
AM into various industries has become more profitable. As a result, an increasing 
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number of industrial facilities have begun to integrate advanced AM systems into 
their production processes. The process flow of AM can be divided into several 
stages, which are briefly discussed next. 

1. Design 
The first step in the AM process is to design the object using computer-
aided design (CAD) software. This step involves creating a 3D model of the 
object, which is typically saved in a file format such as STL. 

2. Preparation 
After the design is finalized, the subsequent step involves preparing the file 
for printing. This process typically involves converting the file into a format 
that is compatible with the 3D printer. Often, the model must be sliced into 
layers to enable the printer to produce one layer at a time. 

3. Printing 
The actual printing process begins once the file is prepared. The printer 
reads the file and begins printing the object layer by layer. The printer can 
use a variety of materials, including plastics, metals, and ceramics. 

4. Post-Processing 
Once the printing is complete, the object may require post-processing. This 
can include removing support structures, sanding, or polishing the surface, 
and painting or coating the object. 

5. Inspection and Testing 
In order to verify that the object produced through the AM process meets 
the necessary standards, the last stage involves conducting an inspection 
and testing procedure. This may involve evaluating the dimensions of the 
object, assessing its strength and durability, and performing other quality 
control checks. 

6.1.2 Role of robotics in additive manufacturing 

The use of robots to automate additive manufacturing processes has become 
increasingly popular due to the numerous advantages they offer, including 
enhanced speed, precision, and consistency [6]. Although robots have been 
employed in manufacturing for a significant period, their significance has grown 
with the advent of 3D printing technologies like directed energy deposition, mate­
rial extrusion, and cold spray. Robots can handle a broader range of materials than 
traditional manufacturing methods can. Robot helps to create parts using materials 
such as metals, plastics, and composites, which would be difficult or impossible 
to produce using traditional methods [7]. Robots can produce parts with complex 
geometries, internal structures, and other features that would also be difficult or 
impossible to produce using traditional methods. The use of robots is more cost-
effective than traditional manufacturing methods. Robots can be reprogrammed 
quickly and efficiently to produce a complex part, which means they can be used 
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for multiple production runs with minimal setup costs [8]. Robots are used in a 
variety of ways in additive manufacturing systems, including the following: 

•	 Material handling 
One of the essential roles of robotics in additive manufacturing is material 
handling. The 3D printing process requires raw materials, such as plastic 
and metal powders, which must be carefully handled and stored. Robots 
can be programmed to handle and transport these materials safely and effi­
ciently, reducing the risk of contamination or damage to the materials. 

•	 Part handling 
Robots are also used for part handling in additive manufacturing. After a 
part has been printed, it needs to be removed from the printer and inspected. 
Robots can be programmed to remove the parts from the printer and trans­
port them to a designated location for inspection or post-processing. 

•	 Precision and accuracy 
Robots are known for their precision and accuracy, which is why they are 
useful for additive manufacturing systems. The 3D printing process requires 
precise and accurate movements to ensure that each layer is added correctly. 
Robots can be programmed to make these movements with high accuracy, 
ensuring that each layer is added precisely where it needs to be. 

•	 Quality control 
Robots are also used for quality control in additive manufacturing. After a 
part has been printed, it must be inspected to ensure it meets the required 
standards. Robots can be programmed to inspect the parts using cameras or 
sensors and identify defects or inconsistencies. 

•	 Post-processing 
After a part has been printed, it often requires post-processing, such as sand­
ing, polishing, and painting. Robots can be programmed to carry out these 
post-processing tasks, ensuring that they are carried out consistently and to 
a high standard. 

6.1.2.1 Robot Configurations Used for Additive Manufacturing 

Several types of robot configurations used in manufacturing applications are dis­
cussed next, and some popular robot configurations can be seen in Figure 6.1. 

•	 Cartesian robot 
These robots have three linear axes (X, Y, and Z) and can move in a straight 
line along each axis. Cartesian robots are commonly used in additive manufac­
turing because of their precise and accurate movement in three-dimensional 
space. It can move the extruder or printing head with great accuracy, which 
is necessary for producing high-quality prints. Cartesian robots are also able 
to operate at high speeds, which allows for faster production times. 
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•	 SCARA robot 
These robots have four axes (X, Y, Z, and rotational) and often are used for 
tasks such as picking and placing objects, positioning the printing bed, and 
removing finished parts from the printer. They can also be used to perform 
secondary operations on printed parts, such as sanding, painting, and pol­
ishing. The rotational motion of the SCARA robot arm allows it to cover 
a larger workspace than a Cartesian robot with a similar range of motion. 
This can be beneficial in certain additive manufacturing applications where 
a larger workspace is required. Additionally, SCARA robots are known for 
their speed and precision, making them suitable for high-speed, high-accu­
racy applications such as additive manufacturing. 

•	 Delta robot 
Delta robots have a unique parallel link structure that allows them to move 
very quickly and precisely. They can move in three dimensions, making 
them well suited for additive manufacturing applications that require intri­
cate, three-dimensional printing. The parallel link structure of delta robots 
allows them to maintain a constant orientation while moving, which can be 
important for applications that require precise positioning of the printing 
head. Another advantage of delta robots is their relatively small size, which 
makes them ideal for use in applications where space is limited. This can be 
particularly important in additive manufacturing, where printers are often 
designed to fit on a desktop or in a small workshop. 

•	 Collaborative robot 
Collaborative robot, or Cobot, is a type of robot that is designed to work 
alongside human workers in a shared workspace. Cobots are used for tasks 
that require human-robot collaboration, such as loading and unloading 
materials, removing finished parts from the printer, and performing quality 
control checks on printed parts. Cobots are designed to be safe for human 
workers to interact with and are equipped with sensors and safety features 
that allow them to detect when a human worker is in their workspace. This 
makes them ideal for additive manufacturing applications where human 
workers are involved in the production process. 

•	 Dual-arm robot 
Dual-arm robots are a type of robot that has two arms, each of which can move 
independently of the other. In additive manufacturing, dual-arm robots are used 
for tasks that require more complex manipulation of the materials or objects 
being printed. For example, dual-arm robots can be used to hold and manipulate 
objects in a way that allows for more precise printing, such as holding an object 
steady while the printing head moves around it. They can also be used for tasks 
such as material mixing and handling, which can be important in certain addi­
tive manufacturing applications. Dual-arm robots are also capable of performing 
more intricate tasks than single arm robots can, such as assembly or disassembly 
of complex parts. This can be important in additive manufacturing applications 
where printed parts need to be assembled or to create the final product. 
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Figure 6.1 Common types of robots: (A) Cartesian robot, (B) SCARA robot (Courtesy of 
Yamaha Motor Co., Ltd.), (C) dual-arm robot, and (D) delta robot (Courtesy 
of ABB). 

6.2 ROBOTIC ADDITIVE MANUFACTURING: 
ADVANCE PROCESSES 

Recently, directed energy deposition (DED), material extrusion AM, and cold 
spray AM processes have been developed using robotic configurations. 

6.2.1 Directed energy deposition 

The melting of metal powder or wire using a laser or electron beam and depositing 
the molten material onto a substrate is involved in this process [9]. This process is 
known for repairing or adding material to existing parts and creating large, com­
plex parts with high material utilization rates. Robots can automate the material 
deposition process and precisely move the laser or electron beam as the power 
source, ensuring consistent part quality. The process parameters in DED play a 
critical role in determining the quality of the deposited material and the overall 
efficiency of the process. Each process parameter must be considered for DED’s 
path-planning strategy in this response. The discussion on the process parameters 
for laser-based DED using powder materials gives an idea of the complexity of 
path generation. The robotic DED systems can be seen in Figure 6.2. The follow­
ing paragraphs highlight the importance and details of various process parameters. 
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Figure 6.2	 Robotic systems used for DED process: (A) arc-DED [10], (B) laser wire [11], 
and (C) wire arc [12]. 

•	 Laser power 
The laser power used in DED is an important process parameter that affects 
the deposition rate, quality of the deposited material, and energy input to the 
substrate. High laser power leads to a faster deposition rate but can also cause 
thermal distortion and stress in the material. Low laser power can lead to poor 
bonding between the deposited layers. Therefore, a careful balance between 
laser power and the deposition rate is crucial in achieving optimal results. 

•	 Travel speed 
The travel speed of the deposition nozzle in DED determines the rate of 
material deposition and affects the quality of the deposited material. A higher 
travel speed leads to faster deposition, poor bonding, and reduced accuracy. 
A lower travel speed results in higher accuracy and better bonding, leading 
to longer processing times. 

•	 Powder flow rate 
The powder flow rate is an important parameter determining the amount 
of material deposited. It affects the deposition rate, surface roughness, and 
quality of the deposited material. A higher powder flow rate results in faster 
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deposition but can also lead to poor surface finish and porosity. A lower 
powder flow rate yields a better surface finish and reduced porosity. How­
ever, it can also result in slower deposition. 

•	 Layer thickness 
Layer thickness is an important parameter that determines the deposited 
material’s accuracy, surface finish, and overall quality. A thinner layer leads 
to higher accuracy and better surface finish but can result in the slower 
deposition. A thicker layer results in faster deposition, leading to reduced 
accuracy and poorer surface finish. 

•	 Laser spot size 
Laser spot size is an important parameter affecting the deposited material’s 
accuracy and quality. A smaller laser spot size leads to higher accuracy and 
better surface finish that cause slower deposition rates. A larger laser spot 
size results in faster deposition rates but can reduce accuracy and lead to a 
poorer surface finish. 

6.2.2 Material extrusion 

Material extrusion AM involves melting a plastic filament and depositing the molten 
material layer by layer to create a three-dimensional object. This process is ideal for 
creating low-cost, large, and complex parts [13]. Robots can automate the material 
extrusion process and precisely control the extruder, ensuring consistent part quality. 
Path planning is an essential aspect of this process that involves determining the opti­
mal path for the extruder nozzle to follow to create a high-quality part. Several process 
parameters must be considered when developing the path-planning strategy in this 
context. Some robotic AM systems for material extrusion can be seen in Figure 6.3. 
The important process parameters for material extrusion AM are discussed further. 

•	 Extrusion temperature 
The temperature of the extrusion material is a critical parameter that affects 
the flow characteristics and deposition behaviour. A higher temperature gen­
erally leads to better adhesion between layers and increases the risk of warp­
ing and distortion. A lower temperature can result in poor bonding between 
layers, reducing the risk of defects such as stringing or oozing. Therefore, 
the path-planning strategy should be optimized based on the specific extru­
sion temperature used in the process. 

•	 Layer height 
The layer height is the thickness of each deposited layer, affecting the final 
part’s overall resolution and surface finish. A smaller layer height can result 
in a smoother surface finish and higher resolution, increase the printing time, 
and require more support structures. A larger layer height can reduce the 
printing time and support material usage resulting in a rougher surface finish 
and lower resolution. The path-planning strategy should be optimized based 
on the desired layer height and the limitations of the printing equipment. 
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•	 Extrusion speed 
The extrusion speed is the rate at which the material is deposited, which 
affects the overall print time and the quality of the part. A slower extru­
sion speed can improve surface quality and accuracy and increase printing 
time. A faster extrusion speed can reduce the printing time and lower surface 
quality and accuracy. The path-planning strategy should be optimized based 
on the desired extrusion speed and the limitations of the printing equipment. 

•	 Nozzle diameter 
The diameter of the extrusion nozzle affects the resolution and surface finish 
of the final part. A smaller nozzle diameter can result in a higher resolu­
tion and smoother surface finish and increase printing time. A larger nozzle 
diameter can reduce the printing time but can result in a rougher surface 
finish and lower resolution. The path-planning strategy should be optimized 
based on the specific nozzle diameter used in the process. 

Figure 6.3 Robotic systems used for material extrusion process: (A) UR5 robot [14], 
(B) Elfin5 series manipulator [15], and (C) Mitsubishi robot [16]. 
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6.2.3 Cold spray additive manufacturing 

Cold spray (CS) is a solid-state material deposition process developed in the 
1980s primarily for coating purposes. CS uses high-pressure gas (nitrogen, air, 
or helium) to propel feedstock powders at supersonic velocities (330–1600 m/s), 
resulting in deposition when the particles collide with a substrate (typically metal). 
The kinetic energy of the particles is the dominant factor in the deposition dur­
ing CS, rather than thermal energy, which makes it a unique and highly efficient 
process. The feedstock powders remain solid throughout the deposition process. 
The bonding mechanism is governed due to mechanical interlocking and/or met­
allurgical bonding through localized plastic deformation at the particle-substrate 
and inter-particle interfaces. CS technology offers advantages over conventional 
high-temperature deposition techniques, including avoiding oxidation and phase 
transformation [17–19]. Cold spray additive manufacturing (CSAM) is an innova­
tive process that utilizes CS technology to build parts completely by cold-sprayed 
material or add features to existing parts. Compared to other AM techniques, 
CSAM typically employs larger nozzle exit diameters ranging from 0.5 to 5 mm, 
resulting in smoother Gaussian-shaped deposition profiles [20]. However, CSAM 
may not be ideal for creating parts with features smaller than 0.5 mm in scale. 
However, the layer thickness can still be precisely controlled for large geometric 
features. Despite the lower spatial resolution, CSAM offers significantly higher 
deposition rates than other AM techniques. The technology has already been suc­
cessfully utilized to manufacture complex parts with sophisticated surfaces, such 
as turbine blades and aerofoil-shaped leading edges [21]. 

CSAM is a relatively new technology that involves depositing metal powders 
onto a substrate using high-pressure gas. The CSAM has many potential applica­
tions, including repairing damaged parts, creating complex geometries, and pro­
ducing lightweight materials [22, 23]. Robotic systems are increasingly used in 
CSAM to automate the process and increase efficiency. These systems typically 
consist of a robot arm with a spray nozzle attached, which moves along a pro­
grammed path while depositing metal powder. The robot arm also has sensors and 
cameras to ensure accurate deposition and quality control. 

The successful implementation of CSAM requires precise coordination and 
control of spray parameters and robot path planning to ensure the production of 
high-quality deposits. This involves carefully selecting processing gas pressure, 
gas type, gas temperature, and powder feed rate for the spray parameters and con­
sidering the traverse speed of the nozzle, spray angle, standoff distance, scanning 
step, and trajectory of nozzle for robot path planning. The quality of the deposit 
heavily relies on these factors, making it imperative to have a comprehensive 
understanding of them. By regulating these parameters, one can create an effective 
CSAM manufacturing strategy and produce high-quality products. 

The processing gas parameters are critical in CSAM as they directly dictate the 
velocity of particle impact, ultimately affecting the deposit properties. Helium, nitro­
gen, and air typically process gases in CSAM, with gas pressure and temperature 
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ranging from 0.5 to 7.0 MPa and 25 to 1100 °C, respectively. Literature reports that 
higher gas temperature, gas pressure, or lower gas molecular weight results increase 
in particle impact velocity [24–27]. Although helium is the most effective gas for 
achieving significantly higher particle velocity than air or nitrogen, its higher cost 
is a drawback. Additionally, increasing gas temperature is a more effective method 
for achieving higher particle impact velocity than increasing gas pressure [28, 29]. 

The rate at which powder is introduced per unit of time into the nozzle is known 
as the powder feed rate. It has three significant effects on the properties of CSAM 
deposits. Firstly, it influences the particle velocity and flow stream. The particle 
velocity decreases as the powder feed rate increases due to gas-particle interaction 
at high powder loads. This leads to an increase in deposit porosity and a reduction 
in deposition efficiency, tensile strength, and hardness. The powder feed rate affects 
the thickness and profile of the single-track deposit, resulting in sharper track pro­
files and thicker deposits at higher powder feed rates. The high feed rates cause high 
localized residual stresses between deposits and the substrate, causing delamination 
of the deposit from the substrate during spraying [30–33]. These three effects sug­
gest that the powder feed rate should be optimized for the CSAM process. 

The current state of AM poses challenges in achieving high geometrical accu­
racy for parts produced using CSAM. These challenges are primarily due to the 
size limitations of features and the influence of nozzle process parameters on the 
final deposit geometry. Several methods have been explored, including Gaussian 
function fitting, artificial neural networks, and partial differential equations, to 
model the shape of a single-track profile. However, these models lack validation 
data for full-size 3D structures, indicating a need for further research. To fully 
realize the potential of CSAM, it is essential to investigate the impact of robot path 
planning on 3D geometry and materials microstructure. Furthermore, to meet the 
expectations of design freedom associated with CSAM, research efforts should be 
directed toward developing robotic path-planning strategies that incorporate mul­
tiple robotic arms and kinematics. Current state of robotic systems used for CSAM 
can be seen in Figure 6.4. The following process parameters must be considered 
during robot path planning in CSAM. 

•	 Traverse speed 
The speed of the nozzle affects the amount and duration of feedstock powder 
hitting the target surface per unit of time. As a result, it directly impacts the 
cross-sectional profile and thickness of a single-track deposit. The slow noz­
zle movement creates a thicker deposit and a thinner cross-sectional profile. 
At the same time, a higher powder feed rate can achieve the same results. 
The flow characteristics of the processing gas passing through a De-Laval 
nozzle cause a radial variation in particle velocity and deposition efficiency. 
It results in a Gaussian-shaped cross-sectional profile. The speed at which 
the nozzle moves also significantly impacts the microstructure and proper­
ties of the deposit. When the nozzle traverse speed decreases, the deposit 
density increases, but the mechanical properties, such as deposit strength 
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Figure 6.4 Robotic systems used for cold spray additive manufacturing [42]. 

and elastic modulus, decrease the adhesion strength [34, 35]. The deposit 
and/or substrate heating by the high-temperature impinging jet affect the 
nozzle traverse speed. Reducing the traverse speed results in higher deposit 
and substrate temperatures, which contributes to the deposition process but 
causes thermal stresses at the interface [36]. 

•	 Scanning steps 
In CSAM, the deposit is formed by stacking many single-track deposits in 
an overlapping strategy. The interval between the centrelines of two single-
track deposits is defined as the scanning step, which significantly impacts 
uniformity and surface morphology of deposits. An adequately chosen scan­
ning step leads to a homogeneous deposit and smooth surface. The scanning 
step is typically half the width of a single-track deposit to ensure flatness. 
The effect of the scanning step on deposit properties is not well understood, 
and more investigations on this topic are urgently needed. It is important to 
note that the properties of deposits are influenced by the stacking of single-
track deposits and not just the scanning step. Therefore, the investigators 
should consider the effects of both factors. 

•	 Spray angle 
The spray angle refers to the angle between the central axis of the nozzle 
and the target surface. The normal velocity component contributes to par­
ticle deposition when spraying at an angle. In contrast, the tangential 
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velocity component can detach the deposited particles. Decreasing spray 
angle reduces the normal velocity component and increases the tangen­
tial velocity component. This deteriorates the reducing deposition effi­
ciency, deposit strength, deposit quality, and adhesion strength. It also 
increases porosity in the deposit, resulting in deposit inhomogeneity 
[37, 38]. Therefore, spraying at other angles than normal to the substrate 
surface must be avoided. However, it is possible to achieve vertical walls 
and sharp 90° corners in CSAM by adjusting the spray angle during the 
edge pass and optimizing the traverse speed and corner radius using two 
robots [39]. 

•	 Standoff distance 
The distance between the nozzle outlet and the target surface is called the 
standoff distance. The intensity of the jet core in a supersonic-free jet gradu­
ally decreases along the central axis of jet due to momentum exchange with 
atmosphere. Inside the jet core, particles rapidly accelerate due to positive 
drag forces and then decelerate as the gas exits the diverging section of the 
nozzle due to negative drag forces [40]. The impact velocity of particles 
and deposition efficiency increase as the standoff distance increases until an 
optimal operating point is reached, after which they decrease. This phenom­
enon has been experimentally confirmed for materials such as aluminium, 
copper, and titanium deposits [41]. More investigation is still required for 
detailed understanding of the effect of standoff distance on CSAM deposit 
properties, including deposition efficiency, for which there is no consistent 
conclusion to date. Most existing work has been done at 10–40 mm as the 
standoff distance. 

•	 Nozzle trajectory 
The purpose is to ensure that the deposited material has a homogeneous den­
sity and properties. When spraying on a flat surface, a simple zigzag pattern 
is used as it can yield a homogeneous deposit and is easy to define. For com­
plex curved surfaces, the trajectory must ensure that the nozzle speed, spray 
angle, standoff distance, and other processing parameters are kept constant 
to avoid any inhomogeneity. Nozzle trajectory development and novel tra­
jectory strategies are strongly encouraged to be investigated, as research in 
this area has been very limited to date. 

6.3 ROBOTIC ADDITIVE MANUFACTURING: 
ADVANCE MATERIALS 

Robotic systems are used to print various materials, including metals, poly­
mers, ceramics, and composites. Advanced materials, such as carbon fiber-
reinforced polymers and metal matrix composites, are enabled for robotic 
additive manufacturing due to facilitating the need for complex geometry 
structures or parts. 
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6.3.1 Carbon fiber-reinforced polymers 

Carbon fiber-reinforced polymers (CFRPs) are composite materials from carbon 
fibers and a polymer matrix. CFRPs have high strength-to-weight ratios and are used 
in the aerospace, automotive, and sporting goods industries. Robots can lay down 
carbon fiber tapes or print with carbon fiber-reinforced filaments to create high-
strength, lightweight parts. The study was conducted using a robotic system equipped 
with a composite extrusion 3D printing head capable of printing continuous carbon 
fiber strands along with thermoplastic matrix material. The robotic system was also 
equipped with a vision system for feature recognition, which allowed the system to 
identify the features and adjust the printing process accordingly, as can be seen in Fig­
ure 6.5(A). The system was tested on several specimens, including rectangular plates, 
T-joints, and L-shaped brackets. The study results showed that the proposed feature-
based approach effectively produced high-quality CFRP structures with improved 
mechanical properties. The system could accurately place the carbon fibers along the 
features, significantly improving inter-layer adhesion and reducing warping. A three-
step feature-based 3D printing strategy considers volume, patch, and wrap features. 

6.3.2 Metal matrix composites 

Metal matrix composites (MMCs) are composite materials made from a metal 
matrix and reinforcing materials, such as ceramics, carbon fibers, and metallic 
whiskers. MMCs have high strength, stiffness, and wear resistance and are used in 
the aerospace, automotive, and defence industries [43]. Robotic systems are used 
to print MMCs using AM processes like DED. 

The investigation was carried out to study the influence of TiB2 content on 
the microstructural features and hardness of TiB2/AA7075 composites manufac­
tured by the robotic laser metal deposition (LMD) process [44]. This study was 
important because TiB2/AA7075 composites are widely used in various industries 
such as aerospace, automotive, and sports equipment due to their high strength-to­
weight ratio, excellent corrosion resistance, and good mechanical properties. The 
findings of the study were significant because they provided important insights 
into the effects of TiB2 content on the microstructural features and hardness of 
TiB2/AA7075 composites. The study showed that increasing the TiB2 content in 
the composite leads to a more refined microstructure, with TiB2 particles being 
uniformly distributed in the AA7075 matrix. The TiB2 particles acted as reinforce­
ment, leading to an increase in the hardness of the composite. The prior discussion 
can enlighten the need for robotic systems to achieve the required properties of 
MMC. The robotic system used for AM of MMC can be seen Figure 6.5 (B). 

6.3.3 Functionally graded materials 

Functionally graded materials (FGMs) are advanced engineering materials with unique 
properties that vary gradually and continuously throughout the material’s volume [45]. 
The properties of FGMs are graded so that they can perform optimally under different 
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Figure 6.5 An experimental setup for (A) CFRP [Courtesy of Thermwood Corporation], 
(B) MMC [46], and (C) FGM [47]. 

environmental and loading conditions. FGMs can be made by combining two or more 
materials with different chemical, physical, or mechanical properties in varying pro­
portions. The main advantage of FGMs is that they can withstand high stresses and 
extreme temperatures, making them useful in various applications, including aero­
space, automotive, biomedical, and structural engineering. For example, FGMs can 
be used to make heat-resistant components for gas turbine engines, lightweight and 
strong parts for aircraft, or dental implants that mimic the properties of natural teeth. 

FGMs can be classified into two main types, functionally graded composites 
(FGCs) and functionally graded coatings (FGCOs). The FGCs are made by com­
bining two or more materials, such as ceramics and metals, in varying proportions. 
The resulting composite material exhibits a gradual change in properties, such 
as thermal expansion, modulus of elasticity, and thermal conductivity, along a 
certain direction. They can be used to make structural components with different 
properties on the inside and outside or to make coatings that protect against wear, 
corrosion, or high temperatures. The FGCOs, on the other hand, are thin layers of 
material that are applied to a substrate, such as a metal, ceramic, or polymer. The 
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properties of the coating vary gradually from one end to the other, resulting in a 
gradient of properties that can improve the performance of the substrate. These 
coatings can be used to improve the wear resistance, corrosion resistance, or ther­
mal stability of materials, such as cutting tools, bearings, and engine parts. 

The development of FGMs is still ongoing, and researchers are investigating 
new ways to tailor the properties of these materials for specific applications. One 
of the challenges in making FGMs is to control the gradients in properties and 
ensure that the materials are homogeneous and defect-free. Advanced manufac­
turing techniques, such as robotic additive manufacturing, can help to overcome 
these challenges and produce complex FGMs with precise control over their prop­
erties; the system can be seen in Figure 6.5 (C). 

6.4 PATH-PLANNING STRATEGIES IN ADDITIVE 
MANUFACTURING 

Path-planning strategies are important in additive manufacturing because they 
help to optimize the process of building a part layer by layer [48]. Additive manu­
facturing processes like 3D printing involve depositing material precisely to create 
a three-dimensional object. The path that the printing nozzle takes to deposit the 
material is crucial, as it determines the final shape and properties of the object. 

Path-planning strategies aim to optimize the path that the printer takes to deposit 
the material. They consider the part’s geometry, the material used, printing speed, 
and the required surface finish [49]. By optimizing the path, these strategies can 
reduce the time and material required to build a part while also improving its accu­
racy and surface finish. Additionally, path-planning strategies can help to overcome 
some of the limitations of additive manufacturing processes, such as the tendency 
for parts to warp or distort during printing. By carefully planning the printer’s path, 
these strategies can help minimize these issues and improve the overall quality of 
the printed part. Different path planning strategies are summarized in Table 6.1. 

Trajectory planning and path planning are related but distinct concepts in robot­
ics and control systems. Path planning refers to determining a feasible path from 
a starting point to a goal point in a given environment while avoiding obstacles 
or other constraints. Path planning typically involves generating a geometric rep­
resentation of the environment and then using algorithms to search for a path that 
satisfies the given constraints. Trajectory planning, conversely, refers to determin­
ing the specific trajectory or motion that a robot or other system should follow to 
execute a given task. Trajectory planning considers the system’s dynamics, such as 
its velocity, acceleration, and jerk. It generates a smooth, continuous motion that 
satisfies any constraints on the nozzle motion. 

Also, trajectory planning is a crucial aspect of wire-arc additive manufacturing 
(WAAM). It determines the path the welding torch follows to deposit material and 
creates the desired shape. The software tool described by Zhang et al. uses geo­
metric and optimization algorithms to generate optimal welding trajectories. The 
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Table 6.1 Path-planning strategies introduced in additive manufacturing 

Strategy	 Goals and considerations Authors 

Layer-based path planning	 Layer-by-layer printing, considers [50, 51] 
path geometry 

Infill path planning	 Considers infill structures within [52–54] 
the part, such as honeycomb and 
lattice structures 

Zigzag path planning To reduce warping and improve [55–57] 
surface finish 

Spiral path planning To reduce printing time and [58, 59] 
improve part accuracy 

Hilbert curve path planning Printing along the Hilbert curve to [60, 61] 
reduce printing time 

Adaptive slicing path planning	 It dynamically adjusts the thickness [62, 63] 
of each layer based on the 
geometry of the part, which can 
help to improve the surface finish 
and reduce printing time 

Support structure path planning	 To print overhang or complex [64–66] 
geometries 

Continuous deposition path Printing the part in a continuous [67, 68] 
planning path without stopping or retracting 

the printing head, which can help 
to improve printing speed and 
reduce material waste 

implementation of the trajectory-planning algorithm was discussed, including the 
mathematical models and optimization techniques used to generate optimal weld­
ing trajectories [69]. The authors have provided several examples of the software 
tool, demonstrating how it can generate trajectories for complex geometries and 
produce high-quality parts. 

The algorithms consider the robotic arm’s kinematics and the material’s physical 
properties to generate optimal paths for the robot to follow. In the case of WAAM, 
the paths generated by the algorithm determine the trajectory of the welding torch 
as it deposits material onto the workpiece. In the case of pure object manipulation, 
the paths determine the trajectory of the end-effector of the robotic arm as it moves 
the object to a desired location. One of the key features of the algorithm presented 
by Ferreira et al. is its ability to generate multi-directional paths for WAAM pro­
cesses [70]. This means the robot can deposit material in multiple directions rather 
than being constrained to one direction. This allows for more complex geometries 
to be produced more accurately and efficiently. The mathematical models used in 
the algorithm include the use of B-spline curves to represent the paths. The authors 
also discuss the implementation of the algorithm on a robotic arm and provide 
examples of its use in both WAAM and pure object manipulation. 
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A path-planning algorithm for semi-constrained Cartesian paths incorporat­
ing multiple tool centre points (TCPs) was discussed by Schmitz et al. [71]. 
The robot’s configuration space is the set of all possible configurations that it 
can reach, considering the constraints on its movement. The trajectory-planning 
algorithm presented in the paper uses configuration space to generate optimal 
paths for the robot. The algorithm works by first generating a set of waypoints 
along the semi-constrained Cartesian path. These waypoints are then used to 
generate a series of configurations that the robot can reach. The algorithm then 
uses an optimization technique to generate the optimal path for the robot to fol­
low, considering the constraints on its movement and the need to avoid obsta­
cles. Schmitz et al. provide a detailed description of the mathematical models 
used in the algorithm, including the use of quaternions to represent rotations 
and the use of the inverse kinematics of the robot to generate configurations. 
The authors also provide examples of the algorithm, demonstrating its ability to 
generate trajectories over semi-constrained Cartesian paths for various robotic 
manipulators. 

In Malhan et al., a trajectory-planning approach was introduced for mobile 
robots in large-scale assembly and additive manufacturing applications in con­
struction [72]. The trajectory-planning method is based on a contour tracking 
control approach, allowing the robot to follow a desired path while maintaining 
a desired orientation. This paper describes the trajectory-planning approach use 
of a geometric path representation, which allows for the creation of smooth and 
continuous paths that the robot can follow. The path representation is created 
using a series of connected Bezier curves, which are used to define the contour 
of the object being assembled or manufactured. The robot then follows the path 
by controlling its position and orientation using sensor feedback. This work also 
discusses using a proportional-integral-derivative (PID) controller to regulate the 
robot’s position and orientation along the path. The PID controller allows precise 
control of the robot’s movements, which is necessary for large-scale assembly and 
additive manufacturing applications. 

6.5 FUTURE PERSPECTIVE OF ADVANCE ROBOTIC SYSTEMS 
FOR ADDITIVE MANUFACTURING 

The future of robots in additive manufacturing is exciting. With technological 
advances, robots are set to play an even bigger role in this industry. In this section, 
we discuss how robots are shaping the future of additive manufacturing. 

6.5.1 Collaborative robots 

The future of collaborative robots in the industry, particularly additive manufac­
turing, is promising. Cobots are designed to work alongside human operators, 
providing several advantages such as improved efficiency, reduced costs, and 
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increased safety. They can also be easily reprogrammed to perform different tasks, 
making them ideal for small-batch production or prototyping. However, several 
challenges need to be addressed to realize the potential of collaborative robots in 
additive manufacturing. 

•	 Work safety 
Cobots are designed to work safely alongside humans, but ensuring their 
safety requires advanced sensing and control systems. Cobots must be able 
to detect and avoid obstacles in their workspace, and they must be able to 
shut down or slow down their operations when they detect a human operator 
in their vicinity. Developing reliable and robust safety protocols is essential 
for the widespread adoption of cobots in additive manufacturing. 

•	 Compatibility 
Cobots must be compatible with existing additive manufacturing equipment. 
New cobot-compatible equipment must be developed for complex paths for 
3D printing. Ensuring compatibility requires close collaboration between 
cobot manufacturers and equipment manufacturers to develop standards and 
protocols for seamless integration. 

•	 Artificial intelligence 
Cobots must be able to learn from their interactions with human operators 
and improve their performance over time. This requires advanced artificial 
intelligence and machine learning algorithms to analyse data from sensors 
and other sources to optimize cobot performance. Developing these algo­
rithms requires a significant investment in research and development. 

•	 Communication 
Cobots must communicate seamlessly with other systems in the additive 
manufacturing process. This requires robust and reliable communication 
protocols to handle large amounts of data and enable real-time monitoring 
and control of cobot operations. Developing these protocols requires close 
collaboration between cobot manufacturers, equipment manufacturers, and 
software developers. 

•	 Cost 
Cobots are still relatively expensive compared to traditional robots, which 
can limit their adoption in small and medium-sized businesses. Reducing 
the cost of cobots requires economies of scale and advances in manufactur­
ing processes that can reduce the cost of components and assembly. 

6.5.2 Autonomous robots 

The future of the manufacturing industry is expected to be heavily influenced by 
the rise of autonomous robots. These robots can perform tasks such as printing, 
assembly, inspection, and maintenance without the need for human intervention. 
However, several challenges still need to be addressed before autonomous robots 
can become more widely used in additive manufacturing. 
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•	 Accuracy and precision 
One of the key challenges of autonomous robots in additive manufacturing 
is ensuring they can achieve the necessary levels of accuracy and precision. 
3D printing requires precise movements, and errors or deviations can lead to 
defects in the final product. Autonomous robots need to be able to perform 
these movements with the same level of precision as human operators while 
also adapting to changes in the printing environment. 

•	 Material handling 
Another challenge is material handling. Additive manufacturing requires 
various materials, such as powders, filaments, and resins, which must be 
stored, transported, and loaded into the printing equipment. Autonomous 
robots need to handle these materials safely and efficiently while also ensur­
ing that they are used in the correct quantities and locations. 

•	 System integration 
Autonomous robots integrate with the broader additive manufacturing sys­
tem, including CAD software, printers, and other equipment. This requires 
high compatibility and coordination between different components, which 
can be challenging to achieve in practice. 

•	 Quality control 
Autonomous robots need to be able to monitor the printing process and 
detect any defects or errors in real time. This requires advanced sensors and 
software, which can analyse the data and make adjustments as necessary. 
Ensuring consistent quality control is critical in additive manufacturing, as 
defects can lead to product failures or safety issues. 

•	 Cost and scalability 
Autonomous robots are often expensive to develop and implement, 
requiring significant investment in hardware and software. Additionally, 
they may not be suitable for all types of additive manufacturing applica­
tions, particularly those that require a high degree of customization or 
flexibility. 

6.5.3 Mobile robots 

Mobile robots will play a crucial role in increasing productivity, efficiency, and 
safety in different industries. With technological advancements, mobile robots will 
become more intelligent, autonomous, and adaptable to different environments, 
leading to increased use in various industries. Additionally, the adoption of mobile 
robotics will lead to new job opportunities in areas such as robotics programming 
and maintenance. 

•	 Safety 
Safety is a significant concern when it comes to mobile robotics. With 
robots working alongside human workers, accidents occur, and it is essen­
tial to ensure that robots are safe to work with. 
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•	 Navigation 
Navigation is a crucial challenge for mobile robots, particularly in envi­
ronments with changing layouts. Robots need to be able to navigate 
through different environments, avoiding obstacles and reaching their 
destination safely. 

•	 Power supply 
Mobile robots require a reliable power supply to operate efficiently. As the 
use of mobile robots increases, it is essential to find more efficient ways of 
powering robots, particularly in environments with limited power sources. 

Industries are keen to use robots as they have necessary potential to scale and 
improve the productivity of AM processes. NASA has developed a spider-like 
robot called the “In-Space Manufacturing (ISM) Robotic System.” The robot is 
designed to 3D print structures in space. The ISM Robotic System has six legs, 
each with a 3D printer nozzle at the end. This can be seen in Figure 6.6 (A). The 
robot is capable of printing structures up to 14 feet in diameter and 8 feet tall. The 
spider-like design allows the robot to move easily in zero gravity environments 
and access hard-to-reach areas. The use of additive manufacturing in the develop­
ment of the ISM Robotic System offers several advantages, including increased 
efficiency and greater flexibility in design. The ability to print structures in space 
also eliminates the need to transport large and bulky parts from Earth, which can 
be expensive and time-consuming. 

Adidas FUTURECRAFT.STRUNG is a 3D-printed shoe that utilizes a new 
technology called Strung using a robotic manipulator, as can be seen in Figure 6.6 
(B). The Strung is a process where strands of material are individually woven 
together to create customized textiles for each shoe. The process allows for pre­
cise control over the shoe’s fit, comfort, and performance. The FUTURECRAFT. 

Figure 6.6 Use of robots in (A) space (Courtesy of NASA) and (B) Strung robot in the shoe 
industry (Courtesy of Adidas). 
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STRUNG shoe is created using a 3D-printed midsole and outsole, with the Strung 
textile upper. The midsole and outsole are printed using Adidas’ 4D technology, 
which uses digital light projection to create a lattice structure that provides sup­
port and cushioning. The Strung textile is then woven onto the 3D-printed base 
to create a seamless upper. The shoe is designed to fit the unique shape of each 
individual foot, providing personalized comfort and support. The Strung textile 
also allows for greater breathability and flexibility, while the 3D-printed midsole 
and outsole provide durability and stability. 

6.6 CONCLUSIONS 

This chapter has highlighted the various additive manufacturing processes such 
as DED, material extrusion, and cold spray, which have revolutionized the way 
advanced materials are produced. These techniques have led to the development of 
innovative materials such as MMC, FGM, and CFRP, which have unique proper­
ties and applications in various industries, including aerospace, automotive, and 
sports. The recent advancements in additive manufacturing have also seen the 
integration of robots in the manufacturing process, as demonstrated by NASA and 
Adidas. The use of robots has increased production efficiency and reduced human 
error, resulting in high-quality products. 

Overall, the future of additive manufacturing looks promising, with more 
advancements expected in the coming years. The use of advanced materials and 
robotic systems in additive manufacturing will undoubtedly revolutionize vari­
ous industries, leading to increased efficiency and reduced costs. The integration 
of machine learning and artificial intelligence in additive manufacturing also 
holds great potential to improve the overall production process. Therefore, further 
research and development are necessary to explore the full potential of robots for 
additive manufacturing in various industries. 
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Chapter 7
 

A review on fundamentals 
of cold spray additive 
manufacturing 

Gidla  Vinay ,  Ravi  Kant and  Harpreet  Singh 

7.1  INTRODUCTION 

Cold gas dynamic spray, also known as cold spray (CS), is a versatile technique 
for the deposition of a few hundred microns to mm layer coatings. It belongs 
to the family of thermal spray processes, a relatively new technique developed 
and patented in late 1990s by the Institute of Theoretical and Applied Mechanics, 
Russian Academies of Sciences (ITAM, RAS) [1]. In CS, coatings are generated 
by the plastic deformation of feedstock particles onto a substrate thereby gen­
erating layer-by-layer build-up of deforming particles bonded with each other. 
The feedstock is of typically micron-size particles, where they flew at supersonic 
velocities with the help of a convergent divergent nozzle ( Figure 7.1 ), and the 
driving force to generate these speeds is a carrier gas of typically compressed 
helium, nitrogen or air [2]. Since it is a solid-state deposition process there is no 
melting of feedstock during the entire process, which makes it the most suitable 
technique to generate coatings of materials that are thermally sensitive, expensive 
materials, refractory materials and the like, and the generated coating properties 
are close to their bulk counterpart. Almost all plastically deformable materials 
can be coated using CS and materials like ceramics, and polymers can be coated 
using some special approaches. Nozzle design and carrier gas are typical system 
parameters, while particle size, process pressure, process temperature, and feed 
rate are some of the process parameters which determine the properties of the 
coatings developed. 

The layer-by-layer deposition feature of the CS process not only restricts it to 
being a coating deposition method but also establishes it as an additive manufac­
turing (AM) technique with a primary emphasis on both repairing and manufactur­
ing parts. [2]. This feature marks the entry of cold spray additive manufacturing 
(CSAM) into one of the additive manufacturing processes. Advantages like rapid 
build time, no melting, no need of controlled atmosphere and precision (using 
robots) makes CS a promising AM technique for repairing as well as making com­
plete parts. Recent developments are going in a way to make CS as “manufacturing 
at need” kind of AM technology where any part can be repaired or made immedi­
ately with an onsite installed CSAM, thereby reducing the operation/production 
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Figure 7.1 Schematic diagram of a CSAM system. 

halt time. Significant developments have been made in understanding the bonding 
mechanism behind CS, and researchers from all over the globe contributed in 
expanding the window of deposition of materials, thickness achievable and 3D 
part-making strategies [2–6]. 

In the initial days due to the usage of low process pressures, coatings were 
generated with a hand-held coating gun. However, with the increase in process 
knowledge, the use of higher pressures for achieving higher velocities and the 
need for better accuracy paved the way for attaching a robot arm to the coating 
gun. The gun is fixed to a robot arm, and the movement of the arm helps in generat­
ing coating along the workpiece (Figure 7.1). Since the non-deposited/rebounded 
feedstock powder can be recycled or reused because they are collected in powder 
collectors and no flaming is involved in the process, in a way CS is a sustainable 
as well as green technology. Throughout this chapter, readers will be introduced 
to CS process fundamentals like bonding mechanism, process parameters, nozzle 
design, post-processing techniques and their effect on coating properties. 

7.2 BONDING MECHANISM 

In the initial spraying of feedstock using cold spray, it was widely understood 
that particles are not melting, as the operating temperatures are quite below melt­
ing temperature; however, the bonding mechanism behind the cold spray was not 
understood. It is believed that the pure kinetic energy of particles helps in bond­
ing. So, the early trials were more focused on expanding the number of materials 
deposited and modifying the nozzle geometry to achieve higher kinetic energies 
[1, 2]. It is difficult to understand the bonding mechanism in cold spray due to the 
micron-size feedstock particle bombards with the substrate at very high speeds, 
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Figure 7.2 (a) Initial condition of simulation and impact of particle at 500m/s, 600m/s; 
(b) temporal development of stress, temp and PEEQ with different velocities 
for Cu particle [7]; (c) schematic of jetting in hydrodynamic viscosity theory [8]. 

where typical impact time would be in nanoseconds, and it is believed that strain 
rate would be between 106 to 109 [7]. Later in 2003, Assadi et al. [7] proposed a 
hypothesis for bonding mechanism with the help of finite element–based impact 
simulations, naming it adiabatic shear instability (ASI). Later work was done on 
expanding the knowledge based on this theory, and it was widely accepted among 
the cold spray community as the bonding mechanism. Recently Hassani et al. 
[8] have challenged this bonding mechanism by saying that ASI is not necessary to 
fulfil bonding criteria. It has attracted comments from various groups. Other bond­
ing theories like mechanical interlocking [9], diffusion [10], oxide layer breakup 
[11] and interface amorphization [12] have been proposed; however, these mecha­
nisms were not as popular as ASI and hydrodynamic plasticity. 

7.2.1 Adiabatic shear instability 

This theory was first proposed by Assadi et al. [7] followed by Grujicic et al. 
[13] as the bonding mechanism behind cold spray. In this, with the help of finite 
element modelling, the authors created a single particle and impacted it onto a 



 

 
 
 

  
 

  
 
 

 
 
 
 
 
 
 
 
 
 

 

 

A review on fundamentals of cold spray additive manufacturing 183 

substrate at different velocities while keeping the substrate and the particle at 
room temperature. Upon impact, they have observed some abnormal changes 
in some of the elements in the particle/substrate interface where jetting occurs. 
They named these elements critical elements (Figure 7.2a), and this abnormal 
phenomenon was observed only after crossing a certain velocity. If the particle 
is impacted above this velocity, then in these elements, a sudden rise in tempera­
ture and plastic strain with a drop in flow stress is observed (Figure 7.2b), which 
indicates a localized melting at these critical elements, which can be identified by 
jetting. This localized melting helps in bonding these particles onto the substrate, 
and the velocity at which ASI occurs is termed critical velocity (Vcr). It is an indi­
cation that above this velocity coating deposition occurs. The main assumption 
in these simulations is that due to low impact time (typically in nanoseconds), 
high speed and small particle size, it is assumed that the heating is adiabatic. 
It has been observed from the SEM images that morphologies of the deformed 
particles also supported the data where jetting in deformed splat morphology 
of simulation and experiment are identical. It is observed that above the critical 
velocity deposition occurs; however, typically only a certain percentage of splat 
undergoes ASI during deposition in real time. These simulations rely strongly on 
the Lagrangian method, where plastic strain of the element deforms excessively 
above certain velocities for soft metals, which ultimately aborts the program. 
Later studies involving the Eulerian method, however, have overcome this draw­
back and confirmed the ASI as well [14, 15]. 

Subsequent studies have been performed to understand this bonding mechanism 
in a closer way, and an empirical equation derived from the experiments was pro­
posed to estimate the critical velocity of the particle (Eq. 7.1) based on the tensile 
strength, specific heat and operating temperature [16–20]. As mentioned, critical 
velocity is dependent on the operating temperature as well. With increase in the 
process temperature, the temperature gain to the inflight particle increases, which 
further decreases the critical velocity. In real-time deposition, these coatings are 
generated at a certain process temperature. However, for the critical velocity cal­
culations it is to be noted that particle and substrate temperatures are given as 
room temperature. For these impact simulations, the Johnson-Cook (JC) plasticity 
model, which has contributions from strain hardening, strain rate hardening and 
thermal softening, is used (shown in Eq. 7.2). Even though the JC equation is 
applicable well up to 104 and strain rate in CS is more than 106, it is still a widely 
used model because of its easy availability in the software and because it is an 
established model and computationally easy. Some scholars have used the modi­
fied JC model [21, 22] and other in-house developed models [23, 24] to under­
stand the effect of deviation from JC. Other popular simulation approaches include 
molecular dynamic simulations [25]. 

as vcr = + bCP (Tm ­Tp) (7.1)
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Where σ is the temperature-dependent flow stress, Cp is heat capacity, Tm and Tp 
are melting and particle temperature of the feedstock, ρ is the density of feedstock, 
a and b are graph fitting constants. 
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Where σ is the flow stress, Tm and Tref are the melting and reference temperature. 
A and B are uniaxial yield stress and strain hardening coefficient while m, n and 
c represent thermal softening exponent, strain hardening exponent and strain rate 
hardening exponent, respectively. 

7.2.2 Hydrodynamic plasticity 

Recently, Hassani et al. [8] proposed an alternate theory for the bonding mecha­
nism in cold spray, which is known as hydrodynamic plasticity mechanism. In 
this the authors have proposed that jetting which causes the bonding in CS occurs 
due to the hydrodynamic plasticity rather than the ASI. They further claimed that 
ASI is not needed to cause jetting. In order to prove this, single particle impact 
simulations were run with and without the thermal softening exponent from the 
JC equation, which is primarily responsible for the melting. It was observed that 
even without the thermal softening exponent, jetting happens. They also claimed 
that jetting is attributed more to the pressure release than to ASI. When the particle 
impacts the substrate, pressure waves emanate from the substrate and the particle. 
The claim is that this contact edge velocity (Ve) and shock velocity (Vs) are the 
primary driving factors for causing the jetting. Initially, this edge velocity will be 
lower than shock velocity, but there is a transition point above which shock veloc­
ity will be greater than edge velocity. At this point, the hydrodynamic stresses 
generated are greater than the flow strength of the material which facilitates the 
jetting (Figure 7.2c). This theory has received comments [26] and responses [26] 
from both sides - further proof is needed before disregarding any of the theories. 
It is to be noted that in both theories, it is given that jetting is the main reason for 
the particle bonding; however, the theories differ in explaining what constitutes 
this jetting. 

7.2.3 Rebound phenomenon 

Rebound phenomenon is not a bonding mechanism like ASI or hydrodynamic 
plasticity, but it is a deposition behavior, which explains the window of velocity 
limit of an inflight particle impacting the substrate for successful deposition. As 
discussed in the ASI, that critical velocity is the minimum required for initial depo­
sition, it is clearly understood that below critical velocity bonding does not occur, 
which results in no deposition. One may misunderstand that increasing the velocity 
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Figure 7.3	 SEM micrographs of Al-Si splats attached on substrate sprayed at different veloc­
ities (a) 500 m/s, (b) 700 m/s, and (c) 1000 m/s [27]. 

beyond the critical velocity will further increase the deposition. However, a study 
done by J. Wu et al. [27] reported that just as there is critical velocity for mini­
mum deposition, there also exists a maximum velocity above which the impacted 
particle deforms to a maximum limit and rebounds from the substrate, thus also 
resulting in no deposition (craters in Figure 7.3a, 7.3b, 7.3c). This is known as the 
rebound phenomenon. It was shown that the bonding of a particle onto a substrate 
is based on the competition between the adhesion energy and rebound energy 
[27]. With change in velocity this adhesion energy and rebound energy changes. 
The initial point of intersection of these energies is termed critical velocity, and 
the second intersection point is termed rebound velocity. Between these points 
the adhesion energy will be greater than the rebound energy, which facilitates 
bonding. Within the parameters of study, it is observed that critical velocity is not 
much affected with a change in particle size. For a higher particle size, however, 
the rebound velocity is comparatively lower than the smaller particle size due to 
higher energies associated with higher mass. 

7.3 TYPES OF COLD SPRAY SYSTEM 

Even though the principal setup and working mechanisms are the same, cold spray 
systems are mainly categorized into two types based on the working pressure – 
low-pressure cold spray system and high-pressure cold spray system. The main 
difference between the two systems is the working gas; in a low-pressure cold 
spray the main working gas is compressed air, whereas in a high-pressure cold 
spray system it is compressed helium (He) or/and nitrogen (N2). 
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7.3.1 High-pressure cold spray system 

From the name itself it can be understood that these cold spray systems can reach/ 
use high pressures which are typically up to 50 bar. This high pressure translates 
into higher gas and particle velocities at the nozzle exit. Typically, helium or nitro­
gen is used as process gas and powder feeder carrier gas. Due to the higher costs 
associated with the usage of helium, the cost per product is high for helium-based 
systems, followed by nitrogen-based systems. To reduce the cost associated, some 
researchers have tried using nitrogen as the powder feeder carrier gas and helium 
as the process gas. To further reduce the cost associated with helium usage, helium 
from the coating chamber has been recycled [28], where the used helium from the 
process chamber is collected and processed to use again. It reduced the overall 
cost of the product, but heavy investment is still needed to set up the helium reuse 
facility. On the other hand, nitrogen is cheaper than helium but costlier than air, 
and it has the ability to achieve higher pressures up to 50 bar. Velocities achieved 
and the amount of heat transfer to the particle will differ from the He-based sys­
tem [29]. Typically, for a given set of process parameters involving pressure and 
temperature, the velocity attained by the particle is lower in the N2-based system 
than in the He-based system, while heat transfer to the particles will be higher in 
the N2-based system than in the He-based system. This is due to the low density 
of helium gas, specific heat ratio and gas constant [30, 31]. Because of this, coat­
ings prepared using He-based systems always exhibit better mechanical proper­
ties like hardness and yield strength for the same process parameters of N2-based 
systems [29, 31]. One more advantage of high-pressure CS systems is that reaction 
with oxygen is extremely low in helium and minimal in N2-based systems, which 
makes them highly useful in aerospace and medical applications [29, 32, 33]. 

7.3.2 Low-pressure cold spray system 

The cost associated with the usage of gasses like helium and nitrogen led research­
ers to explore the use of air as the process gas and powder feeder carrier in the CS 
system. Due to the high density, specific heat ratio and gas constant, the velocities 
achieved by air-based systems are lower than those of He- and N2-based sys­
tems [20, 29]. Due to the low achievable velocities and use of relatively lower 
pressures, typically less than 20 bar, these systems are termed low-pressure cold 
spray systems. As discussed, bonding occurs after reaching the critical velocity, 
and the critical velocity is different for different material. Sometimes it does not 
require much velocity to deposit soft materials like aluminum (Vcr= 481 m/s), zinc 
(Vcr = 339 m/s), copper (Vcr = 452 m/s) and silver (Vcr = 375 m/s) [20]. For depo­
sition of these kinds of materials, use of air-based systems are an economically 
better choice. Some of the researchers have successfully deposited even high-end 
materials like titanium, Ti6Al4V and super alloys [2, 20, 32]. These materials are 
very hard and have higher critical velocities. However, due to the extra thermal 
energy provided in the form of heat transfer from process gas to inflight powder 
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particles, deposition of these materials has become possible [33, 34]. As discussed 
earlier regarding the bonding mechanism, that critical velocity decreases with 
increasing particle temperature, higher particle temperatures associated with air-
based systems helped in the deposition of these materials. An in-depth explanation 
of this phenomenon will be provided in subsequent sections. 

7.4 PROCESS PARAMETERS 

7.4.1 Working gas and process pressure 

As discussed in the previous section, compressed gas of air/helium/nitrogen is used 
in the CS system. In this system, compressed gas has two purposes: first is that the 
process gas is heated for further expansion and is directed towards the nozzle inlet 
from the heater assembly, and the second is that the carrier gas acts as a powder feeder 
which is used to carry the powder from the feeder to the nozzle inlet. At the nozzle, 
these two gasses mix with each other, so the pressure difference between these two 
flows need to be adjusted based on the powder flow. Increasing the pressure of pro­
cess gas increases the velocity of the gas at the nozzle outlet, thereby increasing par­
ticle velocities. Helium creates the highest velocities, followed by nitrogen and then 
air (Table 7.1) [30, 31, 33]. Higher velocities result in higher deposition efficiencies 
(Figure 7.4a, 7.4b) [19] and therefore better mechanical properties like hardness and 
yield strength and functional properties, provided that velocities are below the rebound 
velocity [33]. Gas density, specific heat ratio and gas constant play an important role in 
achieving higher velocities, which will be discussed later in the nozzle section. 

7.4.2 Temperature 

A heater is placed inside the cold spray gun assembly, where a typical heating 
element is made of nichrome. Heaters in high-pressure CS systems are capable of 
heating up to 1000 °C as process temperature, whereas it is around 600 °C for a 
low-pressure CS system. This temperature is responsible for the expansion of the 
gas, which further increases the pressure before entering the nozzle inlet as well as 
for the heat transfer to the inflight feedstock particle [1, 33]. As discussed earlier 
regarding the bonding mechanism, temperature also plays an important role in 
causing ASI along with the particle velocity. Critical velocity, the main parameter 
which defines the initialization of bonding, is dependent on the temperature of the 
inflight impacting particle as well. The so-called adiabatic shear instability occurs 
at lower velocities with an increase in the particle temperature [34], as material 
can be deformed easily when temperature is applied. This has been tremendously 
helpful in achieving the coatings intended for inter-splat dependent functional 
properties like electrical conductivity, corrosion resistance and elastic modulus. 
Deposition efficiency, electrical conductivity and ductility increases with a rise 
in process temperature due to thermal softening of particles. However, properties 
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Figure 7.4	 Deposition efficiency plotted against (a) particle velocity, (b) Vp/Vcr [19]; bonding 
fraction calculated from peripheral elements in simulation (c) considering par­
ticle temperature as room temperature, (d) considering particle temperature 
and (e) bonding fraction difference for different metals [35]. 

Table 7.1	 Particle velocity table of titanium feedstock for different process param­
eters [33] 

Pressure (MPa) Temperature (°C) Gas type Nozzle type Velocity (m/s) 

3 300 N2 MOC24 608 
3 600 N2 MOC24 688 
0.5 100 He MOC24 604 
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such as hardness will be decreased if excessive process temperature is supplied 
[33, 34, 36]. A proper combination of pressure and temperature needs to be chosen 
based on the feedstock material and the intended application. 

Thermally sensitive materials like titanium and molybdenum tend to form small 
oxide layers during the travel of the inflight feedstock through the nozzle. The 
aging of aluminum alloys during inflight travel and nozzle clogging (generally 
soft/low melting materials) during deposition are some of the problems associated 
with using a high process temperature [2, 20, 32]. The influence of inflight powder 
on the deposition was studied using finite element analysis (FEA) by considering 
powder particle with and without temperature (Figure 7.4c, 7.4d). Correlating the 
influence temperature with the elastic modulus of the experiment, the researchers 
concluded that the inflight powder particle temperature effect is significant and 
contributes to nearly 40% to 60% of bonding (Figure 7.4e) [35]. 

7.4.3 Feed rate, scan speed, spray angle and 
standoff distance 

Feed rate of the powder feeder in CS is adjusted based on the density and size 
of the feedstock material as well as desired thickness. Usually for materials with 
lower density, low feed rate is generally preferred and vice versa for higher den­
sity material. Higher feed rates result in more interactions between the inflight 
particles during the travel in the nozzle, which translates to more velocity loss and 
ultimately affects the deposition efficiency [38]. 

Scan speed represents the speed of the robot arm/nozzle transverse movement. 
Increasing the scan speed results in a lower number of particles accumulating at a 
particular place on the target substrate during coating deposition, which ultimately 
decreases the thickness of the coatings achieved per raster. High scan speeds are 
most useful in generating thin coatings. For repairing/refurbishment of parts and 
thick coating applications, a slow scan speed is advisable, as a greater number of 
particles are available to deform and form coating per raster [2, 20]. 

Spray angle represents the angle between the nozzle and the target substrate 
and is important for achieving maximum deposition in cold spray coating. A study 
on the effect of spray angle on deposition efficiency indicated that maximum 
deposition is achieved when the spray angle is at 90° with the substrate and that 
deposition efficiency decreases with decreasing the spray angles. No deposition is 
achieved at angles lower than 30° [39]. 

Standoff distance is the distance between the nozzle exit and substrate during 
the spraying of the feedstock. It is observed from the experimental works that the 
deposition efficiency drastically decreases with an increase in the standoff distance 
[37]. The microstructure of the coatings revealed that there is increase in porosity 
with increase in standoff distance, especially for lighter materials like Al and Ti. 
However, even with lower deposition efficiency and high standoff distance, Cu 
has obtained dense microstructure due to the tamping effect caused by the higher 
density of the material (Figure 7.5a, 7.5b). Upon characterization, it is understood 
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Figure 7.5	 Optical microscopic images of coatings deposited at varying standoff distances. 
Top to bottom (10, 70, 100 mm): (a) Cu coatings; (b) Al coatings; (c) change of 
gas velocity and particle velocity for different materials with varying standoff 
distances [37]. 

that there is no change in hardness for these coatings. This is because there is no 
change in velocity of the particle within this standoff distance range, and the strain 
hardening effect due to the impact would be same [37, 40]. Computational fluid 
dynamics (CFD) analysis of the same has revealed that there is no change in the 
inflight particle velocity (Vp) and temperature with varying standoff distance, but a 
drastic decrease in the gas velocity (Vg) has been observed (Figure 7.5c). A reason 
for low deposition even with no change in particle velocity is the shock wave/ 
bow shock [37, 41]. Bow shock effect is high for low standoff distances and it 
slowly disappears by increasing the standoff distance. For larger standoff distance, 
however, gas velocity drastically decreases, and this can affect the inflight particle 
movement adversely if Vg < Vp [41]. Most articles have suggested that standoff 
distance between 20 and 30 mm is the best choice in terms of deposition efficiency. 
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7.4.4 Powder size and morphology 

Powder size along with the morphology and density of the feedstock material 
plays an important role in the successful deposition of feedstock in cold spray. The 
velocity achieved for larger particle size is less when compared with the smaller 
particle size for a given process parameter (Figure 7.5c) [37, 41], which ultimately 
results in lower kinetic energy [36]. Similarly, a material with high density like 
tantalum and copper always yields lower velocities due to the higher mass when 
compared with lower density material like aluminum and magnesium for similar 
process parameters and feedstock size. On the other hand, King et al. [43] observed 
that extremely small particles of less than 10 µm have yielded lower deformation 
(less flattening ratio) due to the decrease in velocity caused by the bow shock effect 
of the nozzle [43]. Usage of extremely small particles also results in flowability 
issues of powder in the powder feeder. The flowability issue of smaller particles is 
due to the cohesion of powders caused by forces like Van der Waals, electrostatic 
and surface tension. Recently Polycontrols, a Canada-based company, developed a 
vibration-assisted powder feeder which has capability to supply feedstock of very 
fine size (less than 10 µm) to the cold spray systems without any flowability issue 
[44]; significant research has yet to be done on these generated coatings. However, 
it needs to be understood that depositing very fine particles are difficult, as critical 
velocity increases with decrease in particle size [20]. 

From the literature reported it is understood that ideal feedstock size for cold 
spray coatings is anywhere between 15 µm and 50 µm [2, 20]. Particle size highly 

Figure 7.6	 Hardness plotted against powder energy (KE + TE) for Cu coatings with aver­
age particle size: (a) 22 µm, (b) 33 µm, (c) 42 µm. Electrical conductivity plotted 
against powder energy (KE + TE) for Cu coatings with average particle size: 
(d) 22 µm, (e) 33 µm, (f) 42 µm [42]. 
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influences the properties of the coatings, where for a small particle size veloci­
ties achieved are higher [45] and the travel time for the feedstock in nozzle is 
less, therefore lower temperature gains. These particles with higher kinetic energy 
result in higher strain hardening during particle deformation, and the obtained 
coatings possess good mechanical properties like high hardness and yield strength. 
However, there will be a decrease in the overall ductility of the coating due to the 
high strain hardening. Other functional properties like corrosion resistance and 
electrical conductivity obtained for these coatings are inferior owing to the losses 
occurring due to a higher number of splat interfaces. 

Kumar et al. [42] have studied the particle size effect on CS copper coatings and 
from their works it can be concluded that coatings deposited with feedstock of 18 
µm average particle size (lower particle size) achieved high hardness of 160 HV, 
while electrical conductivity achieved is only 36 MS/m (62% of bulk). However, 
coatings deposited with feedstock of 42 µm average particle size (higher particle 
sizes) achieved better electrical conductivity, as high as 45 MS/m (77% of bulk), 
while hardness achieved was only 120 HV (Figure 7.6a, 7.6b, 7.6c, 7.6d, 7.6e, 
7.6f) [42]. This increase in the hardness in lower particle size coatings was attrib­
uted to the higher grain refinement occurring in smaller size particles compared 
to the larger size particles (smaller size—higher kinetic energy; more interfaces— 
more grain refinement places). As already discussed in the temperature section, a 
larger particle usually achieves lower particle velocities due to the higher mass, 
which increases the travel time inside the nozzle. This increased travel time helps 
in gaining more heat from the process gas, and the overall thermal energy of a par­
ticle is directly proportional to the mass of the particle and ΔT. This extra thermal 
energy given helps in achieving better deformation, thereby better bonding and 
improvement in functional properties like electrical conductivity, corrosion resis­
tance, elastic modulus and ductility [42]. However, due to more thermal softening, 
hardness achieved is low. 

Spherical powder is often chosen for deposition as spherical particles have 
better flowability; however, non-spherical morphology like tear drop, irregular 
shaped powders and the like achieves higher velocities due to the low drag force 
caused inside the nozzle. A study done by Wong et al. [46] revealed the same, 
where irregular particles achieved better velocities for the same process param­
eters when compared with the spherical particles due to the low drag coefficient. 
Hardness achieved for the irregular particle coatings is inferior when compared 
with the spherical particle coatings because irregular particles impinge on the tar-
get/substrate with the sharp corner. So, instead of undergoing plastic deformation, 
the impacted particle impinges/penetrates (in the previous layer), which results in 
poor mechanical properties, poor adhesion (jetting phenomenon occurrence sites 
are fewer) and lower deposition efficiency. The top surfaces of the coating have 
attracted more porosity, which confirmed the same [46]. An FEA-based impact 
study of conical and spherical particle simulations revealed the same, in that coni­
cal shaped particles stress concentrations are high and jetting was missing, which 
can result in poor deposition [47]. 
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7.4.5 Substrate 

Every metal inherently possesses a small “nm” thickness of oxide layer on top 
of the surface. Since the bonding mechanism is due to the plastic deformation of 
impacting particles on the substrate, the state of the substrate is of utmost impor­
tance to facilitate bonding. Different approaches like grit blasting [36, 42, 49], 
polishing [50–52] and preheating of substrates [53] were taken by researchers, 
who reported interesting results which will be discussed later in this section. 

Substrate preparation plays an important role in the adhesion mechanism of 
coating with the substrate, as the first layer interaction is between the particle and 
substrate while the interactions of subsequent layers are between the incoming 
particles and already deposited particles. Without proper adhesion of the first 
layer, formed coating delaminates easily from the substrate. Substrate condition, 
such as hard (Figure 7.7a) and soft (Figure 7.7b), also plays an important role in 

Figure 7.7 Finite element simulation results of particle and substrate combination: 
(a) soft on hard (Al on steel), (b) hard on soft (Ti on Al) [48]; (c) single particle 
impact simulations on different roughened substrates [49]; (d) Cu deposited 
on as received substrate (Ra of substrate 2.5 µm), (e) Cu deposited on mirror 
polished substrate [50]. 
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the adhesion mechanism. Grit blasting is one of the widely accepted substrate 
preparation techniques for thermal spray coatings and cold spray [2, 20, 50]. 
Kumar et al. [49] explained the adhesion mechanism involved behind grit-blasted 
surfaces and the effect of grit-sized craters on the adhesion mechanism using 
FEM-based single particle impact simulations (Figure 7.7c). It is reported that 
frictional energy dissipation increases when a particle impacts on a crater/roughed 
surface, thereby increasing the interface temperature which facilitates bonding. 
For this to happen, crater size and particle-substrate type (soft/hard combina­
tions) are some of the important factors that must be considered. Preferably, grit 
blasted crater size should be lower than the particle size. For the hard material 
on soft substrate combination, surface roughness doesn’t play a large role, as the 
first layer is mostly due to the interlocking. Some of the recent findings related 
to substrate effect is that mirror-polished substrates give better adhesion when 
compared with the roughened substrate [50–52]. Singh et al. [50] deposited Cu 
particles on different substrates with different roughness, i.e., as received (Ra 2.5 
µm), semi-polished (Ra 0.5 µm) and mirror polished (Ra 0.06 µm). SEM analy­
sis of these single splats (Figure 7.7d, 7.7e) revealed that Cu particles deposited 
on mirror-polished surfaces are better adhered with the substrates with no gap 
between the substrate and splat, while a gap is observed in splats deposited on 
roughened substrates. It has been reported that waviness and surface asperities 
of roughened substrates caused poor bonding. The main differences among these 
studies are that roughness in these roughened substrates is created using polish­
ing against emery sheets while the grit-blasted substrates are impacted with grit 
particles at some velocity. The main difference among these studies is the method 
of roughness generation, where Kumar et al. [49] created roughness using grit 
blasting while Singh et al. [50] used polishing with different grade emery sheets. 
A clear picture is yet to be observed in terms of which approach is better, as there 
is no study done that compares all these effects, which could be of new interest. 
Another approach tried by researchers is preheating the substrate during the coat­
ing process. Early research conducted on this aspect suggests that for soft and 
low-melting metals like zinc (low critical velocity), deposition efficiency drasti­
cally decreased, while an increasing trend is observed for deposition of Al powder 
(high critical velocity) [53]. 

As already discussed, it is to be noted that the first layer of deposition is always 
“particle on substrate” and the subsequent layers are between the “deposited par­
ticle and the incoming particle”. Critical velocity is measured by impacting the 
same particle on the same substrate [7], but in reality the substrate may or may 
not be of the same material, and the deformation behavior of the impacting mate­
rial on substrate is different for different materials. So, it needs to be realized that 
the critical velocity changes with substrate as well, but still critical velocity is an 
important factor to be considered because the bonding of subsequent layers is 
between the same materials. So there exists two conditions where the first layer 
critical velocity is based on the substrate used and the subsequent layers critical 
velocity is based on the same material. For this, a detailed analysis was done by 
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Bae et al. [48]. The authors observed different trends when studying soft–hard 
combinations of particle–substrate deposited at their critical velocities. Never­
theless, soft on soft (same material) and hard on hard (same material) materials 
showed similar results of ASI as what would normally happen. It was the soft on 
hard and hard on soft combinations which resulted in useful new insights. If a soft 
particle deposited at its critical velocity on a hard substrate, it was observed that 
deformation is relatively more in lateral direction, i.e., more flattening and the 
jetting from the substrate was not observed as it would be observed in a normal 
impacting ASI scenario (Figure 7.7a). At interfaces, some of the critical elements 
have experienced high temperatures (near melting), which means that bonding 
has happened. However, there is no clear temperature transition state as would 
be observed in ASI (at the critical velocity), which suggests that the ASI would 
have happened at much earlier velocity itself. So, the critical velocity is much 
lower when a soft particle impacts onto a hard substrate. Simulations observed 
for this material combination (soft on hard) at much lower velocities than critical 
velocity have confirmed this phenomenon. In case of impacting a hard particle on 
a soft substrate, the hard particle might not deform at all. However, the substrate 
deforms more and hard particle impinges into the soft substrate, thereby interlock­
ing with the substrate (Figure 7.7b). This study has helped in understanding the 
deposition of soft metals on hard substrates, hard metals on soft substrates and the 
effect of substrate material on critical velocity. The same is applicable to the metal 
coatings generated on polymer/fiber reinforced polymer (FRP) substrates, where 
bonding of the first layer is due to the interlocking of the incoming particles onto 
the polymer substrate [54–56]. X. Chen et al. [56] have conducted single particle 
impact of nano-structured WC-23Co (agglomerated and sintered spherical shape 
powder) on soft (Q235) and hard (WC-12Co) substrates, thereby observing that 
the particle is penetrated into the FRP substates and gets interlocked rather than 
the conventional deformation of feedstock particle which occurs when impacted 
on a harder substrate [56]. 

7.5 NOZZLE GEOMETRY 

7.5.1 Design and mach number 

A De-Laval type nozzle which consists of a convergent–divergent section is used 
for achieving the required accelerations to the inflight powder particles (Fig­
ure 7.8a). The cold spray nozzle is designed for achieving supersonic velocities, 
so it is rated based on the Mach number a nozzle can achieve. In a convergent– 
divergent nozzle, at the nozzle entrance a high-pressure gas passes through the 
convergent section, and its pressure decreases and velocity increases (subsonic) 
as it reaches the throat section. At the throat section, it achieves Mach 1 (speed of 
sound), and thereafter from the divergent section there will be a further decrease 
in pressure and the gas reaches supersonic velocities [16, 58]. 
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Figure 7.8 (a) Schematic of the computation domain of nozzle CFD model; (b) nozzles with 
different exit shape [6]; (c) effect of standoff distance on particle velocity; (d) gas 
velocity loss with increasingly divergent lengths of nozzle [57]. 

Powder is injected into the nozzle either through axial injection at the entrance 
of the nozzle [30] or through radial injection in the divergent section [59]. Axial 
injection is the most common technique for high- and low-pressure CS systems, 
but some low-pressure CS systems use a radial injection technique for deposit­
ing soft/low-melting materials in order to eliminate nozzle clogging at the throat 
section and for compaction of the system. Nozzle designs are mostly patented 
by companies, but the objective is the same in that it needs to achieve maximum 
velocity and is based on the Mach number achievable at the nozzle exit. Mach 
number depends on the ratio of throat area to the exit area of the nozzle, and it 
can be calculated from Eq. 7.3, Eq. 7.4 and Eq. 7.5 [16, 58]. Different strategies 
were employed to achieve this ratio, such as changing the nozzle exit shape to 
circular exit, rectangular exit and elliptical exit and the throat type to rectangular 
throat, circular throat and so on (Figure 7.8b). Each has their own advantages and 
disadvantages; besides this, manufacturability of the nozzle material also has to 
support these shapes [2, 6, 20]. 

It is clearly understood that with an increase in pressure, the Mach number 
achieved at nozzle exit increases, thereby increasing gas and particle velocities. 
With high pressures it is observed that shock waves and expansion waves form 
outside the nozzle exit rather than inside the nozzle, which helps in reducing 
velocity losses [57]. However, along with the process parameters, shock wave 
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formation place is dependent on divergent length as well [57]. Increase in process 
temperature also increases the particle velocity, but the velocity change is far less 
than the pressure increase [36]. 

g +1
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* = êç ÷ç1+ M ÷ú (7.3)
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V = M g RT (7.4) 

T0T = (7.5)g ­1 21+ M
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Where M is the local Mach number, A/A* represents the expansion ratio of throat 
area to exit area, γ is the specific heat ratio and V is 1D gas velocity. 

7.5.2 Divergent section 

Apart from designing the nozzle for high Mach numbers, two other consider­
ations before designing the nozzle are convergent and divergent lengths. These 
two sections play an important role in particle deposition as they affect the particle 
velocity and temperature of the inflight particle and ultimately affect the depo­
sition. Particle velocity is estimated by the empirical relation established from 
the mathematical approach [58] or can be measured experimentally using spray 
watch or through finite element based CFD simulations. CFD-based simulations 
are cost effective, and it is easy to understand the effect of changes in the geom­
etry of the nozzle. Using such an approach, Yin et al. [57] studied the effect of 
divergent length on the Mach number and particle velocity. They observed that 
with an increase in divergent length, there is a decrease in Mach number and an 
increase in velocity loss of gas. However, there is an increasing trend for particle 
velocity with an increase in divergent length due to the reduction in drag force 
(Figure 7.8c, 7.8d). Even with a reduction of drag forces, after reaching a limit 
(divergent length) a drastic decrease in particle velocity is observed because of 
the high velocity loss observed in gas velocity. It is concluded that the optimal 
divergent length is the result of competition between the drag force and particle 
acceleration [57]. 

7.6 POST-PROCESSING OF CS COATINGS 

Cold-sprayed coatings are formed due to the heavy plastic deformation of the 
inflight particles upon impacting with the substrate. So, generally due to heavy 
plastic deformation, these coatings exhibit low ductility (due to high strain 
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hardening) and the ASI happens only in a fraction of the splat interface due to 
which other parts of the splat are poorly bonded. These splat interfaces act as 
nucleation sites for corrosion medium penetration, nucleation sites for rapid crack 
growth and barriers for electrical conductivity applications. In order to decrease 
these effects and increase the ductility of the coatings, heat treatments are con­
ducted on cold-sprayed coatings [60, 63]; choice of method is based on the end 
application, structure and material. Most popular post-processing techniques used 
vacuum/inert heat treatment of the coatings in a furnace. Other techniques include 
friction stir processing (FSP), shot peening, in situ hammering and laser remelting. 

7.6.1 Vacuum/inert heat treatment 

This type of heat treatment is one of the most used and common heat treatment 
processes for CS coatings. However, the main drawback is that the substrate also 
has to be heat treated along with the coating, which is undesirable when the sub­
strate material is temperature sensitive or for a refurbishment application. Heat 
treatment studies were done on the cold spray coatings for a long time, and these 
have helped a great deal in understanding the behavior of cold spray coatings. 
In the heat treatment process, initially diffusion of pores happens followed by a 
recrystallization phase and then grain growth (Figure 7.9a) [60]. Most of the stud­
ies have conducted heat treatment in a vacuum or inert atmosphere, as the chances 
of oxidation are high when conducted in a normal atmosphere. A report on heat 
treatment of CS SS316 steel coatings in different environments, i.e., air, vacuum 

Figure 7.9	 (a) Microstructure evolution of coatings in heat treatment [60], (b) schematic 
representation of laser-assisted CS [61] and (c) schematic representation of in 
situ hammering in CS [62]. 
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and hot isostatic pressing, has shown the ductility and tensile strength increase is 
less in air-annealed CS coatings compared to vacuum-annealed CS coatings as 
well as hot isostatic pressing (HIP). Formation of an oxide layer at the splat inter­
face due to the reaction with atmosphere is the reason for this [64]. 

7.6.2 Friction stir processing 

Friction stir processing is an adaptive technology from friction stir welding 
(FSW), where in FSP a rotating tool with shroud and pin is used as tool which 
feeds into the workpiece and is moved across the surface to be modified, in con­
trast to the tool movement on two interfaces to be welded in FSW. Localized 
melting of the workpiece at the interface happens due to the heat generated from 
the friction between tool and the workpiece [65, 66]. Reports have shown that due 
to the high temperatures and instant cooling, dynamic recrystallization occurs in 
the workpiece material during FSP, resulting in the formation of finer grains and 
enhancement in properties like hardness. Due to the rotation moment of the tool, 
homogenization in the material occurs, which helps to distribute the matrix mate­
rial evenly in cold spray composite coatings. This further helps to improve proper­
ties by reducing porosity, properly distributing the matrix phase and homogenizing 
the grain [66, 67]. 

7.6.3 Laser remelting 

Laser remelting is another post-processing technique used for cold spray coat­
ings. It can be done either during the deposition process itself, which means along 
with the CS gun movement, or separately as a post-processing technique after the 
deposition. In the first case a laser source is attached to the CS gun and moves 
along with it, projecting toward the coating during deposition (Figure 7.9b). In this 
way, layer by layer the coating is deposited and simultaneously remelted using a 
laser source [61, 68]. In the second approach, a fully deposited coating is taken 
and a laser is projected on the coating surface and moves [69]. In both the cases 
laser power, scan speed and beam diameter decide the depth of laser penetration 
[61, 68–70]. In most of the cases, like in other heat treatment processes, a decrease 
in porosity is observed which increases properties like corrosion resistance in Ti 
coatings [70] and hardness in Al coatings [71]. For metal-ceramic composite coat­
ings, better hardness and uniform distribution of matrix can be observed due to the 
remelting, but oxidation may occur due to the melting. The effect of laser remelt­
ing on these overall properties and optimization is still yet to be explored. 

7.6.4 Shot peening and in situ hammering 

Some researchers have used shot peening as a post-processing technique to 
increase the properties of the CS coatings [72–74]. Shot peening refers to the 
bombarding of high-strength particles on a surface to induce compressive stresses 
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and enhance the surface properties. In CS due to the heavy plastic deformation 
of particles, tensile residual stresses are induced in the coating and compressive 
residual stresses are induced at the coating-substrate interface. These compressive 
residual stresses are beneficial for keeping the coating bonded with the substrate, 
but after reaching a thickness limit the tensile stresses generated in the coatings 
grow further and delaminate the coating from the substrate. Results from the lim­
ited number of studies done for using this post-processing technique reported that 
shot peening did not induce any compressive residual stresses [73, 74]. However, 
surface properties like hardness and roughness are enhanced [72]. Even soft mate­
rial like zinc has exhibited an increase in hardness up to 65 HV through this shot 
peening post-processing technique [75]. 

By considering the advantages of shot peening, a new approach named in situ 
hammering was developed, in which large sized hard spherical particles were 
mixed along with the feedstock powder (Figure 7.9c) and were propelled along 
with the feedstock and allowed to impact the deposited coating [62, 76]. Due to the 
higher particle size and mass, these hard particles achieved lower velocities. Upon 
impact due to their large size, these large sized hard particles will not bond with 
the coating. Their impact effect increases the compaction, however, and thereby 
induces the compressive forces and decreases the porosity. In this way, we can 
increase the properties like hardness and bonding. 

7.7 EFFECT OF POST-PROCESSING ON PROPERTIES 
OF CS COATINGS 

7.7.1 Electrical conductivity 

One of the important applications of cold spray is electrical conductivity coat­
ings – its ability to deposit materials without phase change provides an oppor­
tunity to achieve properties like EC close to their bulk counterpart. Factors like 
temperature dependence, dislocation density, porosity and grain boundaries are 
the main reasons for resistivity occurring in a material, which results in loss 
of electrical conductivity. Phani et al. [77] have tried to quantify these effects 
for CS copper coatings generated with negligible porosity and showed that for 
dislocation density to cause significant effect, it needs to be in the order of 
10E+16/m2 or the hardness increase should be 1000 MPa, which is not observed 
in their developed coatings. After deducting the resistivity contribution from 
the grain boundaries, the authors attributed the remaining resistivity to the weak 
inter-splat bonding (Figure 7.10a, 7.10b). Data from heat-treated coatings also 
revealed the same, where EC values of the heat-treated coatings achieved close 
to bulk. This analysis has helped in understanding the effect of inter-splat bond­
ing on properties like electrical conductivity. It is also given that heat treatment 
of coatings at recrystallization temperatures helps in achieving better inter-
splat bonding (provided negligible porosity). Similar kinds of observations are 



 

 
 

   

A review on fundamentals of cold spray additive manufacturing 201 

Figure 7.10 Resistivity calculations with annealing temperature for (a) Cu coatings and 
(b) Cu alumina coatings; hardness contributions from different mechanics with 
varying annealing temperatures: (c) Cu coatings (d) Cu-alumina coatings [77]. 

observed from the studies done on heat treatment of cold-sprayed coatings, 
where in as-sprayed condition the electrical conductivity achieved is low even 
for dense coatings, but as high as near bulk is observed after heat-treated condi­
tions [52, 77, 78]. 

In a study done on CS silver coatings where an increase in EC is observed with 
an increase in the velocity and good EC is obtained in as coated state itself due 
to the better process conditions, which means that by further heat treatment will 
result in fractional increase of EC as loss of EC in CS coatings is due to the weak 
inter-splat bonding. They have conducted heat treatment in air and argon atmo­
spheres and concluded that the change in EC is high in the argon case compared 
to the air. This is due to the oxidation in air, and further increasing the heat treat­
ment temperatures in the argon case resulted in a decrease of EC. This has been 
attributed to the no further scope of increasing inter-splat bonding and formation 
of oxides due to reactions in Ag, which are detected from the XRD results [78]. 
This once again shows that with the right process parameter combinations, electri­
cal conductivity close to the bulk can be achieved and further post-processing can 
be avoided. This has been supported from some multi-particle simulations, where 
interface temperatures are used to estimate EC and the predicted values are well 
corroborated with the experimental values [42]. 
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7.7.2 Corrosion resistance 

Corrosion medium penetration happens primarily because of porosity, weak inter-
splat bonding and grain boundaries [79]. In a study done on CS Zn coatings, Naveen 
et al. [80] observed that a corrosion rate of 24 µA/cm2 is obtained for CS Zn coat­
ings in an as-sprayed state, whereas with heat treatment corrosion resistance has 
improved and corrosion rate is reduced to 4 µA/cm2. This is due to the reduction 
of porosity from 0.5% to 0.25% and improvement of inter-splat bonding, which is 
clearly visible from the SEM images of an etched cross section. In situ hammering 
of CS Ni coatings has increased the corrosion resistance of generated coatings, 
where its corrosion rate is almost comparable with the bulk Ni corrosion rate. 
In this study, AZ31B has been chosen as the substrate; generally Mg alloys have 
lower Ecorr and any penetration of corrosion medium through the coating will reach 
the substrate and start corroding the substrate rapidly due to the lower potential. In 
all of the studies, because of the densification of coatings, the corrosion medium 
did not penetrate the substrate even in long hour durations, which is appreciable 
[62]. The same is observed for Zn coatings where shot peening was adopted as 
a post-processing technique. Shot peening pressures chosen were between 0.05 
MPa to 0.2MPa and with the increase in the shot peening pressure surface rough­
ness decreased, porosity decreased and corrosion rate decreased from 3.5 mm/a to 
2.14 mm/a in simulated body fluid [75]. In situ hammering-assisted CS Al alloy 
coatings exhibited an increase in corrosion resistance compared with conventional 
sprayed coating, in which the corrosion rate decreased by one order because of the 
decrease of porosity, effectively 12% to 0.2%, due to the hammering effect [81]. 

A study on corrosion resistance of CS refractory coatings (titanium, tantalum, 
niobium) in harsh medium (HF) showed that as-sprayed titanium showed better 
corrosion resistance than did the heat-treated coatings due to the penetration of 
corrosion medium inside the coatings and the formation of a strong oxide layer, 
which further stopped the corrosion medium penetration. Other coatings of tan­
talum and niobium also performed comparatively better in as-coated state when 
compared with heat treated coatings whose explanation for this not derived. How­
ever, in heat-treated coatings corrosion attack was severe on the top surface due to 
the closure of inter-splat boundaries [82]. 

7.7.3 Hardness 

As already discussed in earlier sections, hardness increases in cold spray coatings 
with an increase in process pressure or in velocity of the inflight particles. This 
increase in hardness is attributed to the cold work induced because of the exten­
sive plastic deformation of the inflight particles. So, the total hardness of cold 
spray coating is a cumulative collection of intrinsic hardness, hardness due to grain 
size and cold work induced due to the plastic deformation (Figure 7.10c, 7.10d) 
[77]. A recent study indicated that dislocation densities of around 10E+14/m2 are 
observed in CS coatings compared to 10E+12/m2 of the powders; estimations 
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were made from modified Williamson-Hall plot approach and convolutional mul­
tiple whole profile (CWMP) fitting [83]. There is a trend of decrease in hardness 
observed by increasing the heat treatment temperature for CS coatings due to the 
annihilation of hardening effects. By carefully removing the hardness contribution 
from grain size by using Hall-Petch relations and intrinsic hardness (material prop­
erty), one can calculate the hardness contribution from the cold work. Through 
this one can estimate the contribution of cold work [77]. Other post-processing 
processes such as shot peening have increased hardness, even in zinc coatings 
[75] and Al coatings [81]. In cases where FSP is used, a hardness increase was 
observed in CS AA7075 coatings [84] and metal-ceramic coatings [66, 67]. For 
metal-ceramic coatings, hardness increased due to the redistribution of ceramic 
particles all over the coating, improved bonding and decreased porosity. Singh 
et al. [52] studied the effect of substrate roughness on deposition and properties 
of Cu particles and the same was studied with the effect of heat treatment, where 
properties like elastic modulus and hardness increased upon heat treatment. How­
ever, the explanation for hardness increase was unclear and has yet to be explored. 

7.7.4 Elastic modulus 

Elastic modulus (EM) is a material property and can be used as a parameter to talk 
about the quality of the CS coating, as it is purely based on porosity and crack den­
sity [85]. Sundararajan et al. [85] was inspired from the Zimmerman analysis [86] 
of dependence of elastic modulus on the porosity, Poisson’s ratio and crack density 
and applied the same analogy to understand the EM of CS coatings where crack 
density is replaced with weak inter-splat bonding. Upon conducting heat treatment 
at different temperatures, the authors observed that elastic modulus of the coatings 
is increased and reached near their bulk counter parts. However, coatings with 
high porosity even after heat treatment have exhibited less increase in EM. So, 
it is observed that a drop in the elastic modulus of non-porous CS coating is due 
to poor inter-splat bonding. Vinay et al. [35] applied the same analogy to a multi-
particle simulation consisting of 120 particles and estimated the elastic modulus 
of the coatings through the peripheral elements whose temperatures are greater 
than the recrystallization temperature. They observed good correlation with the 
EM obtained through experiment for different materials. It has been observed that 
with full mechanical interlocking, CS coatings should be able to give 0.7 times of 
bulk EM, but values achieved below 0.7 times are attributed to the lack of bonding, 
porosity and pullouts. 

7.7.5 Fracture 

In a study conducted specifically for fracture toughness, a comparison of cold-
sprayed standalone coatings (Al, Cu, Ti, Ni) with the cold-rolled samples of the 
same material revealed that CS coating fracture toughness achieved was merely 
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6%–12% for Ti and Cu and 18%–25% for Al and Ni when compared with the cold-
rolled samples. Upon analyzing them under SEM, it was observed that fracture 
was propagated through inter-splat boundaries [87]. From the in situ tensile tests 
of CS Cu thick coatings, it was observed that fracture was occuring through the 
inter-splat boundaries which was due to the lack of bonding at interfaces. How­
ever, when the same was tested after heat treatment, crack propagation hindrance 
was observed [52, 88]. It was observed that process parameters and annealing 
temperature were the main factors affecting the crack initiation site where anneal­
ing temperatures around 430 °C limited the crack initiation in CS Cu coatings 
[88]. A fracture toughness test of these samples would give better insights in terms 
of any improvement in fracture toughness after annealing. White et al. [89] con­
ducted fracture analysis studies using different standard methods (CT and four 
point bend test) for CS Al alloy by varying the substrate roughness and found that 
fracture toughness of CT specimen showed a linear trend with substrate roughness, 
but no correlation was obtained for the four point bend test [89]. 

7.8 SUMMARY AND SCOPE 

In this chapter, the fundamentals of the cold spray process and the detailed influ­
ence of process parameters are explored. The De-Laval nozzle, considered to be 
the central component of the CS system, is discussed in depth, covering design 
aspects and their impact on inflight particle characteristics. Additionally, its effects 
on coating characteristics are further examined. The deposition characteristics of 
some of the commonly sprayed materials like Cu, Zn, Ni, Ti, and Al and their 
alloys are also discussed in detail. Post-processing, which is often considered an 
important step in cold spray to improve inter-splat dependent properties as well as 
to increase ductility, is explored in depth, along with the microstructural changes 
caused by the different post-processing techniques. 

•	 Constant research interest from researchers around the world has helped 
in evolving this technology to today’s extent, but there is a lot of room for 
understanding the process fundamentals much more effectively and modi­
fying the system to produce standalone parts much more efficiently, thus 
making it more economical. One such example of bringing new understand­
ings is the recently proposed alternate bonding mechanism hydrodynamic 
plasticity (which needs further investigation). 

•	 In the span of two decades cold spray has evolved from metal only coatings 
to composite (metal-ceramic) coatings, and now steps are being taken to 
fabricate standalone parts owing to cold spray unique solid state deposition 
mechanism. Owing to its high deposition rates, cold spray has the ability to 
produce “parts at need” where other conventional manufacturing processes 
are not possible to install or usage of conventional 3D printing process is 
a delayed affair due to low production rate. As discussed, standoff distance 
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and impact angle are some of the most important factors for achieving high 
deposition efficiency. Programming the nozzle movement to change the 
standoff distance according to the thickness of the previously deposited 
layer is an important step for achieving stable layer thickness in depositing 
standalone parts. Typically, nozzle outlet dimensions decide the resolution 
of the layer, but manipulating the nozzle angle to obtain minimum layer 
resolution is possible due to the change in deposition efficiency with nozzle 
angle. In order to achieve these, online monitoring of the deposition effi­
ciency can simulate the robot movement before coatings need to be studied 
and optimized. 

•	 There are many individual modules involved in CS, like process parameters 
which are given through a user-friendly interface system, robot movement 
given through a teaching pendant, spray watch setup/CFD simulations used 
for estimating the velocity and temperature of inflight powder, FEA-based 
impact simulations for understanding process parameter effect, preprocess­
ing like grit blasting/polishing, inter-processes like machining, online mon­
itoring of thickness deposition and post-processing techniques for property 
improvements. For performing some of these individual modules, the cold 
spray process needs to be stopped. Generating a feedback loop and inte­
grating all of these individual modules into a single interconnected module 
will help to make the CS system a more automated system with minimal 
human interaction and a highly efficient process which comes under aims 
of Industry 4.0. 

As cold spray is considered an environmentally friendly and sustainable technol­
ogy because it uses no harmful gasses and no powder is wasted, it can be seen 
as a “reliable manufacturing technology for future”. Happy sustainable spraying! 
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Chapter 8
 

Machine learning and additive 
manufacturing 
A case study for quality control 
and monitoring 

Ayush  Pratap ,  Atul   Pandey  and Neha  Sardana 

8.1  INTRODUCTION 

Additive manufacturing (AM) and machine learning (ML) are two rapidly devel­
oping technologies that have the potential to revolutionize the manufacturing 
industry. AM, also known as 3D printing, allows for creating highly complex 
geometries and personalized products at a relatively low cost. On the other hand, 
deep learning is a subfield of machine learning that involves training neural net­
works to recognize patterns in large datasets, enabling it to identify complex rela­
tionships and make predictions [1]. The combination of AM and deep learning has 
the potential to transform the way products are designed, developed, and manufac­
tured. Deep learning algorithms can be used to optimize the AM process, improve 
quality control, and reduce the time and cost involved in the product development 
process. For example, deep learning algorithms can be used to analyze data from 
sensors that monitor the printing process, enabling the identification of patterns 
that can help optimize the process parameters. 

Similarly, deep learning algorithms can be used to identify defects in AM parts, 
reducing the time and cost involved in manual inspection [2]. As the technology 
continues to develop, we will likely see more advanced deep learning algorithms 
being used to optimize further and automate the additive manufacturing process. 
The integration of these two technologies has great potential to significantly 
improve the efficiency and accuracy of the manufacturing process while also 
enabling the creation of highly complex and personalized products at a relatively 
low cost [3]. Additive manufacturing has rapidly grown in popularity over the past 
decade. As a result, there has been a significant increase in the number of indus­
tries using this technology. From aerospace to medical, additive manufacturing 
revolutionizes how products are designed and manufactured. However, the quality 
control of 3D-printed parts has been a significant concern for many manufacturers. 
That’s why machine learning and deep learning come in. Machine learning and 
deep learning are subsets of artificial intelligence that enable computers to learn 
from data and improve their performance over time. These techniques have been 
applied to quality control in additive manufacturing to improve the accuracy and 
reliability of 3D-printed parts. 
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Machine learning is a subset of artificial intelligence that uses algorithms and 
statistical models to enable computer systems to improve their performance on 
a specific task by learning from data. In other words, machine learning allows 
computers to understand and improve without being explicitly programmed. Deep 
learning is a machine learning subfield that involves using neural networks to 
learn from data [4]. Neural networks are a set of algorithms that are modeled 
after the structure and function of the human brain, and they can be used to recog­
nize patterns and make predictions based on input data [5]. Machine learning and 
deep learning are classified into several categories based on the type of learning 
involved, such as supervised learning (labeled data), unsupervised learning (unla­
beled data), and reinforcement learning (reward-based system) [6]. 

In the area of materials and manufacturing, machine learning and deep learn­
ing can be applied in various ways. For example, machine learning can be used 
to optimize the manufacturing process by predicting the optimal parameters for 
producing high-quality products. This can involve analyzing large amounts of 
data from various sensors and cameras to identify potential defects and adjust 
the printing parameters in real time, reducing the number of defective parts 
and improving overall product quality [7, 8]. Deep learning can also be used 
for predictive maintenance in manufacturing by analyzing data from sensors on 
machines to predict potential maintenance issues before they occur. This can help 
reduce the risk of unplanned downtime and improve overall efficiency. Further­
more, machine learning and deep learning can be used for materials design by 
analyzing data on the properties of different materials and using this information 
to develop new materials with specific properties. This can involve identifying 
correlations between other variables and predicting the behavior of new materials 
based on this data. 

In summary, machine learning and deep learning have significant potential for 
improving efficiency, reducing waste, and improving quality control in the area of 
materials and manufacturing. As technology evolves, we can expect to see more 
advanced machine learning and deep learning applications in this field. 

8.2 MACHINE LEARNING AND QUALITY CONTROL 

Manufacturers integrate discrete manufacturing systems, supply chain man­
agement, operation management, optimization process, business intelligence, 
procurement/order fulfillment, transportation, B2B marketing, and decision tech­
nique/modeling to implement Industry 4.0 properly. This Industry 4.0 cannot be 
fulfilled without the help of machine learning, artificial intelligence (AI), big data, 
the Internet of Things (IoT), cloud computing, robotics, and automation [9, 10]. 
When we talk about Industry 4.0, ML algorithms can analyze a large volume of 
data from different sources, such as sensors and production machines. By analyz­
ing this data, machine learning algorithms can identify patterns that are indicative 
of quality or defects, which can help manufacturers improve their quality control 
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processes [11, 12]. The basic outline of adopting the machine learning process in 
additive manufacturing is shown in Figure 8.1. The following are some examples 
of how these techniques have been used: 

a. Defect Detection 
AI-based algorithms can analyze the surface of the 3D-printed part and 

identify any defects, such as cracks, voids, and deformation. By identify­
ing these defects, manufacturers can quickly identify and address issues 
before they become more significant problems. By doing so, it is possible to 
increase the general quality of 3D-printed parts and decrease the production 
of defective parts [8]. 

b. Quality Prediction 
Machine learning algorithms can analyze data from previous 3D-printed 

parts and identify patterns indicative of quality. By using this information, 
manufacturers can predict the quality of a new 3D-printed part before it is 
produced. This can help to identify potential quality issues early on and 
ensure that the final product meets the required standards [13]. 

c. Process Optimization 
By analyzing data from previous 3D-printed parts, these algorithms 

can identify patterns that indicate optimal process parameters. By using 
this information, manufacturers can adjust their processing parameters to 
improve the quality and consistency of printed parts [12, 14]. 

Figure 8.1 Schematic to use machine learning in additive manufacturing. 
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d. Material Analysis 
These algorithms can identify patterns that indicate the quality of the 

material by analyzing data from previous batches of materials. Manufactur­
ers can use this information to select the best materials for 3D printing and 
ensure that the final product meets the required standards [15]. 

e. Predictive Maintenance 
Machine learning algorithms can be used to evaluate the data from sen­

sors and other sources to determine the patterns that are indicative of equip­
ment failure. This information can be used to schedule maintenance before 
equipment fails, reducing downtime and improving overall production effi­
ciency [16, 17]. 

8.3 ADDITIVE MANUFACTURING IN INDUSTRY 4.0 

Additive manufacturing, also known as 3D printing, is a key technology in Indus­
try 4.0, which refers to the fourth industrial revolution characterized by the inte­
gration of advanced technologies, such as the Internet of Things, big data, artificial 
intelligence, and machine learning, to transform the manufacturing industry [18]. 
Machine learning, in particular, is being used to optimize the additive manufactur­
ing process by leveraging data generated by sensors, cameras, and other sources to 
improve the quality, speed, and efficiency of 3D printing. For instance, ML algo­
rithms can be used to analyze the performance of 3D printers, predict and prevent 
defects, and optimize printing parameters such as temperature, speed, and material 
usage. Moreover, machine learning can also be applied to designing and simulat­
ing models by generating and evaluating thousands of design options based on 
specific criteria and constraints and identifying the most optimal design for a given 
application [19]. This approach, known as generative design, enables designers 
and engineers to create more complex and innovative plans that would be difficult 
or impossible to produce with traditional manufacturing methods. Based on the 
literature, the various additive manufacturing techniques on which ML has been 
used are classified in Figure 8.2. One example of an additive manufacturing pro­
cess that involves machine learning is closed-loop process control, which is used 
to optimize the 3D printing process in real time by adjusting the printing param­
eters based on sensor data and machine learning algorithms. In a closed-loop pro­
cess control system, sensors are placed on the 3D printer to measure variables such 
as temperature, humidity, and material flow rate. The sensor data is then fed into a 
machine learning algorithm, which analyzes the data and generates insights about 
the optimal printing conditions for a particular material or product. 

Based on these insights, the machine learning algorithm can adjust the printing 
parameters, such as the temperature or the speed of the printing process, in real 
time to achieve the desired output. This iterative data collection, analysis, and 
adjustment process allows for more precise and efficient additive manufacturing, 
reducing waste and improving final product quality [20]. 
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Figure 8.2	 Classification of an additive manufacturing technique. The AM technique that 
uses machine learning extensively is highlighted and discussed. 

8.4 CASE STUDIES WITH DEEP LEARNING 

8.4.1 Cold spray 

Cold spray is a solid-state material deposition process originally developed as a 
coating technology in the 1980s [21]. It is an additive manufacturing process that 
involves depositing metallic or non-metallic particles onto a substrate through a 
supersonic gas jet. The process is sometimes called “cold gas dynamic spraying” 
or “kinetic metallization.” In cold spray, a supersonic gas jet accelerates metal pow­
ders to high velocities, typically using nitrogen or helium as the carrier gas. As the 
particles impact the substrate, they undergo plastic deformation, forming a strong 
metallurgical bond with the substrate material. This results in the formation of a 
dense, strongly adherent coating or layer of material on the substrate [22]. It was 
suggested that the bonding is largely due to mechanical interlocking, where the 
substrate physically entraps the particles. At high impact velocities, the outer region 
of the particle that impacts the substrate experiences plastic deformation due to an 
increase in temperature [23]. The cold spray process is similar to other additive 
manufacturing techniques, such as powder bed fusion and material extrusion, in 
that it builds up a 3D part. However, cold spray is unique because it operates at 
relatively low temperatures, which enables it to deposit a broad range of materials 
without causing thermal damage or distortion [24]. Cold spray has numerous ben­
efits over other additive manufacturing processes, including the ability to deposit 
materials with high purity and density and the capacity to cover intricate geometries 
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Figure 8.3 Schematic diagram of cold spray coating. 

and internal surfaces. It is also a relatively fast process, with up to several kilograms 
per hour deposition rates possible. In conclusion, cold spray is a promising additive 
manufacturing technique that is suitable for different applications such as defense, 
marine, consumer goods, aerospace, and biomedical engineering [25]. The sche­
matic diagram of cold spray coating is shown in Figure 8.3. The cold spray coating 
of Ti and Al is demonstrated with the microscopic image. 

According to a recent study by Malamousi et al. [26], most spray shops and 
manufacturers of thermal spray equipment currently employ sensors for checking 
thermal spray assets at the product levels. Recently, AI-driven solutions have been 
needed to merge real-time data, revised data, physical dependency models, and 
intelligence from many platforms for the optimization of assets and other opera­
tions. Another University of Sydney researcher used machine learning to study the 
track profiles in cold spray processes. From their results, it is evident that with the 
aid of AI, cold spray track profiles can be monitored [27]. According to Wang et 
al. [28], the critical velocity is predicted using linear and nonlinear artificial neural 
networks, depending on the outcomes of feature selection. One of the researchers 
from the University of Barcelona studied the deposition efficiency of the cold spray 
coating process through machine learning [29]. A summary of various researchers 
working in cold spray optimization with machine learning is presented in Table 8.1. 

8.4.2 Powder bed fusion 

The best repeatability and dimensional accuracy in 3D printing of metals pro­
duction is now provided by the powder bed fusion (PBF) technique, which has 
attracted significant research funding from academia and industry. Generally, 
PBF operations use the following steps to fabricate a part: On a machine plate, 



 

  

   

 

  

Machine learning and additive manufacturing 217 

a coating of powder is spread; in step two, the powder is softened into a precise 
shape across the specified area; in step three, the plates descend, and a fresh layer 
is applied to the constructed plate. This procedure is continued until completion 
[42]. Figure 8.4 depicts a schematic illustration of powder bed fusion. 

Table 8.1	 Various works use different quality control algorithms in the cold spray 
process 

Quality control Algorithm Material Work 

Powder flowability 
characteristics 

Decision tree Metal powder [30] 

Porosity prediction from 
processing parameters 

Decision tree Metal/alloy powders [31] 

Optimization of coatings Semi-analytical 
experimental based 
approaches 

Simulation-based [32, 33] 

Microstructural defect 
detection 

CNN Alloys of varying 
Sn–Ag–Cu compositions 

[34, 35] 

Track profiling Self-organizing maps 
and geodesic-based 
model 

Titanium [36–38] 

Process monitoring and 
Control 

ANN coupled with 
sensors 

Al6061 [39] 

Conformance Computer vision Metal/alloys [40, 41] 

Figure 8.4 Schematic diagram of powder bed fusion. 
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Flaws in PBF can be divided into three types: powder, process, and defects 
linked to post-processing. Nevertheless, the investigation of process-related 
problems is the project’s main goal. Many researchers have examined why 
processing factors, including layer thickness, hatch spacing, scan speed, scan 
strategy, and power, affect the growth of different defects, namely voids, poros­
ity, and holes [43]. The good superimposed part between melt pools guarantees 
that all points which have melted once will be used to understand the lack of 
fusion defect [44]. On the other hand, the keyhole porosity barrier corresponds 
to pore pinch-off caused by instabilities in deep keyholes [45]. A mixture of 
fluid flow patterns determines a third boundary and melt pool capillary, known 
as balling [46]. 

Deep learning is now being used in many studies where the fingerprint (images) 
is used to segment and classify the defect associated with the PBF type of additive 
manufacturing. In recent work, Ansari et al. [47] detected small porosity, ensur­
ing the additive manufacturing of metal samples with the help of convolutional 
neural networks (CNN). Zhang and Zhao [48] offer a new process for forecasting 
visual faults, which is a key factor in deciding whether the laser-based powder 
bed fusion (LPBF) process can be manufactured. Pandiyan et al. [49] constructed 
a multi-timescale deep learning (DL) model for LPBF monitoring. The hybrid 
DL architecture was created by combining long short-term memory (LSTM) 
and convolutional neural networks to detect the flaw. Chen et al. [50] leverage 
the process images captured by PBF equipment to build a convolutional neu­
ral network–based detection technique. Powder unevenness, recoated scratches, 
and powder-spreading flaws are all used in this process. A summary of various 
researchers working in powder bed fusion optimization with machine learning is 
presented in Table 8.2. 

Table 8.2	 Various works use different quality control algorithms in the powder bed fusion 
process 

Quality control Algorithm Material Work 

Porosity classification (based Custom model Metal powder [51] 
on pores size) (CNN) 
Internal defect (even, uneven, SVM Carbon steel S30C alloy [52] 
and porous) powder 
Delamination, splatter and ok Custom model H13 steel [53] 

(CNN) with k-fold 
cross validation 

Plume, melt pool, and spatters SVM and CNN Stainless steel 316 L powder [54] 
Normal and defect Transfer learning Metal powder [55] 
Debris, recoater streaking, Transfer learning Inconel 625, stainless steel [56] 
part damage, recoater hopping, 17–4 PH, Inconel 718, 
super-elevation, incomplete stainless steel 316L,AlSi10Mg, 
spreading, and ok bronze, and Ti-6Al-4V 
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8.4.3 Material extrusion 

Material extrusion is a common additive manufacturing process that involves mate­
rial deposition through a nozzle or extrusion head to create a three-dimensional 
object. This process is also called fused filament fabrication (FFF) or fused depo­
sition modelling (FDM) [57]. Several types of defects can occur during material 
extrusion, such as layer shifting, warping, and under-extrusion. These defects can 
lead to poor part quality, reduced mechanical properties, and even failure. Tra­
ditional defect detection and correction methods are often time-consuming and 
expensive [57]. Machine learning has the potential to address these challenges by 
enabling automated defect detection and correction in real time. Using machine 
learning algorithms to analyze data from sensors and cameras during printing 
defects can be identified and corrected before they become more severe [58, 59]. 
Figure 8.5 shows the block diagram of the material extrusion process and how 
ML-based optimization and detection have been done. 

One of the most recent works validates closed-loop process parameter modifi­
cation for robot-based carbon fiber reinforced polymer (CFRP) AM and develops 
a system for real-time detection of problematic regions. The primary innovation 
is creating an accurate, real-time deep learning model for the detection of defects, 
categorization, and evaluation [60]. Another researcher proposes a site-based 
monitoring system for extrusion-based 3D printers that integrates object identifi­
cation and computer vision models to identify and repair defects in real time [61]. 

Figure 8.5 Block diagram of the material extrusion process. 
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Table 8.3 Various works using different algorithms for quality control in the material extrusion 
process 

Quality control Algorithm Material Work 

In process failure detection CNN Polylactic acid (PLA) [62, 63]
 
Dimensional accuracy NN Metal [64]
 
Void percentage analysis NN and SVR Metal [65]
 
Surface quality and Ensemble learning- Polylactic acid (PLA) [66]
 
roughness based approach
 
Bioprinting viability CNN Bio ink [67]
 
Precision manufacturing Conditional adversarial Acrylonitrile butadiene [68]
 

networks (CAN) styrene (ABS) 

A summary of various researchers working in material extrusion optimization with 
machine learning is presented in Table 8.3. 

8.4.4 Binder jetting 

Binder jetting, machine learning, and additive manufacturing are three rapidly 
evolving technologies transforming the manufacturing industry. Binder jetting is a 
process of additive manufacturing that involves jetting a liquid binder onto a pow­
der bed to create a 3D object. In contrast, machine learning is a branch of artificial 
intelligence that enables machines to learn from pre-existing data and improve 
their performance over time. Together, these technologies offer exciting new pos­
sibilities for designing, producing, and optimizing complex structures and parts 
with high precision, speed, and efficiency [69]. In this context, machine learning 
algorithms can optimize the binder jetting process and improve the final product’s 
quality, reliability, and durability. This integration of binder jetting, machine learn­
ing, and additive manufacturing is poised to revolutionize how we design and pro­
duce parts and components in various industries, from aerospace and automotive 
to healthcare and consumer goods [70]. A schematic diagram of the binder jetting 
process is shown in Figure 8.6. 

One researcher used Stylegan3, a type of generative adversarial network, to 
increase the number of training images by augmentation. Further, they have used 
YOLOv5, a CNN for detecting objects, to detect the F1 score of 88% [71]. Binder 
jet parts have a significant nonlinear deformation when they are still in the green 
state, as stated by another researcher from the University of Pittsburgh in the United 
States [72]. 

Binder jetting is a relatively new additive manufacturing process, and like any 
manufacturing process, it is prone to some defects [73, 74]. Some common faults 
associated with binder jetting include porosity, warping, surface roughness, incon­
sistency in layer bonding, and inaccuracies in dimensions. 

It is important to note that many of these defects can be minimized or elimi­
nated through proper process control, design optimization, and post-processing 
techniques. As technology advances, we can expect to see further improvements in 
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the quality and reliability of parts produced through binder jetting. A summary of 
various researchers working in binder jetting optimization with machine learning 
is presented in Table 8.4. 

Figure 8.6 Schematic diagram of binder jetting. 

Table 8.4	 Various works using different algorithms for quality control in binder jetting 
process 

Quality control Algorithm Material Work 

Condition monitoring Deep learning Sand [75] 
Defect parameter 
optimization 

Weighted k-nearest neighbors’ 
algorithm 

Co-Cr-Mo alloy [76] 

Pores evolution Principal component analysis 
(PCA) 

Copper powder [77] 

Parameters 
recommendation system 

Backward propagation 
(BP) neural network (NN) 
algorithm orthogonal 
experiment Taguchi method 

420 stainless steel [78] 

Parametric study Multivariable linear and 
Gaussian process regression 
models 

Alumina [79] 

Microstructural analysis Light GBM classifier Gas atomized 
stainless steel 

[80] 
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8.4.5 Direct energy deposition 

Direct energy deposition (DED) is an additive manufacturing technique that uses 
a focused energy source, such as a laser or electron beam, to melt and fuse materi­
als together layer by layer to create complex parts. DED is a versatile technique 
that can be used to print a wide range of materials, including metals, ceramics, 
and polymers. It is commonly used in the aerospace, marine, automotive, defense 
sector, and medical industries [81]. The block diagram of the direct energy deposi­
tion process is shown in Figure. 8.7. While DED has many advantages, such as the 
ability to produce large, complex parts quickly and efficiently, optimizing process 
parameters to achieve the desired part quality and efficiency can be challenging. 
This is where machine learning comes in. In the context of DED, machine learn­
ing can be used to optimize process parameters, such as excitation source, rate 

Figure 8.7 Block diagram of direct energy deposition. 
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of scanning, and powder flow, to improve the quality and efficacy of the printing 
process [82]. 

One of the researchers from the Vellore Institute of Technology has demon­
strated an ML-based algorithm for pores detection in microstructural pictures of 
components made of aluminum alloy using a small dataset. The machine learn­
ing models led to a mean classification accuracy of about 98% (random forest 
method) for porosity detection of pore sizes larger than 5 μm [83]. According 
to another study, anomalous powder feeding brought on by nozzle obstruction 
or adhesion regularly happens and can result in serious flaws or even cause a 
process failure. They suggested the unusual powder feeding method based on an 
AI-based algorithm. The forecast accuracy for the classification performance is 
up to 99.2%. The findings demonstrate the potential of the deep learning method 
for DED process defect identification [84]. According to a researcher from the 
Singapore Institute of Manufacturing Technology, acoustic-based monitoring 
systems provide additional advantages, including changeable sensor setup and 
less expensive hardware. The acoustic wave produced by laser-material interac­
tions during the DED process offers details of the intricate physical processes 
that occur under the surface, including pore development, crack propagation, 
solidification, and melting [85]. A summary of various researchers working in 
direct energy deposition process optimization with machine learning is pre­
sented in Table 8.5. 

The application of machine learning in DED is still in its early stages. Still, 
it has a great potential to revolutionize the way parts are printed and improve 
the quality and efficiency of the printing process. As technology advances, 
we can expect to see more sophisticated machine learning algorithms being 
developed to optimize the printing process and improve the quality of DED-
printed parts. 

Table 8.5	 Various works using different algorithms for quality control in the direct energy 
deposition process 

Quality control Algorithm Material Work 

In situ monitoring of melt 
pool temperature 
Selection of effective 
manufacturing conditions 
Microstructural analysis and 
grain size prediction 
In situ surface anomaly 
detection 
Sensitivity analysis of 
uncertainties 
In situ powder stream fault 
detection 

XGBoost & LSTM 

Random forest (RF) and 
support vector machine 
NN 

CNN 

Deep learning (DL)­
based surrogate model 
CNN 

Nickel-based 718 [86]
 
superalloy
 
Titanium alloy [87]
 

Inconel 718 [88, 89]
 

SS 316L powder [90]
 

Simulation-based [91]
 

Stainless steel 316L [92]
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8.5 FUTURE SCOPE 

8.5.1 Digital twin 

Digital twin technology is a virtual representation of a physical object or system. 
This technology allows manufacturers to create a digital model of their product 
or system, which can be used to simulate and optimize performance. Regarding 
additive manufacturing, digital twin technology can be used to simulate the 3D 
printing process and predict the final product’s performance [93]. Manufacturers 
can optimize the additive manufacturing process by creating a digital twin of a 
3D-printed part to ensure that the final product fulfills the required qualities and 
specifications. This can include adjusting the printing parameters such as tempera­
ture, speed, and material composition. The digital twin can also be used to simulate 
different scenarios and predict the final product’s performance under various con­
ditions [94]. One of the key benefits of using digital twin technology in additive 
manufacturing is the ability to reduce the number of defective parts. By simulating 
the 3D printing process and predicting the final product’s performance, manufac­
turers can identify potential issues before they occur. This can help to reduce the 
number of failed prints and minimize waste [93]. Digital twin technology can also 
be used to improve the overall efficiency of the additive manufacturing process. 
Manufacturers can identify the optimal printing parameters and production sched­
ules by simulating different scenarios to maximize production efficiency [95]. 
In addition, digital twin technology can be used to improve product design. By 
creating a digital twin of a product, designers can simulate its performance and 
adjust the strategy to enhance its functionality and reduce the likelihood of defects. 
Figure 8.8 shows the integration and future of Industry 4.0 in the digital world. 

Figure 8.8 Integration of digital with the real world in Industry 4.0. 
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8.5.2 Internet of things 

The Internet of Things refers to the interconnected network of devices that are 
embedded with sensors, software, and connectivity, allowing them to exchange 
data and communicate with each other. When it comes to additive manufactur­
ing, the IoT can play an important role in optimizing the 3D printing process and 
improving the quality of the final product [96]. By integrating IoT devices into 
the additive manufacturing process, manufacturers can monitor various aspects 
of the printing process in real time. This can include monitoring the temperature, 
humidity, and other environmental factors that can affect the quality of the final 
product. By collecting this data, manufacturers can adjust the printing parameters 
to ensure that the final product meets the required specifications [97]. The IoT 
can also be used to improve the overall efficiency of the additive manufacturing 
process. By collecting data on the performance of various machines and devices, 
manufacturers can identify potential bottlenecks in the production process and 
optimize their workflows to improve efficiency [98, 99]. In addition, the IoT can 
be used to improve the traceability of products throughout the manufacturing pro­
cess. By attaching sensors to individual parts or products, manufacturers can track 
their production progress and monitor their real-time performance. This can help 
to reduce the number of defective products and improve overall quality control. 

8.5.3 Automation 

Automation and additive manufacturing are closely linked, as automation plays a 
critical role in optimizing the 3D printing process and improving the overall effi­
ciency of the manufacturing process with the integration of Industry 4.0 [100]. One 
of the key benefits of using automation in additive manufacturing is the ability to 
reduce the amount of manual labor required. By automating certain tasks, such as 
part loading and unloading, manufacturers can improve the speed and accuracy of 
the printing process while reducing the risk of human error [101]. Automation can 
also be used to improve quality control in additive manufacturing. By using sensors 
and cameras to monitor the printing process in real time, manufacturers can identify 
potential issues before they occur and make adjustments to ensure that the final 
product meets the required quality and specifications. In addition, automation can be 
used to optimize the production schedule and reduce the time needed to manufacture 
a product. By using predictive analytics and machine learning algorithms, manufac­
turers can identify the optimal printing parameters and production schedule to maxi­
mize efficiency and reduce the time required to brings a product to market [102]. 

8.6 CONCLUSION 

In conclusion, the application of machine learning in additive manufacturing has 
shown significant potential for improving quality control and monitoring in the 3D 
printing process. Using machine learning algorithms, manufacturers can identify 



 

  
 

 
  

 
 

  

 

   
 

   

 

  
 

 
  

 

226 Modern Materials and Manufacturing Techniques 

potential defects and adjust the printing parameters in real time, reducing the num­
ber of defective parts and improving overall product quality. 

The case study highlighted the effectiveness of using machine learning for 
detecting defects in 3D-printed parts, such as cracks and voids, and adjusting the 
printing process to improve quality control. By analyzing huge amounts of data 
from various sensors and cameras, the machine learning algorithm could accu­
rately identify potential issues and recommend adjustments to the printing param­
eters to ensure that the final product met the required specifications. 

Furthermore, the study demonstrated the potential for using machine learning 
for predictive maintenance in additive manufacturing. By analyzing data from 
sensors on the 3D printing machines, the algorithm was able to predict potential 
maintenance issues before they occurred, reducing the risk of unplanned down­
time and improving overall efficiency. 

Overall, the use of machine learning in additive manufacturing has the potential 
to revolutionize the way that products are designed and manufactured. Manufac­
turers can reduce waste, improve efficiency, and produce higher-quality products 
by optimizing the printing process and improving quality control and monitoring. 
As technology continues to evolve, we can expect to see even more advanced 
machine learning applications in additive manufacturing, leading to further 
advancements in the field. 
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Chapter 9
 

An insight into applications 
of laser in modern era 

Rahul  Nair ,  Ravi  Kant and Hema Gurung 

9.1  INTRODUCTION 

A laser is a source of a very intense, monochromatic and unidirectional beam of 
light. Monochromatic means that the beam is of a single wavelength, and coher­
ence means the beam is in the same phase. The transition of electrons from higher 
to lower energy states is random in ordinary light with respect to time. This is the 
cause of getting different wavelength, frequency, energy and phase in the emitted 
photons. But due to the stimulated emission in a laser, a chain reaction is started in 
which one atom’s radiation energizes another atom in succession until all stimu­
lated atoms come to their original state. This provides a coherent monochromatic­
ity and directionality to the laser beam. Because of these properties, the laser beam 
appears intensely focused and can concentrate a large amount of energy in a small 
area. Modern-day manufacturing, especially Industry 4.0, relies heavily on laser 
and sensor technology. Implementing lasers in the manufacturing sector has laid a 
path for improved, rapid and hassle-free product manufacturing. Nowadays, pro­
ducing solar cells, batteries and fuel cells needs laser technology to execute them. 
Even microchips or semiconductors that are made today are manufactured with the 
help of optical lithography, which is a type of laser technology. 

Laser, being flexible and able to adjust to changes in a material like thickness, 
shape, orientation and reflectivity, makes it a perfect tool for Industry 4.0. Pro­
cesses like laser-based additive manufacturing are becoming crucial components 
of Industry 4.0 as they employ several sensors for continuous workflow monitor­
ing and control. This chapter focuses on the application of lasers in three major 
domains: academics, industry and the medical sector. The following sections also 
discuss the implementation of lasers in modern-day sectors. 

9.2  LASER IN SPECTROSCOPY 

The study of emission and absorption of light by matter is termed spectroscopy. 
Spectroscopy is the analysis and measuring of a specific wavelength, and it is 
generally utilized for the spectroscopic examination of materials. At a glance, the 
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working principle of spectroscopy is akin to that of a prism, which disperses light 
into the colours of the rainbow. Indeed, earlier spectroscopy was carried out using 
photographic plates and prisms [1]. Due to the high sensitivity of spectrographic 
techniques, their usage is very prominent in the detection of a single atom and its 
isotopes. Spectroscopy exploits the basic fundamentals of physics for determining 
the absorption, emission or scattering of light and its optical phase changes. In the 
mid-infrared region, atoms have a strong and narrow absorption line compared to 
their rotational and vibrational mode [2]. This property helps to determine a wide 
variety of elements with high accuracy and sensitivity. The basic application of this 
can be seen in finding tiny elements in air pollution [3]. Even the change in optical 
phase concept has been used for spectroscopy analysis. The intended interaction 
occurs at one side of the interferometer, and the phase change can be detected at the 
output of the interferometer. These phase changes resulting from absorption or dis­
persion associated with narrow spectral features are used in frequency modulation 
spectroscopy. When a matter is exposed to heating or simple exposure to sunlight, 
it has the tendency to emit or scatter light with some specific characteristic features. 
This technique of scattering of light is widely used in satellites, where a spectrom­
eter records the scattered light from the earth’s surface to differentiate between 
sea, flora, fauna and rocky surfaces. This scattering phenomenon is also utilized in 
astronomy, where optical spectra of light from galaxies and stars have been used to 
determine movements, speed, temperature and chemical compositions. 

The modern-day spectral analysis uses lasers as a tool for the illumination of 
specimens. Absorbed light will heat the atoms and excite them, resulting in the 
emission of fluorescent light. The utilization of laser beams as the light source in 
spectroscopy is termed laser spectroscopy. The divergent properties of lasers, such 
as exhibition of temporal and spatial coherence, wavelength tunability, high opti­
cal powers and the generation of ultrashort pulses, have opened many new doors 
for spectroscopy. The incorporation of lasers into spectroscopy has revitalized tra­
ditional spectroscopic analysis. This is primarily because lasers offer brightness, 
directionality and spectral purity compared to other light sources. The utilization 
of laser in traditional spectroscopy processes like Raman spectroscopy, absorp­
tion spectroscopy and fluorescence spectroscopy has helped to increase the accu­
racy and sensitivity of spectroscopy analysis. The recent developments helped in 
analyzing new techniques for the measurement of wavelength with exceptional 
precision, and these are mainly based on informetric devices. Laser spectroscopy 
has become an important technique in medicine, science and industry where high 
sensitivity and accuracy are required. 

9.2.1 Laser induced-breakdown spectroscopy 

Laser-induced-breakdown spectroscopy (LIBS), commonly termed laser-
induced plasma spectroscopy (LIPS) or laser spark spectroscopy (LSS), is a 
type of atomic emission spectroscopy. LIBS generates a plasma that is produced 
with the help of a low-level pulsed laser on the surface of the sample, which 
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vaporizes a small amount of material. This spectroscopy exploits the phenom­
enon of emission of spectra when the excited atom returns to its ground state 
for the analysis of the specimen’s elements. The generated laser focuses on the 
targeted specimen via a focusing lens, and the plasma emits a white light which 
is then collected by a second lens. The secondary lens sends the captured light 
to a spectrometer through an optical fiber to detect elements. The spectrometer 
then disseminates the emitted light from the electrons into signals that a detec­
tor will further record. These recorded signals are then digitized and displayed 
through an electronic medium [4]. The process seems simple in an overview, but 
the physical and chemical processes involved in LIBS are not that straightfor­
ward. The lifespan of the plasma beam is itself a complicated process. Inverse 
bremsstrahlung is a mechanism that predominates in the absorption of incident 
lasers, and this is accompanied by a collision between electron, ion and mol­
ecule. Inverse bremsstrahlung is a process in which electrons in the electric field 
of the atom will absorb the photon, resulting in a gain in energy of electrons 
and an increase in temperature through an ionized collision [5]. As soon as the 
plasma is generated, the continuum and ionic spectra become visible. The “white 
light”, known as a continuum, contains all the spectral information and the ions 
ejected from electrons. Assessment of LIBS uncovers quick subjective data 
about a specimen’s structure. The data provided by LIBS gives an insight into 
the chemical fingerprint of material in solid, air or liquid samples. A detailed 
working diagram of LIBS is demonstrated in Figure 9.1. The mechanism of 
excitation of a particular energy level in discrete atoms is a highly complex 
process and depends on the interaction between atoms, molecules and thermo­
dynamic equilibrium. As soon as the laser pulse is ceased, plasma decay starts at 

Figure 9.1 Detailed working diagram of LIBS. 
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a very fast rate, about one to several microseconds. This rate will depend on the 
deposition of laser energy. Most LIBS investigations use a frequency of 10 Hz 
or greater for repetitive plasmas. 

LIBS has shown its compatibility with various matter, such as solids, liquids, 
gases, aerosols and slurries, which are difficult to investigate with the convention­
ally used spectroscopy processes like inductively coupled plasma (ICP). While 
ICP is mainly confined to research centre use, LIBS is particularly valuable in field 
applications. Over the years, LIBS has garnered attention in various sectors for 
its ability to detect impurities in metals, analyze the deterioration of metals used 
in nuclear reactors and identify soil contamination. Nowadays, its usage is very 
significant in detecting elemental components of rocks and soils on Mars; it was 
also able to analyze toxic compounds like anthrax. 

Studies in diverse fields have been undertaken to improve the accuracy of the 
machine and overcome the limitations that restrict its use. Fu et al. [6] studied 
the plasma evolution of the laser on titanium alloy. Three high-speed cameras 
were used to capture plasma evolution, and it was found that the plasma and sur­
rounding gases interact drastically during the earlier stage of the development. 
Earlier stage plasma experiences morphological fluctuation with an increased time 
in delay, resulting in the transformation of stable plasma to a fluctuating plasma 
and therefore inaccurate results. Liu et al. [7] provided a review work in which 
the analysis of the plastics was presented using LIBS. The specific advantages 
such as discrimination and quantitative and qualitative analysis of plastics helped 
in the fast detection of toxic particles in food containers and toys. Yuan et al. [8] 
provided a single-sample calibration method (SSC-LIBS) based on the Lomakin-
Scherbe formula. The experimental results showed that SSC-LIBS had enhanced 
the accuracy of element determination as compared to the multi-point calibration 
LIBS. Wang et al. [9] reported the effects of preheating samples in femtosecond 
LIBS. Results indicated that the assistance of preheating improved the diagnosing 
accuracy of femtosecond LIBS. Zang et al. [10] developed a new LIBS spectrum 
data treatment method for identifying the concentration of the minor element in 
steel with the help of machine learning. This approach resulted in identifying the 
non-metal elements in the steel. 

Advantages of LIBS 

1. It is a rapid, portable and real-time analysis technique. 
2. Being a non-destructive analysis technique, a very small amount of sample 

is used for analysis. 
3. The necessity of sample preparation is almost negligible; contamination is 

much less. 
4. Sample analysis is versatile, i.e. liquid, aerosols, solids, gases, slurry. 
5. Multi-elemental analysis can be done. 
6. Analysis of hard materials which are difficult to dissolve, like semiconduc­

tors and ceramics, can be done easily. 
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Disadvantages of LIBS 

1. Generally, detection limits are not as accurate as conventional solution 
techniques. 

2. The input cost is fairly high and the system is quite complex to use. 
3. The interference effect is quite large. 
4. Damage to human vision is a big risk when working with high-intensity 

pulsed laser. 
5. Precision obtained by LIBS is low. 

9.2.2 Photoacoustic spectroscopy 

The term photoacoustic defines the generation of acoustic waves in a sample 
through the absorption of photons. Measuring the change in optical power in the 
light beam is the method for determining wavelength-dependent absorption in the 
sample. The way photoacoustic spectroscopy (PAS) works is quite simple. A high-
intensity beam collides with the targeted specimen, which excites the ground state 
electron population to the higher state. The excited electrons will return to their 
ground state in radiative and nonradiative pathways. The nonradiative part will 
eventually produce heat in the restricted district of the excitation light and create 
a pressure wave that proliferates away from the source. The cyclic excitation is 
transformed into a cyclic variation of temperature in the targeted specimen by a 
radiationless mitigation process. Properties like refractive index and pressure are 
altered during this process, which gives rise to acoustic disturbances that can be 
monitored by appropriate detectors. These detectors will then emit signals which 
can further be altered, amplified and averaged to produce significant data regard­
ing the specimen’s energy transfer, composition and other valuable information 
[11]. PAS consists of some critical components: (a) source of the emission of light, 
(b) specimen chamber, (c) detector for acoustic signals and (d) signal processing 
apparatus [12]. 

The generation of a high-intensity beam in photoacoustic spectroscopy is 
currently executed with the help of a monochromator/lamp or a laser beam. 
Laser, a monochromatic high intensity beam, has a huge advantage over the 
traditional monochromator/lamp, the use of which dominates in photoacoustic 
spectroscopy. The laser has an accurately parallel and cylindrical beam which 
is suitable for the current resonators used in the photoacoustic cell [13]. Instead 
of a continuous wave, a pulsed laser source is used because of its potential 
to generate a high-intensity beam. This high-intensity beam can be utilized in 
various ways, such as the detection of thermal diffusivity, investigation of phase 
transitions, and the non-destructive analysis of materials by thermal wave imag­
ing [14]. PAS is utilized when the surface of the solid material is not reflective 
and can provide optical information of the mass material itself. PAS can also 
study opaque materials for their optical properties. This proficient PAS method 
can be utilized to examine materials like semiconductors, metallic frameworks 
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and insulators that cannot be understood promptly by traditional reflection or 
absorption procedures. Freidlin et al. [15] demonstrated dual-comb spectros­
copy for PA measurements. This approach helped to overcome the limitation of 
a separate image at each wavelength of interest, which causes errors during the 
sample change between the image acquired at different wavelengths. Krivoshein 
et al. [16] showed an FTIR-PAS-based approach for identifying and assessing 
soil components. The new approach showed higher sensitivity in the mid-wave 
range of the mid-IR range as compared to the traditional one. Lv et al. [17] 
proposed a radial cavity quartz-enhanced technique for photoacoustic spectros­
copy. The experiment results showed that the new optimized radial cavity helped 
improve photoacoustic spectroscopy’s detection sensitivity by greater than one 
order of magnitude. 

Advantages of PAS 

1. Pulsed laser beams can detect even a minute portion of the targeted gas, on 
the order of parts per trillion. 

2. Compared to the photothermal process, the photoacoustic signal has the 
ability to measure the absorption spectrum, which is very useful for trans­
parent samples in which the absorption of light is significantly less. 

3. Absorption spectrum can be calculated by dividing signal spectrum by light 
intensity spectrum; this plays a significant role in the detection of a micro­
scopic particle of any targeted specimens. 

Figure 9.2 Working diagram of Raman spectroscopy. 
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Disadvantages of PAS 

1. Limited tuning range of the laser source. 
2. The initial setup and equipment cost is quite high. 
3. The bandwidth of the laser is not very broad; the targeted molecule must 

absorb some light from the source for the analysis. 

9.2.3 Raman spectroscopy 

Raman spectroscopy is a non-destructive characterization technique that utilizes 
the inelastic scattering phenomenon to identify the vibrational fingerprint of the 
sample through which physical properties, molecular interaction, phase, chemical 
structure and crystallinity can be determined. A wide range of materials can be 
examined through this process, varying from physical state samples like vapours, 
liquids and solids to surface layer or microscale samples. In this, the sample will 
interact with a monochromatic laser source, and the interaction of the photons 
with the molecules of the sample leads to the rise of scattered light. During the 
interaction, if the frequency of the scattered light is different from that of incident 
light, then it will give rise to the Raman spectrum. Most scattered light will have 
the same frequency as monochromatic light, which does not provide any useful 
information, and this is termed as Rayleigh scattering [18]. Only a small amount of 
scattered light will differ (roughly around 0.0000001%) from the source’s original 
frequency, which will make up Raman scatter. When the frequency of scattered 
light is lower than that of incident radiation, a Stokes line will appear, indicating 
that the electrons have absorbed energy. But if the frequency is higher than that 
of incident light, then the anti-Stokes line will appear in the Raman spectrum, 
indicating that the electron has released energy [19]. In conventional Raman spec­
troscopy, Stokes bands are measured. This is because the Stokes bands involve 
the transition of electrons from low to high energy levels, resulting in a stronger 
band than the anti-Stokes band. Usually, anti-Stokes bands are measured for the 
fluorescent sample, where the Stokes band experiences disturbance due to fluores­
cence [20]. A Raman spectrometer includes three essential components: detector, 
excitation source and sampling apparatus. A typical working diagram of Raman 
spectroscopy is shown in Figure 9.2. 

The identification of appropriate laser wavelength is a critical task depending on 
the usage. Three categories of laser sources are available for Raman spectroscopy. 

1. Diode-pumped single-longitudinal mode laser: The wavelength range in 
these lasers varies from 300 nm to 1064 nm. The single-longitudinal-mode 
(SLM) laser contains narrow linewidths and low noise, making it ideal for 
usage in Raman spectroscopy. The spectral purity provided by these lasers 
is very high, normally greater than 60 dB side-mode suppression ratio. 

2. Single-mode diode laser: The power output from the single-mode laser 
is less than that of the multimode diode laser, but it provides high power 



 

   
 

 
 
 
 
 

  

 

 
 

 
 

 
 
 

  
 
 

 
 

 

 
 
 

   

242 Modern Materials and Manufacturing Techniques 

intensity because of the narrow active area, making it very suitable for high-
speed applications like Raman spectroscopy. Generally, the wavelength of 
these lasers ranges from 785 nm to 1064 nm. The single-mode suppression 
ratio is limited by the sideband emission to nearly 50 dB, generally obtained 
some picometers away from the main peak. 

3.	 Volume Bragg-grating (VBG) frequency-stabilized diode lasers: A VBG 
is a grating element in which the reflective index receives a periodic 
modulation throughout the photosensitive material. It permits the mul­
tiple multimode laser diodes to lock simultaneously, making it useful at 
any wavelength or power level. This element helps the laser to achieve 
narrow-linewidth emission at a wavelength that is generally not possible 
at distributed Bragg reflection or distributed feedback. Compared to the 
other diode lasers, the side-mode suppression ratio is limited to about 
40–50 dB to the main peak, but with the help of VBG it can be improved 
to 60–70 dB. 

Due to its predominant advantages over the other spectroscopy processes, Raman 
spectroscopy is widely used for various characterization techniques. Technologi­
cal advancement is also helping Raman spectroscopy to overcome its limitations 
and widen its field area. Berghian-Grosan and Magdas [21] developed a new 
method by combining Raman spectroscopy and machine learning for the authen­
tication of edible oils. The proposed approach detected the adulteration as well 
as the magnitude of it in the oils. Lu et al. [22] proposed a method that incorpo­
rates artificial intelligence into Raman spectroscopy to analyze the microbes at a 
single cell level. The combination of convolution neural network (ConvNet) and 
Raman spectroscopy helped to categorize the cells according to their spectral 
features. Lu et al. [23] developed a novel method by combining serum Raman 
spectroscopy and multiscale convolution independent circulation neural network 
along with multiscale fusion convolution independent circulation neural network 
for the diagnosis of hepatitis B virus (HBV). The experimental results demon­
strated that the prediction sensitivity, specificity and accuracy were increased by 
incorporating the developed method, resulting in effective diagnosis of healthy 
and HBV patients. 

Advantages of Raman spectroscopy 

1. The major advantage of Raman spectroscopy is that no specific type of sam­
ple preparation is needed. 

2. It is non-destructive testing, and it cannot be interfered with by water. 
3. Raman spectra can be quickly acquired in a matter of seconds. 
4. A wide variety of organic and inorganic samples can be detected by Raman 

analysis, and samples can be analyzed even through glass or polymer 
packing. 

5. A large region (50 cm−1 to 400 cm−1) can be covered in a single recording. 
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Disadvantages of Raman spectroscopy 

1. It cannot be used for metal or alloys. 
2. The intense heat produced by the laser could destroy the sample or cover the 

Raman spectrum. 
3. As the Raman effect is very weak, a sophisticated instrument is required. 

9.3 LASER SENSORS 

A laser sensor records the measurement value with the help of laser technology. It 
converts the physically measured value to an analogue electrical signal. The dif­
ference in material properties and variation in environmental conditions make it 
difficult for certain technology to work. Certain equipment encounters challenges 
when it comes to accurately analyzing moving particles in a dusty environment, 
while others struggle with precisely measuring the liquid levels. The laser provides 
a contactless measurement, which finds its way into various modern applications 
[24]. Most of the laser sensors are based on the triangulation principle; the term 
triangulation is defined as the calculation of distance measurement with the help 
of angular estimation [25]. A laser spot is projected from the sensor to the targeted 
object, and when this reflected light falls on the receiving element at an angle 
(depending on the distance between the sensor and targeted object), the sensor cal­
culates the distance at which the measured object is placed. These sensors can be 
joined with either point or line lasers. A point laser produces a focused small circle 
of light on the surface of the specimen, which is intended to transfer the point from 
one surface to another. In contrast, a line laser produces vertical and horizontal 
lines with the help of LED diodes. The sensors integrated with line lasers are com­
monly used for indoor applications and have the plumb down and up potential. 
The modern-day models use a pulsing light technology that operates with a light 
detector, which aids to expand their application in outdoor environments. 

According to the laser sensor type, there are four types available: complemen­
tary metal-oxide semiconductors (CMOS), photoelectric sensors, charge-coupled 
devices (CCD) and position-sensitive detectors (PSD). The laser sensors used in 
industries help to determine or analyze the dimensions of various materials travel-
ling at high speed or to monitor the distances of the material irrespective of the 
range of colours and the ambient background light. Some common laser sensors 
used in industries include laser displacement, time of flight, laser photoelectric 
and laser grid sensors. A detailed explanation of the aforementioned sensors is 
provided in the following sections. 

9.3.1 Laser displacement sensor 

The laser displacement sensor (LDS) calculates the distance between the sensor 
and the targeted object by using different elements and then converting it into 
a mathematical value of distance. Some of the most common sensor types are 
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ultrasonic displacement, optical displacement and linear proximity. The lens col­
lects the laser beams and makes them parallel, which is then emitted to the targeted 
specimen. The receiver detects the reflected light from the targeted object, which 
is then detected by the image sensor through the lens. The distance D can be cal­
culated by the following formula: 

L S´ D = 
I 

where D is the distance between the laser and the targeted object. The distance 
between the lenses is denoted by L, and S is the distance between lens and the 
image sensor. The term I is the current from the image sensor. A detailed diagram 
is depicted in Figure 9.3. The head of the sensor is mounted in such a way that 
the angle of the emitted light and the angle of the received light are the same [26]. 

Figure 9.3 Schematic of laser displacement sensing. 
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Laser displacement sensing is applied extensively in modern industries. Laser 
distance sensors are commonly used in the automobile industry to detect the com­
plex geometrical shapes of a single component. Contacting sensors could not 
accurately detect these complex shapes, whereas non-contacting sensors like laser 
sensors provide high accuracy. A laser displacement transducer is a commonly 
used tool in automobile industries to control the dimensions of the headlight com­
ponent. It helps to eliminate the inconsistencies in the earlier stage so that a smooth 
production could be acquired and delays could be avoided in the production line. 
Displacement sensors like laser displacement-level measurement sensors are use­
ful in the chemical, food and plastics industries. 

Smith and Zheng [27] developed a multi-laser displacement sensor for the digi­
tizing of unknown sculpture surfaces. This newly developed technique was used to 
measure the curvatures, tangents and changes in surface displacement. The results 
showed that it was very useful in detecting the arc length of the sample, with 
minimal error. Sun and Li [28] demonstrated a novel error-compensation model 
which can reduce the error in the incident angle of the laser displacement sensor. 
The designed model helped to increase the efficiency of the surface detection of an 
aero-engine blade. Giri and Kharkovsky [29] reported a measurement technique 
with the help of the laser displacement sensor to detect the crack propagation that 
occurred in the concrete specimens. Sandak and Tanaka [30] compared the rough­
ness of a wood specimen obtained from the laser displacement sensor with the 
contact type stylus. The experimental results showed that the profile obtained by 
the LDS is much more accurate than that of the contact type stylus. 

9.3.2 Time-of-flight sensor 

Time-of-flight (ToF) sensors are used to measure the distance travelled between 
two points by the photons in terms of time. Time-of-flight sensors use various 
types of carriers; light and sound are the most commonly used carriers. Light-
based ToF sensors are better than ultrasound-based sensors. They provide faster 
readings, greater accuracy and extended range with low power consumption, com­
pact size and less weight. Infrared light proves to be much more beneficial than 
other light mediums because of its ability to distinguish from the ambient light 
and maintain fewer signal disturbances. These abilities make them cost-effective 
sensors considering their size and weight. The working diagram of a ToF sensor 
is shown in Figure 9.4. 

A tiny laser is fitted inside the ToF sensors, emitting IR light at the targeted 
specimen. The light is then reflected from the targeted objects and returned to the 
ToF sensor [31]. There are two ways in which the ToF determines the distance and 
the depth – by time pulses and phase shift of an amplitude-modulated wave. The 
timed pulse illuminates the specimen with a laser and then measures the reflected 
light with a scanner. The speed of light is used to calculate the distance of the 
object accurately. A digital 3D representation is created with the help of the time 
taken by the laser to return and its wavelength. This technology is now widely used 
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Figure 9.4 Working diagram of time-of-flight sensor. 

in phone cameras [32]. The distance (D) between the sensor and the specimen can 
be calculated by the given formula: 

S T´ D = 
2 

where S is the speed of the light and T is the time of flight. A timer is activated 
when the laser beam exits the sensor. It records the time the laser beam returns to 
the receiver sensor after the interaction with the object. As the speed of light is 
constant, subtracting these two times will help to calculate the time of flight. 

Modern-day technology uses a continuous wave in ToF to determine the phase 
shift in the reflected light to identify the distance travelled and the depth. The 
amplitude modulation will create a sinusoidal form of the light source. The fre­
quency will be pre-known, allowing the detector to analyze the phase shift of 
the reflected light. Kumar et al. [33] proposed a ToF sensor ring device for colli­
sion avoidance in the industrial robotic workspace. The simulation results showed 
that the ToF sensor ring device was better than conventionally available collision 
avoidance setups in terms of productivity, performance and safety. Langmann 
et al. [34] experimentally compared the depth measurements of several commer­
cially available setups with the ToF sensor. Experimental results indicated that the 
ToF sensor more accurately predicted the depth than did the commercial sensors. 
Moreover, a monocular and fully registered 2D/3D camera was also proposed to 
benefit machine vision applications. Tsuji and Kohama [35] suggested a proximity 
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skin sensor that uses a ToF sensor, which can be connected to the surface of human 
cooperative robots for safety. The proposed prototype was installed at the head of 
the robot arm and can identify the position and distance of an object without mak­
ing any physical contact. 

9.3.3 Photoelectric sensor 

Photoelectric sensors are one of the most commonly found sensors in our everyday 
life. They are helpful in controlling elevators, managing the opening and closing 
of grocery store gates, opening sink faucets with a wave of a hand and much more. 
A photoelectric sensor identifies the change in light intensity to detect the differ­
ence in surface conditions and objects through the optical property. The emitted 
light and the target detection method depend on the sensor type that has been 
used. These sensors consist of an amplifier, a receiver, a light source and a signal 
converter. The emitted light is either interrupted or reflected by the target object, 
thereby altering the intensity of the light that reaches the receiver. The receiver 
identifies this change and converts it into an electrical output [36]. These sensors 
have more advantages than previously available sensors had. The sensing range 
of these photoelectric sensors can surpass the ultrasonic, inductive, magnetic and 
capacitive technologies. Their small size ratio to sensing range makes them an 
ideal sensor for almost any application. 

Photoelectric sensors provide three types of target detection: retro-reflective, 
diffused and thru-beam. The diffused mode sensing, also known as proximity 
mode, contains the transmitter and receiver in the same housing. The transmitter 
emits the laser beam, which strikes the specimen; after striking, the beam will be 
reflected at different angles. At the same time, a portion of the reflected beam is 
captured at the receiver end, which helps to detect the specimen. Since a signifi­
cant amount energy is lost due to the specimen’s ability to reflect light, the use 
of diffused mode in shorter ranges is limited. The major advantage of using such 
a type of mode is that it limits the requirement of any secondary device like a 
separate receiver or a reflector. The retro-reflective mode of photoelectric sens­
ing is typically used for longer sensing ranges due to the increased efficiency of 
the reflector. These types of sensors may or may not contain polarization filters. 
A polarization filter will permit only a certain phase angle of light to the receiver. 
This helps the sensor in detecting shiny objects as the targeted specimen. The 
thru-beam mode, also known as the opposed mode, is the final type of detection of 
the photoelectric sensor in this list. Thru-beam uses two housings separately, one 
for the receiver and the other for a transmitter. The light emitted from the transis­
tor will be aimed at the receiver end and when a target interrupts this beam, the 
receiver’s output is activated. Thru-beam mode is the most efficient compared to 
the other two modes and provides the longest sensing range for the photoelectric 
sensors. The commonly available mode includes receiver housing and transmit­
ter housing. The laser beam will be placed between these two housings. Another 
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widely used type is a slot and fork type sensor that contains both receiver and 
transmitter in one housing, therefore no alignment is required. 

Zhang and Zhang [37] proposed a design method for a laser-based photoelectric 
detection sensor that showed better detection stability and higher detection ability 
than the conventionally used photoelectric detectors. Xin et al. [38] demonstrated 
an intelligent transplanting system for the potter pepper seedling. This system 
contained a laser-based photoelectric sensor for the detection of the seedlings. Lv 
and Luo [39] showed an intelligent vehicle system design which was based on the 
infrared photoelectric sensor. The data showed that the proposed vehicle could 
move at high speed and stability on a straight road. 

9.3.4 Laser light grid sensor 

A laser light sensor uses an emitter that sends parallel beams from a laser light bar­
rier, and then these beams will radiate on a line sensor at the receiver’s end. When 
the object comes in contact with these beams, it will obstruct the laser light bar­
rier, due to which the laser beam from the emitter will not reach the receiver. This 
obstructed portion of beam is then used to measure the desired details about the 
specimen. These laser curtains help the obstructing specimen to create a shadow 
on the receiver side. Both receiver and transmitter can be used in a complete form 
like a U-shape mounting or may be used as separate components [40]. A line sen­
sor inside the laser grid contains hundreds of light-sensitive cells known as pixels. 
A high-intensity signal is generated when the laser light falls on the pixels. There 
is also a chance that a pixel is partially exposed; in these cases, a half intensity 
signal will be emitted. A sensor processes this signal and then converts it into a 
video signal used to set a threshold value. Whenever this video signal intersects the 
threshold value, it demonstrates an edge of the specimen in the laser curtain. One 
edge will help to identify the position and two edges help to measure the diameter; 
with three or four edges, we can identify the distance between two objects. The 
schematic of a laser grid sensor is presented in Figure 9.5. 

Figure 9.5 Schematic of laser grid sensor. 
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Laser light grid sensors are very useful for measuring distances or positions 
between objects. This sensor can commonly be seen in the automotive indus­
try to detect the diameter of the moulds used to produce turbo. The turbo will 
pass between the receiver and transmitter to control the diameter. The interrup­
tion caused by this between the laser curtains aids the sensor in determining the 
diameter, helping to maintain the quality of the product. Jia et al. [41] proposed 
a 3D reconstruction method using fusion analysis of an image taken from an 
object using orthogonal structure grid laser illumination. The grid laser system 
enables the full view of the specimen in a single shot. This newly developed 
model was executed on industrial welds, and it was found that an error less than 
± 0.09 was yielded for the weld areas. Zang et al. [42] provided a vision sensing 
method for multi-layer and multi-pass welding using a laser light grid sensor. 
An algorithm based on grid intersection extraction was designed to determine 
the earlier weld beads to foresee the next weld path position of the coming layer. 
The experimental results demonstrated that this method effectively measured a 
multi-layer multi-scan weld seam. Ma et al. [43] proposed a novel method to 
determine the obstacles and the parking spaces by utilizing laser device reorgani­
zation and visual sensor technology. The laser transmitter produced a laser grid, 
which changes accordingly to the conditions encountered on the ground. A cam­
era detects this structure and uses it as the area of interest for image processing. 
The results showed that the proposed method was able to identify the size of the 
obstacles and parking spaces even in the surroundings where the obstacle and 
background had the same colour. 

9.4 LASERS IN THE BIOMEDICAL SECTOR 

Laser technology is being rapidly adopted in modern industries. The ability 
of lasers to work in a controlled atmosphere and with a wide variety of mate­
rials makes them useful for automobile, clothing, aerospace and biomedical 
industries. Their distinct characteristics like excellent hemostatic effect, low 
postoperative complications and less pain during the procedure make them an 
essential tool in the care and intervention sector. The ability of lasers to concen­
trate energy in a tiny area makes them an optimized tool for cutting through tis­
sues and for precise surgeries. Laser-based diagnostic devices are also quickly 
making their way into biomedical imaging and research. Medical procedures 
like dentistry, corneal decrement, wound healing, cosmetic surgeries and nerve 
stimulation are using lasers for precise and painless procedures [44]. Nowa­
days, diode lasers have been combined with nanoparticles for use in drug deliv­
ery, cancer therapy, diagnostics of cancer cells and biosensing. Lasers in the 
visible region (430–630 nm), that have absorption in colour-dyes and blood, are 
currently being used in tattoo removal, phototherapy of oral cancer and retina 
decrement. The IR region lasers that have a wavelength of 750–1200 nm can 
penetrate tissue deeper than the visible laser, making them ideal candidates for 
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Figure 9.6 Penetration depth of different wavelength lasers in skin. 

nano-gold mediated cancer therapy and hair removal [45]. On the other hand, 
mid-IR lasers with wavelengths of 1.9–3 μm and 9.3–10.6 μm with powerful 
absorption in tissue and water make them useful for soft and hard ablation type 
procedures. 

The interaction between the laser and tissue involves the transfer of photon 
energy to the tissues through the process of absorption. The heating of the tissues 
by the medium of the laser energy should be between 50 °C and 100 °C; other­
wise, there will be a disordering of bio-molecules and proteins, which is called 
photocoagulation. In the region where the laser has operated, a colour change in 
tissue happens with a loss in the mechanical integrity of that area. This leads to 
the dying of the tissue in the photocoagulation area, which can be removed or 
pulled off later. Laser-assisted photocoagulation helps to treat tumours and reti­
nal disorders [46]. There are techniques in which high power density lasers are 
used, in which the laser heats the tissue above 100 °C, leading to the boiling and 
evaporation of the water inside it. The change of the tissue into a gaseous state 
during boiling is called photo-vaporization. This process completely removes 
the tissue from the surface, which is a suitable option for bloodless incision, skin 
rejuvenation or resurfacing. Many high-power lasers such as excimer are in the 
ultraviolet range and can split the chemical bonds without locally heating the tis­
sues. This type of interaction gives rise to photochemical ablation. This process 
results in a clean incision with a minimal heat-affected zone near the incision 
wall. The interaction of different wavelength-based lasers with skin levels is 
shown in Figure 9.6. 
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9.4.1 Laser in dermatology 

Leon Goldman, known as the “father of laser in medicine”, introduced the use of 
laser technology in dermatology in 1963, laying the foundation for unimaginable 
technological development and innovative clinical potential. Goldman reported 
the effect of using Maiman’s laser for selective destruction of cutaneous pig­
ment structures such as black hairs [47]. He also explained the usage of the 
ruby laser and Q switched-based devices for pigment lesions and tattoo removal. 
Mester et al. [48] identified the beneficial aspects of low-energy laser on the hair 
growth of rats in 1966 and further decided to use the same process to heal pres­
sure ulcers. Finlay et al. [49] used a laser to activate photosensitive substances, 
resulting in blinding and destroying selective cancer cells. This process is further 
termed photodynamic therapy. The 1980s and 1990s showed a rapid increase in 
the use of lasers in dermatology such as laser rejuvenation, laser resurfacing and 
laser hair removal. The effect of the laser beam on the skin tissue is presented 
in Figure 9.7. 

The laser-tissue interaction is divided into three categories: photodisruption, 
photothermal and photochemical. Among these, the common type of interaction is 
photothermal. In this, the tissue absorbs the light which increases the temperature 
of the region. Depending on the heat generated, different stages of tissue damage 
occur. Hyperthermia occurs when the laser heat denatures the cellular proteins, 

Figure 9.7 Various effects of laser beam interaction with skin tissues. 
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Table 9.1 Effect of laser-tissue interaction at 
different temperatures 

Temperature (°C) Thermal effect 

37 
> 42 Hyperthermia 
> 60 Coagulation 
100 Vaporization 
> 100 Carbonization 
> 300 Melting 

which may result in permanent tissue damage. Adding additional heat will result 
in tissue vaporization, and most surgeons aim to acquire this process. Diffusion 
allows the cells to absorb energy from the vaporized tissue during the interaction 
of laser and tissue. Further heating will lead to the carbonization of the tissue 
which changes the optical properties of the laser-interacted tissue, resulting in 
an increase in reflectivity, energy absorption and scattering of light. During this 
phase, the surgeon is doing detrimental tissue damage, and at this point the surgeon 
should avoid further lasing. Further laser interaction will result in incandescence 
in which the temperature of the tissue will rise to 350 °C and a visualization of 
a spark may occur [50]. As the laser-tissue interaction area rises to this tempera­
ture, the chances of thermal injury increase, resulting in worse cracking of wound, 
infection and delay in wound healing. Table 9.1 demonstrates the effect of laser-
tissue interaction at different temperatures. 

Surgical lasers are the most commonly used lasers among doctors, especially 
the CO2 (carbon dioxide) laser. The use of these lasers is common, mainly due to 
their wavelength (1060 nm), making them beneficial for skin and mucosal dis­
eases. Modern dermatology uses a wide range of laser equipment that can treat 
cutaneous diseases with safety and efficiency compared to the time of Goldman. 
Fernández et al. [51] used a combination of laser (405 nm and 639 nm) and ozone 
(40 ppm or 60 ppm) based treatment for rapid therapy for onychomycosis vitro. 
This combination of laser and ozone showed a synergistic effect as compared to 
the ozone-only treatment, and experiments showed that it was effective for seven 
out of eight studied fungal pathogens. Kislevitz et al. [52] conducted experiments 
for skin rejuvenation on 12 patients who received single 1470/2940 nm laser treat­
ment. The study reported that the facial skin treatment with this laser treatment 
improved the skin by increasing vascular activity over three weeks. Silvestri et al. 
[53] used a Q-switched laser based on a picosecond pulse to treat hypomelanosis. 
The experimental investigation reported that the superficial melanosis and lighter 
phototypes responded better to the laser treatment. Wollina and Goldman [54] 
showed the usage of dual lasers in dermatology. The investigation used two diode 
lasers with wavelengths of 980 nm and 1470 nm for skin vascular lesions; this 
resulted in better treatment results and higher patient satisfaction. 
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9.4.2 Laser in ophthalmology 

The development of a functioning ruby laser in 1960 with a wavelength of 694 
nm has helped the field of ophthalmic lasers to evolve rapidly. The research in 
retinal light photocoagulation was started in 1940 by Meyer-Schwickerath with 
the solar coagulation technique, and soon he developed xenon arc photocoagula­
tion in 1950. Even though the selectivity and precision were good, the method 
had many limitations. Retinal light photocoagulation was widely recognized but 
not incorporated into clinical practice because of the difficulty of the technique. 
Soon after this invention, it was clear that lasers would be better for creating light 
than xenon-based flash lamps. Rapid research was started on the use of lasers in 
the ophthalmology field, and many positive outcomes have been observed over 
the years. 

Normally, retinal photocoagulation involves the use of a laser pulse with a vary­
ing duration between 10 and 200 ms. The most common laser used in photocoagu­
lation is yellow semiconductor laser (577 nm) and Nd:YAG (532 nm). Laser beam 
interaction with the cornea helps to reshape its focus and generate a channel inside 
the eye to release the intraocular pressure of glaucoma [55]. Haemoglobin, retinal 
pigment epithelium (RPE) and choroid are the primary elements that absorb the 
laser energy. In the RPE, heat is absorbed by the irradiation of a laser, resulting in 
the diffusion of choroid into the retina and causing coagulation of photoreceptors 
and inner retina. Applying a 100 ms pulse laser causes the heat to diffuse up to 
200 mm, thus smoothening the edge and expanding the coagulated zone above the 
laser spot, known as “thermal blooming”. Utilizing a shorter pulse for heat diffu­
sion and lesser spot can avoid or minimize retinal damage [56]. The acute retinal 
lesion diameter increases logarithmically with the increase in pulse duration and 
increases linearly with the increase in laser power. 

In contrast, threshold power needs to be increased with a decrease in the pulse 
duration to create a retinal lesion. A duration of 2 ms or less is not feasible to create 
a visible lesion of moderate grade without damaging the retina; therefore, a pulse 
duration in this range should be avoided to generate visible lesions. The prolifera­
tion and RPE migration help reinstate the continuity of retinal pigment epithelium 
monolayer within one week compared to the damage caused by full thickness with 
100 ms laser pulses. Initially, the damaged zone was filled up with glia (a con­
necting tissue of the nervous system) in the photoreceptor layer. After some time, 
photoreceptors move to the damaged zone from the adjacent retina, decreasing the 
size of the damaged zone. Small lesions with no damage in the retinal area can be 
refilled by photoreceptors and help to rewire the bipolar cells with time. This will 
help to restore the retinal structure and avoid the neuronal loss which is accompa­
nied by long-duration retinal burns. 

In modern-day eye treatments, lasers are increasingly being used due to their 
precision and ability to perform the required treatment quickly. Modern surgeries 
such as laser-assisted in situ keratomileusis are very beneficial for patients who 
require a correction in their vision. The vision is corrected either immediately or 
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the day after surgery with almost no pain. The major benefit of using this type 
of surgery is that no badges or stitches are required and as the patient ages, more 
adjustments could be made to correct the vision. During the past decade, a rapid 
increase in research has been observed on the utilization of lasers in ophthal­
mology. De Cillà et al. [57] demonstrated a proper mechanism of subthreshold 
micro-pulse laser (SMPL) and used this mechanism for the retina, restoring the 
oxidant/antioxidant balance and counteracting the programmed form of cell in 
the eyes of mice. Subramaniam et al. [58] reported that micro-pulse transscleral 
cyclophotocoagulation was a better alternative to the traditional glaucoma filtra­
tion surgery for intraocular pressure reduction in keratoplasty eyes. A series of 
experiments were conducted on patients. The results showed that the patients who 
received subthreshold micro-pulse laser surgery showed better results than those 
who received glaucoma filtration surgery. 

9.4.3 Laser in dentistry 

Theodore Maiman was the first to introduce lasers in dentistry in 1960, and since 
then, there has been extensive research in the field of dental practice. There are 
two types of lasers, based on the source: hard lasers and soft lasers. In hard lasers, 
Er:YAG, CO2 and Nd: YAG are commonly used as a source for the generation 
of the laser beam. Semiconductor-based diode devices are used for soft tissue 
treatments because they are cheap and compact. This makes them widely used in 
low-level laser therapies and biostimulation applications. The laser being efficient, 
specific, low cost and comfortable to use makes it superior to the traditional tech­
niques used in dental practices. 

An argon laser with a wavelength of 488 nm and 514 nm is common in den­
tistry because it is poorly absorbed by the dentin and enamel [59]. Due to this poor 
absorption during sculpting and cutting, there will be minimal interaction between 
the laser and the hard tissue, resulting in minimal damage to the tooth surface. 
During the interaction between the argon laser and the decayed tooth, the decayed 
area changes its colour to dark orange-red, which helps to discriminate it from the 
healthy surrounding area. Er: YAG laser proved efficient and safe to execute the 
treatment without patient discomfort and tooth structure damage. Laser irradiation 
over the tissue enables the operator (clinician) to collect a signal from bacteria 
present in the infected dentin. The control over the pulse laser helps to obtain an 
automated-based decay removal. The diode and Nd:YAG are suitable for soft tissue 
operations. Photodynamic therapy, which is a photochemical reaction based on the 
laser, is suitable for treating the malignancies of the oral mucosa. Photodynamic 
therapy helps to kill the tumour cells and encourages the generation of anti-tumour 
immunity by activating T lymphocytes and macrophages. Photodynamic therapy 
is useful in carcinoma in situ and squamous cell carcinoma treatments in dentistry. 

Recently, the use of lasers in dentistry has increased drastically, mainly because 
of the easy-to-control parameters and patient-specific treatments. Researchers are 
continuing to make laser-assisted dentistry treatments more feasible for a wide 
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range of problems in the oral areas. Garrocho-Rangel et al. [60] conducted a 
literature survey for better treatment of ankyloglossia. The survey reported that 
laser-based surgery treatments for lingual frenectomy showed much efficiency 
and comfortability with the pediatric dentist and child as compared to the conven­
tional blade-based methods. Dobrzański and Dobrzański [61] conducted a review 
of the current trends and technical advancements in dental prosthetics. The authors 
reported a digital approach in clinical procedures and technological development 
in implant preparation with the help of additive manufacturing, computer-aided 
design, selective laser sintering and other manufacturing procedures. 

9.5 LASERS IN THE MANUFACTURING AND 
DEFENCE SECTOR 

Over the years, humans have witnessed the role of technology in the evolution of 
the manufacturing industry. We have seen rapid growth in this industry from the 
Stone Age to the Electric Age. The Electric Age marked the latest stage of matu­
rity, and now it’s the Optical Age that is poised to bloom. The last few decades 
have shown that optical technology has become a vital tool in manufacturing. 
Laser, being the frontline in this optics technology, showed that due to its con­
centrated heat source, it could join, form and build various products irrespective 
of the material type used. Industries are adopting laser technology to perform 
various tasks such as the modification of surface roughness, cutting metals, mea­
suring part dimensions and welding metals with polymers [62]. They have been 
prevalent in metals and EV industries for over two decades. Laser machining can 
design exquisite features in a product that would be impossible or difficult to 
produce using conventional equipment. The laser cutting machine is becoming 
a go-to cutting tool for the metal and plastic industrial sectors as it produces a 
clean cut without producing any burs, therefore eliminating the need for addi­
tional finishing steps. Lasers are one of the key technologies of Industry 4.0, and 
research is ongoing to use them more efficiently in manufacturing processes [63]. 
In 2018, the National Institute of Standards and Technology constructed a laser in 
which the pulse lasted a quadrillionth of a second, which is 100 times faster than 
traditional ultrafast lasers. A group of scientists in Germany are working on the 
integration of tiny lasers with silicon chips to improve processing speed. Artificial 
intelligence (AI) is also being used to develop smart lasers that can understand 
the material and calculate the processing time accordingly. Strumpf, a German 
manufacturer, is working on the development of a laser that utilizes AI technol­
ogy to understand the best welding points for manufacturing copper coils for the 
automobile industry. In the current manufacturing sector, many companies are 
accepting additive manufacturing, AI technology, Industry 4.0 and sensor technol­
ogy, and laser technologies will be playing an ever-expanding part in the modern 
era of manufacturing. The utilization of lasers in modern industries is discussed 
in the following sections. 
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9.5.1 Laser in welding 

In the welding industry, lasers provide deep and narrow weld lengths at high speed, 
making them an optimal tool for high-volume productions. In sectors such as auto­
motive, aeronautics and marine where rapid production rates are required, lasers 
are being integrated with robotic systems for smoother and higher-quality produc­
tions [64]. A laser generates two types of beams depending on the application – 
continuous and pulsed beams. In laser welding, a high-power intensity beam is 
generated, providing a small heat-affected area with high heating and cooling rates. 
Generally, the penetration depth is directly dependent on the power supplied by the 
generator, but there are instances where it depends on the location of focal length; 
that is, more penetration will be achieved when the focal length is below the mate­
rial surface. Laser welding can produce deep weld beads in a vacuum environment, 
giving it the advantage over traditional arc and plasma welding technology [65]. 

There are two types of welding available in the current industry: direct laser 
welding and laser transmission welding. Direct laser welding joins the material 
through heat generated by the laser at the outer surface of the specimen. This 
type of laser technique is compatible with various materials, including metals, 
alloys, ceramics and plastics. Direct laser welding has proved to be an efficient 
tool for joining metal and polymer joints (metal-polymer). Wang et al. [66] stud­
ied the effect of laser power and velocity on the weld strength of 5182 Al alloy 
and glass fiber reinforced PA66 plate. The tensile strength showed that the weld 
strength increases at first but then decreases with an increase in velocity and laser 
power. Zou et al. [67] analyzed the joining mechanism of Ti-6Al-4V alloy and 
PEEK-CFRTP by direct laser welding. The results showed that the shear strength 
could reach near 56.3 kN/mm. Characterization showed that “anchor-shaped” 
structures provided the mechanical bonding effect. Zhou et al. [68] developed a 
novel ultrasonic vibration assisted laser welding process to eliminate the defects 
that occur in the laser welding of dissimilar metals for nuclear reactor pump end 
sealing. The assistance of ultrasonic vibration has decreased the width of the 
unmixed zone with the homogenized distribution of macro elements because of 
the enhanced molten convention. Laser transmission welding is an innovative, 
non-contact, highly flexible, fast and automated joining process that provides 
consistently high-quality products [69]. In the current thermoplastics industry, 
laser transmission welding has established its dominance over conventional 
welding methods [70]. 

Kumar et al. [71] investigated the parameter optimization and mathematical 
modelling of wobble laser transmission welding of acrylic and polycarbonate 
sheets using a low-power laser system. Goyal et al. [72] provided a novel inte­
grated approach to predict the temperature at the interface of the laser transmis­
sion welding joint and the absorptivity of the absorber. The developed numerical 
model was in good agreement with the experimental results with an average 
error of less than 6%. The selection of optimized process parameters is essen­
tial to obtain a high-quality joint in laser transmission welding. Goyal et al. 



 

 
 

  

 

 

 

 

 

An insight into applications of laser in modern era 257 

optimized the process parameters up to 36.32% by applying a genetic algorithm 
for laser transmission welding of polycarbonate sheet by using iron powder 
absorber [73]. 

9.5.2 Laser in forming 

Laser forming has become a contemporary tool used to mould metal sheets into 
the desired shape without heavy die or external force. Laser forming is a ther­
momechanical process where a controlled defocused beam is used to change 
the shape of the workpiece [74]. The advantage of using laser forming is that it 
does not provide any spring back effect, thus can be used to generate complex 
shapes with optimized irradiation strategies [75–78]. The mechanism utilizes a 
high-intensity laser to irradiate the workpiece, thus increasing the temperature 
in the irradiated and surrounding areas. The temperature increase generates ther­
mal stresses in the irradiated region, giving rise to the bending of the sheet [79]. 
In the current world, where customized products, prototyping and low-volume 
production-centric industries exist, laser forming is a sustainable tool for these 
industries. In industries like aerospace and semiconductor, where a small error or 
change in shape could force the manufacturer to replace the whole working setup, 
laser-based forming can be used as a correction tool and can save a substantial 
amount of money [80]. As the laser consumes a high amount of energy to com­
plete a task, it becomes necessary to optimize process parameters before the actual 
process. This opened a wide area of scope for research in the laser forming field. 
Researchers have witnessed various numerical and analytical models over decades 
to predict the bend angle [81–83]. Nair et al. [84] developed an analytical model 
to predict the bending of mild steel. The experimental results showed good agree­
ment with the analytical results, with an absolute error of 9.51%. Kant and Joshi 
[85, 86] reported the effect of scan speed on difficult-to-form magnesium M1A 
alloy material used commonly for tool steel. The experiments provided an insight 
into process conditions and mechanisms to obtain maximum bend angle with min­
imum edge effect. Yadav et al. [87] investigated the effect of line energy on edge 
effect, microstructure, bend angle and mechanical properties of duplex stainless 
steel used for shipbuilding. Results showed that with constant line energy, the bend 
angle increased with laser power and scanning speed. Furthermore, Yadav et al. 
[88–90] explored the effect of different cooling conditions along with line energy 
and reported that at low line energy, the forced cooling did not affect the bend 
angle but significantly reduced the cooling time and heat affected zone, whereas it 
significantly improved the bend angle for both single and multiscan laser bending 
[91, 92]. Kant and Joshi [93] explored laser bending with the assistance of moving 
mechanical load and reported that the bend angle could be notably enhanced with 
the assistance of mechanical load. Pal et al. [94] attempted to enhance the bend­
ing angle with the application of electro-magnetic force and reported significant 
improvement in the bend angle. 
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9.5.3 Laser in machining 

Machining processes such as lathe machining, milling and drilling are some of the 
most common processes used in manufacturing industries. Hybrid machining is 
one such operation that has been developed to overcome the flaws of conventional 
machining operations such as the usage of cutting fluids, poor machinability and 
high cost. A combination of energy sources such as magnetic power, heat, vibra­
tion and pressure fluids can be integrated into a single machine to operate various 
machining operations simultaneously [95–98]. This integration provides superior 
machining performance compared to conventional machining. Deswal and Kant 
[99] investigated the effect of laser and ultrasonic vibration on chips, machining 
temperature, microstructure and surface roughness during the turning operation of 
magnesium alloy. The results showed that low tool wear, fine microstructure, low 
machining forces, low surface roughness, high microhardness and machining tem­
perature were obtained during ultrasonic vibration-laser assisted turning compared 
to laser-assisted, ultrasonic-vibration assisted and conventional turning. Besides, 
ultrasonic vibration-laser assisted turning was also utilized to machine aluminium 
alloys by varying ultrasonic vibration directions [100–102]. Przestacki [103] investi­
gated the influence of laser assisted machining on difficult-to-machine A359/20SiCp 
composite material used for aerospace. The results demonstrated that the tool wear 
was significantly lower in laser-assisted turning than in conventional operation. 

9.5.4 Laser in the defence sector 

Lasers have rapidly made their way into the defence sector in recent years. Security 
and military operations often require the transfer of timely and secure information 
from one place to another. In earlier days, effective communication in the mili­
tary heavily relied on the radio spectrum, which is susceptible to electromagnetic 
interference and security threats. Another flaw with this spectrum is that it needs 
to be hard pressed to be synchronized with the bandwidth required for current 
real-time transfer, high-resolution images and on-air video conferencing [104]. 
Due to these reasons, research has shifted to the infrared and visible spectrums. 
Laser is one such technology which is immune to electromagnetic interference. 
The broad classification of lasers and their increasing maturity have opened many 
gates for their usage for military purposes. Modern-day laser technologies are 
changing the warfare model by being utilized in data relays, weather regulators, 
sensing devices, active lighting, directed energy weapons and target designators. 
The defence sector is accepting laser weapons due to their various advantages over 
conventional weapon systems. Firstly, laser weapons can transmit at the speed of 
light, allowing them to destroy distant targets just after their detection. Secondly, 
laser deployments can flexibly tune the gradient effect to customize the range of 
results to disruptive, fatal and non-fatal outcomes. 

Finally, laser energy maintains a low profile, offers precise point target selec­
tions and provides low collateral damage, making it a valuable tool for covert 
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operations. Although the initial setup cost is high for laser-based systems, they 
provide cost-effective engagement after deployment [105]. 

While this field is gaining traction in defence applications, it has not yet reached 
its full maturity, leaving opportunities for research to address its limitations. Laser, 
being a high-energy system, requires an effective cooling system which could 
maintain the temperature during repetitive transmission cycles. Furthermore, 
improving the accuracy of laser transmission under jamming or during naturally 
occurring unfavourable situations such as hail storms, sand storms, humidity and 
heavy smoke are some important areas for research. 

9.6 SUMMARY 

This chapter provides insight into the utilization of laser technology in the aca­
demic, medical, manufacturing and defence sectors. The chapter describes the chal­
lenges, advantages, disadvantages and current innovations of each field. Literature 
showed that lasers have become an essential tool irrespective of field in the mod­
ern era. Its monochromatic, coherent, minimum HAZ and flexibility in operation 
make it a versatile tool for almost every industry. Laser has opened many gates for 
academicians and researchers to understand material behaviour and its structure. 
In the current scenario, many material characterizations have been dependent on 
laser technology, providing a better path of understanding. The medical field has 
rapidly grown in the last few decades, aiding in the treatment of various diseases 
and making medical procedures less painful for patients. Laser is one such tech­
nology that allowed the medical industry to grow at this speed. Modern-day laser 
equipment and treatments are providing many patients with a speedy recovery and 
a permanent solution for their suffering. The manufacturing sector has evolved over 
the years, providing the foundation for any industry to grow. A strong manufactur­
ing sector represents a country’s economic growth and urbanization. Laser have 
extended their applications to nearly every aspect of production, including cutting, 
welding, surface finishing, machining and cleaning. The beauty of this technol­
ogy is that almost no post-processing is required after laser operations, providing 
cost-effectiveness and high-quality efficiency to industries. The defence sector is 
also adapting lasers for more secure and covert operations. Many countries have 
recently developed laser weapons that could destroy distant targets with minimal 
collateral damage. High-intensity laser weapons are now one of the most prominent 
weapons in the defence sector. Laser has contributed to the growth of the defence 
sector by enhancing communication, transmission and tracking. 

Still, laser technology is not a fully matured process due to its low suitability 
for mass production, high energy consumption and cost of operations. Industry 4.0 
and cloud storage systems are the next big step in manufacturing, and laser tech­
nology has a bright future in the evolving manufacturing sector with these smart 
technologies. Smart lasers will redefine the roles of factories, customers, surgeons 
and designers in future manufacturing sectors. 
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Chapter 10
 

Utilization of ultrasonic 
vibration and laser energies 
during sustainable machining 

Neeraj   Deswal  and Ravi Kant 

10.1  INTRODUCTION 

The major contributors to energy consumption in the world are industries, trans­
portation, and construction. Industries contribute towards the urbanization, mod­
ernization, and economic growth of a country. However, the development of 
industries has led to the consumption of a great amount of energy and fossil fuels. 
They also generate a significant amount of carbon dioxide and other greenhouse 
gas emissions [1]. These emissions have substantially impacted human health and 
environmental pollution. Industry has accounted for about 32% of the world’s 
energy consumption [2]. Additionally, fossil fuels comprise approximately 80% 
of the overall world energy supply [3]. Furthermore, the industrial sector is the 
primary source of greenhouse gas emissions, accounting for approximately 29% 
of carbon dioxide emissions related to electricity production [4]. Manufacturing 
operations consume approximately 40% of the overall energy and about 25% 
of the global natural resources [5]. The manufacturing sector utilizes numer­
ous processes during production, and the machining process is the most com­
monly utilized in the manufacturing industries. Machining processes are among 
the most widely utilized manufacturing methods in various industries, including 
automotive, aviation, marine, and more [6]. It is an energy-consuming and waste-
generating process, apart from creating environmental pollution and occupational 
health hazards [7]. 

10.2  CHALLENGES DURING MACHINING PROCESS 

In conventional machining processes, heat is generated in the cutting zone as a 
result of the interaction between the cutting tool and the workpiece material. This 
heat generation presents several challenges, including large machining forces, rapid 
cutting tool wear, reduced surface quality, an impact on the mechanical properties 
of the workpiece, increased processing time for finishing a product, and higher 
production costs due to frequent cutting tool replacement [8]. To overcome heat-
generated issues, wet machining is utilized to minimize heat generation, achieve 
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better surface quality, and enhance cutting tool life [9]. Hence, cutting fluids are 
used significantly during machining operation in the manufacturing industries. 
Energy usage and cutting fluids (also known as metalworking fluid (MWF)) are 
major sources of higher manufacturing costs, waste generation, and environmen­
tal deterioration [10]. Energy consumption is related to various adverse impacts 
because of the usage of non-renewable resources, resulting in harm to the eco­
system, habitat alteration, increased emissions, intensified land usage, and higher 
risks to human health. Moreover, higher energy utilization from conventional fos­
sil fuel sources has increased the generation of more greenhouse gases, such as 
carbon dioxide, sulphur dioxide, and nitrogen oxide, to the atmosphere [11]. The 
cutting fluids are toxic and non-biodegradable because they are produced by min­
eral oils, and some additives contribute to the depletion of the ozone layer [12]. 
They are also one of the primary health threats on the machine shop floor [13]. 
Additionally, cutting fluids break down chemically due to the high cutting temper­
ature of the machining operation, resulting in an adverse impact on human health 
both externally via skin and internally due to inhalation [14]. The major factors 
contributing to higher manufacturing costs are power consumption, maintenance 
of the lubrication system, and disposal and cleaning of the cutting fluids [15]. 

10.3 NEED FOR SUSTAINABLE MACHINING PROCESS 

The 1972 Stockholm UN summit on the human environment has emphasized the 
need for sustainable development methodologies to resolve the global environ­
mental challenges, such as ecological system degradation, resource depletion, 
waste minimization, and environmental pollution [16]. Moreover, as per ISO­
14000 standards, manufacturing industries should limit their adverse activities to 
reduce environmental pollution [17]. Therefore, to overcome the ever-increasing 
challenges of natural resource consumption and environmental pollution, coun­
tries are required to implement a sustainable development strategy for better 
product quality and productivity. Sustainable manufacturing is mainly focused on 
economically feasible machining processes which can minimize environmental 
hazards by conserving natural resources and energy. Sustainable manufacturing 
can be defined as the development of machining processes for the manufacturing 
of components/products in such a manner that it would minimize adverse environ­
mental impacts, minimize waste, conserve energy, conserve natural resources, and 
be economically feasible and safer for the operator, community, and consumers 
[8]. Hence, the primary goals of sustainable manufacturing processes are related 
to minimal energy requirement, minimal environmental pollution, minimal carbon 
emissions, increased resource utilization, and better machinability characteristics 
(such as lower machining force, higher tool life, better surface finish, and more) 
[18]. The significant functional elements of sustainable manufacturing are sus­
tainable products, processes, and systems [19]. The concept behind sustainable 
manufacturing is presented in Figure 10.1 [20]. 
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Figure 10.1 A layout of sustainable manufacturing. 

Industries and researchers are exploring various techniques to enhance the 
machining methods in terms of energy efficiency, eco-friendliness, and sustain­
ability [18]. Therefore, various sustainable machining techniques have been 
developed to minimize energy consumption and environmental pollution. Dry 
machining, minimum quantity lubrication, cryogenic machining, hybrid machin­
ing, and the like are some of the sustainable machining methods employed. Hence, 
these machining methods are discussed in the next sections with more emphasis 
on hybrid machining processes. 

10.4 DRY MACHINING 

A machining process that uses no cutting fluids is termed dry machining. By 
eliminating the costs associated with cutting fluid procurement, management, dis­
posal, and machine tools equipped with subsystems for cutting fluids, significant 
reductions in capital investments can be achieved. Furthermore, the environment 
impacts related to cutting fluids are also eliminated. Hence, the main functions of 
cutting fluids during conventional machining processes, such as lubrication, chip 
removal, and lower heat generation, have to be accomplished by some other means 
in the dry machining process [21, 22]. Modifications to cutting tool design, devel­
opment of cutting tool materials, and changes in the machine tool have been carried 
out to dissipate heat during the dry machining operation. Thermoelectric cooling, 
undercooling by providing coolant under the cutting tool, and self-lubricating 
tools by inserting solid lubricant into the rake and flank face of the cemented 
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carbide tool have been developed to modify the cutting tool design [16]. The coat­
ings on the cutting tool material provide enhanced thermal insulation, hardness, 
and self-lubrication. The cutting tool materials should be more heat resistant and 
generate less heat [23]. The monolayer coating could suffer early delamination or 
crack. Therefore, preferred is a multilayer coating which combines various coating 
materials for enhanced tool life. The various coating materials which have been 
used to obtain better tool life are titanium aluminum nitride (TiAlN) for better heat 
resistance, titanium carbonitride (TiCN) for enhanced toughness, titanium nitride 
(TiN) for better adhesion characteristics, and molybdenum disulfide (MoS2) for 
self-lubrication [24]. The machine tool design has been modified primarily to 
remove and dispose of chips. Conveyor, suction pump, compressed air, tilt table 
to tilt the part from vertical to horizontal, vertical inversion fixture, liquid flushing 
at the end of the machining process, and vacuum shroud surrounding the tool are 
some of the modifications to machine tool design [16]. However, dry machining 
is preferable at higher cutting speed to avoid premature failure of the cutting tool. 
Moreover, residual stresses are found to be comparable with wet machining, which 
can hamper the surface integrity in the machining process. 

10.5 MINIMUM QUANTITY LUBRICATION 

Minimum quantity lubrication (MQL) is an innovative technique in which a mini­
mal amount of cutting fluid is sprayed with a flow rate of 10–500 ml/h in the 
cutting zone during the machining operation [20]. It is also known as the near 
dry machining (NDM) technique in which synthetic esters, fatty alcohols, emul­
sions, gaseous substances, oil-water mixture, and so on are used most commonly 
as a cooling lubricating fluid during the machining operation. These lubricating 
fluids are injected in a small quantity to the machining zone with or without the 
assistance of a transporting medium. A pump equipped with a precision-metered 
droplet is used to deliver the cooling fluids at a rapid succession at the cutting 
zone. In certain cases, high-pressure (usually 4–6 bar) compressed air is used to 
deliver atomized fine droplets to the machining region in the form of aerosol spray 
[19]. However, the cooling and lubricating capabilities of the aerosol spray are 
considered poor compared to conventional cutting fluids. Fatty alcohols, synthetic 
esters, vegetable oils, and the like have provided better cooling and lubrication 
characteristics as well as better machining performance [25]. In certain cases, oil 
is used as the lubricant in the air-based MQL technique, but its cooling capabilities 
are limited. It poses a significant challenge in the machining operation, especially 
when low thermal conductivity materials are machined. Hence, carbon dioxide 
at a supercritical state can dissolve many lubricating oils and provide adequate 
lubrication in the cutting zone, especially when machining low thermal conductiv­
ity materials. The supercritical carbon dioxide provides deeper penetration of the 
lubricating fluids in the cutting zone and uniform oil coating on the surface of the 
workpiece and cutting tool [26]. The MQL technique provides better machining 
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performance compared to conventional machining, but further studies are required 
to obtain the optimal design of external nozzles and to deliver the optimal amount 
of lubricating fluids in the cutting zone. 

10.6 CRYOGENIC MACHINING 

Cryogenic machining is another effective method of cooling the cutting region 
during the machining process. In this technique, a cryogenic cooling lubricat­
ing fluid is used as a coolant to provide lubrication in the machining zone and 
lower the temperature at the chip-tool interface [27]. Cryogenic machining is 
significantly different from the conventional cutting fluids technique and MQL 
technique. In other cooling techniques, the cooling fluids flush the chips from 
the machining zone after breaking. However, in cryogenic machining, cooling 
promotes brittle fracture of chips and chemical stability to the cutting tool [16]. 
The benefits of cryogenic machining include reduced tool wear, improved surface 
finish, lower temperatures at the chip-tool interface, increased production rates, 
absence of harmful emissions, and environmental friendliness. Cryogenic cooling 
can be applied in several ways, such as workpiece pre-cooling, spraying at the cut­
ting tool edge, indirect cryogenic cooling, cooling at the cutting tool back surface, 
cooling at the chip-tool interface, cooling by dual nozzle system, and direct cryo­
genic treatment of cutting tools [19]. Moreover, cryogenic machining employs 
various cooling mediums, including liquid nitrogen, air, water, steam, vapor, 
refrigerated carbon dioxide, and refrigerated compressed air. Liquid nitrogen is 
most commonly used as a cooling medium in cryogenic machining due to its vari­
ous unique properties, such as abundance in the environment, non-combustibility, 
non-corrosive properties, no harmful emissions production, no chemical reaction 
with the cutting tool or the workpiece, no residual oil on chips, safer to the opera­
tor, and elimination of coolant disposal cost. However, additional equipment costs 
are associated with the cryogenic machining setup, and liquid nitrogen is costly 
and not reusable because it evaporates in the atmosphere. Apart from that, due to 
the cryogenic cooling, the temperature at the workpiece is decreased. It becomes 
harder and results in higher cutting forces compared to the conventional machin­
ing process, which is not desirable. Also, the cooling effect is reduced significantly 
at higher cutting speeds due to the lower penetration of the cryogenic cooling at 
the cutting tool tip [16]. 

10.7 HYBRID MACHINING PROCESSES 

The hybrid machining (HM) process is defined according to the International 
Academy for Production Engineering (CIRP): “Hybrid manufacturing process is 
based on the simultaneous and controlled interaction of process mechanisms and/ 
or energy sources/tools having a significant effect on the process performance.” 
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In the definition of the HM process, “simultaneous and controlled interaction” 
reveals that the interaction of various processes or energies should be at the same 
time and at the same impact/processing/machining zone [28, 29]. Generally, in 
manufacturing technology, the “hybrid” term is used when a combination of dif­
ferent kinds of technologies is associated with the manufacturing of specified 
parts. HM reveals a relationship between various process energies or assistance 
of a particular process via different process energies or by some other means. So, 
hybrid can have various meanings in the manufacturing process [30]: 

1. Combination of various energies acting at a similar time and same zone. 
2. Combination of various process steps which are produced separately earlier. 
3. Combination of various machines on a single machine platform. 
4. Combination of various products with hybrid function. 

The principal idea in developing hybrid processes is to gain significant advantages 
from the developed process and minimize the disadvantages in a single process, 
especially in a cost effective and eco-friendly manner [31]. The combination of 
two or more processes in HM should have significant benefits, such as reduction in 
process chains which leads to minimization of clamping, referencing, alignment at 
several workplaces, ability to precisely handle dimensionally complex products, 
processing of materials effectively, potential benefits on the machinability, and 
substantial improvement in surface integrity. Several energies have been utilized 
during the HM process, such as ultrasonic vibration [32], thermal [33], electric 
field [34], and magnetic field [35]. 

The ultrasonic vibration HM process is one of the most commonly utilized pro­
cesses due to its frequent separation of the cutting tool with the workpiece surface 
during the machining operation. The thermal HM process is used widely due to 
the softening of the workpiece material by means of various heat sources such 
as laser, induction, plasma, and gas torch prior to the machining operation. The 
electric field HM process is used to reduce the flow stress of the workpiece mate­
rial which eases the machining process. The magnetic field HM process is used to 
increase the machining temperature and reduce machine-tool vibrations, resulting 
in significant improvement in machining. Among the various energies utilized so 
far, thermal and ultrasonic vibration energy are the most commonly applied dur­
ing the HM process. Therefore, the application of thermal and ultrasonic vibration 
energy is discussed here. 

10.7.1 Thermally assisted machining process 

The thermally assisted machining (TAM) process is a hybrid machining process in 
which an external heat source is utilized to preheat the workpiece material in the 
cutting region before the machining operation [36]. The yield strength, hardness, 
and strain hardening of the workpiece material are decreased, leading to thermal 
softening of the material, which in turn facilitates the material removal process 
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by the cutting tool [37]. The basic idea of the TAM process is to rapidly heat the 
workpiece material, leading to thermal softening, while ensuring that the chips 
efficiently remove the maximum heated material from the cutting zone without 
causing thermal damage to the cutting tool and machined surface. The applied heat 
source should fulfill some basic conditions [38, 39]: 

1. Rapid and controlled heating should be supplied by the source for smooth 
operation. 

2. Heating should be restricted to a small region to prevent any other part 
damage. 

3. The machined surface should be prevented from overheating to restrict any 
metallurgical changes. 

4. Sufficient intensity should be supplied by the heat source for quick and 
localized heating. 

5. The source should be cost-effective, safe to the operator, and environmen­
tally friendly. 

Several external heat sources are utilized during the TAM process, such as elec­
tric current, furnace, resistance, gas flame, electron beam, induction, plasma, and 
laser beam [40–45]. A non-consumable electrode is used to transfer the current 
in the workpiece material, which raises workpiece temperature using the elec­
tric current heat source. A furnace is used to preheat the workpiece material in 
the furnace heat source. An electric current is passed through the workpiece to 
the cutting tool during resistance heating. The liquefied petroleum gas or oxy­
acetylene gas is used to heat the workpiece material when employing a gas flame 
heat source. A high-energy electron beam is applied to the workpiece surface for 
thermal softening of the material when using an electron beam heat source. Induc­
tion coils are used like an electric source that induces a high-frequency alternating 
electric current to preheat the workpiece material when using an induction heat 
source. A stream of ionized gas is used to increase the workpiece temperature, 
ensuring thermal softening of the material when employing a plasma heat source. 
A laser beam is used to preheat the workpiece material prior to the machining 
operation in the laser heat source process. Although all of the heat sources have 
benefits, they also have some limitations. Electric current requires stabilization 
equipment and arc ignition; furnace possesses insufficient energy and temperature 
is lost during machining; resistance is unable to maintain uniform temperature 
and requires an insulating machine tool; gas flame possesses poor controllability 
and low power intensity; electron beam requires a vacuum, works only on metals, 
and is expensive; induction possesses low power intensity; plasma requires eye 
protection for the operator; and laser requires high capital cost. A laser beam is the 
preferred external heat source due to its easy controllability, rapid and localized 
heating, higher power intensity on small areas, and a smaller heat affected zone 
(HAZ) compared to the aforementioned heat sources [46]. Therefore, the laser 
heat source is discussed in the present study. 
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Turning is one of the most widely utilized techniques for fabricating parts 
among the various machining processes [47]. The turning operation is performed 
on the lathe machine, with the workpiece material securely held in place. A cut­
ting tool is used to remove the unwanted material from the workpiece material 
and obtain the desired shape and size. The turning process is controlled by cutting 
speed, feed rate, and depth of cut [48]. Cutting speed is defined as the speed at 
which the workpiece rotates with respect to the cutting tool. Feed rate is defined 
as the distance covered by the cutting tool during one revolution of the workpiece. 
Depth of cut is defined as the amount of material removed during each revolution 
of the workpiece material. Cutting speed, feed rate, and depth of cut are generally 
expressed in m/min, mm/rev, and mm, respectively [49]. 

10.7.2 Laser assisted turning process 

The laser assisted turning (LAT) process is a hybrid machining process in which 
a high-intensity defocused laser beam is utilized to preheat the workpiece mate­
rial usually above the recrystallization temperature to facilitate material removal 
through a conventional cutting tool. The yield strength and hardness of the mate­
rial are decreased due to the preheating of the workpiece material, which ensures 
thermal softening of the workpiece material [50, 51]. The thermal softening of 
the material leads to enhanced machining performance such as lower machining 
forces, higher tool life, higher material removal rate (MRR), lower surface rough­
ness, and lower residual stresses [52, 53]. The LAT operation has been investigated 
for various materials, including iron [54], steel [55], ceramics [56], waspaloy [57], 
titanium alloys [58], nickel alloys [59], metal matrix composites [60], and single-
crystal silicon [61]. LAT is mainly used in various industries, including marine, 
automotive, aviation, biomedical, and more [62, 63]. A schematic of the LAT pro­
cess is shown in Figure 10.2. 

The utilization of laser heat source in thermally assisted machining areas was 
initiated in the late 1970s. Initially, it was explored to machine aerospace alloys 
such as titanium and nickel alloy. With the advancement in materials, it has been 
utilized to machine various materials, as mentioned earlier. Various types of lasers 
have been utilized in laser assisted machining processes, such as CO2, Nd: YAG, 
Excimer, high power diode, and fiber laser [64–66]. Fiber lasers have excellent 
energy efficiency, easier beam transfer, better beam profile controllability, and so 
on compared to other lasers [67]. The laser unit consists of a laser generator, laser 
source, and laser head. The generator is used to create the laser and transfer it to 
the source. The source carries the laser through an optical fiber cable to the laser 
head. The laser cutting head is connected to the output of the laser source through 
an optical fiber cable. The laser cutting head is positioned in such a manner that the 
laser beam is always focused on the workpiece surface but not on the cutting tool. 
Furthermore, compressed air is generally used through the laser nozzle to protect 
the focusing lens from extreme heat and debris generated during the experiments. 
The performance of laser heat source depends on various laser parameters, such 
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Figure 10.2 A schematic of the LAT process. 

as laser power, laser diameter, laser approach angle, the distance between laser 
nozzle and workpiece surface, and distance between laser beam spot and cutting 
tool edge, and also on the machining parameters, i.e., cutting speed, feed rate, and 
depth of cut. 

Advantages and disadvantages of the LAT process 

The LAT process has various advantages over the conventional turning (CT) 
process. The important advantages are discussed as follows [68–73]: 

1. The laser beam is focused precisely, which eventually creates rapid, local­
ized, controlled heating and minimizes HAZ on the workpiece surface. 

2. Laser is operated easily in air and does not require any other media such as 
a vacuum in electron beam and gas atmosphere in plasma. 

3. The laser beam can be applied to any optically reachable location with the 
required intensity. 
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4. The machining time is reduced, which significantly reduces the production 
cost and enhances productivity. 

5. The average machining forces are reduced compared to CT due to thermal 
softening of the workpiece material which eases machining. 

6. The machine power consumption is reduced due to the low load on the cut­
ting tool. 

7. The MRR is increased because of the lower machining forces and power 
consumption. 

8. Tool wear, tool breakage, and chatter generation are decreased due to the 
reduction in machining forces and power consumption. 

9. The surface quality of the machined surface is improved and a crack-free 
surface is produced. 

10. Compressive residual stresses are generated due to the thermal softening effect. 
11. The metallurgical properties are enhanced due to the better machining 

performance. 
12. The process is environmentally friendly due to the elimination of cutting 

fluids. 

Despite its many advantages, the LAT process has some disadvantages, which are 
described as follows: 

1. The initial investment for the laser machine is high, leading to an overall 
increase in the process cost. 

2. External fixtures are required to mount the laser head on the machine prior 
to machining operation, which also raises the installation cost. 

3. The highly reflective workpiece surfaces are difficult to process; however, 
coatings on the surface can resolve this issue. 

4. The laser heating can deteriorate the workpiece surface and even melt the 
surface if laser parameters are not controlled properly. 

5. The laser can harm the operator if proper precautions are not followed, such 
as using goggles, gloves, and other safety measures. 

10.7.3 Ultrasonic vibration assisted turning process 

The ultrasonic vibration assisted turning (UVAT) process is a hybrid machining 
process in which high frequency–low amplitude vibration is provided to the tool. 
The contact between tool and workpiece occurs for a specific period and after that 
it disengages and the process continues engaging and disengaging [74]. Due to 
the periodic separation, machining performance experiences significant enhance­
ments, including lower machining forces, longer tool life, better surface finish, 
lower segmented chips, better machine stability, no burr formation, and lower 
built-up edge (BUE) [75, 76]. UVAT has been applied on a variety of materials 
such as soft metals and alloys [77], hard to machine steels [78], difficult to machine 
alloys [79], amorphous materials [80], single-crystal materials [81], sintered alloys 
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[82], ceramics [83], metal matrix composites [84], and fiber-reinforced plastic 
composites [85]. UVAT is utilized in various industries like electronics, petro­
chemical, automotive, power generation, aerospace, biomedical, and more. [86]. 
A schematic of the UVAT process is presented in Figure 10.3. 

The vibration system consists of a frequency generator, transducer, and booster. 
The vibration is provided by an ultrasonic generator that utilizes a piezoelectric 
or magneto-restrictive transducer to generate ultrasonic motion of low amplitude 
and high frequency. The frequency generator is employed to generate an electric 
signal, and these signals are converted into ultrasonic vibration by the transducer. 
The booster is used to enhance the ultrasonic vibration amplitude given by the 
transducer and propagate these vibrations on the cutting tool. The cutting tool is 
clamped to the bottom of the booster by a standard screw [87]. The cutting tool 

Figure 10.3 A schematic of the UVAT process. 



 

 

 

  

  

  

  

  

  

  

  

  
  

 

 

 

278 Modern Materials and Manufacturing Techniques 

is excited by the ultrasonic motion and starts vibrating in the direction of cutting, 
usually at a high frequency (15–40 kHz) with a low amplitude of 1–20 µm [88]. 
The one-dimensional (1D) UVAT was first introduced in the late 1950s to enhance 
the conventional machining process, aiming for a better surface finish, longer tool 
life, and lesser machining forces. This method was initially used for brass, cast 
iron, mild steel, and aluminum materials. But when this method was tested with 
other materials like difficult-to-cut materials and glass, it showed better results 
than did conventional machining. So, researchers explored this area more, and in 
the 1990s, two-dimensional (2D) UVAT was proposed. As expected, 2D UVAT 
exhibits improved performance in comparison to the 1D UVAT in terms of longer 
tool life, better surface finish, and lower machining forces. Nowadays, both 1D 
and 2D UVAT are being utilized to machine various materials and generate com­
plex dimensional parts or surfaces in the manufacturing industries [89]. 

Advantages and disadvantages of the UVAT process 

The UVAT process has various advantages over the conventional turning pro­
cess. The important advantages are described as follows [90–95]: 

1. The average machining forces than in the CT process due to the periodic 
separation of the cutting tool with the workpiece surface, which introduces 
aerodynamic lubrication. 

2. The lubrication is enhanced due to the effect of aerodynamic lubrication, 
which reduces friction between the cutting tool and workpiece. 

3. The burr formation and BUE are suppressed due to the reduction in pushing 
and bending stress in the deformation zone. 

4. The chatter generation is minimized irrespective of the cutting tool geom­
etry which ensures stable cutting compared to the CT process. 

5.	 The tool life is enhanced due to the reduction in effective cutting time and bet­
ter heat dissipation due to the periodic separation with the workpiece surface. 

6. The chip generation is continuous, and fewer segmented chips are obtained 
due to the lower stress generated during the UVAT process. 

7. The surface quality of the machined surface is enhanced due to the lower 
machining forces, minimization of burr and chatter, and lesser tool wear. 

8. A better roundness profile is generated due to improved chip generation and 
quality of the machined surface. 

9. The residual stresses are compressive in nature due to lower stress generation. 
10.	 The critical depth of cut increases due to the reduction in machining 

forces, which prohibits the initiation of brittle fracture and ensures ductile 
regime cutting. 

11. The process can be applied to any type of material; for example, ductile, 
brittle, soft, and other difficult-to-machine materials. 

12. It is an eco-friendly and cost-effective process due to the elimination of cut­
ting fluids. 
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Despite its numerous advantages, the UVAT process has some disadvantages, 
which are discussed as follows: 

1. External fixtures are required to mount the system on the machine prior to 
machining operation, which increases the installation cost. 

2. The selection of a suitable control unit is desirable to achieve efficient vibra­
tion cutting. A controlled resonant system can display better stability with 
strong nonlinearity. 

3. The booster can be heated rapidly and the cutting tool can be broken at 
higher vibration amplitudes. Therefore, lower amplitudes are preferable. 

4. Higher cutting speeds are not achieved due to the dependence on frequency 
and amplitude. At higher cutting speeds, the advantages of the UVAT pro­
cess are not obtained and the process becomes similar to the CT process. 

5. In certain cases, the flank face of the cutting tool collides with the machined 
surface, which leads to the generation of chipping and unusual wear. Hence, 
to avoid these changes the cutting and the vibratory direction of the cutting 
tool should remain the same. 

10.7.4 Thermal and ultrasonic vibration assisted 
turning process 

The thermal and ultrasonic vibration assisted turning process is the advanced mod­
ification of the UVAT process. In this process, the workpiece material is preheated 
before the turning operation and ultrasonic vibration is provided to the cutting tool, 
simultaneously in a single machine platform [96]. The researchers have termed 
this process as hot ultrasonic assisted turning (HUAT). The simultaneous applica­
tion of heat and vibration to the workpiece and cutting tool respectively has shown 
lower machining forces, higher machining temperature, and lower surface rough­
ness compared to conventional, heat, and vibration turning processes [97, 98]. Up 
to now, the heat sources used in the HUAT process include band-resistance heaters, 
plasma, and tunnel furnaces. The HUAT process is explored for Ti-15333 alloy, 
Inconel 718, Hastelloy-X alloy, aluminum alloy, and magnesium alloy [99–105]. 

10.8 SUMMARY 

Industries are the backbone of any nation’s progression towards urbanization, mod­
ernization, and economic growth. Within these industries, manufacturing opera­
tions play a pivotal role in the development of various products and components. 
Machining processes are a part of these manufacturing operations and are com­
monly utilized in manufacturing industries. However, these processes are the big­
gest consumers of natural resources and energy globally. Generally, cutting fluids 
are used during the machining process, which is responsible for harmful greenhouse 
gas emissions. They have significant adverse impacts on energy consumption, 
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environmental pollution, human health, ozone layer depletion, higher machining 
cost, and more. Furthermore, production costs are also increased with the applica­
tion of cutting fluids due to maintenance of the lubrication system, disposal, and 
cleaning of the cutting fluids. Therefore, the necessity for sustainable manufactur­
ing has arisen on a global scale in order to address challenges like degradation of 
the ecological system, depletion of resources, higher energy consumption, higher 
greenhouse gases emission, waste minimization, and environmental pollution. Sus­
tainable machining aims at developing a machining process which is energy efficient 
and eco-friendly. Hence, various techniques are explored to minimize the usage of 
cutting fluids for a sustainable process. Dry machining, minimum quantity lubrica­
tion (MQL), cryogenic machining, and hybrid machining are the various advance­
ments in machining methods that aim to meet the goal of sustainable machining. 
Dry machining utilizes self-lubricating tools, coated tools, and modified machine 
tools to eliminate the usage of cutting fluids. The MQL technique uses various cool­
ing lubricating fluids such as synthetic esters, fatty alcohols, emulsions, gaseous 
substances, and oil-water mixture by spraying minimum quantity at a low flow rate 
on the cutting zone. Cryogenic machining uses cryogenic cooling lubricating fluids 
like liquid nitrogen, air, water, steam, vapor, refrigerated carbon dioxide, and refrig­
erated compressed air to cool the machining area in an eco-friendly manner. Hybrid 
machining utilizes various energies during the machining process by eliminating the 
need for any fluids or other modification in machine tools or cutting tools. Thermal 
and ultrasonic vibration assisted turning processes are the most commonly utilized 
hybrid machining processes due to the significant benefits in the machining perfor­
mance compared to the conventional turning process. The laser heat source is the 
most widely used thermal source due to its rapid, localized, and controlled heating 
at the workpiece surface. Additionally, thermal and ultrasonic vibration energies 
are combined in a single machine platform to obtain the benefits of both of these 
energy sources. Therefore, it can be concluded that hybrid machining processes 
play a crucial role in sustainable machining, offering substantial contributions to 
the manufacturing industries. These processes eliminate the need for cutting fluids, 
reduce the consumption of natural resources, minimize waste generation, lower 
environmental pollution, decrease machining costs, and promote eco-friendliness. 
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Chapter 11
 

Machining performance 
and optimization of process 
parameters of monel alloy 
400 using ECM process 

P. Sudhakar Rao, Akhilesh Sinha, Shashwath G. Patil, 
Ravi Kant and Sri Phani Sushma 

11.1  INTRODUCTION 

Electrochemical machining (ECM) is a novel machining technique based on elec­
trochemistry. ECM is commonly employed in sectors where different components 
that are hard to cut and where complicated contours are required. A direct current 
(DC) (5–30 volt) voltage is provided throughout the inter-electrode gap across the 
pre-shaped electrode tool and the job material. Electrolyte moves quickly across 
the IEG, and typical density of current is about 20–200 A/cm 2. The electrochemi­
cal characteristics of metal, electrolytic properties, and electric voltage/current 
provided all influence the anode dissolution that is determined by Faraday’s equa­
tions of electrolysis. ECM produces a nearly similar imprint of the tool electrode 
upon that work item [1–3]. 

ECM clearly outperforms other traditional machining methods in terms of 
application irrespective of work hardness, greater MRR, reduced tool wear, 
plane and brilliant surface, and manufacturing of parts with complicated struc­
tures having crack-free and stress-free surfaces [4, 5]. High residual stresses 
are created during conventional machining with Monel 400 alloys, resulting in 
a quick hardening which slows down the operation and causes tool electrode 
failure. As a result, machining these metals using ordinary machine tools is 
extremely challenging. On the other hand, we could compare machines almost 
with every alloy made with specific hardness or tensile strength. As a result, it 
may be a profitable option to machine Monel alloys, and its importance may 
grow in future. The goal here is to create comprehensive computational equa­
tions for relating interactive as well as higher-order effects of different pro­
cess variables, including applied voltage (V), electrolyte concentration (EC), 
and inter-electrode gap (IEG), in relation to key machining parameters such as 
material removal rate (MRR), tool wear rate (TWR) as well as surface rough­
ness (SR). This is aimed at maximizing the potential of the ECM process [6, 7]. 
To organize and analyse the studies, response surface methodology (RSM) is 
used. The goal of employing RSM is not only to study the response across the 
entire factor space, but also to identify the area of concern in which response 
achieves an optimal or near-optimal value [8–10]. 
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11.2 CURRENT STATUS OF RESEARCH 

Haisch et al. [11]: Anodic metal dissoluteness for steel-100Cr6 was considered in 
aqueous NaNO3 as well as NaCl solutions. Flow of passage investigations were 
conducted with a large density of current up to 70 A/cm2. Unsolvable carbide 
particles enhanced apparent current efficiency for NaCl by more than 100% and 
in NaNO3 by more than 67%. Munda and Bhattacharyya [12]: This paper aimed 
to obtain an overall mathematical prototype using for relating the collective and 
high-order factors of various machining variables such as applied voltage pulse 
off/on ratio, electrolyte concentration, and frequency of voltage, as well as fre­
quency of tool vibration upon most significant machining standards, namely the 
MRR as well as overcut. Santhi et al. [13]: Their objective was to develop a revo­
lutionary method for optimizing titanium alloy process parameters (Ti6Al4V). 
Design, strategy, and method—A desire function study, the fuzzy set concept, and 
order preference method through similarity to ideal solution methods were used 
in order to construct ECM processing parameters for titanium alloys. Bahre et al. 
[14]: The feasibility of precision electrochemical machining (PECM) for lamellar 
cast iron machining was investigated in terms of machinability with NaNO3 as 
the electrolyte and stainless steel as the tool material. The accuracy of created 
geometries, as well as the possibility of producing certain surface properties, was 
investigated in this study. Muthukumar et al. [15]: The core composite design 
technique was used in this experiment. After analysing 30 tests, a mathematical 
model was created to connect the machining factors with the rate of cut (ROC). 
The relevant coefficients were calculated using ANOVA with a 5% significance 
level. Kalaimathi et al. [16]: Different process parameters affect machining out­
comes in terms of MRR and surface roughness (SR) for Monel 400 alloy. MRR 
and SR were improved by using an electrolyte concentration of 15 g/l and also an 
IEG of 0.4 mm. ANOVA was used to evaluate the results. Tiwari et al. [17] 
attempted to build a mathematical prototype for characteristics like MRR and SR 
for ECM over EN 19 steel using regression analysis. The analysis of variance was 
utilized to evaluate the sufficiency of developed prototypes. Krishnamurthy et al. 
[18]: MRR was discovered to be very important in ECM, and employing the best 
ECM process parameters typically save operating, tool, and maintenance costs 
while generating higher-accuracy products. This paper explored the effect and 
direct development of several process factors for titanium ECM. Li et al. [19]: 
A 10% sodium nitrate slurry was employed in the ECM process to make a number 
of holes in a titanium alloy sheet. In order to understand the electric characteris­
tics of titanium alloy (Ti 6Al 4V) within a 10% NaNO3 electrolyte, a current 
efficiency graph that included a polarization graph of the alloy was generated. 
Chen et al. [20]: In this study, orthogonal experiments were performed to test 
Ti60 ECM in order to regulate the impacts of different electrochemical method 
factors on SR. The most relevant characteristic was found to be the frequency of 
a voltage source. It has been observed that using correctly adjusted ECM settings 
may greatly reduce a work item’s surface roughness. Rao et al. [21]: Based on a 
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combination of the ECM process with a high MRR and a standard honing process 
that generates a controlled smooth surface finish, electrochemical honing was 
investigated as the maximum precise machining technology discovered for 
machining gears and cylinders. Jeykrishnan et al. [22]: This study focuses on the 
application of three critical factors in the vehicle industry: current, voltage, and 
electrolyte concentration. As a result, updated methods must be implemented to 
achieve the best results. Soundrapandian et al. [23]: The microscopic system was 
used in their research to measure overcut and conicity for drilled holes, and a 
profilometer was utilized to analyse the SR of the machined region to discover 
the optimal machine variable. ANOVA was used to evaluate the impact of each 
variable on MRR, overcut, and drilled hole circularity. Geethapriyan et al. [24]: 
In his work, the researchers used the Taguchi–Grey relational analysis technique 
to discover the relevance of various process factors and to examine the variables 
for the machining of titanium. Sharma et al. [25]: The outcomes of process vari­
ables like applied voltage, IEG, electrolyte concentration and electrolyte flow 
upon MRR and radial overcut were examined. A Taguchi (orthogonal array)­
based approach was used to optimize several input parameters and final responses 
in ECM. Kumar [26]: ECM is a novel machining technique that employs Fara­
day’s law to eliminate metal from a workpiece. Titanium alloys are employed in 
the manufacture of jet engines as well as other aerospace components. In this 
review study, the process properties of ECM, like MRR, surface finish, and over-
cut, were examined when titanium alloy was deposited in different electrolytes. 
Khan et al. [27] sought to improve ECM method variables using a combination 
comprising SS 316 (workpiece) and copper as a tool (tool material). A total of 27 
tests were performed to assess the effect of ECM variables like electrolyte con­
centration, applied voltage, and current, as well as the tool’s feed rate upon the 
work’s MRR and SR. Khan et al. [28]: Other than the mechanical qualities of 
metal, it was discovered that thermal properties play a more important role; the 
forces created in this technique are modest, and thus burrs were not obtained. 
Khan et al. [29] explored the possibility of utilizing jatropha oil as a source of 
dielectric medium to replace kerosene oil, which is environmentally benign. 
Other dielectric fluids, such as hydrocarbons, have a negative effect on environ­
ment. Khan et al. [30]: Micro-machining was investigated, and combining micro-
EDM and laser produced a decrease in machining time. They also discovered that 
a mixture of ultrasonic machining and the EDM process is commonly employed. 
Yadav et al. [31]: The researchers examined multi-objective optimization of pro­
cess variables using principal component examination and grey relational exami­
nation to improve metal removal and to minimize roughness of Ti 6Al 4V. Daniel 
et al. [32]: In this study, the researchers used a variety of SiC combinations based 
on their weight percentage and particle size. In addition, a preset weight propor­
tion of molybdenum disulphide was used. The aluminium composite was created 
by stir casting. Aluminium was fused using silicon carbide elements sized 10, 20, 
and 40 µm that are 5%, 10%, and 15% by weight, accordingly, and 2% molybde­
num disulphide. A Taguchi L-27 array was utilized to achieve the desired target 



 

 
  

 
 

  

 

 
  

 
  

 
 

  

 
  

 
 

  
 

 
 

  
 
 

  
 
 
 
 

  
 
 

  
 

  
 

 
 
 

Machining performance and optimization of monel alloy 400 291 

levels and investigate the influence of ECM parameters on MRR and SR. Debta 
et al. [33] investigated the most intriguing of magnesium alloys, AZ91D (90% 
magnesium), because of its remarkable toughness, high strength-to-weight ratio, 
and exceptional resistance to environmental rust. It can also be cast well, enabling 
it to be employed in the automobile and aerospace sectors. Kumar et al. [34] 
examined the behaviour of Incoloy during EDM machining, with response vari­
ables based on input power, pulse on/off duration, and voltage applied. They also 
demonstrated that variable optimization in EDM may be accomplished by com­
bining dielectric fluid with powder. Sahu et al. [35] discovered variable optimiza­
tion in the EDM process. Because ANOVA was applied, optimal findings were 
achieved. Suitable optimization was also used to optimize machining. Thakur 
et al. [36] considered the use of graphite tool electrodes in suitable dielectric 
media for the machining of titanium alloy. Machining performance was designed 
using appropriate methodologies for performance evaluation. Following adequate 
testing in the EDM process, optimal variables were determined. Sharma et al. 
[37] examined electrochemical machining of titanium alloy using various electro­
lytes and a Cu tool in their experimental study. The electrolytes KCl, NaNO3, and 
NaCl were employed. Gobikrishnan et al. [38]: One of the most important aspects 
of removing MRR was determining electrolyte content. As input variables, volt­
age, current, and electrolyte concentration were used. The output parameters 
were obtained using MRR. In their study, the value of the trial was based on the 
orthogonal array of Taguchi’s technique. Ramana et al. [39]: This study focused 
on the ability to machine nickel A286 by utilizing PVD-coated materials over a 
lengthy period. The machining performance of nickel A286 was evaluated utiliz­
ing experimental tests that adjusted the speed of cutting and depth of cut, as well 
as tool electrode feed rate with taking chip shape, flank wear rate, and surface 
roughness into consideration. Jerin et al. [40]: Special materials, like steel 
12X18H10T, can withstand extreme temperatures while retaining their inherent 
properties. In order to widen its usefulness, this study evaluated its machining 
capabilities using the ECM technique for surface finishing. Thangamani et al. 
[41]: This research investigated how three different NaCl-based electrolytes 
affect the cutting of alloy Ti 6Al 4V, and the Taguchi model of experimentation 
was used to find features on the basis of electro chemical micro machining 
(ECMM) constraints such as voltage, electrolyte concentration, frequency of 
voltage, and duty cycle. Khan et al. [42] examined how vegetable oil contributes 
to sustain EDM machining and prevent environmental harm, although no such 
adjustment was necessary to support other types of biodegradable lubricants. 
Wasif et al. [43]: Al 5454 alloys, which are widely used in industrial works to 
create tool dies, moulds, blocks for engine, aviation parts, and a range of other 
components, were studied. Nagarajan et al. [44]: In this work, the researchers 
discovered that by varying the voltage (ranging from 11 to 15 volts), the electro­
lyte flow rate (from 1 to 3.0 L/min), and the electrolyte concentration (ranging 
from 120 to 190 g/l), they could utilize algorithms such as MFO, GWO, and PSO 
to determine key parameters like MRR and the presence of nickel in the sludge. 
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Vengatajalapathi et al. [45]: In this work, nickel hydroxide was cleaned from 
sludge in an environmentally friendly way during Monel 400 ECM. Filter materi­
als included powdered coconut shell and wood dust. RSM’s central composite 
design (CCD) was used for experiments. Singh et al. [46]: In this study, a higher 
MRR was obtained with a electrolyte concentration of 200 g/l and feed rate of 
about 18 micron/min. To obtain increased MRR with regulated input settings, a 
little expenditure of tool life was incurred. 

11.3 EXPERIMENTAL METHODOLOGY 

Pilot experiments conducted utilizing the one factor at a time (OFAT) technique 
aided in providing appropriate ranges of input variables for the ECM machine. 
Before starting the machining, a certain layer of input variables is chosen and an 
associated range is established, accompanied by a systematic layout of the experi­
mentation performance. An accurate evaluation of variables for input, as shown in 
Table 11.1, and a proper setting of their ranges are essential for obtaining appropri­
ate results. This allows for a reduction in the required number of performance tests 
during the machining process. This basic experiment served as a platform for future 
investigation [47, 48]. As a result, the OFAT approach determines the input param­
eters to be employed as well as the optimal range of primary experiments. The 
multiple pieces of Monel alloy 400 with dimensions of 25 mm × 25 mm × 5 mm 
depicted in Figure 11.1 are used for pilot and experimental operations. The notable 
ranges observed are as follows. To develop the design of experiment, the model is 
created utilizing the three stages of experiment design based on the Box–Behnken 
design (BBD) approach. As the electrode, copper is the most appropriate metal to 
use. The electrode has a diameter of 3 mm and a length of 60 mm, as illustrated in 
Figure 11.2. A surface roughness tester is utilized to assess the integrity of surface. 
MRR as well as TWR are computed by the weight change between them (initial 
weight – final weight). 

11.4 RESULTS AND DISCUSSIONS 

This study was carried out with the usage of copper tool and the RSM-based 
BBD method approach. Three levels of each input variable were chosen for testing 

Table 11.1 Ranges fixed for main experiment based on pilot experiment 

S. No. Parameter Level (–1) Level (0) Level (+1) 

1. Voltage 15 17 19 
2. Electrolyte conc. 40 50 60 
3. IEG 0.15 0.20 0.25 
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Figure 11.1 Machined workpiece. 

Figure 11.2 Copper tool. 

performance by running every run for 10 minutes, and the outcomes are displayed 
in Table 11.2. The weight difference between the MRR and TWR was calculated 
after each experimental run. Each experimental run includes three levels of param­
eter values for analysis and optimization [49, 50]. 
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Table 11.2 Experimental results 

Parameter 1  Parameter 2  Parameter 3 Response 1 Response 2 Response 3 

Std Run Applied Electrolyte IEG MRR TWR SR 
voltage conc. 

volts g/l mm mm3/minute mm3/minute micro meter 
8 1 19 50 0.25 6.8613 0.1858 1.51 

14 2 17 50 0.2 3.56 0.0669 3.44 
9 3 17 40 0.15 2.4545 0.0732 3.85 
4 4 19 60 0.2 4.242 0.0389 4.06 

17 5 17 50 0.2 2.6386 0.0468 3.42 
10 6 17 60 0.15 3.01 0.0145 4.28 
6 7 19 50 0.15 3.61 0.029 3.2 

16 8 17 50 0.2 3.5534 0.01 3.4 
12 9 17 60 0.25 5.3034 0.1101 3.229 
7 10 15 50 0.25 5.79 0.0569 2.03 
1 11 15 40 0.2 4.7545 0.0111 3.35 
3 12 15 60 0.2 2.52 0.0256 4.28 

15 13 17 50 0.2 4.1727 0.0044 3.05 
2 14 19 40 0.2 3.54 0.0234 4.006 

11 15 17 40 0.25 6.51 0.0322 2.529 
13 16 17 50 0.2 3.2295 0.0145 3.41 
5 17 15 50 0.15 2.625 0.114 2.896 

11.4.1 Analysis and optimization for MRR,TWR, and SR 

In Table 11.3, an F-value of 13.71 shows that the model looks significant. A large 
F-value is might occur due to noise just 0.12% of the time. Significant model terms 
have p-values less than 0.0500. In this situation, C, AB, and C2 are critical model 
variables. Values greater than 0.1000 indicate that model terms are insignificant. 
If a model has a large number of insignificant model terms, model reduction may 
improve it. Lack of fit has an F-value of 0.42, indicating that it is not significant in 
comparison to pure error. Noise has a 74.66% chance of causing significant lack 
of fit F-value. 

Table 11.4 showing an F-value of 8.09 suggests that the model seems significant. 
Only 0.58% of the time will an F-value this large be caused by noise. Significant 
model terms have p-values less than 0.0500. In this situation, crucial model terms 
include C, AC, BC, and C2. Values greater than 0.1000 indicate that model terms 
were insignificant. If a model has a large number of insignificant model terms, model 
reduction may improve it. The F-value for lack of fit is 0.14, indicating that the lack 
of fit is small in contrast to the pure error. Noise has a 93.00% risk of causing a 
significant lack of fit F-value. 

Table 11.5 showing an F-value of 40.69 suggests that the model is significant. 
A large F-value might occur due to noise just 0.01% of the time. Significant model 
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Table 11.3 ANOVA for toolwear rate 

Source Sum of df Mean square F-value p-value 
squares value 

Model type 29.05 9 3.23 13.71 0.0012 significant 
A-Applied voltage 0.8216 1 0.8216 3.49 0.1039 
B-electrolyte conc. 0.5960 1 0.5960 2.53 0.1556 
C-IEG 20.37 1 20.37 86.53 < 0.0001 
AB 2.16 1 2.16 9.16 0.0192 
AC 0.0019 1 0.0019 0.0079 0.9316 
BC 0.7762 1 0.7762 3.30 0.1122 
A² 0.5693 1 0.5693 2.42 0.1639 
B² 0.0050 1 0.0050 0.0212 0.8884 
C² 3.59 1 3.59 15.24 0.0059 
Residuals 1.65 7 0.2354 
Lack of fit 0.3975 3 0.1325 0.4239 0.7466 not significant 
Pure errors 1.25 4 0.3126 
Total Cor 30.69 16 

Table 11.4 ANOVA for material removal rate 

Source Sum of df Mean F-value p-value 
squares square 

Model type 0.0337 9 0.0037 8.09 0.0058 significant 
A-Applied voltage 0.0006 1 0.0006 1.30 0.2909 
B-electrolyte conc. 0.0003 1 0.0003 0.6539 0.4453 
C-IEG 0.0030 1 0.0030 6.43 0.0389 
AB 2.500E-07 1 2.500E-07 0.0005 0.9821 
AC 0.0114 1 0.0114 24.72 0.0016 
BC 0.0047 1 0.0047 10.08 0.0156 
A² 0.0013 1 0.0013 2.81 0.1375 
B² 0.0019 1 0.0019 4.15 0.0812 
C² 0.0107 1 0.0107 23.05 0.0020 
Residuals 0.0032 7 0.0005 
Lack of fit 0.0003 3 0.0001 0.1415 0.9300 not significant 
Pure errors 0.0029 4 0.0007 
Total Cor 0.0369 16 

terms have p-values less than 0.0500. In this situation, the model variables B, C, 
AB, AC, A2, B2, and C2 are critical. Values greater than 0.1000 indicate that the 
model terms are insignificant. If a model has a large number of insignificant model 
terms, model reduction may improve it. The F-value for lack of fit is 0.73, indicat­
ing that the lack of fit is negligible in contrast to the pure error. Noise has a 58.34% 
risk of causing a significant lack of fit F-value. 
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Table 11.5 ANOVA for surface roughness 

Source 

Model 
A-voltage 
B-electrolyte 
concentration 
C-IEG 
AB 
AC 
BC 
A² 
B² 
C² 
Residuals 
Lack of fit 
Pure errors 
Total Cor 

Sum of 
squares 

8.84 
0.0061 
0.5586 

3.04 
0.1918 
0.1697 
0.0182 
0.2456 
2.84 
2.03 
0.1690 
0.0600 
0.1089 
9.01 

df 

9 
1 
1 

1 
1 
1 
1 
1 
1 
1 
7 
3 
4 

16 

Mean 
square 

0.9822 
0.0061 
0.5586 

3.04 
0.1918 
0.1697 
0.0182 
0.2456 
2.84 
2.03 
0.0241 
0.0200 
0.0272 

F-value 

40.69 
0.2507 

23.14 

125.77 
7.95 
7.03 
0.7551 

10.17 
117.73 
83.90 

0.7349 

p-value 

< 0.0001 
0.6320 
0.0019 

< 0.0001 
0.0258 
0.0328 
0.4137 
0.0153 

< 0.0001 
< 0.0001 

0.5834 

significant 

not significant 

11.4.2 Mathematical modelling and regression analysis 

MRR = 59.2866 + −4.84361 * voltage + −0.440684 * electrolyte conc. + 
−75.3891 * IEG + 0.0367062 *voltage*electrolyte conc. + 0.21575 * voltage*IEG + 
−0.88105 * electrolyte conc.*IEG + 0.0919231 * voltage2 + −0.000344075 * elec­
trolyte conc2 + 369.217 * IEG2 

The real equation is derived after doing the experiment; therefore, the metal 
removal rate is significantly dependent on the main voltage. 

TWR = 3.90008 + −0.25264 * voltage + 0.00809 * electrolyte conc. + −20.1724 * 
IEG + 1.2505 * voltage*electrolyte conc. + 0.53475 * voltage*IEG+ 0.0683 * 
electrolyte conc.*IEG + 0.00439437 * voltage2 + −0.000213475 * electrolyte 
conc.2 + 20.131 * IEG2 

Because the tool wear rate is significantly dependent on the voltage, the follow­
ing real equation was generated while completing the experiment. 

SR = −18.7154 + 3.026 * voltage + −0.635925 * electrolyte conc. + 126.91 * 
IEG + −0.01095 * voltage*electrolyte conc. + −2.06 * AC + 0.135 * electrolyte 
conc.*IEG + −0.060375 * voltage2 + 0.008215 * electrolyte conc.2 + −277.4 * IEG2 

The real equation is derived after doing the experiment, so the surface rough­
ness is significantly dependant on the voltage. 

Figure 11.3 depicts the projected vs real value of material removal rate where 
the graph evidently illustrates that the real model of MRR established differs from 
theoretical values predicted during the experimental performance, which can be 
easily checked by examining the spread of the true values to the predict line. 

Figure 11.4 depicts the expected vs the real value of the outcome parameter, 
which is the amount of tool wear rate. The graph clearly illustrates that the real 



 

  

  

Machining performance and optimization of monel alloy 400 297
 

Figure 11.3 Predicted vs actual values of material removal rate. 

Figure 11.4 Predicted vs actual value of tool wear rate. 
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model of tool wear rate created is next to and near to the expected theoretical val­
ues obtained during the experimental performance, which can be easily checked 
by examining the spread of the true values to the expected actual line. 

Figure 11.5 depicts the expected vs experimental result of surface integrity. 
This graph clearly illustrates that the real model of surface roughness established 
is very near to the expected theoretical values obtained during the experimental 
performance, which can be readily checked by looking at the dispersion of the real 
values to the estimated actual line. 

Figure 11.6 displays a perturbation graph for MRR, which may be used to 
compare the effect on various variables in an appropriate point position in the 
design area. The output is distinguished by the variation of each element within 
its assigned holdings. A strong inclination in the characteristic curve indicates that 
the reaction is sensitive to the output parameter factor MRR. Closeness to the flat 
line indicates insensitivity to change upon that particular element. 

Perturbation plot for rate of tool wear shown in Figure 11.7 will aid in 
comparing the effect on various factors in an appropriate point position in 
the design region. Variation of each element within its assigned holdings and 
other static factors characterizes the result. A strong inclination in the slope 
indicates that the reaction is sensitive to the specified output variable electrode 
wear rate. Closeness to the flat line indicates insensitivity to change upon that 
particular element. 

Figure 11.5 Predicted vs actual value of the surface roughness. 
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Figure 11.6 Perturbation graph for the material removal rate. 

Figure 11.7 Perturbation graph of tool wear rate. 
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Figure 11.8 depicts a perturbation plot for surface roughness, which will aid 
in assessing the effect on various factors in a suitable point position in the design 
area. The outcome is defined by altering each element within its specified limita­
tions. A strong inclination in the characteristic curve indicates that the reaction is 
sensitive to the output variable factor surface roughness. Closeness to the flat line 
indicates insensitivity to change upon that particular element. 

11.4.3 Multiresponse optimization 

Design Expert 13 software can perform multiple response optimization. The sug­
gested model has three response variables and three input parameters, which are 
listed in Table 11.6. The instance illustrates how to optimize all output variables by 
evaluating each outcome and optimizing the variables. The optimization produced 
from the numeric report comprises Tables 11.6 and 11.7, the first of which pres­
ents a description of the constraints utilized to construct the next table of optimal 
process solutions. 

The optimal value of the different parameters achieved during the electrochemi­
cal machining of Monel 400 alloy for output parameters were voltage = 15 volts, 
electrolyte concentration = 41.54 g/l, and IEG = 0.25 by machining it with a cop­
per tool. 

Figure 11.8 Perturbation graph for the surface roughness. 
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Table 11.6 Optimization of parameters 

Name Aim Lower Upper Lower Upper Significance 
limit limit weight weight 

A: applied voltage In range 15 19 1 1 3 
B: electrolyte conc. In range 40 60 1 1 3 
C: IEG In range 0.15 0.25 1 1 3 
Material removal rate To maximize 2.4545 6.8613 1 1 3 
Tool wear rate To decrease 0.0044 0.1858 1 1 3 
Surface roughness To decrease 1.51 4.28 1 1 3 

Table 11.7 Optimized results 

S. No. Voltage (V) Electrolyte IEG MRR (mm3/ TWR (mm3/ SR(μm) Desirability 
conc.(gm/l) minute) minute) 

1. 15 41.54 0.25  7.175 0.004 2.093  0.924 

11.5 CONCLUSIONS 

The Box–Behnken design is utilized at three levels in order to build mathematical 
models for calculating the surface integrity factor of Monel alloy 400. The results 
were synthesized using a variety of multiple objective optimization techniques. 
The conclusions drawn are to be achieved: 

•	 Influential factors for output results are as follows: applied voltage, electro­
lyte concentration, and IEG. 

•	 Surface roughness was more noticeable at substantially higher voltages. The 
anticipated optimal value for surface roughness is 2.093 µm. 

•	 It was discovered that a voltage of 15 volts, an electrolyte concentration 
of 41.54 g/l, and an IEG of 0.25 mm worked well for machining. Surface 
roughness of 2.093 m, material removal rate of 7.175 mm3/min, and tool 
wear rate of 0.004 mm3/min were measured as reaction metrics. 

•	 On the Monel alloy 400, the copper tool produced the best reaction results. 

Terminology 

ANOVA Analysis of variance 
BBD Box–Behnken design 
CCD Central composite design 
ECM Electrochemical machining 
EDX Energy-dispersive X-ray spectroscopy 
GWO Grey wolf optimizer 
IEG Inter-electrode gap 
MFO Moth-flame optimization 
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MRR Material removal rate
 
RSM Response surface methodology
 
SR Surface roughness
 
PECM Precision electrochemical machining
 
TWR Tool wear rate
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