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which are annealing, quenching, and normalizing. The response parameters like theoretical and
experimentalmetalremovalratehavebeenmeasuredandstudiedbyvaryingmachiningparameterslike
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A substantial effort has recently been made to fabricate numerous combinations of metal matrix
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Most of the manufacturers in the world are already being adopted to industrial digitization in the
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Preface



Theadventofnewmaterials findsapplications invarious fields suchasbiomedical,aerospaceand
automobile.Thesevalue-addedmaterialsthatbehavebetterthanconventionalmaterials,whichhave
characteristicslikelighter,broaderservicetemperatureranges,multifunctional,andhavebetterlife-cycle
performance.Thematerialsfabricationinvolvesdifferentprocessessuchasreinforcementofnewmate-
rialandaddition/growth/mergingofmaterials.Suchprocessingofmaterialsmustassurethedemands
ofgeometricandpropertyoftheapplicationwithoutloweringthem.Therefore,controlofprocessing
particularsandrelatedtechnologiesbecomemoreandmoreimportant.Moreoverthenonexistenceof
standardmaterialinthemarketandforthesematerialsthemarketisparticularlyspecializedandin-
adequate,significantcapitalinvestmentorflexiblemanufacturingschemeswillberequiredtosetup
consistent,reproducibleproductionpotential.Themachiningtechnologyaddsavaluetothepieceof
materialsbyremovingsomeofitsvolume.Thequantityofvalueaddedisafunctionofthemannerin
whichthemachinedcomponentsinteractorfitwithothercomponentsandthedesignoftheformit-
self.Theprogressofmachiningtechnologiesandobservationofrecentyearsmaterialdevelopmentthe
productioninthemanufacturingindustriesarerelativelyeasy.Themosthighlyefficientmachinetool
workingatclosetolerancescannowbeattainedbymuchmoreubiquitousequipment.Theaccessibil-
ityofthisadvancedmachiningabilitycarryexpandsnewformsofaddedvalueandtomarketproducts
withhighdegreeprecisionandaccuracy,lessconstrainedbymanufacturerealities.Thisbooksetsout
toprovideanoverviewofthisareaandisintendedtobealead-intothesubject;itwillapprisethenon-
specialistreaderofsomeofthekeytechnologiesavailableandwillprovideassistanceintheselection
ofappropriatetechniques.

Newmaterialsandmanufacturingtechniquesopensupnewmarket,newtechnology,andnewmeth-
odsforexistingproducts.Researchersandengineersarestillfindingnewwaystoinnovateandremain
competitiveinever-changingmarketsandtheareasofapplicationbynomeansexhaustive.Additive
manufacturingmethodsincluding3-Dprinting,createhighlycomplexassembliesfromonecontinuous
material.Through this technology,manufacturers trimout failurepoints inasystem, industries that
benefit fromadditivemanufacturing includeaerospace,medical,prototyping,automotive,consumer
goods,andmanymoresectors,andwillgrowasthetechnologygetscheaperandmoreintuitive.Ad-
vancedmaterialshaveprovidesscopeforthecreationofhighlypreciseblendsofmetals,plastics,glass,
ceramics,etc.thatservedefiniteapplications.Advancedmaterialssuchascompositematerialsareac-
curatelyvariedinphysicalandchemicalproperties,generatingmoreperformancebreakthroughs.Some
important compositematerials incurrentmarkets includehigh strengthalloys, eco-friendlyplastics
andadvancedceramics/glass.Theautomatedsystemsallowforprecisionmovement&joining,andget
bettertheconsistencyofworkacrossmanyproductionunits.Roboticsisalsoinvaluablefortasksthat

xvi
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aretraditionallyhazardous, limitingrisk,faster,andcheaperproducts.Robotics ismorecommonin
automotive,aerospace,forging,consumergoods,andnumerousotherindustries.Lasertechnologyis
appliedforweldingandsurfacemodificationandtheseprocessesarecurrentlyusedforpressurevessels,
proximitysensorwelding,batterywelding,sensitiveelectronics,andmuchmore,providingsaferand
moreaccurateproductsacrossmanygenerations.

Theadvancedmanufacturingautomationprocessmarket,byapplication,issegmentedintohealth-
care,transportation,aerospaceanddefense,foodandbeverages,andelectronicsandsemiconductors.
Theadvancedmanufacturingautomationprocessmarket,bygeography,issegmentedintofourregions,
namely,NorthAmerica,Europe,Asia-Pacific(APAC),andtheRestoftheworld(RoW).Theemploy-
mentdemandforhighlyskilledlabourrelevanttoadvancedmanufacturingisincreasing.Thetrainingfor
developingaskilledlabourpoolinadvancedmanufacturingwillbeimprovedthroughvariousprogram
suchasvocationtrainingandeducationprogrammes,aswellascontinuingprofessionaldevelopment
schemes.VariousuniversitiesandInstitutesare teachingadvancedmaterialsandmanufacturingand
manystudents,industrialist,professorsandresearchscholarswillbeinterestedinit.

ORGANIZATION OF THE BOOK

Thebookisorganizedinto16chapters.Abriefdescriptionofeachofthechaptersfollows:

Chapter 1

Surfacemodificationtechniquesaremainlyconsideredtochangethesurfaceofthematerialbasedonthe
application.Amongthevarioussurfacecoatingtechniquesthemostfrequenttechniquessuchaschemi-
calvapordeposition(CVD),physicalvapordeposition(PVD),micro-arcoxidation(MAO)coatingand
electro-depositioncoatingwerediscussedindetail.Theeffectofsurfacemodificationonmechanical
andtribologicalcharacteristicsalongwithrecentapplicationisdescribedindetail.

Chapter 2

Thischapterreviewstheinteractionbetweentheinputparametersandmachiningspeed&overcutwere
studied.Theinputparametersconsideredaremachiningvoltage,dutycycle,electrolyteconcentration
andcathode tool rotation. In thischaptervariousmulti-objectiveoptimization techniquesapplied in
optimizationofECMMprocesswerereviewed.

Chapter 3

Thischapterdiscussesthedifferenttechnologyusedforsurfacemodificationofmaterialforbiomedical
applications.Thesurfacemodificationprocessisgenerallyusedtoobtaintheantibacterialproperties,
antifouling,enhancedmechanicalproperties,reducedcytotoxicity,anti-inflammatorypotential,improved
hemocompatibilityandosseointegrationcapabilities.Moreoversurfacemodificationofdentalimplantsand
polymerswerereviewedandrecentprogressandchallengesinapplicationofbiomaterialsarereported.

xvii
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Chapter 4

VariousmethodsareavailableformachiningofcompositesmaterialsandalloysareElectrochemical
Micro-machiningandWireElectricalDischargeMachining.Thesemethodsare theaptmethodsfor
micronlevelmachiningofthesematerialsbycomplexshapeswithgoodsurfacequality.Thischapter
providetheinsightinformationintotherecentdevelopmentsinmachiningofthisalloysandcomposite
materialsbyECMMandWEDM.

Chapter 5

Inthischapter,continuousdevelopingnewtechnologyandtrendsofadvancedmachiningmethodson
moderntechnologyforindustriesandacademiciansarediscussed.Thisbookchapterwillbeeyeopener
forbothindustrialistsandresearcherstoknowthevariousnoveltechniques,trends,anddevelopments
inconventionalmachining.

Chapter 6

Inthischapterelectrochemicalmachiningprocessdetailedandeffectoftoolelectrodewhichisheat
treatedinthreedifferentmethodswhichareannealing,quenching,andnormalizingontheoutputpa-
rametersarediscussed.

Chapter 7

Inthischaptertheautomatedmanufacturingprocesscanberealizedinordertooptimizeprocesspa-
rametersautomaticallyinrealtime,obtainingoptimumprocessingperformanceandproductquality.

Chapter 8

Thischapterwillsummarizethecurrentstateoftheartinaluminum-basedmetalmatrixcomposites,as
wellasrecentdevelopmentsinprocessingandapplication,allinonelocation,sothatrelevantstakehold-
erscanbenefitthemostandnewadvancementsonsuchthemescanbefostered.

Chapter 9

Thecurrentchapteraimstoprovideabriefaccountofadvancementsmadeinnanotechnology-enabled
manufacturingengineeringtoolsformanipulatingpolymericmaterialsasefficientcarrierssothatloaded
anti-cancerdrugswouldexhibitbettertherapeuticapplicationsandoptimizedclinicalsignificancesin
cancers.

Chapter 10

Thischapterdiscussthevariousaspectsofdigitizingfrictionstirweldingprocessbytheapplicationof
differentsensors.Implementationofvarioussensorssuchascurrent,force,soundandvisioninfriction
stirweldingmachine,abletocollectvaluabledatawhichcanbeusedforadoptingindustry4.0.

xviii
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Chapter 11

Thischapterprovidesinsightonthecurrentadvancementsofweldingtoexploretheaforementioned
benefits.Weldingprocessparameters,novelimplements,researchbackgrounds,applicationsandability
ofweldingprocessalongwithitsmeritsanddemeritsarecoveredinthischapter.

Chapter 12

Thischaptercoverstherecentdevelopmentsintheengineeringindustryrequirejoiningoflikeandunlike
materialswithdifferentpropertiessuchasmeltingpoint,coefficientofthermalconductivity,solubility
anddifferenceinelectrochemistry.Weldmentstesting,includingdestructiveandnon-destructiveex-
aminations,arecrucialduringprocedurequalification,welderqualification,andtheproductionwelding
processarediscussedindetail.

Chapter 13

ThischapterdiscusstheAdditivemanufacturingtechniqueusedinthereentrylaunchvehicle.Space
Industryhasbeenprogressivelyutilizingadditivemanufacturingintheirproductionwhichiselaborated
inthechapter.

Chapter 14

Thischapterdiscussedandconcludedonthe3D(Three-dimensional)printingtechnologywhichsig-
nifiesagreatprospecttosupportmedicinalandhealthcarefirmstoproducenewdefinitemedicines,
allowingquickmanufactureofmedicinaltransplants,andmovingtheapproachthatspecialists’surgeon
andphysicianstrategymeasures.

Chapter 15

ThischapterprovidesinsightabouttheAgrowastepolymercomposite(AWPC)comprisingagrowaste
asreinforcementandpolymerasthematrixisknowntocontributeadditionalfuelloadwhenexposedto
heatsourcesowingtotheirconstituentsmakeup.AWPCproductionanditsapplicationstomeetrequired
firesafetystandardsarediscussed.

Chapter 16

This chapter discuss the behaviour of Agro-waste fibres (AWF) composite material on combustion
processtounderstandthereasonforthehighheatreleaserates(HRR)causedbycellulosiccontent.The
prospectiveexaminationofAWFcompositematerialfirebehaviourgivestherequireddirectionabout
thelimitsoftheirutilizationanddevelopmentaltrendsforfutureindustrialapplicationsinNigeria.
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Thisbookactsasabridgebetweenthishigh-levelresearchandthelargenumberofacademicsand
practitioners looking toadvancedmanufacturingprocesses for innovative solutions,providing them
withpracticalandapproachableinformation.Applicationsinaerospace,automotive,medical,andfood
industriesareaddressed,featuringtechnicaldetailsthatwillhelpsuccessfulimplementation.Thisunique
bookalsoprovidesbroadcoverageofthetheorybehindthissurfacemodificationtechnology,including
materialdevelopment,aswellasthetechnicaldetailsrequiredforreaderstoinvestigatethenovelap-
plicationsoftheinvolvedmethodsforthemselves.
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ABSTRACT

Surface modification techniques are mainly considered to change the surface of the material based on the 
application. The surface modified materials possess excellent mechanical, tribological, and biological 
characteristics. In this chapter, the principle of various surface modification techniques including their 
outcomes, advantages, and limitations are reviewed. Among the various surface coating techniques, the 
most frequent techniques such as chemical vapor deposition (CVD), physical vapor deposition (PVD), 
micro-arc oxidation (MAO) coating, and electro-deposition coating were discussed in detail. The effect 
of surface modification on mechanical and tribological characteristics along with recent applications 
are described in detail. Finally, the major surface characterization techniques and their outcomes are 
elaborated in this chapter.

INTRODUCTION

Surface engineering deals with various fields such as engineering, materials science and physics and 
the current developments in coating and treatment technologies solves the complex issues in the surface 
engineering. By understanding, surface is the most important part of any engineering component. Most of 
the components fail due to the ill effects of the surface condition which often constraints the technological 
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development. In general, components with characteristics of, resistance to friction, wear and corrosion 
are required and to meet these requirements, development of new surface with different modification 
techniques is need. In practice, surface modification process in materials brings modifications in mi-
cro structural and compositions. Micro structural modification process such as surface transformation 
hardening, surface melting, shot peening and compositional modification process attributes to coating 
and deposition, Electro-deposition, conversion coating, thermal coating, hot dipping, chemical vapour 
deposition and physical vapour deposition are currently applied to improve the surface property. The 
surface modified difficult to cut materials machining efficiency is improved by using hybrid surface 
modification process. This chapter discusses the most recent technologies for surface modification for 
industrial components.

METHODS OF SURFACE MODIFICATIONS

Surface Transformation Hardening

Transformation hardening is the one of the hardening process for steels. During heat treatment process 
the components are heated to the required temperature in bulk and then quenched in water or oil to 
achieve the preferred hardness on the surface. In the majority of engineering applications, the wear in 
components arise only in specific areas hence, it is adequate to harden areas which to susceptible to wear 
for enhancing the performance of the component. Surface hardening is performed through nitridation, 
oxidation and boronizing as shown in the figure1.The laser gun emits laser energy on the surface to be 
hardened which moves in both the direction horizontally. In recent years laser has be extensively applied 
for surface processing due to its advantages such as monochromatic nature and controlled amounts of 
energy to preferred regions (Grum and Sturm, 1997). The limitation of this process is that irregular 
hardness distribution and a non-uniform hardened depth and width.

Figure 1. Schematic of hardening process
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Surface Melting

Surface melting is applied to achieve heat-resistant, wear-resistant, corrosion-resistant and porous bio-
compatible coatings on materials. Surface melting involves heat sources, which produce high power 
densities at the surface with the help of laser and electron beam processes as shown in figure 2. Laser 
melting is extensively applied for surface modification of complex geometries and Bruzzo et al. (2021) 
have deposited the 316L stainless steel powder on the tubular specimens, and re-melted the surfaces 
using the same laser machine. The laser re-melting develops new texture on the surface and a correct 
combination of laser parameters prevents the creation of an anisotropic surface. Similarly, electron 
beam energy densities play a prominent role on surface micro structuring, phase composition, elements 
distribution and tensile property of samples. The nanosecond small diameter pseudo spark electron 
beam radiation is directed on the 304 stainless steel surface. After thousands of microspark treatment, 
uniform submicron grains with slip bands spreaded across the modified layer. This treatment induces 
dislocations, and nano-twins with the lamella thickness < 8 nm in the adapted layer. The number of the 
microspark is directly proportional to the surface micro-hardness and corrosion resistance. The micro-
structure of the treated surface is improved through this process (Cao et al..2021). This method has an 
inherent disadvantage that the heat produced by the laser beam should be quickly transferred from the 
molten bath to avoid the development of residual stresses. Due to this, the thermal conductivity of the 
materials should be higher to reduce the quantity of unwanted heat, resulting in reduced residual stress 
(Voznesenskaya et al., 2020)

Figure 2. Laser melting process
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Shot Peening

Shot peening is one of the cold working process. It creates a layer of compressive residual stress and 
alters the mechanical characteristics of metals and composites. Figure 3 shows the schematic of shot 
peening process. It is nothing but hitting a surface with round ceramic or metallic particles with suf-
ficient force to develop plastic deformation. This technique develops irregular surface with micro and 
nanometer features. You et al. (2021) have used shot peening process to modify the surface of the heat 
sink for electronic applications. A shot of diameter 0.6 mm, made of 410 stainless steel, ejection speed 
was about 60 m/s is considered for the surface modification and irregular microscopic defects, and in-
crease in surface roughness upto 5.63 µm is witnessed. The thermal emissivity of the shot peened heat 
sink increase to 2.5 times with increase in surface roughness.

Surface Mechanical Attrition Treatment

The surface mechanical attrition treatment method involves repetitive multidirectional impacts by speed-
ing balls to make surface hardening of bulk material as shown in figure 4. This impact creates severe 
plastic deformation on the surface of the material, leading to grain refinement without changing in 
composition. This method produces severe surface nanocrystallization and brings out the slow change 
in base material ranging from nano-meter to regular size. Elastic deformation is seen in the area in close 

Figure 3. Schematic of shot peening process
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vicinity of the base material and extreme plastic deformation occurs at the uppermost surface. Hence 
the modified surface shows favourable surface hardness, tensile strength, resistance to fatigue and wear 
resistance due to the formation of nano-crystallites at their surface and subsurface layer (Arifvianto, & 
Mahardika, 2018).

FREQUENT METHODS USED FOR SURFACE COATING

Chemical Vapour Deposition (CVD)

Chemical vapour deposition (CVD) is a vacuum deposition method applied to fabricate superior qual-
ity, high-performance, solid materials. The method is frequently used in the semiconductor industry to 
fabricate thin films. Figure 5 shows the schematic of the CVD process. CVD is a coating process which 
includes thermally started chemical reactions at the parent material with the assistance of vaporous or 
fluid reactant containing the favoured component within the reaction chamber. During this process the 
chosen material will be deposited on the surface by heating the solid substrate and particular chemical 
reaction with mixed vapour (Carlsson & Martin 2010). CVD is used for developing 2D materials and 
polymeric thin films which find applications in electronics and medical devices (Sun et al. 2021).

Figure 4. Surface mechanical attrition process
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Physical Vapour Deposition (PVD)

Physical vapour deposition (PVD) process is well know process for developing corrosion and wear 
resistance surface with thin protective films. It is applied to materials extending from fancy objects to 
mechanical components/parts. The preferences of this method are that the mechanical, erosion, and 
creative properties of the coating layers can be modified on necessity (Baptista et al. 2018). In com-
mon, PVD happens in a elevated vacuum environment where solid/liquid is vanished to vapour state 
taken after by metal vapor condensation as shown on the schematic figure 6. The thermal energy needed 
for the evaporation was provided by different units, namely electron beam, heating wire, laser beam, 
molecular beam, etc. The vaporized atoms pass through the vacuum chamber and deposited onto the 
substrate. Physical vapour deposition coated parts find application where the components encounters 
high wear rate. Physical vapour deposition posses some drawback namely coating of complex shapes, 
high operation cost and reduced output, and process complexity.

Micro-Arc Oxidation (MAO) Coating

The figure 7 shows the setup for micro-arc oxidation coating in which cathode is source and anode is the 
substrate. A high voltage distinction is kept up between the cathode and anode to create micro-arcs as plasma 
channels. The created smaller scale arcs hit the substrate and liquefy a fraction of the surface, based on 
the concentration of the micro-arcs. During micro arc oxidation coating process a plasma channel created 
induces the micro-arcs between the cathode and anode which melts the surface. The generations of plasma 
channels release the pressure to carry out the deposition process on the substrate surface using coating 
materials in the electrolyte. The oxygen inside the electrolyte actuates a chemical response of oxidation 
and stores the oxides on the surface of the substrate materials. The efficiency coating is with the selection 
of coating materials in the electrolyte. Aluminium, magnesium, titanium, and their alloys are coated using 
the micro-arc oxidation. Micro-arc oxidation provides high corrosion resistance, being a porous structure; 
this coating layer finds application in biomedical implants and fixations (Zhao et al., 2010).

Figure 5. Schematic of CVD setup
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Electro Deposition Coating

Electro deposition is a coating process in which metallic ions are coated on a substrate. In this method 
of coating, ions transfer takes due the applied voltage between anode and cathode in the electrochemi-
cal cell. During this process, a layer of coating is formed on the substrate immersed in the electrolyte, 
by getting ions from the anode. Broad studies have been conducted on electro deposition of materials. 
With respect to existing literature, the electro assisted coatings notably improve the corrosion properties 
of the substrate. In addition, this type of coating method has been used for producing superhydrophobic 
polymeric coatings such as polythiophene (Darmanin et al., 2010). Figure 8 shows the electro deposition 
coating HAP powder on titanium substrate (Rakesh Kumar et al. 2021).

Figure 6. Physical vapour deposition setup

Figure 7. MAO coating setup
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SURFACE MODIFICATION FOR IMPROVING THE PROPERTY OF MATERIALS

Resistance to Corrosion and Wear

Corrosion and wear in materials, both directly and indirectly, costs huge to the industries such as chemical, 
paper and mining. Corrosion always accompanies the wear process in all environments, except vacuum 
and inert atmospheres. The materials are protected from corrosion by coating using above discussed 
techniques. The MAO coating process is used to form Al2O3 coating layers on high-strength aluminum 
alloys to enhance corrosion resistance properties. The shaped coating layers were inspected and thick 
oxide layer is strongly adhered into the aluminum substrate increasing the corrosion resistance proper-
ties of MAO coating substrate. (Dzhurinskiy et al. 2021). In other research porous(nano) oxide layer 
was developed on the titanium alloy(Ti6Al4V) surface using ethylene glycol electrolyte and lactic acid 
solution through electro deposition process. Based on the analytical instrument studies the nanopore 
of size φ 89nm and ~ 5.412 µm thickness of oxide layer were formed on the surface. Potentiodynamic 
polarization study of nanoporous oxide layer in an 8 g/l NaCl medium shows that the nanoporous oxide 
layer fabricated on Ti6Al4V surfaces shows good corrosion resistance property than that of uncoated 
Ti6Al4V (Saha et al. 2021). A special additive manufacturing technology namely selective laser melting 
is a laser based additive manufacturing technology, used in the manufacturing of 316L stainless steel 
components. The mechanical and tribological properties of 316L stainless steel is improved by this 
technique and plasma oxidation treatment process. The stainless steel surface were coated with Ti6Al4V 
layers through oxidization at temperature range of 650 °C and 750 °C for the duration of 1 to 4 hr in the 

Figure 8. Electro deposition coating
(Rakesh kumar et al. 2021)
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plasma environment. The wear tests were conducted to understand the wear characteristics of the Ti6Al4V 
layers using Al2O3 balls at dry load of 10 N, with pin-on-disk tribometer. The tribometer results affirm 
that the hardness and wear resistance of Ti6Al4V coated surface and plasma-oxidized surfaces appears 
superior comes about than the un-coated 316L surface.The development of titanium oxide and diffusion 
zone profundity attributes for best wear resistance and elevated hardness value (Tekdir & Yetim. 2021). 
Laser cladding technology has been used for surface modification of titanium alloys.

Ceruim oxide is coated on titanium alloys (Ti811) through coaxial powder feeding strategy. The coated 
surface basically contained TiC, TiB2, Ti2Ni, and α-Ti. This method of coating develops a surface with 
distribution of homogenous microstructure and fine grain size. Laser power is considered for the coating 
and 45 J/mm2 of laser power were used to develop the ceruim oxide of 2 wt%. The process enhance the 
micro- hardness and wear resistance due to fine grain fortifying and scattering reinforcing impacts of 
CeO2, contributing straightforwardly to produce a high normal hardness of 811.67 HV0.5 with a lower 
friction (Yang et al. 2021). The sequence applications of surface modification process have fetched good 
results on high strength low alloy automotive steel. This automotive steel experiences intense surface 
plastic deformation through controlled groove pressing, intense shot peening and ultrasonic process for 
developing nano-crystal surface. This process creates a nano-crystal layer < 50–100 µm with superior 
resistance to wear and friction in particular at small loads compared to untreated specimens (Karademir 
et al. 2021).

Resistance to Fatigue

The fabricated parts undergo static loading, including tensile, compressive, hardness, etc., A major chal-
lenges and concerns for metallic parts in application is their behaviour under cyclic loading, i.e. their 
fatigue resistance which is a familiar mode for mechanical failure in many engineering structures. Hence 
research on enhancement of fatigue resistance is performed worldwide. Ultrasonic nanocrystal surface 
alteration is a recently developed strategy which employs low amplitude ultrasonic frequency vibrations 
superimposed on inactive stack to form severe plastic deformation leading surface nanocrystallization. 
(Ye, et al. 2021). In this process the tungsten carbide ball hits the specimen surface at frequency range 
of 10-30 kHz. This strategy is utilized to improvise the fatigue properties of A100 steel. During this 
process the martensite microstructure is surprisingly refined; moreover surface compressive residual 
stress is improved to 1700 MPa due to the severe lattice distortion. The upgraded surface hardness and 
the compressive residual stresses notably improve the fatigue resistance of A100 steel by bringing down 
the fatigue crack nucleation and propagation (Zhao et al. 2021). Aluminium alloy (AA7075-T651) fatigue 
property is improved using laser shock peening (LSP) process. During this process a deep compressive 
residual stresses above 300MPa were developed and fatigue test shows a two times increase in overall life, 
due to the mechanism of crack initiation (Sanchez and coworker 2021). Selective laser melting (SLM) 
technique is considered for preparing aluminium-Ni-Cu alloy. The nickel and copper of 3.8–4.2 and 
1.9–2.2 wt.% respectively is deposited on the aluminium to improve the fatigue resistance of the specimen. 
The SLM Al-Ni-Cu alloy with high fracture resistance has potential in the aerospace field (Chang et al. 
2021). The impact of laser process parameters and the kinetic energy on the microstructure, mechanical 
characteristics and fatigue performance of nickel-based super-alloy Inconel 718 is analysed. The incre-
ment in kinetic energy successfully advances the surface grain refinement and develops a compressive 
residual stress in Inconel 718. Among the various methods, ultrasonic nanocrystal surface modification 
is propounded to be the foremost appropriate strategy for improving the fatigue performance.
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Enhancement of Thermal Property

In recent decade boiling has got significance for its viability in cooling of micro-electronic gadgets due 
to its higher heat extraction capacity as compared to air or single-phase liquid cooling. Micro- and nano-
surfaces have been created for this reason either by surface coating or by micro-machining. With the 
advent of micromachining technology surfaces with ribs, dimples, arrays of protrusions and roughness 
have been developed on heat sinks for enhancing heat dissipation. The thermal radiation coating paint 
was sprayed onto the heat sink surfaces by a spray gun along with compressed air. The thickness of 
the coating was managed by the number of layers. For each layer has a thickness of about 0.8 µm (You 
et al.. 2021). Thanigaivelan and Deepa (2018) have coated the aluminium and copper micro-fin with 
aluminum paint using spray paint technology to understand the effect of paint coating on the convective 
and radiative heat transfer. The paint coated aluminum test pieces of fin spacing 5 mm shows highest 
value for convective heat transfer coefficient ie 24.54 W/m2 K.

APPLICATION OF SURFACE MODIFICATION

Surface Modified Cutting Tools

The application of cutting tools such as drill bits, turning tool and high speed tools are enormous and at 
the same time it suffers severe surface wear, during cutting of difficult-to-cut materials. Amid machin-
ing process the friction between the tool-work and tool-chip interfacing produces ceaseless heat and 
abrasion. To improve the device life span and quality of machined components, different methods have 
been applied to diminish external loading, improve tribological performance and/or superior chemical 
steadiness. In order to improve the drill bits life and corrosive resistance used for wood industries, a 
joint technique of surface hardening process is considered in the drill bit i.e., diffusing the nitrogen the 
stage 1 using ammonia and oxidising the nitrided surface at the stage 2 using water vapour. This process 
develops the surface layer with oxide, nitride, carbonitride, and oxycarbonitride elements which attributes 
for improved surface properties of high speed tool (Kh Eshkabilov et.al.2021). The plasma hardening 
method is used to improve the soil cultivating instruments made up of 65 G steel. The plasma quenching 
improves the wear resistance of normalized steel by four times. The resistance to wear for the hardened 
steel is studied using the corundum and steel indenter and former shows 15.3 times more wear resistance 
than with a steel indenter (Mashrabov, et al 2021).

The wear resistance of milling tool fabricated through three distinctive strategies ie two casting 
methods namely gravity and vacuum and one conventional metallurgical course) with same chemical 
composition. It is apparent that the quality of eutectic carbide spatial dispersion in the milling tool 
plays a critical part in wear performance, and, at the same hardness, it is autonomous of twisting quality 
strength and impact durability. Hence, the end mills made from the casting process appears to have best 
wear resistance to abrasive and oxidation wear (Chaus et al 2021). The surface textured inserts are used 
for machining hard materials such as titanium alloy. Figure 9 shows the tool insert with micro slots and 
micro drilled holes. Polycrystalline cubic boron nitride (PCBN) and polycrystalline diamond (PCD) 
inserts are modified using micro holes surface textures on rake and flank face for high-speed machining 
of Ti6Al4V alloy along with minimum quantity lubrication. The polycrystalline diamond with micro 
holes surface textures showed best performance characteristics (Rao et al.2021). Laser finished tool also 
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well known in which micro-scale dimple is produced on HSS tool surface using pulsed Nd:YAG laser. 
The laser finished tool resulted in lower cutting forces and reduced tool – chip contact (Sasi et al. 2017). 
Micro-EDM technology is also considered for developing micro-textures on high-speed steel and this 
technology ensures the creation of uniform textures (Bhim Singh et al. 2019). Moreover more number 
of micro holes in different diameter, depth and pitch were fabricated on the tool inserts and its influence 
is studied on aluminium metal matrix composites. Textured inserts with solid lubrication enhances the 
cooling and lubrication functions and there is 21% and 19% reduction in surface roughness and power 
consumption respectively (Sasi et al., 2017). Amoung the diameter, depth and pitch, the pitch shows less 
impact on output responses. The regular and uniform textures are prepared on PVD coated surface of 
WC/Co substrate through plasma-assisted laser machining. The regular and uniform micro-scale textures 
greatly reduced the cutting force generated during turning of SS316L. Ion implantation technology is 
also used for improving the performance of many drill tools; moreover its durability of the guide pads 
was not addressed properly. The coating of tools with TiN has some disadvantages, namely dimensional 
change and delaminated layer during the work (Meng et al., 2021).

Surface Modified Workpiece

Most problems encountered during machining of titanium are heat generation and friction at the tool–chip 
and tool–workpiece interfaces. Several strategies have been used with some success in the development 
of machinability of titanium alloys. However, novel applications and machining strategies for hard-to-
cut alloys are ceaselessly being developed by worldwide researchers. It is obvious that amid the elec-
trochemical process, a lean electrolytic inactive film (oxide layer) develop on the workpiece surface for 
the particular range of potential and electrolyte pH. This layer has properties that are distinctive than the 
base material that can be separated with the decreased mechanical cutting force. Skoczypiec et al. (2016) 
have applied this technique for machining of stainless steel and studied the cutting force by varying the 
cutting speed and the feed rate. This electrochemical-assisted mechanical machining is more suitable for 
passivating materials such as stainless steel, titanium alloys and aluminum. Since, titanium alloy finds 
application in various fields the research on machining of titanium alloys is given due importance. In 

Figure 9. Surface textured tool insert
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case of Ti4Al6V alloy the temperature of machining increases with the cutting speed. The high cutting 
temperature worsens tool life, surface quality, and cutting accuracy. Moreover, the micromachining of 
Ti4Al6V alloy is generally accompanied by the formation of burrs. It is also vital to contain these burrs 
during micromachining because it is not like conventional machining, a post finishing process is not pos-
sible. Hence in this electrochemical assisted hybrid micro machining process will be suitable process to 
machine Ti4Al6V alloy. During electrochemical process the development of passive layer on the surface 
of the specimen can be machined with less cutting force thereby reduces the machining temperature. The 
problems of machining titanium are many folds which depend on types of titanium alloy.

There have been many surface hardening technologies which involve heating system for quenching 
of steels. The heating system requires dedicated thermal equipment for obtaining required structural 
and phase transformations on the surfaces. Here a novel surface hardening which directly hardens the 
surface of the workpiece. The friction and plastic deformation between the tool and workpiece during 
cutting process is advantageous for creating the heat. This heat generation hardens the workpiece surface 
continuously. The joint effect of intense deformation, confined heat, and fast quenching speed makes 
the machined surface to go through both physical and metallurgical changes. Cylindrical samples with a 
diameter of 60 to 80 mm made of steel after normalization is machined in screw-cutting lathe using oxide 
ceramic, cemented carbide, and SiAlON tools. The multi-component dynamometers were generally used 
to obtain the cutting force, the piezoelectric based dynamometer is preferred over the strain gauge type 
for its accuracy and reliability. The temperatures in the cutting zone were measured by thermocouple. 
Based on the experiments the following inference is made by authors: Phase transformations happen at 
higher temperature and speed of deformation could not be established during laser quenching. The nor-
malized workpiece surface depicts homogeneous hardness over other surface hardening process (Nikolay 
Zubkov et al., 2017). Gunasekaran and co workers have modified the magnesium alloy surface using 
cryogenics. The specimen is treated for different range of time and the temperature is reduced at the rate 
of 20°C/min from room temperature. The cryogenic treatment is performed using liquid nitrogen and the 
treated specimen is turned using Kirloskar variable speed lathe. The input parameters such as cryogenic 
soaking time, feed, speed and depth of cut on cutting temperature, surface roughness and cutting force 
were examined. Orthogonal cutting forces such as Fx, Fy, Fz were measured using piezoelectric dyna-
mometer kept under the tool holder along with the suitable load amplifier. The roughness measurement 
is done using a stylus based surface roughness tester (Make: Taylor Hobson, Sutronic 25). The cutting 
temperature can be measured by non-contact IR Thermometer.

In manufacturing industries, laser surface alloying shown in figure 10 is recently considered as an 
important candidate for enhancing the surface properties of metals. The light alloys namely aluminium 
and magnesium are the key engineering materials used extensively in the manufacturing sector especially 
automobile industries. These materials have good strength, corrosion resistance, weldability and cost 
effective which favours their application in several engineering industries. In recent study, the surface 
alloying of pure aluminum was done through CO2 laser. Researchers have considered alloying powders 
in the ratio of 2(copper):1(magnesium):1(manganese) on the aluminium surface. With the help of laser 
surface alloying the hardness of the Al-Cu-Mg-Mn increased by two to seven times at a 1.7 kW laser 
power (34). Wear rate of laser alloyed surface is measured using a modified Lancaster wear coefficient 
and pin-on-disc device. At 10 N and 20 N loads with diverse sliding speeds show diminishment of wear 
by 30–50% due to surface alloying. Moreover, microstructure and surface characterization studies depict 
good metallurgical bonding without defects. At outset the laser alloyed surface has more wear resistance 
and can be recommended for the moving parts.
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Surface Modification of Electrodes

The surface structure of cathodes within the Li-ion batteries and super capacitors plays a overwhelm-
ing part and influence the system working such as structural solidness and material’s conductivity (35). 
Different strategies are being used to enhance the electrochemical execution of these components to be 
specific doping of move metal ion, generation of composite materials, generation of nano materials, 
and surface alteration of materials. Among these methods, surface alteration of the terminal materials 
is broadly utilized since of ease of generation and financial viability.

The surface coating is one of the surface modification process in which thick coating layer is gener-
ated on the surface to provide superior protection and to limit the ion and electron transport. For high 
performance cathode materials, homogenous thin surface coating is preferred and generation of this 
type of coating is challenging. The surface coating by sintering and dissolving the surface wipe out the 
surface structure of the cathode materials and hence it is vital to make use of suitable coating material 
and consider a suitable coating technique to generate high-performance cathode materials.

SURFACE CHARACTERIZATION TECHNIQUES

To understand the surface properties such as feedstock powder, porosity, thickness, roughness, hardness, 
and phase composition of the modified surface the following various surface characterization methods 
are used:

• Microscopy (optical),
• Scanning Electronic Microscopy (SEM),
• Energy dispersive
• X-ray spectroscopy (EDS), and
• X-ray Diffraction (XRD),

Figure 10. Schematic of surface alloying
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Surface Analysers

Metallographic analysis can be obtained using Olympus GX51 microscope with magnification of 
1000x on the polished surface. In many research article surface characterizations were carried out us-
ing SEM (Make:EVO 18, Carl Zeiss, Germany) and X-ray spectroscopy to obtain the surface structure 
and elements compositions and distributions(24). Moreover, a white light interferometer (Make: Wyko 
NT9300, Veeco Inc., USA) is used to analysis the surface structure. For structural data and residual 
stress studies X-ray diffraction and focus variation microscopy are used (Bruzzo et al., 2021). At the 
same time, the broadly used sin2ψ method and electron backscatter diffraction analysis were conducted 
for micro-structural characterization and cross section analysis (Gunasekaran et al., 2021; Karademir et 
al., 2021). The features of additively manufactured surfaces such as high slopes, undercuts and varying 
optical properties are analyzed using polarized light with 10X magnification lens. The details of residual 
stress are calculated using CrKα radiation, upto 2 μm below the substrate surface.

The SEM with different magnifications such as x1000, x5000 and x10,000 were used for detailed 
surface analysis. X-ray photoelectron spectroscopy was used to analyze the chemical composition and 
chemical bonding of the working surface. The surfaces of ion implantation were examined using a 
photoelectron spectroscope (Devaraj et al., 2021). The chemical conditions of surface elements were 
also determined using high-energy resolution spherical sector spectrometer. In some studies the depth 
report of implanted tungsten, carbon, cobalt, oxygen and nitrogen were determined using the secondary 
ion mass spectrometry analysis. This analysis is performed on an SAJW-05 analyzer outfitted with a 
mass spectrometer and physical electronics ion gun. Energy dispersive X-ray spectroscopy were used to 
make analysis of the composition of aluminum substrate containing 0.6 wt.% Si, 0.3 wt.% Fe, 0.1 wt.% 
Cu and balanced aluminum.

Moreover the oxide layers composition obtained at various oxidation temperatures on pre-nitrided 
substrate is analysed using X-ray method. The nitride-oxide layer surface and microstructures are 
analysed using a SEM, and structure compositions were determined using an energy-dispersive X-ray 
spectrometer (Eshkabilov et al., 2021). During characterization of modified surface the working distance 
is maintained at 8.5 mm.

Surface Roughness, Wear and Friction Analysers

The surface roughness is measured using Surftester (Make: Mitutoyo, Japan) and high-precision portable 
roughness tester. The high-precision surface tester can measure 8200 points upto 4mm of test length with 
speed of 0.20 mm/s. Using the instruments average roughness, Root Mean Square (RMS) and maximum 
peak to valley were determined. The abrasive wear resistance of the coated surface is analyzed using 
rubber wheel test (Meng et al., 2021). Moreover the analysis of wear and friction were conducted on 
pin-on-disc tribometer (Make: DUCOM instruments) at parameter setting of 30 min at room tempera-
ture for dry condition, at ASTM G99-95a standard (30). SEM/EDS were also used for characterization 
of wear track of various textured tools occurred during machining. Amsler apparatus were considered 
for tribological studies to measure the friction at glide velocity of 0.83 m/s, the load of 25 N and the 
friction distance of 2500 m. Friction torque is also noted at the time of tests. Different testing condition 
is adapted to study the wear and frictional performance of treated samples using reciprocating tribom-
eter. At dry sliding condition, 6 mm diameter tungsten carbide ball at force of 5N, 10N and 15 N were 
considered for the study. The wear probe slides at a speed of 8cm/s in a linear path of 12 mm for a total 
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sliding distance of 500m. Volume loss is calculated approximately by multiplying the wear probe stroke 
length, track width and track depth. The wear stroke is kept constant as 12 mm for the whole specimens 
in this experiment. The optical profilometer were used to measure the wear track width and depth and 
the arithmetic mean of the width and depth were obtained.

Mechanical Strength Analysis

To test the hardness of the material, the material surface is touched with a rigid indenter and the imprint 
left is measured to determine the hardness value. The rigid indenter is of different shapes such as spheri-
cal, conical or pyramidal. Micro-hardness tester (Make: EMCOTEST DuraScan 70, Germany) having 
an indenter of diamond pyramid with regular quadrihedral shape with a load of 100 kg is used for the 
evaluation of micro hardness (Meng et al., 2021). Vickers method is an another testing method uses 
Wilson Wolpert 401 MWD microhardness tester (Make:Buehler, Lake Bluff, IL, USA) for measuring 
the micro hardness. Before carrying out the test the specimen is sectioned and rough polished along the 
thickness. To obtain accurate results, all the specimens were subjected to minimum of 6 times repeated 
test, and the average of those values can be used for the final value. The surface hardness of materials 
are measured using micro combi tester with a spherical indenter of radius 5μm. At maximum loading 
condition of 5000 mN, the loading and unloading were done for time period of 30 s and 10 s and the 
load displacement indentation curves were documented. The hardness was estimated from these curves 
based on the Oliver and Pharr (1992) method. Micro-hardness measurements are also performed by 
hardness tester for make Qness Q10M (Tekdir & Yetim, 2021).

Tensile tests were conducted using universal tension and compression testing machine functioning 
at an invariable test speed of 5 mm/min at room temperature. Tensile test specimens were fabricated ac-
cording to ISO 6892 standard (17). A rotating fatigue testing machine were considerd to test the strength 
of the Al-Ni-Cu alloy in some studies. The fatigue characteristics of the Al-Ni-Cu alloy were compared 
with the stress–number of cycles to failure curve. The number of cycles to failure is calculated by the 
average of 3–5 rotating fatigue tests. Moreover, the fatigue fracture surface can be observed through 
SEM to confirm the fracture occurrence and determine the fracture mechanism (Chang et al., 2021).

Scratch Analyser

The coating adhesion of the coated samples can be tested using nano-scratch tester with a diamond 
stylus of 100 μm radius (30). In some studies, scratch test is conducted at maximum load of 180 N with 
a loading speed of 100 N/min along with scratch length of 4.5mm. The measured data are related to 
coefficient of friction and acoustic emission signal. Coating thickness was measured using eddy cur-
rent probe, and each thickness is measured 3 to 6 times and final measurements are the average of all 
measured values. Microstructure and surface morphology studies of coatings was performed by field 
emission scanning electron microscopy according to ASTM E1588 (36). The surface elements namely 
oxygen and nitrogen, in the surface layer of hundred nanometers thick, were determined with use of it. 
Other instruments such as energy dispersive spectroscopy and dedicated Quantax 200, Esprit 1.9 code 
are also used as a scratch analyser (Dzhurinskiy et al., 2021).
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Cutting Surface Analyser

Cutting force of surface modified tools and workpiece were studied using, a KISTLER 9275A piezo-
electric ceramic and strain gauge dynamometer (Meng et al., 2021). Temperatures of deformed cutting 
surface were measured using thermocouple method. Online temperature of the modified surface can be 
measured by indirect method using IR thermometer (Make: IRTIS-2000S thermograph, Russia).

Corrosion Analyser

The corrosion resistance of the specimen was analysed using electrochemical measurements. The galva-
nostat/potentiostat are considered for the analyses (Dzhurinskiy et al., 2021). The open circuit potential 
measurements and DC polarization tests are used to determine the passive characteristics of the surface 
based on the range of potentials and surface oxide film. Tafel extrapolation, is used to find the values of 
corrosion current density and corrosion potential. The surface oxide layer behavior can also be studied 
by electrochemical impedance spectroscopy (EIS).

SUMMARY

The surface modification process is inevitable when it comes to real time application. There various types 
of surface modification process are considered and one over other the significance process depends on 
the applications and cost. To understand the surface properties variety of techniques were considered for 
evaluating the mechanical properties, surface topography and surface composition. A combined utiliza-
tion of different methods also fulfill the needs, hence it is essential to completely realize the principles 
and effects of many modification techniques, and their newest advances proceeding to the processing.
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ABSTRACT

Micromachined components are finding application in a variety of fields such as medical, semiconduc-
tor, and aerospace. Electrochemical micromachining (ECMM) is a technology used to realize the micro 
components with enhanced features and functionality. This chapter reviews the impact of cathode profile 
on the machining rate and accuracy. An indigenous developed ECMM setup is used with special attach-
ment of rotating electrode. The control parameters such as machining voltage, duty cycle, electrolyte 
temperature, and rotating RPM were considered on improving the output performance. The interaction 
between the input parameters and machining speed and overcut was studied. The input parameters con-
sidered are machining voltage, duty cycle, electrolyte concentration, and cathode tool rotation. There 
are various optimization processes considered to evaluate the working range of control factors for the 
machine on output performance. In this chapter, various multi-objective optimization techniques applied 
in optimization of ECMM process were reviewed.
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INTRODUCTION

Micromachining is a technology deals with machining of conducting materials in micron range. The micro 
machined components finds application in biomedical, automobile, defence and ornamental industries. 
Among various micromachining techniques electrochemical micromachining (ECMM) is found to be 
superior for its advantages of no tool wear, higher machining speed, good surface finish and no residual 
stress. ECMM works on a principal of Faradays law of electrolysis in which cathode act as tool electrode 
and workpiece is considered as an anode (Jain et al. 2012). The material removal on the workpiece takes 
place due to ions dissociation with the help of applied voltage. In ECM process a cathode material is 
chosen based on the ability to permits the electrolytic breakdown of water and liberation of hydrogen. 
The hydrogen bubbles evolution and the electrolysis of water produces hydroxide ions. The ions from the 
anode combine with hydroxide ions formed from the electrolysis of water to produce metal hydroxides. 
These precipitate away of the electrolyte, eliminating the ions from the electrolyte and avoiding them 
from cathode deposition (Leese & Ivanov 2016). In ECMM process the anodic dissolution takes place 
in the range of size 1-999µm with applied voltage in the range of 0-10 Volts (Bhattacharyya et al.2004). 
The narrow gap between the cathode and anode place an important role in material removal and it is 
called inter electrode gap (IEG). The optimized gap is essential for achieving higher material removal 
rate (MRR), by increasing the IEG the MRR is significantly affected. The electrolyte namely active and 
passive electrolyte is considered in the ECMM process (Shunmugam & Kanthababu, 2019). Passive 
electrolytes such as sodium nitrate, sodium chlorate, weak acid were considered for ECMM apart from 
active electrolytes (strong acids such as sulphuric acid, hydrochloric acid and sodium chloride). In case of 
ECMM the stagnant electrolyte is found to show more efficacy compared to flow electrolyte. Sometimes 
pulsating electrolyte flow is also preferred over the continuous flow of electrolyte. The electrolysis is 
initiated by potential difference between the electrodes, there are two types of power supply considered 
for the ECMM namely direct current and pulse power supply. The pulse power supply is found to be 
suitable for micromachining which offer higher MRR and good surface quality. The pulse power sup-
ply in the range of millisecond, microsecond and nanosecond were used for the machining based on the 
application. The various factors that affect the performance of ECMM are machining voltage, current, 
pulsed power supply, electrolyte type, temperature and concentration, cathode profile, IEG gap width 
and workpiece material. In this chapter the effect of cathode profile and rotation is discussed, since in 
ECMM process cathode shape, temperature, coating and rotation has shown the significant improve-
ment in the MRR and accuracy. The fishbone diagram shown in figure 1, shows the input parameters 
for improving the ECMM performance.

EFFECT OF CATHODE

Cathode Geometry

The shape created on the workpiece depends on the profile of the cathode. Normally cylindrical shaped 
electrodes were considered in the ECMM process for making circular holes. In ECMM process the ac-
curacy of the micro-hole depends on the size of the cylindrical electrode. The size of the micro-hole 
machined by ECMM process is normally 2-3 times the cathode. Hence the proper choice of electrode 
plays a vital role in ECMM process. Thanigaivelan et al. (2017) have introduced the different types of 
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tool electrode tips in ECMM process in the view of improving the machining speed and accuracy. They 
used flat electrode, conical electrode, wedged electrode, truncated electrode tips and found that coni-
cal electrode tip is suitable for producing higher accuracy and wedged electrode for higher machining 
speed. Figure 2 shows the schematic of cathode tool with insulated and uninsulated area along with 
current density. It can be understood that from the figure that in conical tool tip shape the scope for 
stray current is less which is attributing lower overcut. Yao 2019 et al have developed high strength thin 
hollow cathode to improve the machining efficiency and developed different structure on TB6 using 
this electrode. Liu et al (2021) have used glass tube electrode coated with silver in which the glass tube 
remains as an insulated substrate, and the coated silver layer function as the cathode. They developed 
micro holes with aspect ratio of 3 and no accrual of debris products and short circuits are witnessed. 
Soundarrajan and Thanigaivelan (2020) have used short length solid tool and obtained 74.3% higher 
MR over normal tool electrode at 7 V, 31 g/L electrolyte concentration, and 90% duty cycle. Rajkeerthi 
et al 2020 have used hollow tapered of diameter 0.3 mm with reverse potential drop off approach and 
compared the performance with hollow cylindrical tool (CHT) of same diameter. The use of hollow 
tapered tool enhances the machining rate, geometrical accuracy and surface finish.

Cathode and Electrolyte Temperature

In ECMM process the temperature of the electrolyte solution plays vital role in enhancing the machining 
speed and accuracy. Maniraj and Thanigaivelan (2019) have used heated electrode for machining the 
aluminium metal matrix composites. The use of heated electrode have improved the machining speed by 

Figure 1. Fishbone diagram for ECMM
(Source: Reprinted from Arunchalam et al 2018)
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88.37% and reduction of radial overcut and conicity factor is seen at 8 V, 90% duty cycle, 35 g/l electrolyte 
concentration and 60°C electrode temperature. Tang et al 2014 have considered electrolyte temperature 
for electrochemical machining of S-03 special stainless steel. At parameter combination of machining 
voltage 24 V, electrolyte temperature at 30 °C and 0.8 MPa electrolyte pressure, the surface roughness is 
Ra 0.08 μm and the MRR is 411.4 mm3/min. Soundarrajan and Thanigaivelan 2021 have used used hot 
air assited electrolyte to improve the machining performance. The hot air is mixed electrolyte produces 
2.87 times increased MRR. This research group has also used IR and UV rays to heat the electrolyte and 
found that the significant increase in machining speed. The use of heated electrolyte has negative effect 
on the surface of the microhole. Rajan et al (2019) have considered heated electrolyte for machining B4C 
reinforced aluminium composites. They concluded that machining speed increases with the electrolyte 
temperature. The reinforcement of 5% mass fraction of B4C in Al7075 shows a higher machining speed 
at 30°C and increases further with electrolyte temperature up to 39 °C.

Cathode Coating

In ECMM process the cathode when supplied with electric power supply experience the stray current 
around the surface of the electrode. This occurrence of stray current produces overcut on the workpiece. 
The overcut can be measured by finding the diametrical/radial/ area difference between the cathode and 
finished micro hole. The stray current can be prevented by coating cathode with insulating material. 
There are different techniques are available for insulating the tool electrode namely chemical vapour 
disposition, physical vapour deposition and epoxy coating. Coating of micro tool posses various techni-
cal challenges like selecting the suitable coating material for a specific application, attachment of coat-
ing material to the base metal, homogenous of coating and the thickness of coating which decides the 
coating strength, porosity, and resistance to corrosion. Recently soundarrajan and thanigaivelan (2020) 
have used white putty for the tool insulation, they have also considered ethylene-vinyl acetate hot melt 
adhesive glue as an insulation material. This putty coated tool produces 43.1% lesser overcut over plain 
tool at the parameter combination of 23 g/L, 15 V, and 85%. The hot melt adhesive coated tool provides 
29.5% lesser over plain tool electrode. The hollow wedge tool shows the subsequent highest MR com-

Figure 2. Cathode with insulation and stray current
(Source: Reprinted from Thanigaivelan et al 2018)
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pared to the plain tool electrode. Swain et al. 2012 have electroplated the nickel on tungsten electrode 
DC and pulse power supply. The electroplated electrode show a correlation between the input process 
parameters and the nickel coated tungsten microelectrode.

Cathode Rotation

In micromachining any forms or features developed on the substrate needs high quality and accuracy, 
especially in electrochemical micro drilling the use of thin tool electrode provides very narrow flow in 
IEG. This narrow IEG gets obstructed due to debris created during machining and hence proper flushing 
of debris is essential to prevent undue effects. Since in ECMM slow moving or stagnant electrolyte is 
preferred, the rapid carrying away of the reaction products, namely hydrogen gas, sludge and Joule heat, 
from the machining area in essential (Thanigaivelan et al 2018). The ions dissociated during pulse-on 
period cannot be simply rejuvenated by convection and diffusion of the electrolyte. The improper flush-
ing of electrolyte in IEG results in short-circuit, attributing for damage of tool and workpiece surface. 
To overcome the ill effect of reaction products Tsui et al 2008 have proposed the rotating tool electrode. 
The tool is a micro helical drill bit which solves the problem of renewing of electrolyte. The rotation of 
micro-helical electrode swirl the fresh electrolyte into the machining area. This phenomenon discard the 
debris through the helical groove of the electrode out of the machining zone, contributing for renewal 
of the electrolyte. In line with this study a fresh study is planned with rotating electrode for improving 
the machining speed and accuracy.

EXPERIMENTAL DETAILS

The developed EMM machine set-up shown in figure 3 consists of machine structure, pulsed power supply 
unit and IEG control system. The machine structure consists of one base plate, one vertical column, three 
angle plates made up of mild steel. The angle plates house the stepper driver and mechanism for tool feed. 
The machining enclosure is placed on the base plate with electrolyte pump and filter (Thanigaivelan et 
al 2010). A pulsed power supply of 20V and 30A with the provision for controlling the voltage, current 
and pulse width were used. The IEG is maintained with the help of the microprocessor. In tool feeding 
arrangement, threads of the lead screw is 40 threads per inch. When the microprocessor sends the pulse 
to the stepper motor it creates a linear movement of 4µm. Hence by using the press switch in the control 
kit the required IEG is set. Initial the tool is made to touch the workpiece and multimeter connected to 
the anode and cathode were short circuited to produce the beep sound and slowly the cathode tool is 
reversed to set the required IEG. Figure 4 shows the attachment of rotating electrode to the tool feed-
ing system. The attachment consists of dc motor, speed controller, tool holder and tiny micro 0.3mm 
twist drill bit. The commercially available dc motor (775) with voltage of 12V and speed of 6000rpm is 
considered for the setup. The speed control system consists of MOSFET, 10K pot and resistors. Using 
the speed control circuit the speed of the high speed dc motor is controlled.

The nickel based alloys are finding application in various fields and inconel 718 is popular for its 
application as a turbine material. Hence in this research the commercially available inconel 718 is used 
as a workpiece. As received inconel 718 plate is cut into suitable dimension using Wire EDM. The 
dimension of the work piece used for the study is 50x 50x1 mm. This dimension will have suitable fit 
in the workpiece holder.
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The workpiece holder is made of acrylic material which consists of two blocks and workpiece is 
held between the blocks and fastened with screws. The power supply is given to the workpiece through 
the screws. Tiny micro 0.3mm twist drill bit is used a cathode. The circumference of the cathode tool is 
coated with coated with adhesive glue for insulating purpose to avoid stray current effect. The sodium 
nitrate brine solution is prepared for various concentrations with distilled water. The brine solution 
is prepared by mixing the weighed sodium nitrate salts in one liter of distilled water. The solution is 
mixed thoroughly with magnetic stirrer. For each experiments fresh electrolyte are prepared and used. 
The interaction between the input parameters and machining speed & overcut were studied. The figure 
1.5 shows the sample of the ECMMed specimen for micro hole. The input parameters considered are 

Figure 3. EMM setup

Figure 4. Tool feeding system with rotation assembly
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machining voltage (V), duty cycle (%), electrolyte concentration (gm/L) and cathode tool rotation (rpm). 
The duty cycle is defined as the ratio of pulse on time to total time for fixed frequency of 50 Hz. Table 
1 shows the experimental values and output response. The experimental design follows the varying one 
parameter at a time.

Sample calculation of overcut and machining speed (Maniraj & Thanigaivelan 2019)

Overcut = Electrode diameter/radius (r) – Hole diameter/radius (R) 

Where,
r is a electrode radius in micrometer.
R is a hole radius in micro meter.

Overcut = 300-730 = 430µm. 

MRR= thickness of work piece / time taken for machining complete hole 

Where,
T is a thickness of work piece in micrometer. (1mm= 1000 micron)
t is a time taken for machining in sec. (1 min = 60 sec)

MRR = 1000/780 = 1.282 µm/sec. 

Figure 5. Machined specimen
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RESULTS AND DISCUSSION

Effect of Machining Voltage on Machining Rate and ROC

From the figure 6, machining rate increases with raise in machining voltage, the raise in machining voltage 
increases the current value required for machining. Machining voltage application in the range of 9-10 
V causes steep increase in the machining rate. At higher voltage the more current density is contributing 
for higher material removal since the ECM principal the material removal is proportional to the applied 
voltage. The trends for ROC are found to increase with the voltage. The linear increase in ROC is seen 
for the voltage range of 7-9V and the curve flattens for higher voltage application. At higher voltage, 
due rotation of cathode tool, the reaction products which interrupts the machining were dispelled from 
the machining zone attributing for minimization of micro sparks and stray currents.

Table 1. Experimental combinations

S.No Machining 
voltage (V)

Duty cycle 
(%)

Electrolyte 
concentration 

(gm/L)

Cathode tool 
rotation 
(rpm)

Machining 
Rate 

(µm/s)

Radial Overcut 
(ROC) 
(µm)

1 6 90 35 3500 0.544 375

2 7 90 35 3500 0.577 422

3 8 90 35 3500 0.595 514

4 9 90 35 3500 0.667 586

5 10 90 35 3500 0.904 592

6 10 50 35 3500 0.586 360

7 10 60 35 3500 0.642 436

8 10 70 35 3500 0.756 486

9 10 80 35 3500 0.854 542

10 10 90 35 3500 0.904 594

11 10 90 15 3500 0.397 386

12 10 90 20 3500 0.424 452

13 10 90 25 3500 0.526 498

14 10 90 30 3500 0.725 512

15 10 90 35 3500 0.910 590

16 10 90 35 2500 0.522 366

17 10 90 35 2750 0.636 450

18 10 90 35 3000 0.689 494

19 10 90 35 3250 0.746 526

20 10 90 35 3500 0.900 590
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Effect of Duty Cycle on Machining Rate and ROC

The increase in duty cycle increases the machining rate as shown in figure 7. The increase in duty cycle 
for the fixed frequency the pulse on time increases. In ECMM the material removal mechanism takes 
place during pulse on time and evacuation of debris takes during pulse off time. Higher duty cycle means 
more pulse on time which attributes for longer exposure of current on the workpiece. With increase in 
pulse on time the time required for evacuation get reduces which results in short circuit and microsparks. 
The generation on inconsistent microsparks removes extra material from the machining area attributing 
for higher overcut. In figure 6 machining rate increases more linearly in the duty cycle range of 60 to 
90%. ROC shows a linear trend in the duty cycle range of 60 to 90%. The rotation of electrode attributes 
lesser overcut due to proper washing out reaction products.

Figure 6. Machining voltage vs. machining rate and ROC

Figure 7. Duty cycle vs. machining rate and ROC
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Effect of Electrolyte Concentration on Machining Rate and ROC

The increase in electrolyte concentration increases the no. of ions required for exchange during the ma-
chining process. From the figure 8 it is evident that the electrolyte concentration in the range of 20 to 
35gm/L increases the machining rate drastically due to more availability of ions. The overcut increases 
less linearly for the electrolyte concentration of 15 to 30 gm/L, it is due to fact that the introduction of 
tool rotation enhances micro- hole quality.

Effect of Rotational Speed of Electrode on Machining Rate and ROC

The rotational speed of electrode is varied between 2500 to 3500 rpm and graph shows the relationship 
between the machining rate and ROC. The increase in rotational speed the machining rate increases 
more linearly for the rpm of 2500 to 2750 and less linearly for the rpm range of 2750 to 3250 and further 
increases drastically to higher machining rate (figure 9). The rotational electrode at lower rpm mixes the 
fresh electrolyte and renews the electrolyte in the IEG. At the initial stage of machining the available of 
ions in the electrolyte is more contributing for linear increase in machining rate. Moreover the available 
of reaction products in the electrolyte is less hence the machining efficiency is better. By increasing the 
rpm further the reaction products (sludge) in the electrolyte increases the density of the electrolyte. The 
heating effect also attributes for increase in density of the electrolyte which reduces the electrode speed 
by creating the resistance. Further increase in electrode rpm overcomes the resistance caused by sludge 
results in proper evacuation of reaction products from the machining area attributing for higher machin-
ing rate. The increase in rotational speed has significant effect on ROC. The ROC increases gradually 
with rotational speed, the increase in rotational speed efficiently renews the electrolyte and clears the 

Figure 8. Electrolyte concentration vs. machining rate and ROC
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sludge’s. The breaking of hydrogen bubbles evolved from cathode develops micro stirring effect in the 
machining zone.

The scanning electron microscope image shown in figure 9 depicts the image of the micro-hole and 
expanded view of the micro-hole circumference. The rotational of electrode have significant influence 
on the generation of micro hole. The micro-hole generated at electrode rotational speed of 3000rpm with 
10V, 35gm/L electrolyte concentration and 90% duty cycle shows good circular micro-hole with better 
surface quality without any stray current and micro spark effect in the SEM picture.

Figure 9. Cathode tool rotation vs. machining rate and ROC

Figure 10. Pictures of micro-hole
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MULTIOBJECTIVE OPTIMIZATION TECHNIQUES IN ECMM

When it comes to productivity and quality of the components, many manufacturing industries foresee the 
application of optimization in manufacturing process. Researchers have considered single objective and 
multi-objective optimization for optimization of ECMM parameters. Since in ECMM the major output 
responses are material removal rate, surface quality and accuracy, and industries also look for optimized 
range of input parameters for type of material and features machined. Compared to single objective, 
multi-objective optimization techniques were found to be suitable for providing solutions for real time 
problems. For eg in manufacturing industry the press worked components shows burrs and other sheet 
metals oriented defects. Among the defective components some requires rework to meet the demands 
of original equipment manufacturer (vendor). The cost of extra man/machine hours on the components 
raises the cost of production and this problem is the exact application of multi-objective optimization 
technique. Here in this case the productivity has to be improved and cost of production has to be re-
duced. Hence the possible input factors are to be controlled to obtain better output characteristics. These 
complications are known as multi-objective optimization problems. Maximizing profit and minimizing 
the cost of a component; is the typical example of multi-objective optimization problems (Cong et al. 
2020). Figure 11 fish bone diagram depicts various optimization techniques in ECMM

The major components of multi-objective optimization are discussed here:

Figure 11. Fish bone diagram depicting various optimization techniques in ECMM
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Determination of Signal-to-Noise (S/N) Ratio for Individual Performances

The output characteristics are initially determined using Signal to Noise (S/N) ratios. It represents the 
wanted and unwanted values for every output quantity. As per the objectives of the response, the S/N 
ratio is classified as Lower-the-better, Higher-the-better, Nominal-the-best.

Lower-the-better characteristics is evaluated using
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Higher-the-better characteristics is calculated using
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Where n is the total number of tests and i indicate the number of experiments.
In multi objective optimization techniques the assigning weight to the responses needs a complete 

insight about the process otherwise it will definitely result in vain. The various methods are used by 
researchers for assessing the weight. The following sections discuss the effective techniques used in 
ECMM for assessing the weight of the responses.

Entropy Weight Calculation

The entropy weight method is one of the most effective methods of evaluating the weight of responses.
The following procedures are followed here.
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The responses are organized in the decision matrix according to equation 3 that contains n attributes 
and m alternatives for the decision. The responses are normalized using equation
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Where yij is a normalized value between the interval [0,1] for ith alternative and jth attribute.
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The Entropy value Ej is evaluated using equation 5.
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, m is constant, m is the no of alternatives

The degree of divergence can be calculated using equation

dj = 1 – Ej (6)

The result of this weight of jth criteria could be calculated using equation

W
d

dij

j

j
n

j

=
∑ =1

 (7)

Equal Weights

Equal weights can be evaluated from the equation given below (Dawes & dan Corrigan, 1974):

A
ni

=
1  (8)

Where i=1,2,3,…,n and n is the number of objective functions.

Rank Order Centroid (ROC) Weights

In this method the weights put every criterion in a proportional position. The weights can be obtained 
using the following equation (Einhorn & McCoach, 1977):

A
n i

n ni
=

+ −( )
+( )

2 1

1
 (9)

The weight determined can be used in following multi criterion method to obtain the optimal solu-
tion. In the scalarization method, the minimizing function is noted as negative, whereas the maximizing 
function is noted as positive. To offer logic of equality among each objective function, it is essential 
to normalize using root mean square (Gunantara, Sastra, & Hendrantoro, 2014). The following is an 
example of a scalarization from the 3 objective functions:
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where F(x) is the fitness functions, f1(x), f2(x), f3(x) are objective functions 1, 2, 3, and w1w2w3 is the 
weight of 1, 2, 3.

Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS)

TOPSIS is a multi-criteria decision analysis method is based on the conception that the selected alter-
native must have the smallest geometric distance from the positive ideal solution (PIS) and the biggest 
geometric distance from the negative ideal solution (NIS).

Step-by-step procedure for TOPSIS analysis is expressed in a series of following steps.

1.  Decision matrix consisting of m alternatives and n criteria,

Decision Matrix =

x x x

x x x
n

n

11 12 1

21 22 2

.....

....

.... .... .... .....

....x x x
m m mn1 2

























 (11)

2.  The normalized value Nij is calculated as

N
x

x
j m i n

ij

ij

ijj

m
= … = =

=∑ 2

1

1 2 3 1 2 3        , , , , ,  (12)

3.  Weighted normalized decision matrix is determined as

Mij = WiNij…… j=1,2,3,…,m   i=1,2,3,...,n (13)

4.  Positive-ideal and negative-ideal solutions were obtained from the following expressions

V M M M
n

+ + + += ( )1 2
, , ......   for max values  (14)

V M M M
n

− − − −= ( )1 2
, , ....., for min values  (15)

5.  Separation measures are obtained by using the following expression
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6.  Calculate the relative closeness coefficient by using the following equation

C
d

d di
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j j

=
+

−

+ −
 (18)

7.  The Ci values are arranged in the descending order for finding most and least preferred values.

MOORA

Multi-objective optimization on the basis of ratio analysis (MOORA) method is used to solve different 
decision-making problems. As in TOPSIS the decision matrix is are developed as
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The matrix responses are normalized using equation

k
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j n

ij
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m

ij
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∑

= …
=1

2
1 2    , ,  (20)

Where kij is a dimension less number which belongs to the interval [0, 1] for ith alternative and jth attribute 
which denotes the normalized performance.

The maximum normalized performance values are should added and minimum normalized values 
are should subtracted as in equation.

q w k w k j n
i j

g
j ij j g

n
j ij

= ∑ −∑ = …= = +1 1
1 2    ( , , )  (21)

Where g is the number of attributes to be maximized, (n-g) is the number of attributes to be minimized, 
and qi is the normalized assessment value.
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The importance of responses to the attributes wj should be multiplied with corresponding weight as 
in equation.

q w k w k j n
i j

g
j ij j g

n
j ij

= ∑ −∑ = …= = +1 1
1 2    ( , , )  (22)

Where, wj is the weighted value obtained using entropy method which is discussed in previous section. 
Then these qi values are ranked as per the preference values, which the higher value deserves the optimal 
combination.

Grey Relational Analysis (GRA)

In GRA, is one of the effective multi objective optimization technique. Here the values are normalized to 
the range of 0 to 1. The values are normalized using the following equations (Thanigaivelan et al.2013). 
The maximization and minimization of responses has been calculated using below relation 23 and 24.
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Where m is the total number of experiments, n is the total number of observed data. The normalized 
values are used to calculate the Grey relational coefficient (GRC)

ξ
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Min Max
P Max

( )
( )
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+

∆ ∆
∆ ∆

 (25)

Here ∆oi(P) deviation sequence is calculated from reference sequence X P
0
*( )  and comparability sequence

X P
i
*( ) . The range 0≤𝜉≤1 have used for the distinguishing coefficient

γ ξ
i P

n
in
P= ∑ =

1
1

( )  (26)

A Grey relational grade (𝛾i) is a weighted summation of grey relational coefficients which is represented 
in the equation. 𝛾i is helps to find the correlation of reference and comparability values.

Finally, the database in ECMM shows that many authors have handled problems for improving 
MRR, surface quality and reducing the overcut. Multiobjective genetic algorithm (MOGA) optimization 
technique is applied for enhancing material removal and in EMM. They considered high carbon high 
chromium die tool steel (HCHCr die tool steel) with the use of copper nano particles mixed sodium 
nitrate electrolyte (Sathyamoorthy et al.2015). Apart from, mixed electrolyte and hybrid techniques, 
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tool design optimization plays a key role in EMM process. To attain the accurate shape of tool, vari-
ous optimization techniques such as grey relational analysis, NSGA –II, PSO-DF and RSM are used in 
this process (Thanigaivalean et al.2013). Also simple optimization techniques such as TOPSIS, GRA, 
MOORA, VIKOR and COPRAS attract the researchers.

Krishnan et al.(2020) optimized the process parameters of ECMM using TOPSIS and VlseKriteri-
jumska Optimizacija I Kompromisno Resenje (VIKOR) method. SS 304 work material is machined 
using NaNO3is used as electrolyte. The experiments are planned based on Taguchi L16 OA. TOPSIS and 
VIKOR methods are used to find the performance scores and the optimal combination is found to be 
21V, 80% duty cycle, 600 rpm rotating speed and 0.8 μm s−1 feed rate. Mouliprasanth et al.(2019) used 
the TOPSIS technique in ECMM to find the optimal process variables with variety of electrolytes on 
machining rate and accuracy. They used passivating, non-passivating and composite electrolytes in the 
experiment. The input parameters are connected with the output responses of ECMM and the optimal 
combinations for better response is 7 V, 0.5mm/min feed rate, 0.7 duty cycle with composite electrolyte. 
Pradeep et al. (2019) studied the ECMM performance with polymer graphite cathode with NaNO3 elec-
trolyte on stainless steel material. The performance of ECMM is evaluated in terms on machining rate 
and accuracy. They determined the optimal process values using TOPSIS method. As per the ANOVA 
results, machining voltage plays important role in ECMM which is takes 52.29% of all input variables 
for higher machining rate. Maniraj et al.(2019) optimized the process parameters of ECMM on ground-
granulated blast furnace slag (GGBS)-reinforced aluminium metal matrix composites using TOPSIS 
method. L18 orthogonal array (OA) experimental design is used with electrical parameters and percentage 
of reinforcement composition on machining rate, ROC. Using regression analysis, a model equation is 
created, as per ANOVA, percentage of reinforcement composition plays a essential role machining per-
formance. The optimal combination found to be 10 V, 50% duty cycle, 35 g/l electrolyte concentration 
and 12% of GGBS composition. Geethapriyan et al. (2019) coupled the Taguchi method with grey rela-
tional analysis method to study the ECMM performance on stainless steel. Two different tool electrodes 
such as copper and brass are used in the experiment. The output responses like machining rate, surface 
roughness and ROC are analyzed using coupled GRA method. The copper electrode develops 20.91% 
and 29.12% of higher machining rate and ROC respectively compared to brass electrode. Brass electrode 
produces 23.62% higher surface roughness over copper electrode. Subburam et al.(2018) adopted the 
Taguchi’s L9 OA to conduct the experiments on inconel 625 alloy with EMM process using acidified 
NaNO3 electrolyte. The conical shape stainless steel needle is used as electrode and insulated with epoxy 
resin. They suggest the optimal parameter combination that16 V, 30 g/l electrolyte concentration and 
45% duty cycle for higher machining rate and lower overcut. Cole et al. (2017) optimized the ECMM 
performance using Taguchi method. Zirconium based Bulk metallic glass (BMG) material and NaNO3 
is used as work and electrolyte respectively. Taguchi method used to evaluate the effect of pulsed voltage 
range, duty cycle and electrolyte flow rate. ANOVA and signal-noise ratios applied to optimize ECMM 
process parameters. Using this technique, 0.4 l/min of electrolyte flow rate, 1:10 of duty cycle and 
2.235–3V machining voltage range expected to machine the quality micro holes. Mehrvar et al. (2017) 
used the differential evolution algorithm to optimize the process parameters of ECM with voltage, feed 
rate, electrolyte concentration and flow rate on machining rate, accuracy and surface roughness. The 
mathematical model developed for machining rate, accuracy and surface roughness using response surface 
methodology. Nayak et al.(2016) used the computational fluid dynamics (CFD) simulation to study the 
effect of electrolyte changes happening in IEG namely pressure variations, passivation changes, velocity 
variations, turbulence kinetic energy and temperature changes on machining responses. I shaped tool 
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electrode and nickel based inconel 825 work materials are considered for the experiment. Based on CFD 
results, the pointed corner of electrode diminish the velocity distribution when the turbulence is highest. 
Also, effect of process parameters such voltage, electrolyte concentration and feed rate are studied and 
optimized using GRA method. Rao et al.(2015) ECM ed Al/B4C composites and optimized its factors 
using Taguchi method with utility concept. L27 OA is planned using voltage, feed rate, concentration and 
% of reinforcement and output response measured in terms of machining rate, surface roughness and 
ROC. ANOVA results shows that the feed rate contributes more on responses. Das, et al. (2014) applied 
the GRA-Taguchi method to optimize the process variables such electrolyte concentration, voltage, feed 
rate and inter electrode gap on machining rate and surface roughness. Experiments are conducted with 
L27 OA on of EN31 tool steel using NaNO3electrolyte. Electrolyte concentration is plays notable role 
on output responses as per the ANOVA. Also from the confirmation test, 48% improvement is noticed 
in ECMM performance. Mukherjee et al.(2013) have used the biogeography-based optimization (BBO) 
algorithm to optimize the factors of ECM. In this, both single and multi-response optimization models are 
used. The results of optimization were compared with the other algorithms based optimization techniques 
such as population-based algorithms i.e., genetic algorithm and artificial bee colony algorithm. Also, the 
authors reported that BBO algorithm is mainly suitable for ECMM than other technique because those 
methods consume more time to find the optimal combination.

SUMMARY

In ECMM process cathode profile plays the major role which decides the accuracy of the features ma-
chined on it. The literatures have shown many developments related to electrode such as coating, shape 
modification, oscillating electrodes and heated electrodes for improving the machining rate and accuracy. 
Still the development of cathode design for complex shapes and high aspect ratio holes are challenging 
due the size and handling. In ECMM the renewal of electrolyte is another focus area the researchers are 
working and use of rotational electrode alleviates the problems of sludge accumulation in the machining 
zone. The increase in rotational speed has significant effect on ROC. The increase in rotational speed 
efficiently renews the electrolyte and clears the sludge’s. The breaking of hydrogen bubbles evolved 
from cathode build up micro stirring mechanism in the machining zone. The micro-hole generated at 
electrode rotational speed of 3000rpm with 10V, 35gm/L electrolyte concentration and 90% duty cycle 
shows good circular micro-hole with better surface quality without any stray current and micro spark ef-
fect in the SEM picture. Moreover it is evident from the above discussion that researchers have conducted 
machinability studies on alloys and AMMCs through ECMM and studied the effect of various process 
parameters on machining rate, surface topography and accuracy. Even though considerable contribution 
on ECMM machining of metal matrix composites is made by researchers there is still the gap prevails 
due to the advancement of new materials. Hence it is essential to explore more on machining of metal 
matrix composites and nickel based alloys. The optimization of process parameter is essential for the 
commercialization of the ECMM, hence the multi - objective optimization techniques like TOPSIS, GRA, 
VIKOR, MOORA, AHP, Fuzzy and ELECTRE, PROMTHEE methods can be explored. Additionally, 
the most significant process parameter that affects the machining is identified using ANOVA.
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ABSTRACT

The increasing population demands materials with higher expectations associated to quality of life cropping 
up from an aging population. Recently there has been an ever-increasing search for novel biomaterials 
as the material needs for complex biomedical devices shoots up with time. This chapter discusses the 
different technology used for surface modification of material for biomedical applications. The surface 
modification process is generally used to obtain the antibacterial properties, antifouling, enhanced 
mechanical properties, reduced cytotoxicity, anti-inflammatory potential, improved hemocompatibility, 
and osseointegration capabilities. Various metallic materials are considered as biocompatible materials 
such as titanium alloys, stainless steel alloys, and magnesium alloys. Moreover, surface modification 
of dental implants and polymers were reviewed, and recent progress and challenges in application of 
biomaterials are reported related to the surface modification process.
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INTRODUCTION

Bio-materials as a whole possesses unique property which may not be exhibited by other materials 
and hence in order to make them to conveniently applied for specific application the surface modifica-
tion come to the existence. By using various physical and chemical means, the surface compositions 
and structures can be adjusted to assist seamless adaptation to the physiological surroundings and at 
the same time perform the necessary functions. There various techniques for surface modification of 
biomaterials are depicted in the figure 1. The surface modified surfaces can prevent corrosion, enhance 
biocompatibility, and osseointegration without sacrificing the bulk properties. The following sections 
discuss the different approach of surface modification for improving the responses such as antibacterial, 
antifouling, mechanical, corrosion and tribological, osseointegration, cytotoxicity, anti-inflammatory 
and hemocompatibility, moreover this chapter touches upon the surface modification of dental implants 
and polymers in dental application.

Figure 1. Surface modification techniques
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Antibacterial Response

Implants sometimes develop infection which impairs host defense mechanisms and, result in resistant 
chronic infection reducing the extended usage. Normally metallic implants come with the risk of bac-
terial colonization and implant associated infection. The common bacteria such as staphylococci, and 
staphylococcus aureus, have a strong affinity to colonize foreign bodies and cause implant associated 
infection. It is evident that surface property of the implants plays the significant role and hence modified 
surfaces alleviate the problems of infection.

The various suitable surface modification processes is in progress to prevent the bacterial coloniza-
tion and one such process is anodizing. Anodizing is a process of creating the thickness of natural oxide 
layer on the surface of metals especially titanium, stainless steel, aluminium and magnesium alloys 
through electrolytic passivation process in which the part to be treated act as the anode electrode of an 
electrolytic cell. This method is found to be effective for antibacterial response. The electrochemical 
etching of the surface has double advantages ie., creating passive layer and development of micro and 
nano-structure with surface roughness.

Jang et al. (2018) have electrochemically etched the stainless steel 316L surface and generated nano-
pores with pore diameters of 20–25 nm and sharp nano-protrusions. Figure 2 shows the electrochemi-
cally hydroxyapatite nano-powder coated titanium sample which exhibits micro/nanopore surface. The 
electrochemically etched surface exhibits a superior passive layer, attributing for improved antibacterial 
characteristics.

Figure 2. Hydroxyapatite coated titanium surface
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Recently hydroxyapatite coating attracts many researchers for developing the antibacterial coating. Li 
et al. (2021) have developed super-hydrophobic composite coating of hydroxyapatite /stearic acid using 
hydrothermal method. Hydrothermal coating is also a proven method to prevent the infection. It develops 
nano-particles on the surface involving high vapour pressure and high-temperature aqueous solution. 
This process enhances corrosion resistance and antibacterial adhesion by developing hydroxyapatite 
micro-/nano-scale structure surface. These structures induce the quick deposition of the mineralized 
apatite layer contributing for the short-term antibacterial adhesion property in magnesium alloy im-
plants. Another method is layer-by-layer self-assembly method in which a thin-film of opposite charges 
particles is formed in alternating layers. Researchers have also considered hybrid techniques, Wang et al. 
(2021) have surface modified the surgical grade titanium alloy using silk fibroin, Ag and strontium for 
supporting bone formation and hindering osteoclasts. They considered technologies namely anodizing, 
hydrothermal synthesis, and layered self-assembly to convert the titanium surface as antibacterial surface. 
The antibacterial analysis shows that the functional coating has excellent antibacterial activity due to 
its inhibiting property of gram negative and gram positive bacteria at the same time (Wei et al. 2019).

Other methods used for making super-hydrophobic surfaces are templating, lithography, plasma 
treatment, electrochemical deposition, sol-gel deposition, wet chemical reaction, chemical vapor depo-
sition, and electrospinning (Chakraborty et al. (2021). Li et al 2021 have developed superhydrophobic 
composite coating of hydroxyapatite /stearic acid on magnesium alloy (AZ31B) using hydrothermal 
method. The wettability, corrosion resistance and antibacterial adhesion capacity of the composite coat-
ing shows excellent super-hydrophobicity with a contact angle about 152.52° and a sliding angle about 
2° (Jiang et al. 2015).

Using plasma electrolytic oxidation method the Ca, P and I doped TiO2 coatings were developed to 
improve antibacterial efficiency (de Viteri, 2016). This method is used in treatment of Ti-15Mo alloy 
surfaces in baths containing 0.1 M calcium hypophosphite with copper(II) phosphate. The oxide coatings 
were developed to improve the bacteriostatic and cytocompatible properties. The surface morphology, 
roughness, and wettability of the oxide coatings were studied. The spectroscopic and crystallographic 
analysis techniques shows that the presence of copper compounds and bioactive calcium and phospho-
rus and the highest percentage of copper concentration (3.5 at.%) was detected in the oxide layer. The 
response of bacteriostatic characteristics of Cu-contained oxide layers were tested for gram-positive 
staphylococcus aureus and gram-negative escherichia coli. The Cu-incorporated surfaces, show bacte-
rial colonies of ~10–100 times lower than on the reference surface (Leśniak-Ziółkowska et al 2021).

Polymers like polyethylene and polyurethane are used as medical polymers. Low temperature plasma 
treatment is done to activate the polymeric surface to enhance surface and adhesion properties. Using 
electro-spinning technique porous microstructures were developed with poly dimethylsiloxane and 
polyamide. Finally, natural black seed oil is sprayed on the microstructure to produce a lubricating layer. 
The modified PE and PU substrates shows slippery behavior moreover, the antimicrobial effects of the 
produced slippery liquid-infused porous surfaces using black seed oil were proven against gram-positive 
staphylococcus aureus and gram-negative escherichia coli (Habib et al. 2021).

Dry processes such as ion implantation (Ca+, N+, F+), oxidation (anode oxidation, titania spraying), ion 
plating (TiN, alumina), and ion beam mixing (Ag, Sn, Zn, Pt) with Ar+ on polished pure titanium plates 
is considered to study its antibacterial effect (Yoshinari et al. 2001). F+ implanted specimens notably 
reduced the growth of both P. gingivalis and A. actinomycetemcomitans. The other surface-modified 
specimens did not show useful antibacterial activity against both bacteria.
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Antifouling Response

Antimicrobial materials act as an inhibitory or lethal to encountering microorganisms, while antifoul-
ing materials prevent the adhesion of microbes and proteins. Bio-fouling occurs on surgical equipment, 
medical implants, and prothetic devices. Microbial contamination, and the consequent threat of infec-
tion, and implant non-acceptance, is a main motive in developing capable antifouling strategies. While 
bio-fouling is related to proteins absorption, inhibition of protein adsorption avoids the reason of infec-
tion at the source. The film of adsorbed protein on surfaces provides a platform for cell attachment, and 
subsequent bacterial formation leads to the creation of bacterial films. There are techniques to reduce the 
bio-fouling first one is use of antibacterial coating which kills the bacteria and other micro-organisms. 
Second is to keep away the proteins, and then the cells, and thus prevent bio-fouling. Third is to develop 
surfaces that auto-clean so that the organisms do not get attached. Nature has developed a blending of 
these approaches for antifouling. The figure 2 shows the prosthetic knew with and without bio-film.

Coating of surface with nitrogen and silver ions can dissolve biofilm through a number of mechanisms 
together with the production of oxidative or nitrosative stress within the biofilm structure. Another method 
is coat the surface with heparin, albumin (hydrophilic protein) and the presence of these proteins devel-
ops the hydrophobic surfaces between the surface and bacterial cell wall, thereby preventing the initial 
bacterial adhesion (Harris and Richards, 2006). Surface Modification of silicone is done by developing a 
cross-linked poly (ethylene glycol) dimethacrylate) (P(PEGDMA)) polymer layer was covalently grafted 

Figure 3. Prosthetic knew with and without bioflim
(Schoenmakers et al. 2021)

 EBSCOhost - printed on 2/14/2023 1:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



47

Surface Modification Techniques for Bio-Materials
 

on medical-grade silicone surface to improve its antibacterial and antifouling properties (Li et al 2012).
The amalgamation of silk sericin and natural tannic acid are deposited on the titanium surface to develop 
eco-friendly antifouling coatings. The silk sericin which is hydrophilic nature is sericulture by product 
is degummed from raw silk and mostly disposed in silk processing wastewater, causing water pollution. 
The natural tannic acid and silk sericin were joined together via hydrogen bonding interactions, and 
deposited on the titanium surfaces through tri-hydroxyphenyl present in tannic acid. It is an eco-friendly 
way to fabricate antifouling coatings. The tannic acid / silk sericin co-deposited titanium surfaces show 
good protein repellent as well as platelet and bacterial anti-adhesive properties (Cheng et al., 2020).

Antifouling approach is based on the alteration of basic polymers to generate polymers with new 
surface characteristics. Poly-ethylene glycol is considered as an antifouling polymers but, reports show 
that it is not suitable for long-term applications. Therefore, several other materials such as poly vinylpyr-
rolidone, poly 2-oxazolines, polybetaines, poly hydroxyfunctional acrylates, polyacrylamide, heparin 
and phosphorylcholine have been examined for anti-adhesive applications which show the properties of 
decreased protein adsorption, cell adhesion/bacterial attachment and as a result reduce biofilm forma-
tion (Marques et al. 2017). A variety of antifouling polymers are being used in medical devices namely 
catheters, orthopedic/dental implants, vascular grafts and contact lenses. The limitation of these polymers 
is due to reduce/delay bio-film development on medical device surfaces, a hardly any microorganisms 
can in time adhere and form a bio-film. Hence anti-fouling coatings are unlike from each other; therefore 
the kind of coating should be personalized for a precise application.

Mechanical, Corrosion and Tribological Response

The investigation in tribology, corrosion and tribocorrosion field has been developing in the recent years 
due to their clinical significance in orthopedic areas. The synergistic effect of wear and corrosion on 
orthopedic and dental implants occurs once it is implanted in the body due to load and body fluids on 
the implant-bone interface (Villanueva and coauthors 2017). Researchers are improving the efficacy 
of the implants through different approach. Tricalcium phosphate and titanium dioxide are mixed with 
alumina to produce bioactive coating for improving the mechanical and tribological properties of ortho-
pedic implants (Barkallah et al. 2021). A pin-on-disk tribometer is used to measure friction and wear 
studies against zirconia ball. A 2D profilometer and SEM are used to evaluate the wear mechanism. 
Another method, upset forging which plastically deforms metal under high pressure into high strength 
components of varying size. This method is considered for creating severe plastic deformation technique 
to produce fine-grained thick plates. The repeated upsetting process evolves the ZK60 Mg surface with 
microstructure, texture, bio mechanical properties, and bio-corrosion behavior after applying 3 and 
5 passes of repeated upsetting process (Fakhar et al., 2021). However, the 3-passed specimen can be 
considered as biodegradable implant due to its good combination of acceptable strength, ductility, and 
corrosion resistance.

Chrome nitride medical grade 316 low carbon vaccum melt stainless steel is coated with AlCrN and 
Ag alloy using cathodic arc deposition method. The morphological, structural, nano-mechanical and 
tribological study on AlCrN/CrN coating show good results in nano-scratch and confirmed lower wear 
in simulated tribo-test in physiological simulated body fluid condition (Patnaik et al. 2021). Stainless 
steel is considered as biocompatible materials and its variety of composition shows possible applica-
tion in biomedical application. A 316L stainless steel is laser dimpled and electrochemically treated for 
improved surface characteristics such as surface roughness, hardness and contact angle (Thanigaivelan 
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et al., 2020). A L9 orthogonal array experiments are designed using the dimple distance, laser power, 
inter-electrode gap (IEG) voltage and electrolyte concentration. The technique for order of preference 
by similarity to ideal solution (TOPSIS) is used to identify the best parameter combination, based on the 
TOPSIS analyse, the optimal combination of lowest dimple distance of 150 μm, laser power of 14 W, 
supply electrode voltage of 4 V and electrolyte concentration of 10 g/l of NaNO3 shows surface roughness 
value of 2.64 μm before electrochemical treatment and 1.08 μm after electrochemical treatment, surface 
hardness of 538.21 N/mm2 and contact angle of 111.1º. Figure 4 shows the micro textured surface us-
ing laser scribing. Mechanical properties such as hardness and fracture toughness were estimated using 
semi-circular bending and indentation tests. The study proposes that, the best mechanical and fracture 
properties, pertaining to micro-hardness and fracture toughness, were attained for Al2O3-10 wt% TCP 
−5 wt% TiO2 composition.

In recent days novel metals finds application in biomedical field namely gum metal with the non-toxic 
composition Ti–36Nb–2Ta–3Zr–0.3O (wt. %) is a comparatively new alloy which fit in to the group of 
metastable beta Ti alloys. Gum metal performance has been analysed in terms of its mechanical prop-
erties, corrosion resistance and cell culture response. The advantageous mechanical characteristics of 
gum metal are low Young’s modulus, high strength and a large range of reversible deformation, which 
is much required for implants (Golasiński et al. 2021). The long and short duration of electrochemical 

Figure 4. Micro textured 316L stainless surface
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treatment of gum metal showed high corrosion resistance. Evaluation of the in vitro biocompatibility of 
the alloys shows Increased in vitro MC3T3-E1 osteoblast viability and proliferation.

Osseointegration Response

Osseointegration is defined as a structural and functional connection between living bone and the surface 
of an implant. The implant tissue connection is a dynamic region of interaction. This intricate interac-
tion not only includes biomaterial and biocompatibility issues but it also depends on the mechanical 
environment. To enhance osseointegration, the implant surface modification is done at nano and micro 
scale between the body tissue and implant. The titanium medical grade alloy is surface modified using 
powder-mixed electric discharge machining (Mughal et al., 2021). Pulse current, on/off time, and vari-
ous silicon carbide powder concentrations are used as input parameters to modify the surfaces. Powder 
concentration plays an important role to control surface roughness and recast layer depth. Oxides and 
carbides supplemented surface improves the micro-hardness of the re-solidified layer from 320 HV to 
727 HV. Moreover surface topology study shows the presences of nano-porosity (50–200 nm) which 
contributes for osseointegration.

Titanium samples are also roughened through grit-blasting which is a familiar process for surface treat-
ment. In this process hard ceramic particles are casted out by compressed air at a high velocity through a 
nozzle. The size of the ceramic particles attributes for the surface roughness which will be ranging from 
110 to 250 µm. The ceramic particles should posses properties namely stability and biocompatibility, 
and should not affect the in growth of bone cells. These ceramics abrasive particles after grit blasting 
sticks to the surfaces and cannot be removed fully after cleaning, contributes for osseointegration and 
reduction of corrosion resistance of implant surfaces in the body fluid environment (Wang et al.. 2020). 
Moreover microstructure surface of ceramic blasted implants shows smooth surface as shown in figure 
5 and also the surface chemistry of ceramic blasted implants shows different characteristics compared to 
other coating techniques. Beta titanium alloys namely Ti10Mo8Nb alloy, are considered to be bio-inert 
and modifying the surface characteristics is essential to improve cell adhesion and, osseointegration. 
Anodic oxidation method is used to alter the alloy surface with an organic electrolyte under 20 V for 
10.8 kilosecond at room temperature. The modified surface exhibits hydrophilic nano-porous layer of 
TiO2 contributing for osseointegration (Carobolante et al..2020)

Biological modified surface such as cell seeding and biological coatings, promotes the osteoblast 
attachment, propagation, and differentiation. Diverse cells and proteins is seeded onto porous implants 
surface ie., bone marrow derived stem cells, embryonic stem cells and vascular endothelial growth 
factor. The consequence of biological techniques varies with respect to density, position, differentia-
tion potential of the seeded cells, and the design of the substrates (Liu et al. 2020). Figure 6 presents 
the anodic oxidized TiO2 surface with nano-pores which is suitable for osseointegration. The modified 
surface improves the cell adhesion which are mainly depends on protein adsorption and expansion of 
filopodium. The surface characteristics like skewness, kurtosis and spatial distribution of peaks play 
the important role on cell adhesion. Surfaces with negative skewness depict broader peaks (Figure.7), 
which facilitates cell adhesion (Rakesh Kumar et al. 2020).
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Cytotoxicity Response

Cytotoxicity refers to the ability of certain chemicals/elements to destroy living cells. Cytocompatibility 
can be improved through surface modification process. AZ91 magnesium alloy is coated with bioactive 
glass nanoparticles (~30 nm) fibre through electrospinning process (Panahi et al. 2020). The nanocom-
posite film thickness of 30 μm ± 5 is developed on the alloy. The surface characterization studies after 
7 days of incubation show the creation and precipitation of hydroxyapatite and magnesium hydroxides 
on the surface of fibrous film. In addition in vitro bioactivity of coated surface, revealed better cell ad-
hesion and cytocompatibility. Plasma assisted microwave chemical vapor deposition method is applied 
for surface modification of Ti-6Al-4V and γ-Ti Al alloys (Kyzioł et al. 2014). This technique improves 
hardness, roughness, surface energy and contact angle of the surface. Deposition of SiCNH coating on 
the γ-TiAl alloy surface, without plasma nitriding process, resulted in the most hydrophobic structure. 
The selected deposition parameters help to develop the attachment of CT26 cells and promoted their 
growth. The cell viability is improved on the surface-modified implants using electrochemical coating 
of hydroxyapatite powder and nano zinc particle on the Ti-6Al-4V alloy (Rakesh Kumar et al. 2020). 
The electrolyte concentration is prepared by mixing the hydroxyapatite and nano zinc particle of varying 
quantity and the effect of electrochemical parameter on surface coating thickness, surface quality and 
cell viability were studied. The study reveals that the cell viability is maximum at hydroxyapatite and 
nano zinc particle concentration of 6g/L and 0.8g/L respectively. The nano-zinc particle concentration 

Figure 5. Titanium sample blasted by grit
(Łukaszewska-Kuska et al. 2019)
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in the range of 0.8 to 1.2g/L and voltage of 12-13V are appropriate for getting the controlled coating 
thickness. During the electrochemical process, the nano-pores hydroxyapatite structures with a pore 
size of 215-786 nm are obtained supports for better cells attachment on the surface. The cell viability 
is found to high (0.366) at 6g/L hydroxyapatite and 1.6g/L of nano zinc particle concentration at 14V.

Anti-Inflammatory Response

However, achieving good biocompatibility in vivo is not an easy deal. Besides the risk of bacterial or 
fungal infection, an inflammatory response always occurs. In its acute phase, the inflammatory response 
recruits immune cells to the diseased site, resulting in the elimination of the pathogens or the dam- 
aged tissue. In its resolution phase, inflammation is helpful for the healing and the tissue regeneration. 
However, a severe acute or strong chronic inflammation can lead to foreign body response (FBR) and 
collateral tissue damage. That is why, nowadays, biomaterials researchers are developing new systems 
to decrease the inflammatory response to the implanted materials. A diversity of materials in diferent 
forms (coatings, hydrogels, nanoparticles etc.) has been produced for this purpose. Of note, interaction 
between diferent materials and the biological environment seems to be the key to create new systems 
that enable the management of the inflammatory response and lead to a decreased risk of chronic in-
flammation However, achieving good biocompatibility in vivo is not an easy deal. Besides the risk of 
bacterial or fungal infection, an inflammatory response always occurs. In its acute phase, the inflam-

Figure 6. Electrochemically modified nanoporous surface
(Fadl-allah et al., 2012)
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matory response recruits immune cells to the diseased site, resulting in the elimination of the pathogens 
or the dam-aged tissue. In its resolution phase, inflammation is helpful for the healing and the tissue 
regeneration. However, a severe acute or strong chronic inflammation can lead to foreign body response 
(FBR) and collateral tissue damage.

That is why, nowadays, biomaterials researchers are developing new systems to decrease the inflamma-
tory response to the implanted materials. A diversity of materials in diferent forms (coatings, hydrogels, 
nanoparticles etc.) has been produced for this purpose. Of note, interaction between diferent materials 
and the biological environment seems to be the key to create new systems that enable the management 
of the inflammatory response and lead to a decreased risk of chronic inflammation However, achieving 
good biocompatibility in vivo is not an easy deal. Besides the risk of bacterial or fungal infection, an 
inflammatory response always occurs. In its acute phase, the inflammatory response recruits immune 
cells to the diseased site, resulting in the elimination of the pathogens or the dam- aged tissue. In its 
resolution phase, inflammation is helpful for the healing and the tissue regeneration. However, a severe 
acute or strong chronic inflammation can lead to foreign body response (FBR) and collateral tissue 
damage. That is why, nowadays, biomaterials researchers are developing new systems to decrease the 
inflammatory response to the implanted materials.

A diversity of materials in diferent forms (coatings, hydrogels, nanoparticles etc.) has been produced 
for this purpose. Of note, interaction between diferent materials and the biological environment seems 
to be the key to create new systems that enable the management of the inflammatory response and lead 
to a decreased risk of chronic inflammation. To achieve good biocompatibility in vivo is not an easy 

Figure 7. Graph of skewness and amplitude distribution curve
(Rakesh Kumar et al., 2020)
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deal and there always inflammatory response occurs due to bacterial or fungal infection. In its severe 
phase, the inflammatory response sends immune cells to the diseased site, resulting in the exclusion 
of the pathogens or the damaged tissue resulting in healing and the tissue regeneration. On other hand, 
a strong chronic inflammation can cause foreign body response and tissue damage. Hence, nowadays, 
biomaterials researchers are evolving new systems to decrease the inflammatory response to the im-
planted materials. A variety of materials in different forms (coatings, hydrogels, nanoparticles etc.) has 
been developed for this purpose. A new modified titanium material with anti-inflammatory properties is 
developed using low-temperature plasma jet technology (Wang et al..2020). The surface roughness and 
corrosion resistance have got increased. The bacterial adhesion experiment established that the sample 
suppress the bacterial adhesion after plasma treatment. Other surface treatment methods commonly 
used in order to improve the roughness and the hydrophilicity of the titanium surface is a sandblast/acid 
etching. The formation of new structure limits adhesion of macrophages onto the surface, reducing the 
inflammatory reaction and enhancing the integration of the implant. Sometimes chemical composition 
of the materials also contributes for inflammatory response (Lebaudy et al. 2021).

Synthetic polymers like polyethylene, polystyrene, polyetheretherketone, poly (methyl methacrylate), 
etc. are also subjected to the anti inflammatory studies. In a study by Rostam et al..2016, polystyrene 
sample is surface treated using O2 plasma in order to oxidize the surface and make it hydrophilic. The 
untreated and the treated surface with similar roughness showed that the hydrophobic surface of un-
treated surface results with higher anti-inflammatory response. These results disagree with the results 
obtained for the titanium rough material. The studies show that, the highest anti-inflammatory response 
was obtained for rough hydrophilic titanium surface.

Techniques for Improving Hemocompatibility

Hemocompatibility is essential for medical devices or materials contacting blood. There are different 
techniques are used to improve the hemocompatibility characteristics of biomaterial surfaces. Researchers 
have used micro-arc oxidation technique and following super-hydrophobic treatment for developing super 
hydrophobic TiO2 coatings on Ti-6Al-4V alloys. The modified surface is studied for surface morphol-
ogy, surface roughness, water contact angle, corrosion resistance and hemocompatibility. The rough and 
porous micrometer-size structure TiO2 coating on Ti-6Al-4V alloy is developed. Further during hydro-
phobic treatment process the TiO2 is grafted with low surface energy film resulting in the formation of 
super-hydrophobic surfaces with the water contact angle of 153.39° (Jiang et al. 2015). The hemolysis 
ratio and platelets attachment characteristics of the Ti-6Al-4V alloys were enhanced through the micro-
arc oxidation treatment and subsequent super-hydrophobic treatment. This super-hydrophobic surface 
repels all the platelet and hence, the TiO2 coatings of Ti-6Al-4V alloys with higher hemocompatibility 
show good scope for blood-contacting applications. In case of cardiovascular medical devices which 
routinely come into contact with blood, hence hemocompatibility has been considered as an important 
candidate. Various surface modification techniques namely heparin modification, albumin coating, 
surface anodization, plasma etching, and hydrothermal treatments have been investigate to improve the 
hemocompatibility of titanium-based materials. Still, there are several limitations related to the robust-
ness of the surfaces and long-term efficacy in vivo. Titanium and its alloy Ti–6Al–4V were hydrother-
mally treated to develop nano-structured surfaces to enhance their hemocompatibility (Manivasagam 
et al. 2020). These modified surfaces were evaluated for their wettability, surface morphology, surface 
chemistry, and crystallinity. The hemocompatibility of these surfaces was characterized by evaluating 
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blood plasma protein adsorption, platelet adhesion and activation, platelet–leukocyte complex formation, 
and whole blood clotting. The studies indicate that lower fibrinogen adsorption, cell adhesion, platelet 
activation, and whole blood clotting is seen on hydrothermally treated surfaces. Hence hydrothermal 
technique may be a capable approach to avoid thrombosis for several titanium blood-contacting medi-
cal devices. Presently in order to overcome the prevailing problems of blood-friendly coating materials, 
graphene has been proposed which is a multifunctional and find wide range of biomedical applications. 
The chemical unresponsiveness, atomic smoothness, and high robustness make graphene suitable for 
surface coating material for implantable devices. The CVD coated graphene, which is free of polymer 
contamination, considerably reduced platelet adhesion and activation, extended coagulation time, and 
decreased ex vivo thrombosis development (Meng et al. 2021). The graphene coated surface shows ex-
cellent hemocompatible properties which can be considered for next-generation cardiovascular devices.

In case of mechanical valve prosthesis, wettability gradient surface and low flow resistance, exhibit 
good hemocompatibility. The wettability gradient surface on a nickel-titanium (NiTi) alloy was prepared 
via combined laser microfabrication and surface stearic acid self-assembly approaches (Zhang et al. 
2020). Scanning electron microscopy (SEM) confirms that the wettability gradient surface consist of a 
smooth NiTi region with different pore sizes and distances. Contact angle measurement exposed that, 
along with a low surface energy layer, the structural topography gradient create a wettability gradient 
surface on NiTi alloy which drive droplet motion. On compared with bare NiTi, such wettability gradient 
surface show anti-adhesion property, which is helpful to improve hemocompatibility. In another research 
super-hydrophobic titania nanoflower surfaces were fabricated on a titanium alloy Ti-6Al-4V substrate 
with hydrothermal synthesis and vapor-phase silanization (Montgomerie and Popat 2021). Surface hemo-
compatibility was examined through lactate dehydrogenase cytotoxicity analysis, blood-plasma protein 
adsorption, platelet and leukocyte adhesion and activation, and whole blood clotting analysis. The results 
indicated a reduction of protein adsorption, platelet and leukocyte adhesion and activation, bacterial ad-
hesion, and biofilm formation as well as improved contact angle stability compared to control surfaces.

Surface Modification of Dental Implants

The dental implants may suffer various complications such as mechanical, biological, or technical 
complications. There are three categories of implant materials namely metals, ceramics and polymers 
are considered for dental applications. The some of the desirable properties of the dental implants are 
biotolerant, bioinert and bioactive. The materials possess these characteristics is considered for the den-
tal implants otherwise there surface properties are varied to the requirements. There is various surface 
modification methods are considered to make the materials biocompatible. In dental implants loosening 
of abutment screws is one of the most common problems and it’s countered by plasma nitriding treat-
ment (Sun et al. 2020).

Laser has been applied on the surface of alumina toughened zirconia to improve the cellular response 
of this ceramic. Micro-grooves and grid-like geometries were prepared on this ceramics which show 
improved cell response, with increased metabolic activity (Carvalho et al., 2020). Nano zirconia coatings 
possess excellent bio-compatibility properties which makes it a suitable candidate for dental applications. 
A nano-zirconia coating was performed on 316L stainless steel using electrophoretic deposition with 2% 
suspension in Isopropanol. The electrochemical performance of nano-zirconia on artificial saliva shows 
corrosion-resistant behaviour (Mohandoss and cowokers.2020).
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Recently, the γ-TiAl alloy was considered as the most reliable candidates for the preparation of dental 
implants because of its excellent mechanical strength, chemical stability and biocompatibility. Coarse 
and ultra-fine grained Ti grade 4 shows significant grain size refinement which increase the proof stress 
by 65% and fatigue endurance limit increased from 523 MPa to 698 MPa (Fintová et al., 2020). The 
influence of sandblasting combined with acid etching and results confirm better mechanical resistance 
of ultra-fine grained materials for dental implants in the comparison with coarse-grain one. Researchers 
have considered the effects of high-speed milling assisted the minimum quantity of lubrication, micro 
wire electrical discharge machining, laser and sandblasting/large grit /acid-etching treatments on surface 
morphology, topography, chemical composition, wettability and biofilm-associated infections on the 
surface. These processes create different effect (more irregular surfaces) on the surface namely micro 
wire electrical discharge and laser machining. Results show that micro wire electric discharge machining 
and laser-treated surfaces revealed hydrophobic behavior. A significant decrease of biofilm generation is 
seen on micro wire electric discharge machined surface due to the hydrophobicity and existence of the 
copper element in the recast layer. Surface analysis confirms that the zirconium, silicon, and fluorine 
elements on γ-TiAl surface have a direct effect on the anti-bacterial activity (Koopaie et al., 2020).

Surface Modification of Polymers for Dental Application

The polymers used in dental application should have higher surface hydrophilicity and wettability and 
these properties can be developed by chemical polar groups on surfaces. Introduction of carboxyl, hy-
droxyl, or amine groups on a surface results in higher wettability, and more hydrophilic surface. The 
plasma surface modification including sputtering, deposition, and implantation are also considered for 
this purpose. Grafting of polymers onto the surfaces is achieved by graft polymerization. Grafting can 
be divided into chemical grafting, mechano-chemical grafting and radiation induced-grafting. Radiation-
induced grafting can be obtained by using different kinds of radiation. High-energy radiation (γ-rays, 
X-rays and electron beams), mid energy radiation (UV rays, laser or plasma sources) and low-energy 
radiation (infrared, ultrasonic, microwave (MW) and visible sources) which brings desired changes in 
the polymers, based on the irradiation time and energy of radiation (Koodaryan and Hafezeqoran 2016). 
It is evident that research in the field combined methods or used methods that are not always straight 
forward to classify. Wet-chemical methods are acceptable for surface modification which involves the 
reaction between a chemical compound in solution and a surface. Treatment with hydrogen peroxide is 
considered a wet chemical method. The disadvantage of this method is that reactions are non-specific, 
degree of surface modification may not be repeatable and irregular surface etching. Another method 
is oxidization of the surface of a biomaterial by exposing it to ozone. UV-ozone treatment of different 
materials such as polyethylene (PE), poly(etheretherketone) and poly (vinyl fluoride) were studied. 
Polymers used in prosthetic materials are consisting of polymethacrylate and polydimethylsiloxane 
which are considered as denture base material and soft liners (Delfi et al. 2020). To overcome bonding 
challenges between these polymeric materials, several methods have been developed with the aim of 
surface alteration. Different mechanical and chemical surface treatments have been applied to improve 
the bond strength of silicone soft liner to polymethacrylate. Plasma surface treatment can considered to 
improve the bond strength between two different types of resins.
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SUMMARY

Among the various surface modification techniques the oxide layer generation through anodizing improves 
the antibacterial response and hydroxyapatite coating and electrochemical method improves the cell 
adhesion property. Coating of surface with nitrogen and silver ions, natural tannic acid and silk sericin 
improves antifouling property. Grit blasting method found suitable for osseointegration of implants. 
Bioactive glass nano-particles support the anti-inflammatory properties. In a nut shell application of 
surface modification techniques sole depends on the material property, strength adaptability, reliability 
and cost. In vivo environment the implants behaviour changes with the biochemical reactions. Hence 
it is important to entirely realize the principles and effects of many modification techniques in vivo 
environment, and their modern advances proceeding to the application.
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ABSTRACT

In the modern manufacturing era, machining alloys and composite materials enable proper machining 
methods to get the required shape and dimensions. The usage of alloys and composite materials is in-
creasing in several industries including aerospace, automobile, MEMS, electronics, medical, biomedical, 
pharmaceutical industries, and so on because of less weight and more strength. Though various methods 
are available for machining of composites materials and alloys, only electrochemical micro-machining 
(ECMM) and wire electrical discharge machining (WEDM) are apt for micron-level machining of these 
materials by complex shapes with good surface quality. This chapter attempts to provide insight into 
the recent developments in machining of these alloys and composite materials by ECMM and WEDM.

INTRODUCTION

In recent times, the miniaturization of micro-components/products is continuously becoming more popular 
nowadays. An alloys and composites usually cover wide range of materials. A combination of one or 
more metals with other elements is known as alloy and whereas the combination of two or more elements 
but usually it won’t contain metals is termed as composites. Manufacturing of such micro-products us-
ing alloys and composites with complex shapes, accuracy and good surface finish has turned out to be 
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challenging for the industries as well as for the researcher. To mention a few of the micro-products and 
its practical applications in the electrical and electronics industries are LED TV, mobile phones, com-
puters, many electronic gadgets like iPod, iPad, tabs and electrical accessories of the home appliances 
etc. In the aerospace industries the usage of micro-components includes satellites, navigational systems, 
nozzles, diffusers, sensors such as gas sensor, temperature sensor, pressure sensor and sound sensor and 
actuators like magnetic, hydraulic, pneumatic, thermal actuators and electrostatic actuator are used to 
control and monitor the various functions of the system. In automobile industries we find many micro 
sized-components which includes nozzles, gears, timing belts, valves, engine parts etc. Likewise, in the 
medical field the surgical instruments, medical implants, medical measuring devices, medical monitoring 
devices. Also, in the pharmaceutical industry preparation of drugs, handling, filling and transporting of 
drugs needs precised micro-components. To manufacture the micro-components/products of alloys and 
composite material, micro-machining is one of the leading technologies to fulfill the aforementioned 
needs. The classification of machining process is shown in the figure.1.

These micro-components of alloys and composite materials can be machined with traditional ma-
chining processes and non-traditional machining processes but machining of micro-components through 
traditional methods results in poor surface finish and less accuracy. In non-traditional machining meth-
ods, micro-machining of alloys and composites can be machined effortlessly using ECMM and WEDM 
processes owing to its favorable advantages like difficult to cut materials, machining complex and small 
intricate shapes, high precision and accuracy with close tolerance of machining is possible unlike other 
non-traditional machining process. (Bagotsky. 2005)

Figure 1. Various machining processes of alloys and composites
(Hofy. 2018)
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Origin of ECMM

In the 19th century, the concept of electrochemical dissolution was discovered by Michael Faraday. Fara-
day formed the law of electrolysis which is based on the concept of electrochemical dissolution. In the 
year 1929, the Russian investigator Gusseff first introduced the concept of machining the metal with the 
help of an electrolytic method. Electrochemical micro-machining works on the principle of electrolysis 
where reverse electroplating method is followed to remove the material instead of adding the material 
like electro deposition and it is governed by the Faraday’s law of electrolysis. (Bhattacharyya.2015)

Basic Principle of ECMM

In ECMM, anodic dissolution mechanism is followed for material removal during the process of elec-
trolysis. In the ECMM process, pulsed power supply is given in between cathode and anode. The basic 
working principle of ECMM is as shown in the figure 2. Here in ECMM workpiece acts as anode and 
it is connected to positive terminal and micro tool acts as a cathode and it is connected to the negative 
terminal. Both the terminals are submerged in the electrolyte and the gap maintained between the two 
terminals is known as inter-electrode gap. Once the current is passed through the electrolyte there will 
be exchange of ions where positive ions move towards the cathode and negative ions move towards the 
anode. By anodic dissolution the material is dissolved into metallic ions through electro chemical reactions 
and thus the generation of hydrogen gas bubbles are obtained on the surface of the cathode. Finally, the 
mirror image of the shape of the tool is obtained as the shape of the work material. (Rajurkar et al. 2013)

The salt solutions like H2SO4, NaNO3 and NaCl are most commonly used an electrolyte material for 
machining the material. While machining the material, sludges are usually formed and deposited in the 
electrolyte and these sludges are filtered from the electrolyte and sometimes the purified electrolyte 
is recirculated again for further machining process. The sludges contain metal oxide ions and harmful 
substances which are to be treated properly before it is directly disposed into the environment as it causes 
environmental pollution and becomes hazard to the environment. (Anasane and Bhattacharyya. 2016). 
ECMM is capable of machining wide range of materials like super alloys, magnesium alloys, titanium 
alloys, stainless steel alloys, copper alloys, aluminium metal matrix composites and hybrid metal matrix 

Figure 2. Basic principle of ECMM
(Anasane and Bhattacharyya. 2016)
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composites which are used for various purposes in aerospace, automobile, electronics, MEMS, medical, 
biomedical, and pharmaceutical applications etc.

Process Characteristics of ECMM

Process characteristics of ECMM decides the accuracy and precision of machining. The performance of 
ECMM can be enhanced by choosing the right process variables. The main process characteristics that 
control the process behavior are shown in the Figure.3. The process characteristics such as machining 
voltage, type of electrolyte, electrolyte concentration, temperature, flow rate, machining gap or inter 
electrode gap (IEG) directly affect the material removal rate, surface quality, accuracy and precision. 
Maintaining the proper machining gap and current density enhances better material removal rate, good 
accuracy and surface finish. The output response parameters such as MRR, Overcut, circularity, conicity 
and surface roughness are usually calculated in ECMM.

Influence of Process Characteristics on Material Removal Rate

Figure 4 shows the process relations which affects the MRR with the various variables. material re-
moval rate is greatly influenced by the current density, electrolyte type, concentration of the electrolyte, 
temperature of the electrolyte and machining gap. MRR is directly proportional to its process variables.

Figure 3. Process characteristics of ECMM
(Hofy. 2018)
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Influence of Process Characteristics on Electrode Gap Width

Figure 5 shows the process relations which affects the electrode gap width with the various variables. 
The accuracy of the machining process is inversely proportional to the size of the machining gap, feed 
rate and gap voltage. (Hofy. 2018)

Figure 4. Process characteristics affects the MRR
(Hofy. 2018)

Figure 5. Process characteristics affects the electrode gap width
(Hofy. 2018)
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Influence of Process Characteristics on Surface Roughness

Figure 6 shows the process relations which affects the surface roughness with the various variables. The 
surface roughness is directly proportional to its current density, feed rate, gap voltage.

Manufacturing Cost of ECMM

Figure 7 shows the manufacturing cost of ECM. It is clearly understood from the figure.7 that at the 
optimal feed rate the manufacturing cost of ECMM gets minimized. Figure 8. Shows the variation of 
manufacturing cost of ECMM with the effect of feed rate. At lower feed rates time of the machining 
gets increased and also it increases surface finish and accuracy. At higher feed rates the machining time 
gets reduced and worsens the accuracy and surface finish of the machined surface.

Machining of Alloys and Composites through ECMM

ECMM has more potential to machine wide range of materials like the combinations of various alloys 
and composites. More research studies have been conducted in ECMM with recent trends for machin-
ing the wide range of materials. In this pipeline, titanium alloy (Ti6A14V) is known for the excellent 
corrosive resistance, strength to weight ratio, toughness and is very difficult to machine the material 
due to self-passivation. Titanium alloy has been performed in electrochemical machining operation us-
ing NaCl electrolyte, NaNO3 electrolyte and the combination of NaCl and NaNO3 electrolyte, the result 
indicates that mixed electrolyte produces reduced pitting corrosion even in high current density and the 
surface quality of the mixed electrolyte was better than the NaCl electrolyte and NaNO3electrolyte. (He 
et al. 2018).

Figure 6. Process characteristics affecting the surface roughness
(Hofy. 2018)
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Machining of titanium alloys have been investigated in ECMM to study the various process parameters 
such as MRR, Radial overcut, conicity using the seven different types of electrolytes. The mixture of 
ethylene glycol and sodium bromide shows remarkable results compared with other hydrochloric acid, 
sodium perchlorate, ethylene glycol, sodium bromide and ethylene glycol with sodium bromide and 
NaCl (Anasane and Bhattacharyya. 2016).

Figure 7. Manufacturing cost of ECMM
(Hofy. 2018)

Figure 8. Variation of manufacturing cost of ECMM with the effect of feed rate
(Hofy. 2018)

 EBSCOhost - printed on 2/14/2023 1:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



68

Recent Trends in Non-Traditional Machining of Alloys and Composites
 

In aircraft engines, the high temperature materials like titanium alloy of Ti 60 is importantly used. 
By using ECMM process the orthogonal experiments were planned and conducted on Ti 60 using NaCl 
electrolyte to determine the surface roughness. Frequency and electrolyte temperature influences much on 
the surface roughness. The surface roughness was obtained as 0.912 μm for the best optimal parameters 
shows with 13wt% of electrolyte concentration, 20 V, 0.4 kHz, duty cycle of 0.3, temperature of 23 °C, 
and anode feed rate of 0.5 mm/min. (Chen et al. 2016).

ECMM process has been effectively used for fabricating the complex micro shapes on nickel and 
nickel based super alloys. The effects of machining parameters such as pulse on time, applied voltage, 
pulse period, electrode diameters and side gap were considered for the study. The study suggested that, 
to achieve the best machining accuracy the machining operation has to be conducted on lower machining 
voltage, smaller pulse on time and pulse period, and minor diameter electrode. (Huang and Liu. 2014)

Figure 9. Sample SEM image of the micro-hole hole using EG+Br electrolyte with titanium material
(Anasane and Bhattacharyya. 2016)

Figure 10. Sample specimen machined using ECMM
(Chen et al. 2016).
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Aluminium metal matrix composites (AMMC) are mainly used in aerospace industries, automobile 
industries rather than unreinforced alloys are due to high hardness, good strength to weight ratio, lower 
coefficient of thermal expansion, high thermal shock, better wear and lower density.AMMC are of less 
weight and as well as low cost that are the certain reasons for increasing demand in various industries. 
(Koli at al. 2015, Sharma et al. 2020).

Machining of aluminium metal matrix composites through ECMM was conducted along with abra-
sive assisted electro chemical machining, electrochemical grinding and electrochemical drilling. The 
study revealed that variation of applied voltage, Electrolyte concentration, flow rate and tool feed rate 
simultaneously increase the value of MRR. The ROC was increased by electrolyte concentration and 

Figure 11. Sem micro- image of the nurbs curve
(Huang and Liu. 2014)

Figure 12. Sem micro- image of the heart shape
(Huang and Liu. 2014)

Figure 13. Various applications of aluminium metal matrix composites
(Sharma et al. 2020)
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higher voltage. Moreover, ROC is decreased with increase of tool feed rate and the surface roughness 
got affected by increase of machining voltage and tool feed rate. (Hynes et al. 2018)

Hard metals like TiC, TiN, pure Ti and the binder metals like Fe, Co and Ni are machined through 
ECM with the help of cyclovoltammograms using NaNO3 solution. Hydrogen evolution takes place for 
all the materials at the cathode surface and at the cathode all the samples were conductive. Anodically, 
all the combinations of TiC and TiN were dissolved. They created a surface model in which Fe seems 
to be valid for all the materials and except Ti. (Walther et al. 2007). Nickel aluminium bronze alloy is 
specifically used in marine water propellers, land gear bearings, pressure sensor, pharmaceutical and 
biomedical industries. Nickel aluminium bronze alloy mainly contains copper as a major proportion and 
the remaining it is followed by nickel, aluminium and iron. Machining of nickel aluminium bronze alloy 
through traditional technique produces higher circularity and irregular surfaces and it can be best ma-
chined through ECMM. In ECMM for machining of Nickel aluminium bronze alloy the three electrodes 
were utilized namely brass, copper and tungsten carbide and NaCl was used as an electrolyte medium. 
To find out the best parameter RSM was used to find out the optimal parameters. The result indicates 
that by using copper electrode more amount of materials was removed and the circular micro-holes were 
produced by tungsten carbide electrode with reduced overcut and whereas the brass material shows the 
intermediate performance than the other two electrodes. (Palani et al. 2020).

Haste alloy C 276 comes under nickel based super alloy, nickel is well known for good corrosive 
resistance. Haste alloy is most commonly used in chemical/food processing, pharmaceutical and petro-
chemical industries. A micro-hole on haste alloy C 276 material were carried out using ECMM process 
with NaNO3, NaCl and a combination of citric acid with NaNO3and NaCl as hybrid electrolyte of (20,25 
and 30 g/l) concentrations were utilized to conduct the experiments. They used L9 orthogonal array and 
Taguchi, grey relational analysis to find out the optimum levels. Among the electrolyte’s hybrid electro-
lytes produces higher MRR, reduced overcut, lower conicity. The optimum values of hybrid electrolyte 

Figure 14. Sem image of the aluminium metal matrix composite machined using ECMM
(Hynes et al. 2018)
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using taguchi grey were at 10V of machining voltage, 30 g/l of electrolyte concentration, 33% of duty 
cycle and feed rate of 1mm/min. (Kumarasamy et al. 2020)

Figure 15. Sem image of the Nickel aluminium bronze alloy machined using ECMM a) brass electrode 
b) tungsten carbide electrode c) copper electrode
(Palani et al. 2020)

Figure 16. Sem image of the micro-hole machined on haste alloy C 276 with a) NaCl electrolyte b) 
NaNO3 electrolyte c) hybrid electrolyte using ECMM
(Kumarasamy et al. 2020) (Better)

Figure 17. Sem image of the micro-hole machined on haste alloy C 276 with d) NaCl electrolyte e) NaNO3 
electrolyte f) hybrid electrolyte using ECMM
(Kumarasamy et al. 2020) (Moderate)
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Aluminium alloy (AA) 7075 reinforced with nano silicon carbide particles with 1.5 wt.% was machined 
with ECMM. The confirmation experiments were performed with both RSM and TLBO based optimum 
conditions and the result shows that, values had coincided very well with the RSM result considering a 
targeted surface roughness value of 0.4 μm which, shows TLBO was greater than RSM. (Prakash and 
Gopalakannan. 2021). In general, aluminium is a light weight material and it is reinforced with some 
composites to have additional benefits. In AA6061 alloy along with Mg2Si has moderate strength and 
this material is especially used in light weight structures and ship building industry. TiB2 has greater 
hardness and excellent electrical conductivity. Experiments were conducted using ECMM to produce a 
drilled micro-hole on AA6061- TiB2 in situ composites and it was validated with Entropy-VIKOR method 
to find out the best optimal conditions showed 2 mol of electrolyte concentration, 12 v of machining 
voltage and 4 A of current for greater MRR and reduced overcut. (Chandrasekhar and Prasad. 2020)

Experimental studies were conducted in ECMM to produce micro holes on aluminium composite 
material (Al 7075-87%, Al2O3-6% and borosilicate powder- 7%) as a workpiece with hollow brass 
electrode using NaCl as an electrolyte. By varying the process variables such as voltage, pulse on time, 
current they calculated Machining Rate and overcut. At higher parameter levels it affects the surface 

Figure 18. Sem image of the micro-hole machined on haste alloy C 276 with g) NaCl electrolyte h) 
NaNO3 electrolyte i) hybrid electrolyte using ECMM
(Kumarasamy et al. 2020) (Poor)

Figure 19. SEM image of the machined micro-hole on AA6061-TiB2 in situ composites a) exterior por-
tion b) interior portion
(Chandrasekhar and Prasad. 2020)
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finish and where as they achieved good accuracy at the lower level of the input parameters. (Ramesh 
and Subburam. 2019)

A study was conducted on metal matrix composites using ECMM process can be efficiently used 
for machining complicated micro holes because of its favorable merits when compared to traditional 
methods. (Arumugam and Rajalingam. 2020). Magnesium and its alloys are used in the human body 
specifically because of better bio degradability rather than materials like titanium and stainless steel. 
Magnesium and its alloys have wide applications in armaments, textile, sports and building industries. 
Magnesium and its alloys reduce further surgery cost. The usage of titanium and stainless steel in the 
human body causes some allergic issues. Reviewed the machining of magnesium and its alloy by the 
various machining methods. Magnesium and its alloys have the demerits of poor mechanical strength 
and more corrosive behavior. (Chalisgaonkar. 2020)

Figure 20. SEM image of the machined micro-hole on aluminium composite
(Ramesh and Subburam. 2019)

Figure 21. Image of the magnesium and its alloy implanted in the arm
(Chalisgaonkar. 2020)
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Machining of Titanium alloy (Ti-6Al-4V) was carried out in ECMM using different electrolytes 
with varying concentrations such as NaCl+NaNO3, NaCl+ Glycerol (C3H8O3) and NaCl +citric acid. 
The Taguchi’s design of experiments helps to find out the best optimal parameters. The result revealed 
the best MRR was found for NaCl+NaNO3. Highest overcut and circularity is found for the electrolyte 
combination of NaCl +citric acid. However, the optimal overcut is found for the parameter combination 
of NaCl+ Glycerol (Thangamani et al. 2021)

Figure 22. Fixation of various medical implants in the human body
(Chalisgaonkar. 2020)

Figure 23. SEM image of the machined micro-hole on Ti-6Al-4V (Nacl +NaNo3)
(Thangamani et al. 2021)
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WIRE ELECTRICAL DISCHARGE MACHINE

Wire electric discharge machining technology has grown since last 30 years. This wire cutting method 
was introduced in the industries around 1960. For produce the required shape of the component, the 
optical lie follower system was used. This follower system was introduced by D.H. Dulebohn. Due to its 
flexible capabilities WEDM is used to make components for the automotive, aerospace, and tool and die 
manufacturing industries. Other applications are biomedical and jewellery R&D areas. The WEDM is 
only process for machining intricate shapes in conductive parts, exotic materials, difficult to cut materi-
als and conductive ceramics (Ho et al.2004).

Wire EDM Mechanism

Wire EDM process is a thermo electric process which is used to remove the material from the speci-
men by the repetitive electric spark (Li and Laghari. 2019). In this process wire is used as electrode, it 
made of copper, brass or tungsten of diameter 0.05 to 0.30mm. This wire is capable for achieving very 
small corner radii also (Praveen et al. 2020). The gap between wire (electrode) and work piece is called 
as spark gap. The dielectric fluid is constantly served in the machining zone for flush out the removed 
debris from the specimen. Dielectric fluid should be carefully chosen to reduce the spark gap and allow 
for precision machining. Normally kerosene and deionized water used as dielectric fluid. Kerf width is 

Figure 25. SEM image of the machined micro-hole on Ti-6Al-4V (Nacl+ citric acid)
(Thangamani et al. 2021)

Figure 24. SEM image of the machined micro-hole on Ti-6Al-4V (Nacl+Glycerol)
(Thangamani et al. 2021)
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width of material removed from the specimen through WEDM process as shown in figure 26. (Karmakar 
and Maji. 2021)

WEDM Process Parameter

Input process parameters can be generally classified as electrical parameters and non electrical param-
eters. Electrical parameters are pulse on time, pulse off time, peak current, etc, Non electrical param-
eters such as wire material, wire tension, etc., The input process parameters that affects the machining 
characteristics of WEDM process is shown in Ishikawa cause and effect diagram (Figure 27). (Praveen 
et al. 2020, Patel and Maniya. 2018).

WEDM Machining Features

Generally metal removal rate, surface roughness, kerfwidth cutting velocity wire wear rate and dimen-
sion deviation are the machining characteristics or output responses of the WEDM process. Among all 
the characteristics Metal removal rate and surface roughness are the most important characteristics for 
getting better performance. Metal removal rate was calculated by the ratio between volume of material 

Figure 26. Wire EDM process and machined surface

Figure 27. Ishikawa cause and effect diagram
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removal to time taken for the machining of specimen. The surface roughness (Ra) is obtained by using 
a surface roughness tester, which is most important parameter to be minimized. (Praveen et al. 2020)

WEDM Performance Characteristics on Alloys and Metal Matrix Composites

Now a day’s hybrid nanometal matrix composites (HNMMCs) are used in the aerospace, defense and 
automotive industries due its outstanding mechanical properties. Al6082/Graphene/carbon nanotubes 
composite was prepared by using stir casting process. Because of the reinforcement the hardness of the 
HNMMC was increased compared to base alloy. While machining the composite, pulse on time was 
the most significant parameter for good metal removal rate. And also, poor surface finish was obtained 
due to higher voltage. (Perla et al.2021). When machining Aluminium alloy (LM25), Graphite (Gr) and 
Boron carbide (B4C) hybrid composites using WEDM current acted as a most important parameter for 
metal removal rate. Current and pulse on time are the two influential parameters that affect the surface 
roughness. (Suresh et al. 2020). By using squeeze casting LM13/silicon carbide reinforced composite 
material was fabricated and machined. In this study reveals that, metal removal rate increased with increase 
of pulse on time & current and also it decreases with increasing the weight percentage of reinforcement 
particles in the base metal. (Vellingiri et al. 2021).

In Al-SiC-B4C composites the kerf width slowly increased while increasing pulse current and severe 
change in kerf width occurred while increasing pulse on time. During the time of machining process heat 
energy was produced and it melts the materials broadly. So, the kerf width was increased while increasing 
pulse current and pulse on time. (Kumar et al. 2020). It cleared from analysis while increasing pulse on 
time the cutting speed also increased. A higher pulse on time and lower pulse off time generated high 
heat energy which results in produced big, deeper and overlapped crater on the machined surface of the 
work piece. Due to this reason larger volume of material removed from the work piece which results 
in higher cutting speed. At the same time higher cutting speed obtained at lower spark gap voltage. At 
lower pulse on time and lower peak current combination input parameters produced very small crater 
on the machined surface. Wire tension was another one parameter to produce a better surface finish on 
the machined surface. While increasing wire tension the wire deflection and vibrations are reduced. So, 
at stable machining condition good surface finish was obtained (Kumar 2018).

Aluminum metal matrix composites (AMMCs) consist of aluminium alloy (LM6) as matrix and 3, 6 
and 9 percentage of particulate fly ash as reinforcement material was fabricated through the Stir casting 
process. Gap voltage is the most significant factor affect the metal removal rate. (Ananth et al. 2021). 
Straight and triangular profile cuts are done through WEDM on the self-lubricating composite. Here 
aluminum 6061 series self-lubricity composite fabricated with 5%, 10%, and 15 vol% boron carbide 
(B4C) and hexagonal boron nitride (HBN) of 10 vol% particles. Self-lubricity composite material with 5 
percent B4C exposed larger kerf dimensional deviation due to fast melting and evaporation of specimen. 
Further, kerf dimensional deviation reduced while increasing B4C particles. The increase in wire feed 
rate reduces the corner area inaccuracy to large extent.MMC with 15% B4C composite shows unusual 
erosion and formation of large craters and pits are witnessed on the machined surface resulting in higher 
surface roughness. (Gnanavelbabu and Rajkumar. 2020). Composite materials are fabricated with AZ31/
Silicon-r-GO/ Magnesium by solvent based powder metallurgy process. The process parameters namely 
reinforcement proportion, Doping, electrical parameters and feed rate is analysed for MRR and surface 
roughness. ANOVA results describe that pulse on time and weight percentage of reinforcement wt.% 
are the major influencing parameter for metal removal rate. Pulse off time and weight percentage of 
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reinforcement are the significant role factor in leading the Ra value. (Kavimani, et al. 2020).316L stain-
less steel is commonly used in engineering, marine and medical applications. The machined specimens 
are undergone the corrosion tests at different conditions. Pulses on time and peak current are the most 
important factor that affects the corrosion resistance of the machined surface. Due to the formation of 
thin and steady protective layer the corrosion resistance was increased at low level of pulse on time and 
peak current. While increasing peak current and pulse on time the surface roughness also increased. 
(Prathipati and Dora. 2019).

CONCLUSION

In this present work, the basic principle of ECMM and WEDM are discussed. The process parameters 
which governs the machining operation are discussed in detail. The recent methods of machining of 
various materials like alloys and composites with is characteristics and behavior are reviewed and dis-
cussed. Considering the emerging applications of materials in wide places ECMM and WEDM are the 
most appropriate methods for its remarkable performances.
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ABSTRACT

Application of novel engineering materials and advanced technology has been increasing tremendously 
in many industrial needs. Among those challenging manufacturing methods, conventional machining is 
one of the proven and prominent processes. Although, fast growing and newer developments in modern 
manufacturing industries are posses the tough fight on current requirements. On the other hand, continu-
ously developing new technology and trends of advanced machining methods on modern technology for 
industries and academicians are not well established in the open web sources. Hence, this chapter will 
be eye opener for both industrialists and researchers about the various novel techniques, trends, and 
developments in conventional machining.

INTRODUCTION

Manufacturing is the backbone of the industry and financial position of the nation is depends upon the 
range of manufacturing movement. It is apparent that the urge of global contest provide as a mechanism 
for amend in manufacturing techniques and structure (De Weck, 2014). The manufacturing technologies 
such as automated systems and various innovations are executed to enhance the CNC machine func-
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tions which hinder the manufacturing expenditures. Also, this sector faces the various challenges due to 
continues growth of machine tools with high accuracy, high speed, digitalization and highly developed 
intelligence (Schiller, 2015). The components manufactured using the different machining techniques 
are required further machining to done for the final output. Figure 1 represents the advanced machining 
process of metals and composite materials with better machining quality.

Moreover, machining is the major extensive metal seminal process in manufacturing industry. The 
rapid change and tough in machining creates the need in replacement of commercial metal using com-
posite materials in consumer products. Also, machining process is a versatile nature due to the com-
plication in shapes, range of scale (Micro and nano), cost effectiveness and time taken for machining. 
But, all those points satisfied with simple CNC machine. Components might have various profiles such 
as sharp corners, flat, interior and exterior features whereas these shapes can’t produce using com-
mon machining process (Naves et al., 2013). The special machining features such as mirror exterior 
nature and high reflectivity are produced using only with diamond tools. However, every machining 
techniques, whether conventional or nonconventional owing its merits and demerits. There are many 
techniques exist in traditional or notational processes to machining the tough and complex materials 
for producing the quality component. But the user should select the suitable method for machining the 
same component with quality. Therefore, setoff guidelines are framed for the machining various met-
als and composite materials (Childs et al., 2000). Hence, in current scenario of machining is indeed 
a large section of manufacturing activities. Among those, metals and composite materials plays vital 
role for having right component with high precision (Byrne et al., 2003). On the other hand selection of 
machine perceived the machining characteristics. Although non traditional method posses good sign in 
machining nature, it is affected due the reasons such as machining cost, operator’s skill, space and most 
importantly thermal ablations etc,. Moreover, the ability of traditional machining is explored lot by the 
researchers to enhance the machining performance. Therefore, in this chapter focus on the scope and 
process in conventional machining of metals and composite materials. In addition, advanced engineer-
ing materials, tool materials and machining process are discussed in this chapter to extent knowledge 
on conventional machining process.

Figure 1. Machining process of metals and composite materials
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CLASSIFICATION OF MACHINING OPERATIONS

In recent manufacturing incorporates the diversity of processes and engineers are impulse to select the 
peaceful process combination to produce a high accuracy component with suitable cost. Hence, the 
engineers should have a wide knowledge in materials processing and handling.

The machining process deals with material removal process from the workpiece which including 
with tools shapes, type of tool, materials of the tool (Boothroyd, 1988). Also, removal of material from 
the metal or compositecould be four basic methods which are based on the information related to the 
machining and energy applications on the workpiece. Table 1 represents the type of energy utilization 
and machining process.

Group “A” induced with various common conventional machining processes with specific cutting edges. 
Other machining categories like B & C are comes under the thermal and chemical machining process 
and termed as non-conventional machining process. Also, these groups of process are not requiring the 
sharp cutting tools whereas removes the materials from work using energy beams or chemical reactions 
or evaporating. Recent scenario, hybrid machining processes are evolving significantly in order to create 
components in large scale (Knight & Boothroyd, 2019). From the table 1 groups of B & C are hybrid 
together and forms a novel machining process to machine tough materials in the industry. However, those 
methods are accompanied with high cost for initiation. In addition, manufacturing process is fluctuating 
rapidly in worldwide because of various factors such as increasing of consumer prospects, world markets 
and struggles, increasing knowledge intensity in products and technology etc. Also, current advances in 
market practice, engineering methodologies and manufacturing science enables the industries to produces 
novel and good components quickly in lower cost than ever before. Currently, machining process must 
compete with various manufacturing requirements and surface quality in addition with reliability and 
others. Moreover, the efficiency of production might be achieved based on the optimization of process 
parameters, tool dimensions and tool design. Therefore, the new concepts are implemented in the current 
machining technologies such as high-speed machining (HSM) (Jawahir & Van Luttervelt, 1993), high 
performance machining (HPM), high velocity machining and general sustainable machining.

Table 1. Classification of machining and type of energy utilization (König, 2008)

Group Type of Energy Machining process

A Mechanical
Turning, Milling, Drilling, Grinding etc

Water jet cutting, Abrasive jet machining, Blanking Punching, Shearing, Sand blasting, Ultrasonic 
machining, etc.

B Thermal
Thermal cutting (melting) Electron beam machining Laser machining

Electro discharge machining (EDM)

C Chemical
Etching Thermal cutting (combustion)

Electrochemical machining (ECM)
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COMMON FACTORS INFLUENCING THE MACHINING PROCESS

Chip Formation

The formation of chip plays major role on the surface finish of work material and optimization of ma-
chining process (Turley & Doyle, 1982). Chip formation occurred based on the physical nature of work 
material, tool shape and machining speed. In conventional machining using flat end tool liberates thechips 
such as continuous, elemental, segmental and discontinuous chip can be obtained(Rahman et al., 2005). 
The discontinuous chips are formed while machining the graphite, manganese sulphide containing ma-
terials such as cast ion or brittle materials.In case of ductile materials, lower machining speed and high 
feed causes for discontinues chips. The non-plastic deformation nature of the work material induces 
these kinds of chipsusing the cutting edge to the work surface. This factor resulting the chip distractions 
into small pieces in periodically. Figure 2 (a) presents the discontinuous chip image for brittle material.

Figure 2 (d) shows continues chip formation which are occurred mostly with ductile materials such 
as mild steel, aluminum, copper and pure irons when machining in high cutting speed (Vyas & Shaw, 
1999). The ductile nature of work materials does not require the high cutting force which resulting the 
good surface finish and produces continues chips. The shape of chip might have various types such as 
straight and helix due to the rigorous plastic deformation. This type of continues chip formation one of 
the major issues to the researchers and tool engineers for obtaining quality finishing of work material 
(Manyindo & Oxley, 1986). The segmented and elemental chips images are presented in figure 2 (c & b) 
which are considered through areas of concentrated shear detached from the area of material with lower 
deformation. The segmental chips are produced with most materials at high cutting speeds whereas the 
low thermal conductive materials such as titanium, stainless steel and alloys are takes place at lower 

Figure 2. Types of chip (a) discontinuous (b) elemental (c) segmented (d) continues
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machining speed (Prieto et al., 2018). Also, heat production at the machine tool when not distributed well 
narrow segments formed with work material. Therefore, controlling of chip is significant in conventional 
machining to explore the consistent machining conditions and monitoring of chip formation is the es-
sential task in machining setups. To identify the chip formations in CNC machines various devices has 
been developed in last three decades (Kovacic et al., 2005). These devices functions based on the CNC 
machines nature which can alarming the machinist during cutting force exist beyond the limit, variations 
take place in length between tool and work, chip size variations, chip flow directions and variations in 
temperature of chip to bring the quality machining surface.

Cutting Vibrations

In machining process, machine tool and workpiece are fixed in the fixture and intricate with dynamic 
characteristics. During the machining process certain unwanted vibration occurred due the dynamic 
nature of machine. The consequences of tool vibration affect the machining surface intensively. There-
fore, enhancement of machine tool is essential for obtaining better machining quality in conventional 
machining (Teti, 2002). In way various researchers are made attempt to control vibrations raised from the 
CNC machine. Some major suggestion from the literatures is followed. Structural alterations are added 
with machine setup to damping the vibrations which hinders the magnitude of harmonic reacceptance 
on the operations and cutting tool directions can be altered from the principal directions. A mass spring 
system is affixed with the machine to absorb the vibration. Use of high young’s modulus materials such 
as tungsten, silica carbide, 2 to 4% Copper and nickel mixed alloys and phase sintered tungsten carbide 
metals are absorbing vibrations significantly. Cutting force control using feedback of machine which 
providing damping force trough piezoelectric actuator with internally controlled machining tool. More-
over, controlling of cutting force in conventional machining irrespective of all dynamic machineries 
are an essential requirement (Thandra & Choudhury, 2010). Although, various techniques followed in 
industries it posses significant modification in the machine tool adoption in setup.

Production of Heat

In machining process, due to the plastic deformation of metal produces 100 to 1000 Celsius degree 
generated at the machining zone and those heat energy distributed to the cutting tool edges and chips 
(Valiev, 2004). Due to high temperatures create impact on tool wear and friction at the chip and work 
interfaces which is presented in the figure 3.

According to this fact, the production of heat at the tool has been measured in various techniques 
such as thermoelectric effect, compositional effects, point measurement, field measurement. Based on 
the need, thermocouples, infrared, fiber optical sensor etc., are employed in measurement of heat gen-
eration which is present in figure 4.

The tool and work are electrically insulated from the machine fixtures. The electromagnetic field 
signals are collected from the cutting edge and converted into the temperature. Therefore, tool and work 
standardized with same material as in the machining test and thermocouple. In conduction methods, 
various novel techniques were created such as thin film sensors (TF), TF thermocouples (TFT), TF sen-
sors to measure the heat in the tool and work interfaces area (Jiang et al., 2013). However, tool and work 
interference zone heat measuring techniques are employed to asses temperature which is need to control 
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in the conventional machining. Hence, monitoring and controlling of temperature at the machining zone 
is very essential process in the conventional machining.

Cutting Fluids

Heat generation at the machining zone plays prominent role in conventional machining process for 
obtaining in good surface finish. The main purpose of cutting fluids is reducing heat generation on the 
machining zone which is more significant than cutting speed. Cooling is obtained through distributing 
and conducting segment of the heat generations. The cutting fluids are classified major categories such 

Figure 3. Tool and work interfaces

Figure 4. Tool and work thermocouple inserted
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as non-water mixable cutting fluid (oil based), water mixable cutting fluid and water based cutting fluid 
(Lawal et al., 2012). The supply of cutting fluid to the machining zone using different techniques is 
presented in the figure 5.

Non-water mixable cutting fluid - Purely oils are employed in machining zone with any dilution 
which are commonly mineral oils. Although, in view of improving thermal conductivity of cutting fluid 
other oils such as vegetable oils, easters, fats, chlorine, Sulphur and phosphorus are mixed with plain oil 
and utilized in machining zone. Also, researchers noted less lubricity with pure oils and employed more 
than 90% of oils in conventional machining. Water mixable cutting fluid – soluble minerals with help 
of emulsifiers are mixed with water and employed as cutting fluid. The emulsifiers categorize the size 
of oil droplet and conduct the heat significantly. Water based cutting fluid – plain water used as coolant 
and researchers mixed some organic compounds to improve lubricity. However, this lubricant exposed 
the corrosion on the machining surface due to atmospheric oxidization. Also, due to the microbial con-
taminations in water based cutting fluid leading to the formation of unpleasant odour.

Progress in Conventional Machining

In general, conventional machining process evolved significantly in last two decades for machining 
super alloys and composites which can provide excellent surface finish, lower power consumptions and 
higher tool life (M’Saoubi et al., 2015). Many factors affect the machinability nature of super alloys. 
Still composites or super alloys are withstanding in high yield strength and also exposes the ductile 
nature while machining, thereby needful higher forces to be cut. Moreover, inclusion of subsystem with 
conventional machining is an essential to improvise the machining quality. Therefore, the researchers are 
incorporating many techniques in conventional machining process. Those methods are provided below.

Ultrasonic Vibration Aided Machining

Ultrasonic vibration aided machining (UVAM) is a metal removal operation through employing vibra-
tions on the cutting tool at a certain frequency. It enhances the machining performance of conventional 

Figure 5. Cooling techniques
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machining technique for tough metals and alloys. Based on the authors (O’Toole et al., 2020) report, 
this vibration aided tool reduces the excessive noise and unwanted tool wear in addition with improvised 
surface finish. They used 0 to 40 µm amplitude and 0 to 500 Hz frequency vibration using a separate 
transducer. The vibrations an accomplishment diagram shown in figure 6.

Figure 6. Ultrasonic vibration aided machining system
(Xu & Zhang, 2015)
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Tool has been fixed with end of the transducers which connected with horn. Although narrow frequency 
of vibrations are required for horn design, which can produce high accuracy machining. Due to the reasons 
such as horn cracking, over tightening, and sliding develops the ovel tool motion is presented in figure.

Heat-Assisted Machining

Heat assisted machining (HAM) is familiar method for machining aerospace materials such as nickel-
based alloys and titanium alloys. During the machining various heating techniques are adopted with 
machining operations. The heat adoption in machining increases the softening of work material which 
can increases the tool life as well as hinders the cutting force and chatter instabilities. Moreover, heat 
adoption increases the plasticity of work material. This factor helps the tool to remove material easy and 
resulting the better surface finish. There are many heating techniques are endeavored by the researchers 
in conventional machining which are elaborated below.

Laser Assisted Machining

In this method heat energy in form of laser has been applied on the work piece surface which avoiding 
the materials deformation and this factor is significant for accuracy of metal cut. Also, laser heating 
method is one comfortable technique to direct the heat spread over the work surface and laser diameter 
can be tuned up to lower than 3 mm. Laser can be locate anywhere in the work surface till the range of 
accessible. In turning operation laser fixed over the machining area whereas in milling operation laser 
need to be move along with the work surface which is presented in figure 7 (a) & (b). During milling 
operations intensity of laser is increases than the turning operations. Since, the cyclic rotation in turning 
operations work piece rotated which causes the temperature rise (Jeon & Lee, 2012).

Moreover, single laser beam is not sufficient for heating the work piece for milling operations due to 
large area of work piece. Therefore multiple lasers can be included with milling operations. Location of 
laser to be placed on the work piece is very important, since the heated area must be cut immediately to 

Figure 7. Laser assisted machining (a) Turning (b) Milling
(Sun et al., 2011)
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avoid sudden cooling. The sudden cooling of work piece required higher cutting forces which resulting 
the improper machining such as excess tool wear, chatter and high surface roughness due to the increas-
ing cutting forces (Kibria et al., 2013).

Plasma-Assisted Machining

Plasma heating is one of the prominent techniques before to machining of tough to cut materials or al-
loys. Plasma torch is placed over the work surface like as laser heating and its similar to the laser heating 
method. Direct current is applied to the tool and work piece which produces the arc and along with this 
plasma gas is supplied. Thereby high velocity plasma generated and supplied using nozzle over the work 
surface. Along with this inert gas is supplied around the plasma which protects the metal surface from 
the excess heat. This method heating temperature maintained between 400 to 1000 ◦ C using indirect 
(convective) heating method (Lopez de Lacalle et al., 2004). Generally, this method applied in turn-
ing operations rather than milling operations due to its nature of functions. Because in milling, more 
complicated motions and less feed rates were applied. This leads to the more improper heating spread 
on the work surface which causes the less machining quality. The illustration of plasma heating method 
is shown in figure 8.

Figure 8. Plasma assisted machining
(Lopez de Lacalle et al., 2004)
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Induction-Assisted Machining

Induction electric coils are employed to heat the workpiece using high voltage electric current. This type 
of heating covers larger area of work piece than laser and plasma heating methods. The basic principle 
that magnetic force induced by the application of reverse direction of current in the electric coil. This 
current intensity produces the resistance when pass through the work piece which induce the heat energy. 
The rate of heat energy is influenced through various factors such as current voltage, frequency and 
type of work material. However, induction heating delivers uniform heating to the workpiece and system 
contains of transformer, condenser and cooling setup [ 28]. Based on the application and requirement 
different type of coil has been used for the heating which is present in figure 9.

Multiturn electric coils are employed for the turning operations which presented in figure 10. This 
method of heating provides complications while full length machining (Pandey & Datta, 2021). There-
fore, C – type open coils are used for the full-length turning operations which is present in figure 11.

In case of milling operations single turn heating coils are adopted for heating workpiece which is 
presented in figure 12. Induction heating is one of the rapid and less time-consuming methods for heat-
ing. Also, this method distributed the heat ununiformly (Gürgen & Sofuoğlu, 2021). Since,eddy current 
passed beneath the work surface for an extended area. This phenomenon much needed in milling opera-
tion; therefore, induction heating is suitable for milling operations than turning operation.

Figure 9. Types of heating coil models
(Gürgen & Sofuoğlu, 2021; Pandey & Datta, 2021)
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Infrared Assisted Machining

In order to reducesthe tool force and increase the machining rate for tough to cut materials infrared as-
sistance has been used in conventional machining (Sanchez et al., 2014). In this method, due the work 
piece heat shear stress of material hindered for great level thereby cutting force reduced significantly.

Quartz electrical resistance was fixed near the work piece for heating while machining which is 
presented in figure 13. The experiment result predicts that life of cutting tool and surface roughness 
improved around 340% and 205% respectively. Moreover, continuous chip formation noticed on the 
machining which indicates that less energy consumption was paid in the machining process.

Figure 10. Multiturn induction heated turning and drilling
(Gürgen & Sofuoğlu, 2021)

Figure 11. C-Type open heating coil
(Pandey & Datta, 2021)

 EBSCOhost - printed on 2/14/2023 1:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



94

Recent Developments in Conventional Machining for Metals and Composite Materials
 

Figure 12. Single turn heating in milling operation
(Vieira et al., 2001)

Figure 13. Infrared assisted machining
(Anderson et al., 2006)
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Tunnel Furnace Heated Machining

The aforementioned techniques are some of the common heating techniques for heat aided machin-
ing. In the same way few more techniques are considered for heating the workpiece before machining 
operations. Therefore, tunnel furnace is used to heat the work piece only for turningoperations. Tunnel 
furnace image is shown in figure 14.

In this method, work piece heated for certain temperature using tunnel furnace and fixed in the fixer 
for turning operation. Also, excess number of thermal strains in the work materialleads to the higher 
unwanted material removal from the work piece. Moreover, oxidization take place on work material due 
to the large heat distributions on the material and work piece cool down quickly for the same reason 
(Witczak et al., 2015). Therefore, accuracy of machining diminished significantly. However, this method 
of heating is cost effective and can be used where the accuracy is not a subject of matter.

Flame Assisted Machining

In this method, commercially available gases such as liquid petroleum gas, acetylene, propane and natural 
gases are used for the production of flames and with the aim of increasing heat intensity higher oxygen 
ratio is used. Flame assisted machining is shown in figure 15. This method exhibits non controllable 
heat distribution among the work surface which leads to the uncertainty in cutting force. Also, micro 
structure of work material changes very suddenly due to the uncontrollable temperature (Parida & Maity, 
2021). Thereby surface finishing is affected significantly and due to the open flame heating causes for 
the oxidization effect. Hence, flame heating method is not suitable for the aerospace materials.

Recent Development in Conventional Machining

High speed machining (HSM) is also termed as high-speed cutting (HSC) has provided a significant 
contribution to the manufacturing sector for last three decades. The research activities on HSM were 
mainly focused on turning and milling of various tough materials such as ferrous alloys, titanium, tung-
sten, composites materials and nickel-oriented alloys (Byrne et al., 2003). There are numerous develop-

Figure 14. Tunnel furnace
(Witczak et al., 2015)
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ments were carried on the HSM process such as spindles, feed control systems, machining centers and 
digitalization of HSM which is presented in figure 16.

This kind of advancement in machining technology are very important for the manufacturing industries 
to obtain less production cost, short machining time, high accuracy and increasing of production. HSM 
process is a complex term to explain, since it has been controlled by many factors including the work 
and tool material properties, machining speed and feed. In general, HSM can be distinguished based on 
the cutting operation, work material to be machined, cutting force and process stability. The difference 
of HSM and conventional machining has presented using figure 17.

Figure 15. Flame assisted machining [34]
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The speed of spindle produced from 200 to 300 RPM for machining of tough materials. This range 
of spindle speed employed almost all kind of conventional machining such as drilling, milling etc., in 
terms of materials removal process. The experiments carried out the experiments on conventional mi-
cro drilling on titanium alloy with the spindle speed of 10000 to 90000 RPM (Smith & Tlusty, 1997). 
But, high speed of tool exposes the aggressive tool wear which promotes the chatter surface on the 
work material. Therefore, various novel techniques are evolved recently to understand and improve the 
machining nature in HSM. Although various techniques upgraded for the enhancement, HSM is one of 
the prominent and significant development in conventional machining. In line up with that ultrasonic 
vibration is employed in HSM process which is displayed in figure 18.

Figure 16. High speed machining machine
(Komanduri et al., 1985)

Figure 17. Turning (a) High speed machining (b) Conventional
(Schulz, 2001)
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Figure 18. Ultrasonic vibration assisted HSM process
(Toenshoff & Denkena, 2013)

Figure 19. Coolant supplying Strategies(a) LN2jet (b) MQL mist (c) Flood (d) dry machining
(Ye et al., 2012)
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Using this method, burr free and increased tool life obtained by the researchers on machining of tough 
material such as titanium alloy. The vibration of tool arises in the route of cutting accomplishment and 
speed of cutting permits parting of tool tip from work material irregularlythough vibration surpasses 
the serious range. Sui et al. (Toenshoff & Denkena, 2013) studied the viability of ultrasonic vibration 
assisted turning at high speed on titanium. They noted 20 to 50% decreased cutting force when compared 
to conventional machining. Also, HSM process efficiency improved around 90% in material removal 
and surface finish. Dry machining is another one of novel approach with the conventional machining 
process. It is not possible technique due the technological limitations in HSM. But minimum quantity 
lubrication (MQL) might offer a better alternative to dry machining.

In general machining process 20 to 100 l/h coolant lubricants are employed whereas in MQL technique 
0.03 to 0.2 l/h coolants are employed (Coromant, 1999). The researchers attempt with various forms of 
coolant oils such as in MQL technique. Therefore, cryogenic coolant liquid nitrogen (LN2) has been 
used in conventional turning with different strategies such as LN2 jet, MQL mist, Flood form which 
are represented in figure 19. LN2jet coolant produces better machining performance in terms of surface 
finish and materials removal rate. However, this method could not employ for all areas due to the cost.

CONCLUDING REMARKS

The aforementioned discussion that conventional machining processes are exposes the better machining 
ability with the novel upgraded techniques, especially for metals and composite materials. Conventional 
machining process still has potential to cutting the metals/difficult to cut metals and composite with 
the certain specifications. But the upgrading of technological limits is increasing the challenges for 
conventional machining. Hence, in order to meet the new challenges with manufacturing industry many 
outcomes and modifications are carried out such as vibration, heat, coolant and tool assistance. Although, 
due to the numerous applications still more modifications can be experiment with the conventional ma-
chining process. This chapter brings an outline of the different applications, issues and developments 
that are carried out in last few decades and lead the manufactures and researchers in selecting suitable 
conventional machining practices according to the requirement. Based on the discussion on the devel-
opment on conventional machining practices are majorly focused on formation of chips which is very 
an essential for obtaining the quality surface finish on the work piece. Tool material and its geometry 
plays significant role for the higher machining rate. The adoption of new mechanism such as vibration, 
heat with machining is providing an excellent contribution on the surface finish. Whereas, controlling 
of temperature need to be modify for the betterment of machining performance. Findings of composite 
material machining with conventional is not well organized, hence there are various openings are found 
related to the current industry requirement. Moreover, due to digitalization everywhere machining and 
their process parameters need to be modified.
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ABSTRACT

In this experiment, the work piece is electrochemically machined which finds its applications in brine 
heaters, heat exchangers, propeller shafts, and pumps. The process is carried out using sodium chloride 
electrolyte and copper beryllium wire as tool electrode which is heat treated in three different methods 
which are annealing, quenching, and normalizing. The response parameters like theoretical and ex-
perimental metal removal rate have been measured and studied by varying machining parameters like 
voltage, frequency, concentration of electrolyte, and duty cycle. Based on the values obtained from the 
experiment, it is found that quenched tool electrodes have better machining capabilities than the other 
heat-treated tool electrodes and untreated tool electrodes.

INTRODUCTION

Electrochemical Micromachining (EMM) finds application in various fields such as aerospace, medi-
cal and automobile (Soundarrajan & Thanigaivelan, 2020). There are various factors that influence the 
EMM performance namely current, voltage, electrolyte concentration, temperature and tool profile. Pang 
et al. 2019 proposed a new idea in electrochemical method with a floating cathode to regulate the inter 
electrode gap. The modelling and experimental research was conducted considering the electrochemi-
cal machining with a large span floating cathode. The study shows that a stable inter-electrode gap can 
be formed in ECM through the liquid electrolyte to support the cathode, and the inter-electrode gap. 
Bhattacharyya and Mitra (2002) states that electrochemical micromachining is preferred to other non-
conventional machining techniques like laser beam machining, ultrasonic machining, electro discharge 
machining are thermal processes and causes excessive deformation on heat affected zones and micro 
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cracks on the work piece. It is inferred that machining rate depends on the atomic weight, current and 
time for dissolution and it does not depends on the hardness and other characteristics of the material. 
Uttarwar & Chopde (2013) discussed about the influencing parameters like voltage, current, electrolyte 
concentration, feed rate, flow rate, MRR and surface roughness. Machining was performed on SS304 
using a copper tool and NaCl electrolyte. Irregular MRR was observed at high current and increase in 
current results in decrease of surface roughness. As electrolyte flow rate increases, the ion mobility 
between work piece and electrolyte increases thus increasing the chemical reaction speed and results in 
increased MRR.

Bhattacharyya & Munda (2003) states that the electrochemical micro machining is considered to be 
among the few more effective advanced micromachining process using which a wide range of applica-
tions are calculated. Investigation indicates most predominant parameters like frequency, voltage, duty 
cycle and electrolyte concentration provide better MRR with low overcut. Kozak et al., (2004) states 
that the electrochemical machining is used in making advanced and complex shapes in aeronautical 
industries and its capability to machine macro and micro features for biomedical applications. Research 
and development in the process capabilities, tool, electrolytes and hybrid processes were presented. It is 
noted that ECM is used to fabricate micro electrodes and these tools have been used in ECM or EDM 

Figure 1. Simplified illustration of ECMM Setup
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processes. Florence et al (2015) studied the technological advances in electrochemical machining pro-
cesses. He concluded that electrolyte concentration and voltage are the most influencing parameter on 
overcut and material removal rate using grey relational analysis. It was noted that rate of machining and 
overcut were directly proportional to electrolyte concentration and applied voltage. Moon et al (2002). 
conducted experiment in micro ECM setup for fabrication of micro channel in hydrodynamic bearing. 
They found that 2 electrolytes, water mixed sodium nitrate and NaOH are used in this experiment to 
find better results. Also they highlighted about current identification method to find inter electrode gap 
characteristics, electrolyte concentration, pulse current and voltage based on model and experiments.

Raja et al. (2016) performed a study on the effect of electrochemical micro machining process pa-
rameters on material removal rate of the beryllium copper C17200 (work piece). The process parameters 
considered were electrolyte concentration, machining voltage and feed rate. To optimize the response 
measures, Grey Relational Analysis was used and concluded that the most influencing parameter on 
metal removal rate is feed rate. Wang et al., (2020) developed electro-chemical framework with the 
advancement of smaller scale, miniaturised scaling methods have turned into a hot issue in current 
industries.Smaller scale metal opening with high calibre are generally utilized in pieces of centre types 
gear in fields of vitality control, conveying and therapeutic apparatus. In the miniaturised scale open-
ings, a couple of innovations, for example, smaller scale mechanical processing, small scale electro 
release machining and can be utilized to machine small machining are accessible. Miniaturised scale 
processing scale structures at rapid and minimal effort. The micron level holes were made on stainless 
steel by using ECM. To fulfil the requirements of the process electrochemical machining was build up 
now using the desired electrode made by block electrical discharge grinding a of analysis were done 
to influence the particular shape of electrode used in the machining efficiency and effectiveness when 
compared with a regular cylindrical electrode. Finally after the investigation it was concluded that the 
particular slot that were built by shape electrode were having a smaller side gap and smaller frontal gap 
as compared to the cylindrical electrode. Liu et al.(2018) demonstrated that stray current and insulation 
of tool are responsible for unacceptable ion dissolution in electro chemical micro machining (ECMM). 
They suggested that the insulated film on silicon-based tool micro electrodes is a critical process to 
restrict the stray current and improve the machining localization. Their experimental results show that 
they found reliable tool which is silicon based material and a insulation work on tool was better in order 
to prevent corrosion. Senthilkumar et al (2011) states that increase in applied voltage and tool feed rate 
causes a high current density at the inter electrode gap, and thus results in high material removal rate. 
As electrolyte flow rate and electrolyte concentration increases, the chemical reaction at the machining 
area gets speed up and result high material removal rate. From the experiment it was also observed that 
the surface roughness and electrolyte concentration are directly proportional to each other. With increase 
electrolyte flow rate the reaction products and bubbles generated in the area of machining are flushed 
away properly which leads to decrease surface roughness. Thanigaivelan et al (2010) studied about the 
performance of different sized tool, shape and design in ECMM. Flat, conical with rounded and wedged 
tool electrodes were used to determine the overcut and material removal rate by various parameters of 
electrolyte concentration. From the experimental result it is inferred that wedge tool produces higher 
MRR, whereas conical with rounded tool has better accuracy than flat tool electrode.

Millet et al., (2019) studied about the effect on heat treatment of copper beryllium upon shock re-
sponse. In this study he carried out heat treatment by solution treating the copper beryllium (C17200) 
at 790 degree Celsius. Millet observed that, tensile strength, shear strength and elastic limit of the aged 
condition copper beryllium was significantly stronger than the solution treated copper beryllium. On heat 
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treating the grains of the material gets altered and thus cause the material to restrict the range of elastic 
limit. Zhu et al (2006) studied about the change of mechanical properties and electrical conductivity of 
Cu-Te alloys on the effects of annealing process. The study shows that during the annealing of copper 
tellurium alloy, the re-crystallization and precipitation occur simultaneously and also it is found to be 
increase in grain with respect to the soaking time and temperature. The electrical conductivity increases 
due to increase in grain boundaries that restrict the dispersion of ions.

The marginal researches have been conducted to see the effect of change in tool electrode in elec-
trochemical micro machining. In electrochemical micro machining, the bare tool electrode has less 
life duration. The tool must possess better electrochemical conductivity and stability in order to obtain 
better machining values. In this present work, to study the influence of heat treated copper beryllium 
tool electrode on ECMM process and to analyse various parameter such as theoretical and experimental 
material removal rate by varying the input parameters such as applied voltage, electrolyte concentration, 
frequency and duty cycle.

EXPERIMENTAL DETAILS

The work piece is fixed using a holder in a machining chamber. Tool which is fixed in a tool holder 
is made to go near the job with the help of control panel equipped with press buttons which helps to 
maintain the inter electrode gap. A micro controller (Arduino) governs the progress and man oeuvres 
the tool vertically using the help of NEMA 17 stepper motor. The input parameters like rate of feed, 
voltage, etc. are set. The machining is initiated by the electrolyte that flows between work piece metal 
and tool electrode. The machining is achieved when the tool creates a hole through the work piece due 
to dissolution

Figure 2. Experimental Setup of ECmM
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The ECmM setup consists of several components such as frequency modulator, voltage and current 
regulator, tool holder, electrolyte filter tank, filter pump and an machining chambaer made up of acrylic. 
The frequency modulator and volatage regulator together makes up the pulsed power supply unit. The 
frequency and the duty cycle can be varied using the frequency modulator.

MATERIALS AND METHODS

The work piece used in this study is Monel 400 alloy, whose composition consists of Iron, copper (cu), 
Nickel (Ni), Manganese (Mn), carbon, Sulphur and Silicon at different percentages by weight. The work 
piece Monel alloy is selected based on several factors such as hardness, conductivity etc., and Monel 
400 alloy is stronger than pure nickel. Monel 400 alloy finds its applications in brine heaters, pumps, 
propeller shafts, and in other marine applications due to their high corrosion. Monel 400 alloy has high 
repetitive life cycle and relatively low cost. Monel 400 alloy is resistant to acids and alkalis.

The tool electrode is selected based upon certain requirements such as easy fabrication, high electri-
cal and thermal conductivity, electrochemical stability, stiffness to withstand electrolyte pressure, bet-
ter machinability and high corrosion resistance. The tool electrode must possess high wear resistance 
and have high repetitive cycles. Based on these criteria, copper beryllium of 0.5mm diameter has been 
selected as the tool electrode.

The electrolytes used in Electro chemical micro machining process is of two types namely passivat-
ing and non-passivating electrolytes. Electrolytes are used in ECMM process to fill the inter electrode 
gap between the tool and the work piece by proving free ions to carry the electric current for anodic 
dissolution. Non-passivating electrolyte is chosen for their aggressive anions. The electrolyte used in 
the process is Sodium chloride (NaCl) - Analytical reagent grade and the sodium chloride (NaCl) is 
selected based on the aggressive nature to react with anode and remove more material from workpiece 
to improve productivity.

Table 1. Chemical composition of Monel400 alloy

Material Nickel Copper Iron Manganese Carbon Silicon Sulphur

MONEL 400 64.95% 32.37% 1.42% 0.71% 0.0001% 0.15% 0.010%

Table 2. Chemical composition of copper beryllium tool electrode

Material Beryllium Copper Iron Aluminium Silicon

Copper Beryllium 1.92% 97.36% 0.008% 0.010% 0.03%
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The copper beryllium tool electrode of 0.5mm diameter is cut into 27 pieces of 40mm length each. 
The copper beryllium tool electrode pieces are placed in three different containers for three methods of 
heat treatment (annealing, quenching and normalizing). The heat treatment process takes place in three 
stages such as heating period, soaking period and cooling period. In quenching, the heated tool is rap-
idly quenched by dipping it in water. The tool is kept at room temperature after heating for normalizing 
process. Annealing is done by furnace cooling for a time period of 24 hours.

RESULTS AND DISCUSSION

Influence of Process Parameters on Actual MRR

From the figure 3 it is inferred that the influencing parameter for the annealed tool is applied voltage 
and electrode where the MRR increases with the increase in the applied voltage. This is because the 
applied voltage linearly increases the erosion rate of the material from the work piece with increase in 
current. And due to the higher current available at frontal gap between work piece and electrode thereby 
reducing the machining time and increasing the material removal rate.

Figure 3. Main effect plot for actual MRR
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In the case of normalized tool electrode, it is found that the most influencing parameter is the duty 
cycle. From graph it can be observed that the MRR decreases with the increase in the duty cycle. At 33% 
duty cycle the material removal rate is high where the machining time less than the flushing time. And 
at 66% duty cycle the material removal rate is less even if the machining time is more than the flushing 
time. This is because the removed material or sludge which formed are not flushed away fully which 
creates spark as the tool touches the work piece thus resulting in decreased rate of material removal.

Effect of Heat Treated Tool on Actual MRR

From the obtained graph figure 4, we can infer that the quenched tool has highest MRR (actual). This 
is because the quenched tool electrode has fine grain structure compared to other tool electrodes. This 
facilitates the higher dissolution and removal of particles from the work piece thereby increasing the 
material removal rate. Also it was found that the MRR of quenched tool is 20.17% higher than untreated 
tool and normalized tool is 19.36% higher than untreated tool as they have higher electrical conductivity 
compared to other tool electrodes. Annealed tool has the least MRR having 8.57% lesser than untreated 
tool electrode due to the less electrical conductivity compared to other tool electrodes.

Influence of Process Parameters on Theoretical MRR

From the obtained mini tab plot figure 5, it is inferred that the frequency is the most influencing parameter 
for the untreated tool electrode where the rate of material removal increases as the frequency increases. 
At 50 Hz the MRR is less and at 70 Hz the MRR is high, this is because at high frequency level the pulse 
on time per periodic time is more compared to low frequency level. This results in less time taken for 
machining with increased MRR. In case of normalized tool electrode, the most influencing parameter is 
the electrolyte concentration where, the material removal rate increases with increase in the electrolyte 
concentration. This is because electrolyte concentration is the most influencing parameter. Higher con-
centration of electrolyte leads to more number of ions in the electrolytic medium which causes higher 

Figure 4. Comparison of actual MRR for the tool electrodes
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dissolution rate. As the no of ions in the medium increases there is an increase current density which 
leads to higher amount of material being removed.

In case of annealed tool electrode it is inferred that applied voltage is the influencing parameter for the 
annealed tool and electrode where the MRR increases with the increase in the applied voltage. The rate 
of erosion of the material from the work piece is influence by the applied voltage and increases linearly 
with current. And due to the higher current available at frontal gap between work piece and electrode 
thereby reducing the machining time and increasing the material removal rate. The most influencing 
parameter for the quenched tool is duty cycle where the material removal rate at 50% is high and at 66% 
it is observed to be less than 33%. This is because at 66% the load-on time is less and thus increasing 
the time taken for machining results in low MRR. And at 50% the load-on time and load-off time are 
equal so this gives the advantage of time for flushing away the by-products such as slurry, bubbles etc.

Effect of Heat Treated Tool on Theoretical MRR

From the obtained graph figure 6, we can infer that the quenched tool has high theoretical material removal 
rate. This is because the quenched tool electrode has high conductivity value compared to all other tool 
electrode. Also its fine grain structure facilitates the higher dissolution and removal of particles from the 
work piece thereby increasing the material removal rate. It was found that the MRR of quenched tool is 

Figure 5. Main effect plot for theoretical MRR
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16.63% higher than untreated tool and normalized tool is 15.37% higher than untreated tool. Annealed 
tool has the least MRR having 1.99%lesser than untreated tool.

CONCLUSION

In this project, monel 400 alloy was machined using ECMM process parameters with Untreated and 
Heat treated tool electrode. The input characteristics such as applied voltage, electrolyte concentration, 
frequency and duty cycle were varied suitably to get the optimum values of response parameters like 
material removal rate, overcut, conicity and circularity. From the experiments that have been carried 
out using untreated and heat treated tool electrodes, the following conclusions have been drawn. High 
MRR has been obtained using quenched tool electrode than the other treated tools and untreated tool 
electrode because the quenched tool electrode has a higher electrical conductivity which means for the 
same applied voltage, the treated tool supplies more current through the electrode reducing the machin-
ing time, thus results in increasing material removal rate.
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ABSTRACT

Automated manufacturing is an advanced manufacturing process which is enabled to correct its param-
eters autonomously during the machining process to achieve an assured objective. It can be developed 
through the institution of interactions with various systems, including machine tools, sensors and con-
troller networks, actuators and simulation-based designs, as well as control algorithms. The automated 
manufacturing process can be realized in order to optimize process parameters automatically in real 
time, obtaining optimum processing performance and product quality.

AUTOMATIC CONTROL IN MANUFACTURING

There are many reasons automatic control is crucial to manufacturing. The following are the utmost 
significant reasons:

• To lower the cost of production
• To improve the quality
• To mitigate the drudgery of numerous routine, repetitive manual operations
• To provide a safe system

An automated control system consists of three basic elements: Input Sensors, PLC, and output actua-
tors. The relationship between these elements is illustrated in figure 1.
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• Input Sensor is a device that converts physical phenomena (example: force) to an electrical signal
• Programmable Logic Controller utilizes the sensors measurements and calculates control 

actions
• Output actuator is a device that converts the electrical signal to a physical action (example: so-

lenoid valve or motor)

A process is a sequence of steps for the particular task. Industrial manufacturing processes are usu-
ally classified as continuous, batch, or discrete-parts manufacturing. Discrete manufacturing is a type of 
manufacturing process that involves different workstations, components, and sub-assemblies to produce 
the distinct items.

Example of a Discrete-Part Manufacturing Process

Today, numerous industries rely on robots and automation in manufacturing facilities. The figure 2 
shows the layout of the automated line that machines the parts by the CNC machine. The CompactLogic 
controller PLC is used to control the sequence of operations. Ethernet communication enables connec-
tions with other industrial equipment such as Robots, Machine vision systems, 3D-Laser markers, etc. 
These connections can perform the timing and sequencing functions required to operate this equipment.

The raw materials (Part needs to be machined) are stacked at the Feed-In Dial Table station. It has 
four work stockers. Parts are stacked in the work stockers by an operator. For operator safety, the light 
curtains are installed at both ends of the Feed-In Dial Table station. The feed-in Dial Table and Main 
Dial Table is operated by the servo drives. 2D Robot transfers the Part from Feed-In Dial table to the 
Main Dial Table station 1. Station 2 has a Keyence machine vision camera for the part inspection. After 
the inspection, the part is transferred to station 3. The 6-axis robot unloads the part from station 3 and 
loads it into the CNC machine for machining. Further, the machined part is unloaded from the CNC 
machine and loaded into station 5. Stamping is done with the help of a 3D laser marker. After flipping, 
the part is transferred to the quality control and inspection station by a 2D axis Robot. The latter part is 
dipped into the oil station for rust protection and then to the packaging station.

Figure 1. Elements of an automated control system
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The Layout of the Automation Cell

Figure 3 shows the basic layout of an automated cell. Almost all automated systems are broken down 
into a combination of cells. One or more robots are integrated into a production system that includes a 
process machine and other support hardware, such as material handlers, conveyors, parts feeders, con-
trollers, robots, and PLCs (Cell Controller). In most automated cells and machines, the PLC is the heart 
of the machine. It tends to make judgments about what is occurring in the cell. The main reason is, it 
has all signals communicated through it. That is the outputs of the HMI, CNC, and robot are input to 
the PLC. The flip is also accurate in that PLC outputs are often inputs to the other devices. These other 
devices normally have independent I/O of their own that relates only to their operation. They send and 
receive signals via the PLC only if the data is needed by another component of the cell.

Programmable Logic Controller (PLC)

PLC is a special-purpose industrial computer designed to monitor the state of input devices such as 
pushbuttons, switches, sensors, etc., and makes decisions based upon a ladder program to control the 
state of the output devices such as lights, solenoids, motors, etc. The basic architecture of a PLC is 
shown in figure 4. The main components of the PLC’s are: the processor module, the power supply 
and the input/output modules. An input module receives signals (digital or analog) from various field 
devices (sensors, switches, pushbuttons, etc.) and converts these signals into an electrical signal. The 
CPU (or processor or Controller) section executes the program and makes decisions based on program 

Figure 2. Example of automated process centre
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instructions in memory (Allen-Bradley PLCs, 2013). Output modules convert control instructions from 
the processor into a digital or analog signal that can be used to control various field devices (motors, 
pumps, valves, etc.) (Gawali & Sharma, 2009). To input the desired instructions, a programming device 
is used. These instructions determine what the PLC will do for appropriate input.

PLC ARCHITECTURE

How Does a PLC Work?

There are three fundamental steps in the operation of all PLCs: Input Scan, Program Scan, and Output 
Scan. During each operating cycle, the processor reads the states of all the input devices that are con-
nected to the PLC, executes the user-created program, and excites or de-excites the output devices that 
are connected to the PLC. These tasks are strictly executed in that order in a boundless recurring manner. 
This process is called a program scan cycle. Figure 5 shows the scan cycle of the PLC.

A diversity of PLC from numerous manufactures is used in industry. For example:

• Allen Bradley
• Siemens
• Omron
• Schneider Electric
• Mitsubishi Electric
• Delta
• Pilz

Figure 3. Configuration of automation cell

 EBSCOhost - printed on 2/14/2023 1:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



117

Elements of Industrial Automation and Robotics
 

Each manufacturer will have a different configuration, programming language and communication 
networks.

PLC Programming Languages

The standard IEC 61131 was established to standardize the various languages associated with PLC 
programming. The following are the five most popular standard languages shown in figure 6:

Figure 4. Basic PLC architecture

Figure 5. Scan cycle of a PLC
(Source: https://www.researchgate.net/figure/The-scan-cycle-of-a-PLC_fig6_338129116)
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• Ladder Diagram (LD): LD is the most popular PLC language because it was designed to replace 
the hardwired relay logic program. A ladder diagram is a symbolic representation of instructions 
arranged in rungs similar to ladder-formatted schematic diagrams.

Example:

• Function Block Diagram (FBD): FBD is the second most popular PLC programming language. 
FBD is a graphical representation of process flow using simple and complex interconnecting 
blocks.

• Structured Text (ST):ST is the next on the list of PLC programming languages.ST is a high-level, 
text-based language and looks very similar to BASIC or C programming and specifically devel-
oped for industrial control applications.

Figure 6. Standard IEC 61131 languages associated with PLC programming

Figure 7. Example

 EBSCOhost - printed on 2/14/2023 1:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



119

Elements of Industrial Automation and Robotics
 

• Instruction List (IL): Next, on the list of PLC programming languages is Instruction List. IL is a 
low-level, text-based language that uses mnemonic instructions.

• Sequential Function Chart (SFC): SFC is the last option. It is a graphical representation of inter-
connecting steps, actions, and transitions.

Figure 8. Example

Figure 9. Example
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Human Machine Interface (HMI)

A Human-Machine Interface is one of the component of an industrial control system. A Human-Machine 
Interface (HMI) is a user interface or dashboard that correlates a person to a machine, system, or device 
(Zhang, 2010). HMI technology is used by almost all industrial organizations, to interact with their 
machines and optimize their manufacturing processes. HMIs communicate with Programmable Logic 
Controllers (PLCs) and input/output sensors to acquire and display information for operators or users to 
view. HMI’s are used to control and monitor the process and machines in the industry.

General Structure of HMI Software

The general structure of the HMI software is shown figure 7. There are three major components of the 
HMI package:database, HMI screen and I/O servers. The heart of the HMI software is the database. 
The graphic screen objects are programmed to interact with the data base variables, and the database 
variables interact with the I/O servers. For each type of PLC and communication network, a different 
I/O server is desirable. A “topic name” is fundamentally a communication channel established for a 
particular PLC. Ethernet communication is the most widely used communication protocol in industries. 
Communication among the database and the I/O server is usually modeled on the dynamic data exchange 
(DDE) or object linking and embedding (OLE) method of data exchange. The communication between 
the database and the I/O server is named as access name that defines the I/O server and the topic in the 
server. The present value of the database variables is obtained from the I/O server which communicates 
with the PLC. If the operator changes a variable in the database, its value is sent to the I/O server, which 
writes it to the PLC.

The following are the four major tasks to develop an HMI application.

1.  Communication set up between HMI and PLCs that involves configuring the access names, I/O 
servers is shown in figure 8.

Figure 10. Example
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2.  The heart of the HMI software is the tag database. The tag database is created from the PLC pro-
gramming software and is imported into the HMI.

3.  The graphical objects are created on the HMI screen and the corresponding tags are assigned. More 
complicated objects and symbols are commonly imported from a drawing package, or imported 
from a library of objects.

4.  The final task is the animation. Animate the objects wherever is desirable.

Figure 11. General structure of HMI software

Figure 12. Communication setup between HMI and the PLC
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Example Program

Industrial Robots

According to the International Federation of Robotics, industrial robots are automatically controlled, 
reprogrammable multipurpose manipulators programmable in three or more axes, where axes refer to 
the number of moveable joints. They are designed to handle specific automation applications within 
manufacturing companies, such as material handling, material processing, assembly and inspection, etc.

Based on the sensory signal received from the PLC controller, robots carry out programmed work or 
activity. Through network communication, Robot also communicate /interact with the other machines 
and the central computer.

A diversity of robots from numerous manufactures are used in industry. For example:

Fanuc
ABB
Panasonic
KUKA
CRS
Denso
Motoman

Each manufacturer will have a different configuration, programming language and communication 
networks.

How Does a Robot Work?

A robot has three main parts: Controller, Actuator, and Sensor as shown in figure 9. All of these parts 
work together to make a robot work.

1.  Controller: The robot controller regulates the movements and functions of the robot. The robot 
controller is a feedback control system, run by a computer program that gives demands for the mov-
ing parts of the robot to follow. The controller stores data about the robot and its work environment 
and contains programs that operate the robot.

2.  Actuator: The Actuators such as motors, grippers, etc. are used to create mechanical movements 
of the robot components to make the robot move, grab, turn or lift. The source of energy that the 
actuators need to produce motion is normally electricity, hydraulic fluid, or pneumatic pressure.

3.  Sensors: It provides the robot the awareness of its environment or surroundings and other impor-
tant information such as presence of the objects, gripper open and close positions, and details like 
sizes, shapes, space between objects, direction, etc. to the controller which processes them and 
then sends back the control signal making necessary changes. This is to activate the actuators to 
facilitate suitable movements of the robot.
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Types of Robot Control

There are two basic types of robot control: Point-to-point control and Continuous-path control (Abdel-
Malek & Wolf, 1991).

Point-to-Point Control Robot

This type of robot control is attained by moving the robot from one point to another point. During the 
programming phase of the project, the point-to-point system records a series of locations and the robot 
moves sequentially from point to point when the robot runs the program. The positions are recorded in 
the control memory. When the robot reaches a point, it can energize or de-energize any output signals 
or send output signals that are used for interfacing to other equipment in the cell. Common applications 
include: spot welding, loading and unloading, assembly operations, etc.

Continuous-Path Control Robot

Continuous path control is used where the robot is required to follow a specified path such as in welding 
or spray painting. During the teach mode, each location in the path is recorded, and then the robot will 
follow each path during run mode. Since this type of robot must follow a precise path when it’s spray 
painting, each location in the path the robot takes to move from point to point is recorded during the 
programming phase of the project and replayed when the robot is in the run phase. Typical applications 
include: spray painting, finishing, Arc welding operations.

Motion Types

It defines how the robot will move to the destination points. There are three motion types: Joint, Linear, 
and Circular.

Figure 13. Main parts of the robot
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Joint Motion: It is the fastest way to move the robot from the start point to the destination point. The 
robot axes just follow the closet’s path without the requirement of maintaining a straight line.

Linear Motion: The robot axes will maintain a straight line when they move from the start point to 
the ending point. This type of motion is a slow, but very precise motion type.

Circular: Move in a circle. The circle always begins at the robot’s present position and flows through 
the two positions given in the instruction. The first position in the circle instruction is the midpoint, and 
the second position is the endpoint. Limit the usage to 180 degrees.

Robots are commonly used in the following applications in manufacturing is shown in figure 10 &11:

1.  Material Handling: it involves various activities such as:
• Picking and placing parts at desired locations
• Palletizing and de-palletizing: robots retrieve objects from one location, and deposit them on a 

pallet in a specific area of the pallet

The robot must be able to compute the correct deposit location via powered lead- through method, 
or by dimensional analysis.

2.  Material processing: this may involves many manufacturing operations such as:
• Drilling and Grinding
• Arc welding
• Deburring
• Spray painting
• Coating
• Polishing
• Heat treatment
• Loading and unloading of the parts on required machines

Figure 14. Example of pick and place robot
[Source: https://images.app.goo.gl/Ae1K6uvrhZG6iW5N9]
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3.  Assembly and Inspection

Automatic Quality Control and Inspection Systems (Machine Vision)

Vision systems have had a considerable impact on the use of robots. Camera systems with processing 
can allow a robot to accomplish quality control on products as shown in figure 12.

The basic aim of the manufacturing industry is to supply a good quality product or a system to the 
market. The product should meet the requirements of the customers and it must be reliable. To catch 
and possibly discard defective work units produced on the line (Bosman & Fernhaber, 2018). The qual-
ity can be achieved by building up the quality right from the product design stage, and maintaining the 
standards during the production stages.

Several sensors and systems are available to monitor quality continuously with or without the as-
sistance of the operator (Solowjow et al., 2020). Technologies available are data acquisition systems, 
machine vision systems, metrology instruments such as coordinate measuring machines (CMM), optical 
profilometers, digital calipers, and screw gauges, etc. Various physics-based simulation software are 
used to predict the performance of the product or the system to be developed.

Robot Safety

Safety systems are indispensable to robots designed to work with or operate within a safe distance from 
human workers. Machine safety systems are the systems that by-laws and codes must be designed and 
built into automated machinery and robotic cells. A great deal of the safety of an automated machine is 

Figure 15. Example of palletizing robot
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designed based on the CSA (Canadian Standards Association) guidelines for automated machines and 
the CEC (Canadian Electrical Code).

The most common safety systems shown in figure 13 were used in the manufacturing industry. It 
consist of: Laser Scanner, safety mats, Door interlock, E-stop switches and light curtain.

Autonomous Guided Vehicles (AGVs)

Material handling systems in factories are used for transportation of raw materials, work-in-process, and 
finished goods and storage/retrieval. It is equipped with a robot arm and a vision system and uses intel-
ligence to find the shortest route, pick the right parts and avoid collisions with other vehicles or humans.

Factory Communications Hierarchy

An industrial communication network is a backbone for any automation system that provides data ex-
change, data controllability, and flexibility to connect various devices. Figure 15 illustrates an example 
of the hierarchy of an industrial automation system. Industrial networks can be classified in numerous 
different categories based on functionality: field-level networks at the bottommost level, control networks 
at the intermediate level, and enterprise networks at the topmost.

Figure 16. Example of Quality control
[Source: https://www.fanuc.eu/pt/en/robots/accessories/robot-vision]

Figure 17. Safety devices
[Source: https://www.digikey.com/en/articles/reducing-robot-risk-how-to-design-a-safe-industrial-environment]

 EBSCOhost - printed on 2/14/2023 1:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



127

Elements of Industrial Automation and Robotics
 

Field Level

This level is the bottommost level of the automation hierarchy, which comprises the devices such as 
actuators and sensors (Trsek, 2016). The main task of this level is to send the information between these 
devices and technical process elements such as PLCs, HMIs, etc (Daniyan & Mpofu, 2018). Devices 
operating at this level normally utilize discrete signal (ON/OFF), continuous signal (4-20 mA, 0-10V, 
etc.), or serial point-to-point communication options. The most common communication protocols used 
at this level is a device network such as DeviceNet, AS-i, Profibus-DP, HART, ControlNet, etc. This 
communication allows for distributed control among smart field devices and controllers.

Figure 18. AGV example
[Source: http://www.ti.com/applications/industrial/industry-4-0.html#PLC]

Figure 19. The industrial automation pyramid
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Control Level

This level is an intermediate level that consists of industrial controllers such as PLCs, HMIs, Robots, 
etc. The tasks of this level include configuring automation devices, loading programs, parameters, and 
data, supervising control, displaying variables data on HMIs, etc. The most common communication 
protocols used at this level is an Automation network such as ControlNet, DH+, Modbus, etc.

Information Level

The information level is the topmost level of an automation hierarchy that collects the management 
information from the lowest level (control level) and oversees the whole automation system. Generally, 
this level handles large volumes of data that are not time-sensitive. The most common communication 
protocols used at this level is a Backbone network such as Ethernet, Ethernet/IP, Modbus/TCP, Profinet, etc.

Computer Numerical Control (CNC) Machines

CNC means operating a machine tool by a series of coded instructions such as numbers, letters of the 
alphabets, and symbols which the machine control unit (MCU) can understand (Trsek, 2016). These 
coded instructions are converted into electrical pulses of current which the machine’s motors and con-
trols follow to carry out machining operations on a work piece. Numbers, letters, and symbols are the 
coded instructions which denotes specific distances, positions, functions or motions which the machine 
tool can understand.

Figure 20. Elements of a CNC
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A CNC system shown in figure 16 consists of three basic components (Zhang & Chen, 1993):

1.  Part program
2.  Machine Control Unit (MCU)
3.  Machine Tool (Lathe, drill press, milling machines etc)

CNC can control the motions of the workpiece or tool, the input parameters such as feed, depth of 
cut, speed, and functions such as turning spindle on/off, turning coolant on/off (Sahu et al., 2014). With 
the help of computers, the numerical controller automatically guides the axial movements of machine 
tools. The auxiliary operations such as coolant on-off, tool change, door open-close are automated 
with the help of controllers. Manual operation of table and spindle movements is automated by using 
numerical controllers and servomotors. The spindle speed and work feed can accurately be controlled 
and maintained at a programmed level by the controller.

Flexible Manufacturing System (FMS)

FMS is an automated manufacturing cell or system that consists of several automated workstations, 
interconnected with automated material handling and storage system.An example of automated Produc-
tion line is shown in figure 17:

• Example 1:
 ◦ Station 1: Forming Press (starting base parts)
 ◦ Station 2: Machining (CNC Machine)
 ◦ Station 3: Washing
 ◦ Station 4: Assembly
 ◦ Station 5: Welding

Storage buffer between two stages of a production line:
A location in the sequence of workstations where parts were collected and temporarily stored before 

preceding to the next processing workstation

• Station 6: Machining (CNC Machine)
• Station 7: Dipping (for rust free)
• Station 8: Quality check
• Station 9: Packing and shipping (completed parts)

Automated production line consists of number of automated workstations, which perform certain 
processing operations. This is an example of fixed automation.

Control functions in an automated production line (Bosman & Fernhaber, 2018):

1.  Sequence control: to coordinate the sequence of actions of the transfer system and workstations
2.  Safety monitoring: to avoid hazardous operation for workers and equipment
3.  Quality control: to detect and possibly reject defective work units produced on the line
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In each station, a specific operation is performed. The raw material is feed at one end of the line, con-
tinues through each station, and emerges at the other end as a completed product. These automated lines 
are controlled by PLC, which enable connections with industrial equipment (such as automated produc-
tion lines) and can achieve the kinds of timing and sequencing functions needed to run such equipment.

Industry 4.0 in Manufacturing

Phases in the evolution of industrial manufacturing systems from manual work towards Industry 4.0 theory 
can be displayed as a path through the four industrial revolutions. The development is illustrated in figure 
18. The first industrial revolution commenced with mechanization and mechanical power Generation. 
It brought the evolution from manual work to the first manufacturing processes; generally in the textile 
industry (Rojko, 2017). The Second Industrial Revolution was categorized by mass production and the 
substitution of steam by chemical and electrical energy. In order to encounter the emergent demand, 
numerous technologies such as the assembly line with automation and microelectronics enabling the 
increase of productivity in industry and mechanization have been evolved. In manufacturing, this facili-
tates flexible production, where a variety of products is manufactured on flexible production lines with 
PLC, Robot etc. This is the third industrial revolution. Today we are in the Fourth Industrial Revolution 
is also known as Industry 4.0 shown in figures 19 & 20, which refers to automation and data exchange 
in manufacturing technologies that focus profoundly on artificial intelligence (AI), robotics and automa-
tion, machine learning, Cyber-Physical Systems (CPS), the Internet of Things (IoT), and real-time data. 
(Pereira & Romero, 2017). The key purpose of Industry 4.0 is to accomplish improvements in terms of 
automation and operational efficiency as well as effectiveness. (Auer & May, 2020)

Implementing Industry 4.0 and exerting digital tools such as 3D modeling, virtual reality, and simu-
lation in the manufacturing industries can pave the way for growing the production system and making 
different optimal decisions. These digital tools play an indispensable role in enhancing the production 
processes in manufacturing companies, which leads to achieving flexibility in the production process 
and reach customer demand (Monostori et al., 2016). In contemporary plant automation applications, 
industrial devices such as Programmable Logic Controllers (PLCs), Human Machine Interfaces (HMIs), 
robots, and Industrial PCs (IPCs) are changing from pre-programmed, stationary systems into machines 
capable of modifying their behaviour, based on interactions with the environment and other devices.
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ABSTRACT

A substantial effort has recently been made to fabricate numerous combinations of metal matrix com-
posites. Aluminium metal matrix composite (AlMMCs) has been extremely popular among MMCs and 
is best suited for lighter materials in various industries and domestic applications. AlMMCs have sig-
nificant faults in terms of production costs. More research is needed to develop AlMMCs that are both 
economic and suitable for a wide range of industrial applications. AlMMCs are manufactured using the 
casting technique, solid-state processing, infiltration method, accumulative roll bonding, spray deposi-
tion, friction stir processing, and other technologies. This chapter will summarize the current state of 
the art in aluminum-based metal matrix composites, as well as recent developments in processing and 
application, all in one location, so that relevant stakeholders can benefit the most and new advancements 
on such themes can be fostered.

INTRODUCTION

Metals are a naturally occurring resource found in the earth’s crust, and their compositions differ de-
pending on where they are located, resulting in spatial concentration differences. The qualities of the 
specific material, as well as environmental factors, influence metal accumulation and distribution in the 
environment (Jaishankar et al., 2014). Higher specific strengths and elastic modulus, increased toler-
ance to rising temperatures, decreased coefficients of thermal expansion, and, in some cases, improved 
wear resistance are all advantages of metal matrix composites over their base metal equivalents. On the 
negative side, they are more expensive and have a lower toughness than their base metal counterparts. 
Metal matrix composites also have several advantages over polymer matrix composites, including 
higher matrix dependent strength and elastic modulus, higher elevated temperature resistance (due to 
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their lack of moisture absorption), higher electrical and thermal conductivities, and the fact that they 
are nonflammable. Metal matrix composites (MMCs) are often more expensive than polymer matrix 
composites, and their manufacturing procedures are much more limited, especially for complex struc-
tural geometries. Metal matrix composites are used in a small number of commercial applications due 
to their high cost. There are some limited applications for discontinuously reinforced MMCs, but there 
are virtually no applications for continuously reinforced MMCs at this time. For today’s engineering 
applications, stronger, lighter-weight, and lower-cost materials are necessary. In the field of engineer-
ing applications, AMCs are well-known for providing precisely the tailored property materials that are 
required. Advanced metal composites (AMCs) are rapidly replacing standard metal alloys in a variety of 
applications as their uses expand, notably in the automotive, aerospace, biomedical, and manufacturing 
industries (Maniraj et al., 2021). Metal matrix composites can be subdivided according to the type of 
reinforcement shown in Figure 1.

Figure 1. Metal matrix composite reinforcements
(F.C. Campbell, 2006)
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As reinforcing materials, it is possible to use particles, high-strength single crystal whiskers, short 
fibers that are typically random but may contain some degree of alignment, or long aligned multifilament 
or monofilament fibers.Aluminum and its alloys, which are lightweight and well-performing, are widely 
employed in automobile and aircraft applications because to their low weight and excellent performance. 
These materials have outstanding features such as high specific strength, excellent wear and corrosion 
resistance, low density, and high specific stiffness (Samal et al., 2020). The usage of aluminum alloys 
in the aerospace and automobile industries has increased dramatically as a result of its superior quali-
ties, which include high specific strength, good low-temperature performance, exceptional corrosion 
resistance, and resistance to chemical attack, among others. The main disadvantages of aluminum alloys, 
on the other hand, are their poor high-temperature performance and low wear resistance. These issues 
have been addressed by the development of aluminum alloys reinforced with ceramic particles, which 
are referred to as Aluminum metal matrix composites (AMMCs). Composites made of aluminum matrix 
are lightweight and high-performing materials that have the potential to replace traditional materials in 
a wide range of sophisticated applications. (Panwar & Chauhan, 2018). Since the beginning of the last 
decade, there has been a significant increase in the amount of research that has taken place in the subject 
of aluminum MMCs. These amalgamations are used to replace metallic alloys in a variety of applica-
tions, including aircraft components such as wings and fuselages, as well as automobile components 
such as brake discs, drums, and pistons, at a lower cost of production (Samal et al., 2020). They feature 
high specific strength and modulus, moderate thermal expansion, and isotropic qualities, making them 
ideal for applications in the defense, automotive, and aerospace industries. A/C, thermal management, 
aerospace, industrial, recreational and infrastructure industries use MMC. Increasingly, aluminium-based 
composites are being used in the automotive, aerospace, maritime, and mineral processing industries due 
to their superior specific strength, wear resistance, thermal conductivity, and low coefficient of thermal 
expansion Composites incorporating hard ceramic particles, such as brake drums, cylinder liners, pistons, 
cylinder blocks and connecting rods, have shown promise as a wear-resistant and lightweight material. 
Aluminum based metal matrix composites (MMC) are gaining popularity due to their superior strength, 
stiffness, and light weight. Due to the scarcity of energy and fossil fuels, new lightweight materials for 
automotive and aviation uses. It has been used to construct everything from airplanes to bicycles, medical 
devices to electronic packages, and spacecraft to domestic products.Ceramic-reinforced aluminium matrix 
composite materials are replacing monolithic alloys in the automotive, marine, and aviation industries 
due to their superior tribological characteristics and corrosion resistance.(Panwar & Chauhan, 2018).
Aluminum-based composites have mostly been produced through the application of two processing meth-
ods: solid-state processing and liquid-state processing. Using this procedure, the matrix and reinforcement 
are combined together for compacting, and the resulting compacted portion is sintered to increase its 
strength and durability (Samal et al., 2020). Adding reinforcement phase to the matrix creates MMCs. 
Included in this list are powder metallurgy, spray atomization and co-deposition, plasma spraying, stir 
casting, In engineering materials, MMCs can be produced through a unique technology called casting, 
which is affordable and offers many material and processing possibilities. They are injected into the 
solid or liquid matrix either by powder metallurgy or liquid metallurgy casting. Powder metallurgy or 
liquid metallurgy can be used to inject reinforcing particles into a solid/semi-solid or liquid matrix. The 
reinforcement phase is added to the matrix by powder metallurgy, spray atomization and co-deposition, 
plasma spraying, stir casting, or squeeze casting. (Panwar & Chauhan, 2018).
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FABRICATION ASPECTS AND METHODS OF MMCS

Conversion of one form to the required form of the product with its proper dimensions occurs during 
the manufacturing process. Accordingly, several techniques are used to fabricate AMMC, as illustrated 
in Figure 2.

The cost of the process, its convenience of use, and the increase of the qualities of composites are all 
factors to consider while developing fabrication techniques. It is possible to choose the most appropriate 
fabrication process depending on the requirements since different fabrication procedures each have their 
own set of pros and disadvantages. There are several methods for producing MMCs, but the most preva-
lent are liquid state and solid-state manufacture, both of which are discussed in greater depth (Sharma 
et al., 2020). When compared to solid-state synthesis, the liquid-state approach to MMC manufacture 
is more straightforward and less expensive to implement. As a result of mutual diffusion between the 
matrix and reinforcing materials at high pressure and temperature during solid-state processing, MMCs 
are formed. Solid-state-produced MMCs can also be deformed by cold or hot forging, extrusion, or other 

Figure 2. AMMC processing methods
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processes in addition to the solid-state approach. The following section highlights a number of the solid-
state processing technologies that are now available for the production of MMC’s.

1.  Powder Metallurgy Method: This technology enables the correct ratio of metal powder and rein-
forcement alloys to be blended by machine. In order to achieve the desired shape and size depicted 
in Figure 3, the material is poured and forged in standard equipment utilizing compact dies. This 
forging technique can be carried out using either cold or hot pressing. In the following step, the 
green compacts are handled in an enclosed space in order to undergo the sintering process, which 
converts them into high-density products. This method enables a decrease in the amount of metal 
removed. (Senthil et al., 2020).

2.  Friction stir processing (FSP): It is a relatively new technique for producing surface composites 
with a refined grain structure (Ma et al., 2013). In contrast to friction stir welding, it does not 
require the connecting of two metal plates to be done. It just influences the microstructure, yet it 
improves the qualities of the material. When performing FSP, a non-consumable tool with a pin 
and shoulder is stirred and thrust into the workpiece, causing significant friction to be generated. 
As a result of this, the frictional heat softens the metals, causing plastic flow and grain refinement 
to occur. Figure 4 depicts the process of friction stir processing (Samal et al., 2020).

Figure 3. Powder metallurgy process (High-energy ball milling and sintering)
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3.  Additive Manufacturing: Through point-by-point material consolidation, additive manufacturing 
techniques like as selective laser melting can solve this shortcoming (Lathabai, 2018). However, 
process complexity could be a substantial bottleneck, as the selective laser melting process is quite 
complex due to the multiple process parameters indicated in Figure 5. Aluminum alloy powders, in 
particular, are intrinsically light, with limited flowability, high reflectivity, and high thermal con-
ductivity when compared to other Selective Laser Melting candidate materials. Clearly, a higher 
laser power is necessary to melt, but also to overcome the rapid heat dissipation that occurs during 
heating, but rapid heat dissipation occurs more frequently with solid substrates than with Al pow-
ders. Additionally, Al alloys are very oxidative and thus porous, posing significant obstacles during 
selective laser melting. Despite these restrictions, advancements in the use of selective laser melting 
to the processing of aluminum metal matrix composites have been made. (Behera et al., 2020).

Powder

4.  Stir Casting Method: Figure 6 depicts the manufacturing process of AMMC and its alloy using 
the stir casting method, which is widely used for large-scale production at a low cost and with a 
flexible production strategy. AMMC and its alloy are manufactured using the stir casting method. 
At the melting temperature, the appropriate reinforcing is incorporated into the molten metal. 
Stirring is then performed with the assistance of an external device in order to properly distribute 
the reinforcement throughout the molten metal in order to avoid heterogeneous distribution and to 
reduce porosity.

5.  Squeeze Melt Infiltration Method (MI): By applying pressure to the squeeze melt infiltration 
technique under vacuum conditions, the molten aluminum not only penetrates the bundle effec-
tively, but also avoids oxidation of the aluminum matrix and reinforcement. Figure 7 illustrates the 
squeeze melt infiltration process schematically showing the direction of the applied load. Aluminum 

Figure 4. Friction stir processing
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is lightly treated with acidic solutions at low concentrations to eliminate the oxide layer that forms 
on the surface of aluminum. Typically, the oxide layer obstructs the flow of aluminum melt. After 
applying the treated aluminum on the reinforcement, it is contained in a graphite die. Finally, the 
graphite die got transferred to the crucible furnace. A suitable squeeze pressure is given to the alu-
minum and reinforcement during solidification. After that, the load is maintained until the furnace 
reaches room temperature. (SHA et al., 2021).

Figure 5. Process parameters in selective laser melting for additive manufacturing

Figure 6. Stir casting method
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6.  Spray Deposition Method:This technique is also known as the Osprey Process. As illustrated in 
Figure 8, atomized thin molten metal droplets are sprayed over a stationary metallic substrate with 
reinforcement using a high-speed inert gas jet. After then, the metal is allowed to solidify. To obtain 
a high-density deposit of MMC or the desired MMC, numerous parameters such as the deposition 
rate, the distance between the spray nozzle and the substrate, the inert gas used, the spraying pres-
sure, and the angle of the spray must be considered. This procedure is really inexpensive (Peat et 
al., 2016).

7.  In-Situ method:In-Situ technique As illustrated in Figure 9, during the fabrication process, a 
regulated chemical reaction occurs between the metal and reinforcement to generate composites. 
Through the use of fine powder or gaseous phase, the molten metal alloy is reacted between re-
inforcement. Later in the process, the reinforcement and metal matrix are incorporated into the 
isolated MMC. Good bonding and finely structured products with the proper interface are the result 
of the homogeneous distribution of reinforcement over the metal matrix. The primary benefits of 
this technology include precise shape and finished size, excellent surface quality, and metallurgi-
cal soundness. This technique results in a very low porosity and an enhanced contact between the 
reinforcement and the aluminum matrix (Govindarao et al., 2015).

Figure 7. Schematic illustration of squeeze melt infiltration technique
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Figure 8. Spray deposition method

Figure 9. In situ method
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APPLICATION

AlMMCs have the potential to be widely used in a variety of industrial applications in the automotive 
industry due to their high strength, low cost, and light weight (Mehta & Vadher, 2020) AlMMCs have a 
number of advantages over conventional materials, including superior mechanical qualities and a wide 
range of applications in the aviation, mechanical, electrical, automotive, electronics, and transportation 
industries (Sharma et al., 2020). The various applications of AMMCs are depicted in Figure 10.

Figure 10. Different applications of aluminium MMC’s

Table 1. Current applications of AMMCs

S.No Processing methods Applications References

1 • Powder metallurgy process •Motor housing, wheel, piston Space (Maclin John Vasanth et al., 2020)

2 • Friction stir processing •Railways and aerospace application 
Nozzle, (Altinkok et al., 2013)

3 •Additive Manufacturing •Structural applications, especially in 
construction and marine, etc. (Singh et al., 2019)

4 • Stir Casting Method • Pistons,Cylinder heads, pump housing (Shanmughasundaram et al., 2011)

5 • Squeeze Melt Infiltration Method • Space and industrial application (Samal et al., 2020)

6 • Spray Deposition Method • pistons, base plates, connecting rods (Peat et al., 2016)

7 • In-Situ method • Automobile application (Govindarao et al., 2015)

 EBSCOhost - printed on 2/14/2023 1:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



143

Fabrication and Application of Aluminum Metal Matrix Composites
 

Table 1 summarizes the present applications of several AMMCs. From this table, it is clear that 
AMMCs are commercially viable and should be explored by researchers in order to further their uses.

Hybrid AMMCs, as well as those reinforced with nanoparticles, are being investigated, and several 
studies are now being published by researchers worldwide. As a result, the next generation of AMMCs 
will be hybrid composites with superior properties. The tree diagram in Figure 11 illustrates the poten-
tial applications of AMMCs in various sectors. The roots denote the critical elements affecting various 
applications.

1.  Automotive Industry: The majority of metal matrix composites used today are made of aluminum 
and alloys for automotive applications, primarily engine components, pistons, connecting rods, and 
piston pins. MMCs are primarily used to reduce the mass of reciprocating components in automo-
tive engines, resulting in reduced noise and vibration. Aluminum’s widespread use in automotive 
alloys, in compared to other lightweight materials such as titanium and magnesium, is mostly due 
to its lightweight and low cost. Leading car manufacturers began commercializing AlMMCs due to 
their superior wear resistance, strength, thermal characteristics, light weight, and low cost. MMCs 
are employed in the production of valves and light-weight brake calipers. The primary applica-
tion of AlMMCs has been in cars. At the earliest, research on AlMMCs in the automobile sector 

Figure 11. Applications of AMCs in various fields
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began. Toyota, a Japanese company, successfully manufactured reinforced AlMMC piston rings 
for automotive engines, connecting rods for automobiles, and other parts in the 1980s. When SiC 
particles are added to AlMMCs used in the manufacture of automotive brake discs, wear resistance 
is increased while noise is significantly reduced. Aluminum-based composite materials can be used 
to make brake rotors, brake pistons, brake pads and calipers, and other brake system components, 
as well as vehicle drive shafts, rocker arms, and other automotive components. Aluminum and 
aluminum-based composite materials can be used in the automobile sector to improve product 
performance, weight reduction, and energy economy. AlMMCs are typically utilized to build 
engine pistons, connecting rods, and components for vehicle brake systems. Indirectly, the use of 
aluminum has resulted in an increase in the life span of components such as the engine, car frame, 
gearbox function, braking system, and other automotive structures. Automotive manufacturers 
are attempting to meet customer needs, which include greater inside conveniences and advanced 
electronic systems for safety, navigation, and entertainment, which all add unneeded weight in the 
absence of lightweight materials. Additionally, a significant reason for the increased use of MMCs 
is to meet rigorous fuel economy regulations. MMCs enable car manufacturers to overcome some 
difficulties by meeting unique and severe design requirements. (Bulei et al., 2018).

2.  Piston and Connecting rods:Because the piston operates at extremely high temperatures and 
pressures inside the cylinder, the material used for both must be highly thermally conductive and 
resistant to wear. AlMMCs can be utilized for this, as they provide great quality at a reasonable 
cost, and weight reduction of a piston is also achievable. AlMMCs in the engine block help engines 
to reach operating temperatures more quickly, while also providing improved wear resistance and 
weight savings. By comparison, the MMC casting method is far simpler than the standard piston 
manufacturing technique. MMCs have a high rate of success when used as pistons. Silicon carbide 
is frequently utilized as a reinforcing material, particularly in motorsports vehicles. When connect-
ing rods are made using AlMMCs, a significant weight decrease is noticed. Vibrations throughout 
the operation are minimized. This also lessens the load on the shaft, which results in decreased 
fuel consumption and increased engine output (Senthil et al., 2020).

3.  Brake and Chassis:Automotive disk brakes and brake calipers are an area where substantial weight 
reduction can be achieved. In order to lower their costs and maximize machinability generally 
AlMMCs used, ceramic reinforced AlMMCs used in braking disks of high-speed trains and in the 
racing car braking systems, For the manufacturing of brake disks and pipes Specific casting methods 
are used. A growing number of car manufactures are now using AlMMCs in production of braking 
systems. The specific mechanical properties of the material used to construct the chassis can have 
an impact on the performance of the vehicle, including its strength and toughness, as well as the 
properties that determine the safety of the occupants in serious crashes. As a result, materials that 
improve both torsional rigidity and energy absorption for better vehicle dynamics are commonly 
used in chassis construction. (Badini et al., 2000).

4.  Rail and Marine Transportation:AlMMCs are used to reduce the weight of rail cars. Aluminum 
remains a superior material for railroad cars. Due to its small weight, this product has a good re-
sistance to corrosion. Marine transportation has also been altered by the use of aluminum alloys 
and their composites. Utilization of these materials has resulted in an increase in the speed, size, 
and fuel efficiency of ships and boats. Aluminum-based materials frequently provide increased 
flexibility and access to low-draught ports. Aluminum-based composite materials meet stringent 
requirements for high-speed ship construction, protection, and fire hazard reduction. Aluminum 
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is capable of effectively transporting high-speed waterborne cargoes. As the aerospace sector has 
evolved significantly, the requirements for material qualities have become increasingly stringent. 
Aluminum MMCs are used in a wide variety of aeronautical applications. Due to the harsh cli-
mate conditions in space, new materials with desirable properties such as low thermal expansion 
coefficient (CTE), high, dimensionally stable structures, high specific stiffness, and low weight 
are required. Obviously, normal phenomena such as vacuum and radiation such as thermal and 
ionizing are discovered and met by spacecraft in near-earth orbit. Aluminum matrix composites 
enabled the manufacture of high-performance aircraft and satellites. Aluminum-based composites 
have a number of unique properties that enable them to be widely used in the aerospace, aviation, 
and military industries. Lockheed-martin, an American firm, was the pioneer in the use of MMC 
in military aircraft. Aluminum matrix composites have been widely employed in the fabrication of 
aircraft, helicopters, and other big aircraft wings, rudders, flaps, fuselages, and other components. 
AlMMCs are also utilized to build fan outlet guide vanes for aircraft engines. These composites 
can also be used to construct aircraft airframe structures, camera lens direction frames, hydraulic 
pipes, helicopter rotor systems, landing gear, and valve bodies. AlMMCs are suitable for satel-
lite applications due to their high conductivity and low thermal expansion coefficient. Al matrix 
composites are also employed in the fabrication of optical and electrical components, as well as 
ultra-light spacecraft. These types of applications demonstrate the importance of these composites, 
which are predicted to have a long life. Railway carriages are manufactured due to the adaptability 
of the metal matrix choices. It has a high fuel efficiency rating and a greater load carrying capacity 
(Nwanji& Babalola, 2018).

5.  Construction and Building Industry: AlMMCs are extensively used in the construction and build-
ing industries. The two key advantages of aluminum are its strength and light weight. Aluminum 
has established itself as a prominent material over time due to the fact that metal and its alloys 
are 100% recyclable; in fact, a considerable amount of aluminum utilized in modern structures is 
recycled. Advanced AlMMCs can be used to boost the structure’s capacity. Due to the superior 
rigidity and strength of Aluminium Metal Matrix Composites, they are utilized in the construction 
of bridge decks, fall sealing, and as a shield against the sun for buildings, window frames, door 
panels, and roof structures (Senthil et al., 2020).

6.  Electronics and Electrical Industry:The most recent generation of modern electrical equipment 
creates significantly more heat than previous generations of such equipment. Therefore, heat dis-
sipation in electrical applications has emerged as a crucial issue to be addressed. Heat is a primary 
cause of electrical device failure, and it is therefore necessary to eliminate or dissipate as much 
heat as possible from the system to the greatest extent possible. Increasingly common in electronic 
devices, heat sinks are becoming nearly vital in computer equipment, particularly when it comes to 
processor units. Thermal fatigue is caused by a slight difference in the thermal expansion coefficient 
between the material and the thermal sink. Excellent thermomechanical and thermophysical proper-
ties are required in the ideal material for electrical and electronic applications in order to allow for 
maximal heat transport with the least amount of thermal distortion. Modern new materials, such 
as metal matrix composites with high thermal conductivity and low thermal expansion coefficient, 
have emerged in recent years and have proven to be crucial in the resolution of heat transmission 
and dissipation issues associated with electronic devices. Aluminum is generated when a variety 
of reinforcing elements, such as nitrides, oxides, and carbides, are combined to form a material 
that has minimal thermal expansion while also having a high thermal conductivity. The low coef-
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ficient of thermal expansion, low density, and high thermal conductivity of AlMMCs, particularly 
those reinforced with SiC, have made them popular in electronic applications such as electronic 
packaging and heat sinks. Material used in electronic packaging must be able to structurally support 
electronic components while also protecting them from the destructive effects of the environment 
and absorbing excess heat generated by electronic components. One of the most important quali-
ties of such materials is their great stiffness, which is combined with their extremely low density. 
AlMMCs have become increasingly popular in electronic packaging, notably in aviation, where 
the high cost of the material can be justified by the weight reductions achieved by using it. Power 
transmission from producing stations to businesses and households is made possible by the excellent 
electrical conductivity, light weight, and corrosion resistance of aluminum-based composites used 
in the transmission of electricity. We are able to get good results in the electrical field by utilizing 
the upgraded AMMC, which has increased thermal conductivity, reduced thermal expansion, is 
lightweight, has increased strength and stiffness, and has low thermal stress (Nayak et al., 2020).

7.  Sports and Recreation Applications:To manufacture sporting equipment, a variety of materials, 
including plastics, ceramics, and polymers, are used in conjunction with a variety of fabrication 
procedures, depending on the desired shape and design of the equipment. Aluminum metal matrix 
composites are very versatile materials that can be used to create goods for sporting activities. 
In many different types of sporting goods, MMCs have been employed; in particular, the use of 
AlMMCs in sporting goods has been steadily expanding due to their low cost and lightweight nature. 
Recreational products, such as those used in golf, baseball, skiing, and several other activities, as 
well as extremely competitive sporting tasks, always require high performance materials at a low 
cost, and AlMMCs are a valuable asset for these types of applications (Samal et al., 2020).

8.  Defense Applications: Using composite material in huge quantities of conventional weapons is a 
possibility. Because of their excellent overall performance, fiber reinforced aluminum composites 
are one of the most extensively used composite materials in the manufacture of firearms. AlMMCs 
are being used in important components of missiles that were formerly built of beryllium. MMCs 
provide several advantages, including decreased prices and the avoidance of toxicity issues associated 
with beryllium. As a result of their high rigidity, MMCs are essential in the production of directed 
gun fins, which are extremely critical components. This contributes to improving the accuracy of 
a weapon. To endure high temperatures, aluminium–silicon carbide (whiskers) is employed in tank 
construction. Wings and allied components for commercial, military, and helicopter aircrafts are 
also manufactured (Pol N Verma G Pandey R Shanmugasundaram T, 2018).

9.  Marine Applications: Due to the reduced weight of Aluminium Metal Matrix composites, they 
can be used to construct more fuel-efficient and quicker boats and ships. Additionally, corrosion 
resistance is exceptional. (Nwanji& Babalola, 2018).

10.  Packaging and Containers Making:AMMC is a prominent player in this industry, specializing in 
the packaging of beverages, food container foils, and cold beverage cans(Moungomo et al., 2016).

CONCLUSION

We have provided a full overview of AMMCs in this book chapter, beginning with the fabrication char-
acteristics and procedures of metal matrix composites and concluding with their application. The liquid 
state fabrication approach is one of the simplest and most recognized methods for producing AMMCs. 

 EBSCOhost - printed on 2/14/2023 1:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



147

Fabrication and Application of Aluminum Metal Matrix Composites
 

Metal matrix nanocomposites with superior mechanical properties have been developed for automotive 
and aerospace applications. Thus, this paper is designed to provide a broad understanding of the many 
features of AMMCs, including the fabrication process and use. Understanding the various fabrication 
techniques will considerably aid in the production of high-quality AMMCs for future industrial applica-
tions requiring high performance. Modern technologies provide a variety of solutions and guidelines 
for material selection to manufacturers of products for a number of uses. With current technological 
advancements, different materials are necessary to make products with a variety of features. Gradual 
advancements in material manufacturing technology enable the development of lightweight MMCs for a 
variety of applications at a lower cost with a greater quality. Aluminum and its alloys are highly sought 
materials since they meet the majority of contemporary needs and frequently exhibit reasonable mechani-
cal properties. Aluminum-based composites find widespread use in transportation vehicles, aerospace, 
defense weapons, and electronics and optical devices. In the coming years, this field will see increased 
development, and new materials with superior mechanical, thermal, and electrical qualities will become 
available. AlMMCs are still under investigation but are predicted to grow at a healthy rate in the future. 
These composite classes have an excellent future, as industry has focussed on building low-cost, high-
performance MMCs. Several of the most significant findings are presented below.

1.  Among the available production processes for MMCs, stir/squeeze casting appears to be the most 
promising for this application. The squeeze pressure is the most important parameter in the stir/
squeeze casting process since it has the greatest influence on the mechanical properties.

2.  Aluminum is a more preferred matrix material due to the ease with which it can be handled during 
the manufacturing process.

3.  For the manufacturing of AMMCs reinforced with any reinforcing material, a bottom tapping 
stir casting furnace with ultrasonic stirring in conjunction with a squeezing attachment would be 
optimal.
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KEY TERMS AND DEFINITIONS

Additive: Adds material layer by layer or point by point to create an object
Alloy: A metallic material made up of two or more chemical compounds, at least one of which is a 

metal.
Casting: A technique in which hot liquid metal flows into a mold cavity and solidifies.
Composite: A mixture of two or more insoluble materials that exhibits qualities superior to those of 

either of the component materials.
Crucible: A ceramic pot consisting of materials with a relatively high thermal conductivity, such as 

graphite, and joined with clay or carbon. It is used to melt metals.
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In-Situ: During processing, the reinforcement is generated within the matrix as a result of reaction.
Infiltration: Filtration allows a liquid to permeate into something.
Metal Matrix: Acts as a continuous phase and accommodates the reinforcement material.
Metallurgy: Properties of metals and their production and purification
Reinforcement: Material that enhances the strength or other mechanical properties of the composite.
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ABSTRACT

Clinical performances of chemotherapeutic drugs which are used to manage different stages of cancers 
are usually facing numerous pharmacological challenges such as tumor microenvironment, high dose 
requirements, poor selectivity towards cancer cells, life-threatening cytotoxicity, and frequent drug resis-
tance incidences, in addition to pharmacotechnical issues such as poor aqueous solubility, uncontrolled 
drug-release, low stability, non-specific bio-distribution, and erratic bioavailability profiles. The chap-
ter aims to provide a brief account of advancements made in nanotechnology-enabled manufacturing 
engineering tools for manipulating polymeric materials as efficient carriers so that loaded anti-cancer 
drugs would exhibit better therapeutic applications and optimized clinical significance in cancers.
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INTRODUCTION

Cancers are uncontrolled cell division and the spreading of abnormal cells; which leads to globally in-
cidences as a second most common reason of deaths (Pottoo et al 2021a). The report suggested at least 
1.8 million new cases and 0.6 million deaths by the end of 2020 year with cancers, only in the United 
States alone (Siegel et al 2020). Clinical choices for the selection of treatment modalities and therapies 
such as radiation, surgery, immunotherapy and chemotherapy in management of cancers, are mainly 
determined by the types and stages of cancers, presence of different biomarkers levels, as well as physi-
ological status of patients (Christofi et al 2019). However, among all, roles of anti-cancer drugs based 
interventions in therapeutical management are slightly dominating because of in comparison to normal 
cells, these drugs exhibit relatively higher specificity and cytotoxicity towards cancerous cells (Bharti 
et al 2021). However, the convention chemotherapies have lots of drawbacks for their therapeutic uses 
like severe side effects, low bioavailability, drug resistance, non-specific biodistribution (Nurgali et al 
2018). While, although drugs used in conventional treatments offers significant extent of protection and 
efficacy against cancers but owing to their associated challenges which minimizing therapeutic values 
and efficacy, are always a critical concern for clinicians so they prefer to explore novel techniques, tools 
and alternative therapeutics for the same (Pottoo et al 2021b).

Subsequently, in order to efficiently manage any disease clinically, researchers always emphasis upon 
emerging evidences and efforts made towards understanding both pathology and mechanisms as a very 
important aspect, including in cancer as well (Waziri et al 2021). CNS acting drugs anti-inflammatory 
and anti-cancer drugs are facing additional barriers because of either organ specific characteristics such 
as Blood Brain Barrier (BBB) (Pottoo et al 2019b). or disease based change in the pathological changes 
such BBTB (Blood Brain Tumor Barrier), however immunotherapy based targeted delivery approaches 
showing significant impacts and relevancy to address such challenges (Pottoo et al 2021c; Abu-Izneid 
et al 2020). Here, selection of different materials, which are being exploited in drug delivery systems, 
are based on their pharmaceutical and pharmacological properties; hence these may bear significant 
advantages and attracted researchers with their promising roles in delivering loaded drugs (Wong et al 
2020). Furthermore, approaches are towards exploiting various advantages and benefits of nanotechnology 
approached manufacturing of novel drug delivery systems (NDDS) to improve the final performances 
with high level of safety indexes (Javed et al 2020a). Such emerging roles for high potential of nano-
technology approached DDS (drug delivery systems) in various diseases, including cancers, are being 
attributed due to unique potential of such carriers to deliver such drugs at targeted site of actions, high 
concentration in targeted cells, low deposition of drug at non-pathological sites, high drug clearance, 
modulation of physiological properties in microenvironment, control drug release with reduction in dose 
requirements (Pottoo et al 2020a). Briefly, similar to other inflammatory disorders such as IBD (inflam-
matory bowel diseases), epilepsy, and Parkinson’s; in cancer too different inflammatory signaling and 
proteins are involved as a major cause of degeneration of cells as well as progression of disease states 
(Pandey et al 2020; Pottoo et al 2019a). Additionally, novel carriers include favoring binding of drugs 
at specific site in protein as well as other interfering in existing pathologically significant biochemical 
signals, which offers promising in targeted treatments and tissue engineering steps (Aslam et al 2021). 
These nanoparticles are being made in a way which favor easily passing of carriers within targeted cells 
as well as enhanced retention of accumulated loads; such phenomena is also called enhanced permeability 
and retention (EPR) effects, and one of the most exploited approaches in DDS (Javed et al 2018). These 
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characteristics features are bear some special significance in all metabolic and inflammatory disorders, 
however very critical especially in case of cancers (Mishra et al 2019; Sharma et al 2019).

Among different nanotechnology integrated advanced manufacturing techniques to develop chemo-
therapy loaded carriers; approaches for fabrication of materials into nanocarriers are bearing unique 
abilities such as delivering loaded drugs at targeted sites, reduced undesirable bio-distribution in non-
pathological tissues, minimizing systemic side effects and lowering incidences of drug resistance cases; 
so these are proven great promising to clinicians to integrate such systems in clinical usages. Figure 1 
briefly illustrated roles, types and significances of these nanotechnology processed polymeric materials 
in the cancer management. The characteristic features of polymeric carriers are based on composition, 
types, surface charge, morphology, stability, encapsulation efficiency and biopharmaceutical profiles of 
both cores and peripheries, in independent manners (Alam et al 2019). Briefly, depending upon similarity 
in nature and type of both drugs and excipients (polymers); loaded drugs may either link at the surface 
of the NPs or load within polymeric systems of Polymeric NPs may be solid polymeric NPs, polymeric 
micelles, polymeric conjugates, dendrimers, polymersomes, polyplexes, and polymer-lipid hybrid sys-
tems all are identified by their physicochemical structures (Prabhu et al 2015). These nanotechnology 
fabricated delivery systems of polymers are gaining immense attentions in cancer, due to excellent 
control over sustain release kinetics and enhanced half-life of loaded drugs; while, targeted delivery at 
cancerous cells but with reduced retention in non-pathological cells (Javed et al 2021). Similarly, many 
polymers are being investigated as a building block material, in association of lipids, to fabricate novel 
polymer-lipid hybrid nanoparticles (PLHNPs) so that integration of polymers would potentiate perfor-
mances of lipids based nanoparticles in developed hybrid carriers. Due to composition of both lipid and 
polymeric materials in PLHNPs, these have characteristic properties of both systems such as relatively 
small particle size, co-encapsulation, high drug loading capacity, modified drug release profile and high 
stability so such versatility of hybrid carriers offer efficient and targeted delivery of chemotherapeutic 
drugs to their sites of action (Rizwanullah et al 2020).

Additionally, polymers are also being used to functionalize NPs also help of loaded drugs with further 
enhancing their target-specificity, reducing non-specific bio-distribution as well as increased systemic 
residence time. Usually, these specific targets in cancer cells are surface antigens while polymers such as 
peptides, nucleic acid sequences, antibody fragments, and small molecules, bear specific functional groups 
that severed as a purpose of ligand by attaching at specific sites on cell surfaces (Senapati et al 2018).

This chapter would further revealed how different nanotechnology based manufacturing techniques 
offer approaches to fabricated native polymers to developed into promising carriers for cancer targeting, 
especially in solid tumors which have additional challenges of low penetrability of chemotherapeutics 
and high level of drug resistances; followed by their clinical success (Makino et al 2014).

IN-VIVO TARGETING OF NPS IN SOLID TUMORS

The various approaches of drug-loaded NPs which act on target site by a various mechanism of action 
by using different strategies in cancer treatment mentioned below.
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Passive and Active Targeting

It involves the release of the drug to the tumor site, which is characterized by the vascularized the tumor 
tissues and allows to pass the drug molecules utilizing a simple passive diffusion mechanism in the in-
terstitial area and inside the cells, as shown in figure 2A. Whereas in active targeting, the NPs are bind 
with some specific antibodies, proteins, or peptides, which are chosen based on the receptors overexpress 
in tumor cells, as shown in figure 2B (Yang et al 2015).

Enhanced Permeation and Retention (EPR) Effect

When tumor volume increases, the demand of the tumor cells also increased, so atypical tortuosity, 
basement membrane abnormalities, and the absence of pericytes lining endothelial cells are the main 
features of EPR which cause holed vessels with increased gap sizes. Due to high interstitial pressure 
in the core compared to the peripheral makes them poor drainage to by the lymphatic systems. These 
characteristics feature the EPR effect; in this, NPs can target the tumor cells and entrap inside the tumor 
due to their high retention ability (Browning et al 2017).

Tumor Microenvironment

The microenvironment surrounding the tumor cells is well defined from the normal cells because high 
metabolic rates result in an acidic environment. So, the NPs systems are designed accordingly and stable 
at physiological pH 7.4, but when exposed to such an environment, the where pH is less than physi-
ological and NPs degraded to release the drug in that particular site Another parameter like temperature-
sensitive polymer, which exhibits low critical solution temperature (LCST) and releases the drug from 
the NPs system when the temperature is found higher to LCST. Sometimes to precipitated the payload; 
the polymers are triggered by an external method using ultrasound or photothermal (Karimi et al 2016).

Surface Charge

Most of the tumor cells bear a negative charge on their surface compared to the normal cells due to 
which the positive charge containing NPs favors the targeting the tumor cells in which NPs bind the 
electrostatically negative charged phospholipids headgroup. For cationic NPs which deliver siRNA to 
specific gene present in cancer cells, and it also purifies cancer cell towards the treatment of Paclitaxel 
and improved the anti-cancerous activity (Serrano-Sevillaet al 2019).

Ligand-Based Targeting

In this system, ligand (for example, an antibody, nucleic acid, peptides, vitamins, and carbohydrates) 
were bound with the surface of NPs and specifically targeted to the receptor present on tumor cells. Tar-
geting ligand plays a critical role in the uptake of NPs through the endocytosis process (Yu et al 2016).
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Tumor Endothelium Targeting

The inhibition of the making of new blood vessels so that angiogenesis for enough blood supply can 
result in solid tumor growth inhibition. Thus, designing to target the blood vessels production using NPs 
approaches prove to be very useful for the prevention of further growth of solid tumor. The signaling 
pathway ofαvβ3 integrin, which activates the vascular endothelial growth factors (VEGFs), induces the 
tumor angiogenesis, and these receptors seem to be promising targeting of NPs system (de la Torre et 
al 2020).

NPS SYSTEMS FOR SOLID TUMORS

Due to the non-specific biodistribution of chemotherapeutics of an anti-cancerous drug, the NPs strategy 
is used for the bioaccumulation to a target site or tumor cells due to the EPR effect. The nanoparticles 
also have the ability to reduce the exposure to the normal cells hence reduces the side effects (Canavese 
et al 2018). Hapca et al investigated that polymeric nanoparticles of PLA (Polylactic acid) attached 
with monoclonal antibodies which have great utility in lymphomas and ovarian cancer. Even a small 
quantity of bilirubin is used for preventing the oxidation of cells if formulated into a nanoparticle. Hence 
drug-loaded nanoparticles are utilized for solid tumor prevention (Binjawadagi et al 2014). Some of the 
advantages over conventional treatment shown in table 1.

Natural Polymers

The source of natural polymers is plants, animals, fungi, and bacteria. Based upon nature, it is of two 
types; one is polysaccharides, and the second is protein-based polymers. Both can be used for drug 
delivery and act as a scaffold of the extracellular matrix (ECM). The drug delivery with high drug 
loading can be possible with minimal invasive behavior (Dragan et al 2019). The different functional 
groups present in the polymers used for the functionalization after slight modification for better target 
drug delivery and shown promising results. The excellent biocompatibility because easily broken down 
by enzymatic degradation and this can be tuned for rate drug release profile. In this section, the most 
common naturally found polymers used for drug delivery for the solid tumor are being discussed (Song 
et al 2019; Kumar et al 2017).

Polysaccharides

Polysaccharides are composed of long chains of simple monosaccharide (sugar). The monosaccharides are 
multiple replicate units linked through a glycosidic bond, as shown in table 2. Polysaccharides obtained 
from animal-like chitosan, chondroitin, plants like pectin, guar gum, mannan, algae-like alginate, and from 
microbes like dextran, xanthan gum. Among them, chitosan, dextran, alginates, and hyaluronic acid are 
commonly used in the drug delivery system due to its non-toxicity and biocompatibility. Polysaccharides 
are containing a large number of reactive sites in their structure, large molecular weight variation, and 
varying composition makes them diversified property (Alam et al 2017). Polysaccharide nanoparticle 
was generally prepared by crosslinking polyelectrolyte interaction and self-assembly. Because of the 
EPR effect, the polysaccharide nanoparticles accumulated the drug into the tumor cells and decreased 
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their associated side effect and toxicity (Zhu et al 2019). Each category of polysaccharides is mentioned 
with their formulation to the targeted delivery of solid tumor cells shown in tables 3, 4, 5, & 6.

Protein-Based Polymers

Proteins are composed of amino acids, and they are attached by peptide bonds. The tertiarystructure of 
proteins which stabilized by the various interaction and bonds like hydrophobic interaction, hydrogen 
bonding, disulfide bonding, and salt bridges. The properties of a protein are good compatibility and 
degradability. Because of natural degradation, the byproduct of drug delivery systems is least among 
all protein albumin, collagen, and gelatin most commonly used, as shown in Table-7 (Huo et al 2020).

Protein-based nanoparticles are relatively safe and also easy preparation methods. During their 
preparation, they easily modifying their functional group and targeting capabilities so that drug delivery 
would be efficient (Hong et al 2020). Some of the protein-based nanoparticlulated formulations with 
their suitability in drug loading is shown in Table-8.

FATE OF NPS FORMULATION

The novel formulation includes various ingredients like polymers, lipids, and protein used as a carrier 
for the therapeutic molecules to deliver at target sites. The carriers are classified as naturals or synthetic 
materials; the natural material is found naturally, inexpensive, biocompatible, biodegradable, non-toxic, 
and non-immunogenic (Hasnain et al 2019). These benefits make them promising approaches for drug 
delivery. Although some of the drawbacks like a batch-to-batch variation and their structural complexity 
(Ulbrich et al 2016; Oladeji et al 2012). The formulation and method of preparation of NPs depend upon 
the chosen polymers. Generally, the polymers dissolves in the organic phase and mixed with surfactant. 
Now organic phase is added to the aqueous phase, and then sonicated to form the nanodroplets. At last, 
stir continuously to evaporate the organic phase to leave behind the solid polymeric nanoparticles. The 
solid polymeric NPs coated with favorable surface properties (Zielińska et al 2020).

LIMITATIONS AND EMERGING TRENDS

Although, natural polymer-based delivery systems have shown favorable results in contrast to the 
conventional therapies. Furthermore, due to natural origin of most of such polymers, they have lot of 
advantages like good degree of biocompatibility, biodegradability, non-immunogeneticity, and non-toxic 
in nature etc. (Kumar et al 2020). Their distinctive properties enabled them to enhance the therapeutic 
effects of loaded active anti-cancer molecules. Apart from above, chemical structures of these polymers 
also offer excellent opportunities of functionalization purposes (Ulbrich et al 2016). However, despite 
all the successes of polymeric DDS, still there is a gap between preclinical and clinical outputs for as-
sessment of therapeutic efficacy. Hence, it is quite challenging and difficult to translate the experimental 
approaches to good clinical outcomes. Subsequently, applications and scopes of polymeric DDS are still 
very limited owing to variations, reproducibility and validation related regulatory challenges. However, 
with the furtherance of nanotechnology these issues need to be address in judicious manners, so that 
such carriers would be integrated with anti-cancer therapeutics. For example, although Abraxane® is 

 EBSCOhost - printed on 2/14/2023 1:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



158

Emergence of Advanced Manufacturing Techniques for Engineered Polymeric Systems in Cancer Treatment
 

still one of the natural polymer (albumin) based nanoparticlulated delivery, approved by the FDA in 2005 
for cancer therapy. While; many natural polymers like Chitosan, which is however also being classified 
with a remark of GRAS by the FDA but still not being approved in cancer management (Boboet al 2016).

The natural polymers originated from a natural source, so achieving a high degree of purity due to 
batch to batch variation is still challenging (Oladeji et al 2012). Another challenging situation when 
crosslinkers used in DDS are not completely digested by the natural enzymes. Although many attempts 
are made towards discovery of different types of digestible polymeric complexes, however these prob-
lems still bear limited successes in many cases. Apart from the above-mentioned issues, there are some 
technical issues like scale-up from laboratory research to large quantity during industrial manufacturing. 
Particular equipment in their production can be costly. There may be chances of stability issues during 
production. Here QbD based approaches reported significant improvement in process, reproducibility, 
shelf-life and clinical performances, in cost effective manners.

CONCLUSION

Cancers are uncontrolled cell division and the spreading of abnormal cells; and second most leading 
reason for global deaths. Although different clinical choices such as radiation, surgery, immunotherapy 
and chemotherapy in management of cancers, are available but their successes are very limited because 
difference in types and stages of cancers, presence of different biomarkers levels, as well as physiological 
status of patients. Still, anti-cancer therapeutics are a preferred choice for interventions but their associated 
challenges such as severe side effects, low bioavailability, drug resistance, non-specific biodistribution of 
convention delivery systems put them with limited successes and minimized therapeutic performance in 
a very significant manner. While, among the cancers, some cancer such as solid tumors bear challenges 
of low penetrability and high level of drug resistances while, drugs used in the brain cancer are facing 
additional challenges of Blood brain tumor barrier (BBTB) and Blood brain barrier (BBB).

Natural polymers are abundantly present and with bear significant evidences of their biocompatibility, 
low cytotoxicity, different surface properties and cheaper alternatives. Hence, among the nanocarriers; 
polymeric nanoparticles are preferred owing to their characteristics such as wide range of possible com-
positions, types (core, conjugation, complexes), surface charge, morphology, stability, encapsulation ef-
ficiency, as well as biopharmaceutical profiles. Hence, nanotechnology integrated advanced manufacturing 
techniques are nowadays emerged as a promising approach to develop nanocarriers with attributes of 
high pay-off of loads (drugs) at pre-specified targeted pathological sites, desired bio-distribution profiles, 
minimized systemic side-effects and lowering drug resistance incidences. these polymeric systems such 
as polymeric NPs, polymeric micelles, polymeric conjugates, dendrimers, polymersomes, polyplexes, and 
polymer-lipid hybrid systems are gaining immense attentions in especially cancer, where conventional 
delivery systems however facing additional challenges; owing to their excellent control over sustain 
release kinetics; temperature mediate system degradation (LCST and UCST); enhanced half-life and 
site-targeted delivery abilities; ligand bindings, offering of both active and passive targeting in tumor 
microenvironment and at tumor endothelium sites; EPR effects and surface charge mediated localization.

There are different polymeric systems which are already approved for different diseases, including 
cancers such as anti-cancer drug Abraxane®, approved by the FDA in 2005. However, there is still a 
gap between preclinical and clinical outputs for assessment of therapeutic efficacy of many of such 
polymeric systems, which limit their clinical translations. For example, many natural polymers based 

 EBSCOhost - printed on 2/14/2023 1:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



159

Emergence of Advanced Manufacturing Techniques for Engineered Polymeric Systems in Cancer Treatment
 

systems such as Chitosan, are although classified as a GRAS by the FDA but were not being approved 
in cancer management; owing to different regulatory issues such as validation of raw materials (degree 
of purity), high degree of batch-to-batch final product variations, reproducibility issues and other related 
regulatory challenges. However, trends are emerging towards integration of QbD based approaches to 
control quality and performance of process as well as final products also; in judicious and cost effective 
manners. Another important issue with polymers is related to digestibility of cross-linkers by the natural 
enzymes. However, many attempts are made towards discovery of different types of digestible polymeric 
complexes, which lead to some significant and promising successes, in many of the cases as well.

Overall, current chapter was focused on technological advancements made and engineered tools de-
veloped, to fabricate different polymers using different nanotechnology based manufacturing techniques 
into promising carriers for cancer targeting, especially in solid tumors
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APPENDIX

Table 1. Comparison between the conventional and nanoparticles based delivery approaches in cancer

S. No Parameters Nanoparticles approaches Conventional treatment

1 Drug delivery Targeted Non-specific

2 Drug protection Encapsulated Easy to degrade

3 Effectiveness Good retention at active site Low retention

4 Clearance Long time for the clearance Fast clearance

5 Bioavailability High Low

6 Dose proportionality is less High

7 Toxicity Low High

(Rippe et al 2019)

Table 2. Natural polymers based delivery systems in cancer

Type Description Monomers Linkage Properties Drug delivery 
system (DDS) References

Chitosan

Linear cationic amino 
polysaccharide, 
derived from chitin a 
mucopolysacchride.

β-d-glucosamine 
and N-acetyl-d-
glucosamine units

1, 4 glycosidic

Biocompatibility, 
mucoadhesive, antibacterial 
and antifungal properties, 
and non-toxicity. 
Aminopolysaccharide have 
strong positive charge 
attract negative charge.

Nanoparticles, 
microspheres, 
hydrogels and 
micelles to target 
cancerous cells

(Motiei et al 2017)

Hyaluronic 
Acid

Linear anionic glycos-
aminoglycan. 
Non-sulfated 
glycosaminoglycan 
found 
throughout the 
connective, epithelial, 
and neural tissues.

glucuronic acid and 
N-acetylglucosamine 
units

β-1,4 and 
β-1,3 
glycosidic 
linkages

Tumor cell division and 
production of new blood 
vessels. 
carboxylic acid, hydroxyl, 
and N-acetyl groups, and 
can easily be combined with 
other chemical.

It used as a 
carrier for cancer 
treatment

(McAtee et al 2014)

Alginates

Linear anionic 
polymers. 
Biocompatibil, 
Low toxicity, mild 
gelation by addition of 
divalent cations such 
as Ca+2.

β-d-mannuronic acid 
and α-L-guluronic

1,4 glycosidic 
linkages

Formation of gel without 
using a toxic solvent. 
Delivery of bioactive agents 
such as small chemical 
drugs and proteins, and cell 
transplantation

Hydrogel used 
for the tumor 
cell drug 
delivery..

(Lee et al 2012; 
Mohanta et al 

2020)

Dextran

Branched glucan. 
Biosynthesized by 
the nonpathogenic 
organism Leuconostoc 
mesenteroides NRRL 
B-512.

D-glucose units α-1,6 linkage

The branching of dextran 
may affect the biological 
activities. Soluble in water 
and organic solvents, can 
be used in the preparation 
of different structures 
through blending dextran 
with bioactive agents or 
hydrophobic polymers

Micelles and 
hydrogels for 
cancer treatment

(Wong et al 2020)
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Table 3. Chitosan-based nanoparticles for targeted delivery in cancer

S. No Chitosan/ derivatives DDS Drug Application References

1. Cationic trimethyl 
chitosan Hydrophilic NPs DOX and interleukin-2 Enhanced antitumor 

efficacy (Wu et al 2017)

2. Oleoyl-chitosan Nanosphere DOX and Roussin’s black salt 
(RBS)

Synergistic 
therapeutic effect (Li et al 2018)

3. Chitosan and poly- 
acrylic acid

Mesoporous silica 
nanoparticles Topotecan and quercetin Effective in breast cancer 

treatment.
(Murugan et al 
2017)

4. Chitosan-pluronic Micelles Myricetin Drug delivery for 
glioblastoma cancer

(Wang et al 
2016)

5. Arginine-chitosan NLC Hydroxycamptothecin Improved antitumor 
therapy (Sun et al 2017)

6. N-trimethyl chitosan Nanoparticles Gemcitabine
Enhance the oral 
bioavailability in breast 
cancer

(Chen et al 
2018)

7. Chitosan-folic acid 
conjugate Gold-Mesoporous Doxorubicin Superior antitumor 

response
(Ramya et al 
2017)

8. PLGA-Chitosan Nanoparticles Epirubicin

Showed significantly high 
therapeutic efficiency in 
MCF7 cells (breast cancer 
cell)

(Taghavi et al 
2017)

Table 4. Hyaluronic acid-based nanoparticles for targeted delivery in solid cancer

S. No Type DDS Drug Application References

1. Hyaluronic Acid (HA) Micelles Paclitaxel
Exhibited more pronounced cytotoxic 
effect. A redox-sensitive nano-sized drug 
delivery system.

(Safdar et al 
2018)

2. Hyaluronic Acid Nanocarrier Doxorubicin

Improves survival and reduces toxicity 
in xenografts of human breast cancer. 
Reduces dose-limiting cardiac toxicity. 
Minimal toxicity in normal tissues.

(Cai et al. 2010)

3. 5B-cholanic acid-HA Micelles Paclitaxel

Cancer cells expressing CD44 targeted 
with this approach which is specific and 
efficient chemotherapeutic treatment for 
cancer.

(Thomas et al 
2015)

4. Deoxycholic acid-HA Micelles Paclitaxel
Hold great potential as targeted 
intracellular delivery carriers of lipophilic 
anticancer drugs.

(Li et al 2012)

5. 5B-cholanic acid-HA-
PEG Micelles Irinotecan Early detection, targeted therapy, and 

therapeutic monitoring of colon cancer. (Choi et al 2012)

6. DSPE-PEG-HA Liposomes Doxorubicin Intracellular drug delivery carrier 
developed with reduced toxicity.

(Paliwal et al 
2016)

7. Hyaluronic Acid Hydrogel Paclitaxel Temporal availability of the drug-
enhanced antitumor effect. (Bajaj et al 2012)

8. Hyaluronic Acid Novel silica 
nanoparticles Paclitaxel Minimal toxic side effects and strong 

tumor-suppression potential
(Jinmao et al 
2017)

9. SPION-HA Nanoparticles Doxorubicin Effective chemotherapy of hepatocellular 
carcinoma (Fu et al, 2017)
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Table 5. Alginate based nanoparticles for targeted delivery in solid tumor

S. 
No Composition DDS Drug Application References

1. Alginate aldehyde-gelatin Nanogel Curcumin Stable and gives sustained 
release profile (Sarika et al 2016)

2. Alginate Nanogel Cisplatin
Showed highly pH-
responsive drug release 
behavior

(Hong et al 2018)

3. Alginate with modified beta-
cyclodextrin Nanogel 5-Fluorouracil Higher 5-Fu intracellular 

accumulation
(Hosseinifar et al 
2018)

4. Hydroxyapatite/sodium alginate/
chitosan (HA/SA/CS) Microsphere Doxorubicin Better cell adhesion and 

proliferation capacity (Bi et al 2019)

5. Alginate Micelles Curcumin Decreased the viability of 
cancer cells

(Lachowicz et al 
2019)

6. Alginate Nanogels Doxorubicin The cytotoxicity and cellular 
uptake were enhanced (Pei et al 2018)

7. Alginate Liposome Cisplatin Enhanced efficacy and 
fewer adverse effects. (Wang et al 2014)

8. Alginate-graft-poly 
(N-isopropylacrylamide Micelles 5-Fluorouracil

Metal ions may induce the 
polymer of micelles and 
expected to be utilized in 
controlled delivery

(Yu et al 2016)

Table 6. Dextran based nanoparticles for targeted delivery in solid tumor

S. No Dextran/ derivatives DDS Drug Application References

1. Dextran Micelles Hydroxycamptothecin Reduced toxicity in mice and showed 
significant, sustained release

(Huang et al 
2019)

2. PEG-grafted dextran Nanoparticles Hydroxycamptothecin Overcome the bladder toxicity (Feldman D 
2019)

3. Carboxymethyl 
dextran Nanoparticles Doxorubicin Higher antitumor efficacy (Thambi et al 

2014)

4. Aldehyde dextran Nanoparticles Doxorubicin Enhanced penetration ability 
combined with their improved efficacy

(Sagnella et al 
2014)

5. Dextran
Magnetic 
mesoporous 
silica

Camptothecin
Used for advanced drug delivery 
applications for cancers with more 
efficient therapy

(Sinha et al 
2014)

6. Dextran Micelles Doxorubicin Better tissue permeability and tumor-
suppressive effects in vivo

(Zhang et al 
2020)

7. Dextran Nanoparticles Silybin and Paclitaxel Inhibit tumor growth through an 
enhanced intratumoralpenetration

(Huo et al 
2020)
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Table 7. Peptide-based natural polymers and their properties against the solid tumor

Peptide-based 
polymer Source Properties Features for DDS References

Collagen Abundant protein 
invertebrates

High biocompatibility 
and biodegradability

Stability and the release profile can be 
controlled.

(Chaubaroux et 
al 2012)

Gelatin Hydrolysis of animal 
collagen

Biocompatible 
and biodegradable 
biopolymer

Altering the release profile of gelatin. (Wong et al 
2020)

Albumin Human, bovine, and 
rat serum albumin

Highly soluble proteins 
with no toxicity and low 
immunogenicity

Albumin-based nanoparticles were able to 
penetrate the blood-brain barrier (BBB).

(Lin et al 2020; 
Javed et al 

2020b)

Table 8. Protein-based nanoparticle drug delivery system for solid tumor targeting

S. No Protein derivatives Drug Application References

1. Collagen-poly 
(3-acrylamidophenylboronic acid) Doxorubicin

Drug-loaded nanoparticles 
showed a superior inhibitory 
effect to free DOX on the growth 
of human ovarian cancer.

(Jiang et al 2020)

2. Human serum albumin Paclitaxel

It can be given with higher 
dosing compared to standard 
dose of paclitaxel (Taxol) 
marketed formulation.

(Okamoto et al 2019)

3. Bovine serum albumin (Cationic) siRNA
Inducing apoptosis of cancer 
cells and inhibiting tumor growth 
by efficient gene-silencing effect.

(Han et al 2014)

4. PEGylated gelatin Doxorubicin

Highly efficient in inhibiting 
tumor growth compared to plain 
doxorubicin or doxorubicin-
loaded into non-PEGylated 
nanoparticles.

(Din et al 2017)

5. Gliadin Cyclophosphamide
Drug release for long period of 
time and induces apoptosis of 
breast cancer cells.

(Gulfam et al 2012)

6. Zein
5-Fluorouracil and 
Quantum dot (QD) 
fluorophores

Enhanced drug delivery and 
imaging of breast cancer.

(Lohcharoenkal et al 
2014)

7. Casein Cisplatin

Easily penetrate the cell 
membranes, target the tumor 
cells, and hence inhibit the tumor 
growth.

(Zhen et al 2013)

8. Casein Flutamide

Reduce tumor growth efficiently 
and it also reduced the Prostate-
Specific Antigen (PSA) serum 
level.

(Elzoghby et al 2013)

9. Lactoferrin Doxorubicin Improved efficacy, 
bioavailability, and safety. (Golla et al 2013)
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Figure 1. An overview of different active and passive targeting approaches of polymeric systems in cancer

Figure 2. A schematic representation of drug targeting. Figure 2A (Passive targeting): Transport of drugs 
loaded nanoparticles to cancerous cells by the permeation and retention effect (EPR), in non-specific 
manner. Figure 2B (Active targeting): Transport of functionalized nanoparticles to cancerous cells in 
site-specific manners
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ABSTRACT

Most of the manufacturers in the world are already being adopted to industrial digitization in the perspec-
tive of Industry 4.0. Every conventional manufacturing method is being converted into cyber-physical 
systems in order to govern the process digitally. Friction stir welding is an advanced solid state welding 
method that has been utilized in many industries, and the process is no exception to digital transforma-
tion. This chapter aims to discuss the various aspects of digitizing the friction stir welding process by 
the application of different sensors. Implementation of various sensors such as current, force, sound, 
and vision in friction stir welding machine are able to collect valuable data that can be used for adopt-
ing Industry 4.0.

INTRODUCTION

The term Industry 4.0 is defined in number of ways by different organizations and industry experts 
which is generally used as a notation for fourth industrial revolution. One such definition for Industry 
4.0 is utilizing information and communication technology (ICT) for smart networking of machines and 
processes for industry. By this view it can be stated that the process and machines are networked and can 
communicate together that leads to novel routes of manufacturing, value addition and concurrent process 
optimization. The advancements in ICT tool technologies makes possibilities for smart industries. These 
tools are almost similar to the tools used in Industrial Internet of Things (IIOT) for tracking and remote 
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monitoring like purposes. Industry 4.0 can also be stated as the name used for exposing the present de-
velopment in data communication and automation in manufacturing that consists of various ICT tools 
such as cyber-physical systems, the Internet of things, cloud computing and cognitive computing in road 
to developing the smart factory (Pires, Cachada, Barbosa, Moreira, & Leitão, 2019).

Industry 4.0 proposes more industrial automation when compared to third revolution and also tries to 
bridge the gap between digital and physical world all the way through cyber-physical system, facilitated 
by IIoT. It also shifts to the system where smart products or devices make the decision on production 
process instead of traditional central industrial control system. Further it proposes closed-loop data 
forms and control systems and enables more customization of products (Cao, Giustozzi, Zanni-Merk, 
de Bertrand de Beuvron, & Reich, 2019). Overall, it can be stated as the system/model that aims to 
facilitate the automatic decision making, synchronized asset and process monitoring and also facilitates 
all the stakeholders to involve in value addition at the earlier part of the process through networking.

At present, the Industry 4.0 is really revolutionizing the entire industrial sector and it transformed the 
approach industries used to produce, enhance and dispense their products. Many industries integrated the 
Industry 4.0 facilitating technologies such as IoT, cloud computing, AI and machine learning into their 
various sections of operations and some industries implemented in all sections of their facility. These 
industries utilize different kind of sensors, software and robotic tools for data collection & analysis, de-
cision making and concurrent rectification (Chen, Han, Cao, Zheng, & Xu, 2020). It is used for factory 
automation, predictive maintenance, optimization and process enhancement and all are in single focus 
of customer satisfaction.

This advanced concept also reduces machine down time by initiating predictive maintenance based 
on the continuous data collected from the shop floor and also helps in real time visibility of machine 
performance (Dinardo, Fabbiano, & Vacca, 2018). Utilization of Artificial Intelligence based quality 
assessments instead of manual checkup results in greater product quality. remote monitoring of process 
flow and machine performance also an added advantages of this concept and it is possible to detect er-
rors in any part of production or machine in quick time with the aid of machine learning concepts which 
will protect the machine break down and saves lot of wealth (Farahani et al., 2019).

Friction Stir Welding (FSW) is new and advanced solid state welding technique developed by The 
Welding Institute in 1991. Since its inception, the technique has been widely employed in many type 
of industries, majorly in automobile and aerospace industries. In Industry 4.0 context, the basic build-
ing block is data and without enough data the process cannot be adoptable to smart factory. In order to 
make the FSW Industry 4.0 ready process, different sensors are implemented in existing FSW machine 
(Mishra et al., 2020). The valuable information collected from sensors can be utilized for precise control 
of the process.

FSW PROCESS

Friction Stir Welding (FSW) is a solid state joining process combining deformed material by the action 
of mechanical force to attain high quality weld joint. In FSW, a non-consumable specially designed 
welding tool encompassed with a shoulder and pin plays a major role. The rotating welding tool is 
plunged into interface of plates to be joined and moved forward along interface to seam the plates. The 
various stages of FSW process is schematically represented in the Figure 1. The shoulder in welding 
tool is responsible for generating heat due to friction between tool and work piece. The frictional heat 
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plasticize base material and the plasticized material is combine by stirring action of pin in welding tool. 
During stirring action, material present in front of tool is extruded around the pin and deposited behind 
the pin and forged into solid state. It is most important to maintain sufficient contact between shoulder 
and work material, since shoulder is the critical part that generate heat for mixing the material. The 
movement of material in this process is majorly in longitudinal direction only and a small amount of 
vertical movement takes place when hotter welding condition and threaded tool pin is used (Sudhagar, 
Sakthivel, Ashok, & Ajith Arul Daniel, 2017).

Parameters Involved in FSW

There are many numbers of variables involved in FSW, which are illustrated in Figure 2. These variables 
can be broadly classified into three categories such as machine variables, tool variables and material 
variables. Among these variables, machine parameters only be online controllable during welding process 
and tool parameters and material parameters are offline controllable. The tool rotational speed, mea-
sures in rpm determine the amount of heat generated during welding process. Meanwhile, the welding 
speed measures in mm/min controls the amount of heat input to workpiece. The other parameters such 
as tool plunge depth, axial force, tool tilt angle and tool offset also affect the quality of weld joint. Tool 
parameters include shoulder diameter, pin diameter, pin profile, shoulder profile and tool material. Ma-
terial properties such as composition, melting point and thickness are highly influence the weld quality 
(Sudhagar, Sakthivel, Mathew, & Daniel, 2017).

Figure 1. Schematic of FSW process
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MONITORING OF FSW

Monitoring of FSW process is the mining of required information from welding machine in order to 
identify the excellence of joining process. The information from welding machine is acquired by vari-
ous means such as different sensors, image processing, physics based techniques, etc. architecture for 
developing monitoring technique for FSW process has been illustrated in block diagram Figure 3.

Development of monitoring process for any manufacturing process is initiated by setting objectives i.e. 
selection of characteristics and properties of process that are to be observed. Next step is identification 
of signals to be acquired, from which information about the selected parameter can be extracted. After 
identifying the signals, suitable sensors are to be deployed in machines to gather signals. The signals 
measured should be processed using suitable techniques to extract useful information or features and 
any fluctuation in these features indicates the abnormalities in process which help to control the process. 
Monitoring of a process can be broadly classified into two types such as direct and indirect monitoring. 
The direct method of monitoring involves measuring the characteristics of process directly using laser, 
vision camera, X-ray, optical, etc. Optical and camera vison method can be utilized to measure the tool 
wear in a process. The image of the tool which give information about shape and size is captured before 
starting the process and compared with the images captured during the process. The change in shape 
and size of tool indicate tool wear during process and this method of monitoring technique directly give 
information about the parameter to be monitored. X-ray radiographic is best method to monitor the 
arising of internal defects in weld joint but severe radiation makes it unsuitable for using in continuous 
monitoring. Likewise, in high luminance working environment, utilization of camera vision is difficult.

Figure 2. FSW process variables
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The difficulties in direct monitoring method is overcome by measuring the current signals, torque, 
force, sound emitted and vibration generated and these signals are correlated with the characteristics 
to be studied. This method of monitoring a process is called indirect monitoring. Compared to direct 
monitoring, indirect monitoring are less precise but more economical and can be deployed in any type 
of working environment. For example, many manufacturing process involves forces for achieving final 
shape of product and any sharp change in force result in tool failure which can be eliminated by continu-
ously monitoring force signals. The following section discuss various direct and indirect monitoring 
method developed for friction stir welding process.

Sensor Based Monitoring

Sensor is a device that measures the physical quantity of a system and convert it into analog or digital 
signals. Using these signals, characteristics of the system can be studied and controlled easily. Various 
types of sensors that can be deployed in FSW machine for monitoring is shown in Figure 4.

In FSW process, a rotating tool is made to rub against the material that are to be joined and the rub-
bing action generate frictional heat to plasticize material. The linear traverse movement of rotating tool 
mix and forges the plasticized material thus a sound joint is formed. In order to accomplish the above 
process, huge amount of force and torque is required. The continuous monitoring of force and torque 
during FSW process gives better insight and precise control over welding process. Since FSW process 
is very much resemblance to conventional milling process, the same force measurement system can be 
employed. A cutting force dynamometer can be attached to FSW machine to measure the various force 
and torque developed during welding process. The signal from dynamometer is analyzed to identify 
occurrence of any defects during welding process. Using force signals, tool position, gap between 
plates, internal voids can be easily detected in FSW process. (Bipul Das, Pal, & Bag, 2016) developed 
a monitoring technique for identification of internal defects during FSW by measuring and analysing 

Figure 3. Block diagram of FSW monitoring technique

 EBSCOhost - printed on 2/14/2023 1:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



178

Monitoring of the Friction Stir Welding Process
 

real time force signals. The formation of tunnel defect is due to improper plasticization of material 
which offers higher resistance to rotating tool. The higher resistance to rotating tool result in increased 
welding force; hence the formation of defect can be studied by using force signals. (Kumar et al., 2015) 
discussed the detection of defects during FSW using force and torque signals. The welds are produced 
at various welding speed and tool rotational speed and real time data is acquired using load cell and 
data acquisition system. Information from the measured signal is extracted by applying discrete wavelet 
transform and formation of defect during welding leads to sudden change in features of force signals. 
This change in features of signal is used to monitor and control FSW process. (Bipul Das, Pal, & Bag, 
2017a) developed a low cost force measurement for FSW process using stain gauges and measured real 
time welding force signals for quality monitoring of weld joint. The force signals are analysed in time-
frequency domain using wavelet packet transform and features are correlated with mechanical strength 
of weld joint for controlling the process.

During FSW process, all the forces and torques are generated by spindle and feed motor of welding 
machine. The change in current and power consumption pattern of machine indicates the variation in 
welding process and assessing of these signals can be effectively utilized to control the process. Many 
researchers were attempted to develop monitoring technique for FSW process using current sensors. 
(Longhurst, Wilbur, Osborne, & Gaither, 2018) developed indirect monitoring system for FSW process 
by measuring and assessing frequency of spindle motor current. The current signals are measured by a 
clamp on current meter and Fourier transform is used to decompose current signal into various frequen-
cies. The experimental result shows that there is no change in frequency spectrum when the weld does 
not possess voids. But when the weld produces voids, there is consistent change in current signal and 
frequency spectrum of signal increase upto 4 Hz. (Mehta, Chatterjee, & De, 2013) proposes a methodol-
ogy for online measurement of torque and transverse force indirectly using current and power transient 

Figure 4. Sensor based monitoring of FSW process
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of drive motors in FSW machine. The welding is done at different combination of tool rotational speed 
and tool shoulder diameter and respective current signals were recorded and analyzed. The features from 
current signals were correlated with force and torque developed during process. (Bipul Das, Bag, & Pal, 
2017) presented a monitoring technique for FSW of aluminium AA1100 using signals measured during 
welding. The various signal measured that contained information about welding process are current and 
tool rotational signals. The information from signal is extracted in terms of fractal dimension by using 
fractal theory. The fractal dimension calculated from signals is compared with corresponding tensile 
strength of weld joint to study the relation between them. The result reveals that fractal dimension is in 
direct proportion with tensile strength of weld joint. Hence in order to obtain high strength joint, fractal 
dimension of current signals measured during welding should be high. (Bipul Das, Pal, & Bag, 2017b) 
predicted weld quality using spindle motor and feed motor current signals measured during FSW and 
applied wavelet analysis for feature extraction. 65 experiments are conducted by varying tool rotational 
speed, welding speed and shoulder diameter. The features extracted from signals by discrete wavelet 
transform are used as input for training Artificial Neural Network to predict tensile and yield strength 
of joint.

Temperature Based Monitoring

Friction heat generated between rotating tool and work piece in FSW process plays a major role in pro-
duction of sound weld joint. Too much of heat generation leads to more plasticized material that create 
turbulence in material and too low heat generation leads to lesser plasticization result in improper mix-
ing. Both welding condition produce low strength weld joint, hence proper frictional heat generation is 
important in FSW. Heat generated can be evaluated by measuring the temperature of the process and 
using which welding process can be precisely controlled. The temperature during welding process can 
be measured using different means such as thermocouple, thermometer, pyrnometer and thermal image 
analyzer.

(Serio, Palumbo, Galietti, De Filippis, & Ludovico, 2016) monitored FSW process by means of ther-
mography during actual welding process. The experiments are conducted at various weld conditions by 
varying tool rotational speed and welding speed. The temperature distribution during welding process 
is recorder by using two infrared thermal image cameras. The temperature developed inside workpiece 
is measured by using twelve N type thermocouples. The thermal data acquired during welding is related 
with process parameters and found this method is effective for monitoring of FSW process. Imam et al. 
2013 used the temperature developed during FSW process for monitoring quality by directly correlating 
the measured temperature value with tensile strength of weld joint. The study suggests that strength of 
weld joint produced is function of welding temperature; therefore it can be successfully used for moni-
toring of welding process. (Kruger, Miller, Shih, & van Niekerk, 2015) discussed the development of 
Bluetooth based Wireless Rotating Process Monitoring (WRPM) system for real time thermal feedback 
control FSW process. Temperature developed in welding tool during FSW process is measured via 
WRPM and the measured data is transmitted to computer wirelessly through Bluetooth. The measured 
data is used to develop feedback signals for controlling spindle speed which responsible for heat genera-
tion and plastic deformation.
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Vision Based Monitoring

In machine vision system actual image of the object is captured and digital image processing has been 
carried out to extract the features that give information about the object. Image acquisition system is 
the primary part of the machine vision system that comprise of camera and illumination system. Type 
of image sensor used in camera determines the quality of image captured for processing. There are two 
type of image sensors used in camera namely Charge Coupled Diode (CCD) and Complementary Metal 
Oxide Semiconductor (CMOS). Machine vision based monitoring technique developed for FSW has 
been discussed in this section.

(Bhat, Kumari, Dutta, Pal, & Pal, 2015) made an attempt to monitor FSW process to detect defective 
and non-defective weld by processing surface image of weld. The useful information from weld image 
that describe defective and non-defective weld has been extracted through discrete wavelet transform 
technique. Three features such as energy, variance and entropy of images are extracted through wavelet 
analysis. The extracted features are given as input for Support Vector Machines (SVM) for classification 
of weld and the SVM model performs well in weld classification. (B. Das, Pal, & Bag, 2016) proposed 
that change in welding condition shows different pattern of semi-circular ring that is choose to assess 
the quality of joint. The information from weld image is extracted using fractal theory and extracted 
information is presented as fractal dimension. The fractal dimension and tensile strength of weld joint 
possess negative trend with each other and minimizing the fractal dimension during welding process 
improves the tensile strength of weld joint. (Ranjan et al., 2016) attempted to identify and classify sur-
face defect in FSW through an image processing approach. The surface defects in FSW process such as 
voids, cracks, grooves, key hole and flash are identified using image pyramid and image reconstruction 
algorithm. Further these defects are classified based on their unique features. (Sudhagar, Sakthivel, & 
Ganeshkumar, 2019) developed a monitoring technique for FSW using vision system. The experiments 
were conducted at different welding condition which shows significant difference in surface appearance 
of weld joint. Surface image of weld joint is related with tensile strength of joint and classification model 
was developed in SVM to predict the defective and non-defective weld.

CONCLUSION

The current era of Industry 4.0, industrial digitization and data is the fundamental theme. In this context, 
most of the manufacturer in the world are involved in digitization of their factory. Therefore, it is essential 
to develop a methodology for digitizing the existing manufacturing process. Friction Stir Welding is 
an advanced solid state joining technique which finds applications in automobile, aerospace and many 
other industries. Automation and digitization of FSW process is the current need of manufacturing 
industries and this article discuss the various aspects of monitoring and control of FSW process. The 
detailed study revealed that most of monitoring technique developed for FSW process is open loop and 
sensor based monitoring technique is most economic and easily deployable. Development of hardware 
system for process monitoring of FSW has been well explored whereas software for analyzing the real 
time data and controlling of machine autonomously need to be explored more.
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ABSTRACT

The need of welding in the current scenario of manufacturing is increasing due to the application of 
various components. New innovations in welding are created in order to meet benefits such as high pro-
duction rate, quality surface finish, high mechanical strength of joint, difficult geometry, new materials 
for new components. This chapter provides insight on the current advancements of welding to explore 
the aforementioned benefits. Welding process parameters, novel implements, research backgrounds, ap-
plications, and ability of welding process along with its merits and demerits are covered in this chapter. 
In addition, advanced welding techniques in the areas of similar and dissimilar welding are presented. 
Moreover, this chapter would unfold the latest trends in advanced welding techniques for current re-
quirements in industries.

INTRODUCTION

Welding is one of essential part in manufacturing sector for assembling and make complete product. 
There are various conventional welding techniques exist and implemented successfully in manufactur-
ing. Simultaneously, their modifications and advancements are increasing tremendously with accelerated 
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commercial necessities. The modifications with conventional welding provide an excellent improve-
ment in various factors of welding process such as improved welding strength, considerable reduction 
in cost, increasing productivity and ability to deal with various materials in manufacturing. Inventive 
ideas implementation with welding technology offers a new open up by various materials such as tough 
metals, composites, ceramics, non-metallic materials, similar and dissimilar materials. The main objec-
tive of this book chapter is given a preliminary knowledge of current innovations in the area of welding 
process along with its general concepts and distinct features of various techniques, assuming the common 
thoughtfulness of the researchers with respect to welding process. In last four decades, many welding 
techniques are evolved and practiced for the joining the metals by the researchers. Figure 1 represents 
the various welding techniques and its advancements practiced in industry. Advanced welding process 
can be classified into the three major categories such as fusion welding, non fusion welding and hybrid 
welding process.

Advanced Arc Welding Processes

Arc welding process comes under the type of fusion welding method which is employed to join a vari-
ous material by means of melt and solid of parent materials using an arc with the application of filler 
material. Advancements of arc welding processes are discussed in the forthcoming sections (Chai & 
Zhu, 2010; Huang, 2010; Kuo et al., 2013; Vidyarthy & Dwivedi, 2016).

Flux Coated Arc Welding

In flux coated arc welding process, work piece has been coated with activated flux which is prepared 
by mixing of inorganic compounds such as metallic oxides, chlorides and fluorides and applied on the 
work surface as present in figure 2. The flux mixing is prepared as a liquid with help of solvents such 
as acetone or ethanol. This liquid sprayed on the work surface and welding torch moved along in it. The 

Figure 1. Types of advanced welding processes
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flux coated welding increases the welding penetration and diminishes weldment width. Moreover, heat 
affected zone of welding reduced much better than the use of non flux coated welding. The principal of 
activated flux coating techniques employed in tungsten inert gas welding (TIG) process, gas metal arc 
welding, plasma welding and laser welding processes (Tümer et al., 2021; Xu et al., 2018).

Flux assisted or coated TIG welding process is significantly improving the welding penetrations 
around up to 12 mm which is not conceivable to attain in traditional TIG method (Zhang & Zhang, 
2009). Enhancement of welding diffusion is obtained using the influence of reverse Marangoni convec-
tion (also known as surface tension driven convection). The surface tension of molten weld metal plays 
a major role on weldment diffusion when flux coated on the work piece. Since, direction of weldment 
flow would deviate from the welding center to apart. This factor extremely increases the diffusion 
range and diminishes the weldment width on the work surface which is represented in figure 3. Also, 
arc constriction mechanism delivers focused arc using high power and resulting the higher diffusion 
(Berthier et al., 2012). The flux coated TIG welding technique is also employed for the repair work due 
to its advantages such as non- use of filler wire, not necessary to make V grooves, reduced weldment 
shrinkage, maximum welding length up to 10-12 mm could be obtained by autonomous mode.

Figure 2. Process involved in flux coated arc welding
(Sivakumar et al., 2021)
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The performance of TIG welding is affected majorly with the factors such as type of flux, welding 
speed, input parameters and type work material to be welding. The flux material and its composition 
selection are very important which should not react with parent work material by chemically. In addi-
tion, properties of molten weldment such as surface tension of weldment, magnetic and electromagnetic 
nature, buoyancy force due to the pressure of molten weld, aerodynamic drag force due to self-weight 
of the molten weld are plays significant role on the weldment characteristics (Oreper & Szekely, 1984). 
Also, welding speed and applied current influence the heat production during arc length, electrode shape, 
gas composition controls welding performance are significantly affects the shape of the welding joint 
(Li et al., 2012). However, due the various advantages of TIG welding it has been employed in various 
tough metallic metals and composites such as stainless steels, nickel based super alloys, chromium, 
magnesium etc.

Cold Metal Transfer Arc Welding

Cold metal transfer (CMT) arc welding technique is an automatic process and created for the metal inert 
gas welding (MIG). The units such as wire feed, arc production is fully controlled automatically and 
transferring of metal take place in cold condition. This process provides benefits such as low heat supply, 
less spatter and high stable arc (Selvi et al., 2018). The controlled short circuit is created between the 
work and electrode. In first stage of this process, filler wire is diffused and transferred to the worksurface 
using short circuit controller. The filler wire moves towards down direction and get back its original 
position when short circuit occurs which transfer the molten metal in cold condition. Moreover, the 
metal transferring takes place such as drop by drop and this process repeat again and again for certain 
the time interval. In this process, electrode movements that forward and reverse play’s major role on 
the performance of welding. Along with that electrical parameter such as low voltage and currents are 
considered as a major parameter to obtain better welding by CMT process (Kumar et al., 2016). The 
process of CMT presented in figure 4. In advanced CMT, filler movements created using pulse tech-
nique and this pulsed cycle improves the heat delivers. Also, combining pulse cycle with CMT process 
improves the welding quality significantly. Moreover, further developments in CMT process taken up 

Figure 3. Welding penetration
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such as polarity reversal with short circuit which enhances the heat supplies and controls the welding 
spatters over the work surface.

Pulse Arc Welding

Gas tungsten arc welding (GTAW) process is integrated with pulse technique for welding of various 
similar and dissimilar metallic materials. Pulse GTAW process operates based on the pulsed power 
supply to enhance the welding characteristics such as welding diffusion, rate of welding deposition and 
mechanical strength (Qi et al., 2013). The solidification of weld metal over the work surface has been 
enhanced through two steps which are during pulse off time and gap created at time of next pulse. The 
most influencing factors of pulse GTAW such as duration of pulse, peak, mean and base current which 
are subsequently influence the velocity of molten weld metal droplet. In addition, process parameters 
like diameter of filler, feed rate of filler, shielding gas and speed of welding controls the quality of pulse 
GTAW significantly. Improper selection of these process parameters leads to attained defects such as 
spatters, high rough weld surface, more under cut and stub (Kutelu et al., 2018). Also, Pulse GTAW 
sprayed out the molten metal spray with diminished heat input. This factor is hindered the spatter on the 
weld surface and heat affected zone reduced significantly using this technique.

Double Electrode Arc Welding

Double electrode arc welding is one of the prominent and novel methods for welding of similar and 
dissimilar metallic materials. In this process, both kinds of electrodes such as consumable and non con-
sumable are involved to attain quality weld with less power consumption. The secondary power supply 
is taken from the same source whereas passed two separate parts. The power supply from one point is 
connected to the two portals such as work and bypass torch. As well as, another one terminal connected 
to the primary welding torch that gas metal arc welding (GMAW) (Lu et al., 2014). In addition to moni-
tor the power supply of the bypass and GMAW torch control system is connected between them which 
can give the signals to the welder about the use of power. The bypass current supply to another electrode 
diminishes the production of heat at the welding spot. The working principle of double electrode setup 

Figure 4. Processes of Cold metal transfer welding technique
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is presented with the figure 5. Also, this double electrode techniques employed in welding methods such 
as plasma, submerged arc welding processes (Li & Zhang, 2007).

Gas Tungsten Arc Welding

Gas tungsten arc welding (GTAW or TIG) process is also known as tungsten inert gas welding which 
is presented in figure 6. In this welding, molten metal produced through heating with arc among the 
tungsten electrode and work metal. The main purpose of tungsten electrode is to maintain the arc inten-
sity in the welding spot. The current passes among the parent material during bypass current passes via 
double GTAW bypass path. Double torches are fitted with GTAW system to give bypass current for the 
melting the metal. Combinations of helium and argon gases are act like shielding gas on the welding 
zone (Traidia et al., 2011). This welding technique provides better welding strength compare to GMAW 
and SMAW due to the less fume production. Also, this process comes under the category of double 
electrode welding technique. Moreover, this process diminishes the heat supply without influencing the 
deposition of filler which brings to the reduced heat affected zone (Chen et al., 2009). However, due to 
the need of double bypass current flow it is difficult to fabricate the setup.

Plasma Arc Welding

Plasma arc welding method created from the mechanism of tungsten inert gas welding (TIG) technique 
through fixing a narrow sharp edge and passes a minimal amount of argon or helium (shielding gas) gas 
using the narrow gap which is presented in figure 7. The confined arc detaches the shielding gas into 
the anode and cathode charged electrons to induces the plasma. Also, if plasma gas passes apart from 

Figure 5. Double arc welding mechanism
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the arc portion it creates neutral atoms and provides the energy as heat. Initially less current is used to 
create the arc and supplied between electrode and narrow sharp edge. The shielding gas passing via nar-
row sharp edge is ionized and creates the primary arc among the electrode and base metal during higher 
range of current. The welding zone has been covered and protected from the atmospheric reactions using 
shielding gases. Generally, the GTAW reaches the temperature nearly 11000°C where as the plasma 
assistance in it can touch the 20 000°C (Wu et al., 2014). This high temperature produces the excellent 
weld diffusion for high range of depth to width with lesser distortion of base metal. This plasma weld-
ing can be applied the materials such as high carbon steel, stainless steels, nickel-based super alloys for 
the thickness range of 2.5 mm to 20 mm (Yin et al., 2020). Moreover, the welding speed is 150% higher 
than the normal TIG welding and very stable welding than TIG arc welding.

Figure 6. Gas tungsten arc welding process

Figure 7. Plasma arc welding
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Submerged Arc Welding

Submerged arc welding (SAW) process widely employed in various sectors such as bridge welding, inline 
butt weld, pipe line, flange welding etc. Continuous filler wire supplied during the welding to make a 
weld pool. The welding is submerged using flux feeding through a hopper. During the weld, flux mate-
rial is used to cover the molten metal immediately and helps to form a slag which protecting the welding 
from the atmosphere. Also, the excess flux material collected and recycled for another welding. SAW is 
generally automated or robot controlled welding which is widely employed in industries for fabrications 
process. the another name of this process is carbon dioxide welding where carbon dioxide gas used as 
a shielding gas in a welding zone like TIG welding process. According to the base metal of welding, 
flux material has been considered. Since, flux should be the non reactive at higher temperature and slag 
formation over the metal will diminish the quality of weld especially for the materials like chromium, 
nickel, stainless steels.There more flux materials used in SAW where very less cost flux such as silica 
is employed to weld the chromium in order to recover the base metal and deposit ferrous molecules is 
almost same like predicted from the filler wire composition. Another category of flux is consisting of 
chromium metallic compounds which increase the weld deposition rate (Li et al., 2017; Wada & Cox, 
1983). In case of duplex stainless steel the fluxes such as silica is considered. The function of SAW is 
illustrated in figure 8.

Advanced Beam Welding Processes

The high intensity heat energy also known as beam is employed for welding various metals. The beam 
welding technique is one of the fusion welding method in this metals is melted using intense, heat energy 
through bulge of photons or electrons or plasma. The beam welding processes are categorized such as 
laser, plasma and electron beam welding.

Figure 8. Submerged arc welding
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Laser Beam Welding

Laser beam welding (LBW) is a better technique and widely used in several field of manufacturing 
engineering and it is presented in figure 9. LBW method considered like versatile welding process in 
automobile, manufacturing areas. LBW is created for its various merits such as high accuracy, good deep 
weld ratio, less heat supply, less heat affected zone, quick cooling and can be weld difficult geometries. 
Also, due to an excellent welding nature laser beam has been employed in various fields such as nar-
row gas welding, non metals, dissimilar welding, plastic welding and various repair applications. The 
ultra narrow gap welding is one of the advanced welding techniques to weld thick parts in lesser cost. In 
this welding method, welding base metals prepared with one half of width has been joined with slight 
angles. Less than 2 mm narrow width among the work spices are considered for ultra narrow welding. 
Also, less amount of weld metal is employed to join the cavity which can reduces the cost of welding 
and time consumptions. In case of plastic welding, diode lasers are majorly used for the plastic weld-
ing which can provide more stable and prominent welding for thermoplastics. The thermoplastics are 
welded through the lasers without the application of absorber and lasers wavelengths of up to 2000 nm 
are considered for the welding. However, based on the literature this process much expensive than the 
other welding process (Gillner et al., 2021).

Electron Beam Welding

Electron beam welding (EBW) process is employed the stream of electrons on the work material which 
exhibits the heat energy to melting the base metal. The high energy EBW process are find applications 
in space, automobile, medical, bio medical and oil refinery industries. The welding of metal matrix 
composite becomes very significant role in all kind of welding process. This welding process needs 
a vacuum chamber to control the electron beam (Schultz, 1993). EBW is having ability to operate on 
very thin thick materials to higher thick materials for the various metals and non metals such as plastics, 
magnesium, tungsten and composites etc. The stream of electron beam is focused on welding work prices 
and heat energy production is lesser than the laser welding technique. Also, this process employed in 

Figure 9. Laser welding method
(Gillner et al., 2021)
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various functions such as repair applications, surface modification etc. Furthermore, welding thickness 
and fusions are obtained based on the work material employed and maintainability of welding process. 
Welding of bigger size parts like turbines, compressor blades and engine case could be possible through 
EBW process (Azar et al., 2001). During the welding external powders and filler metals are employed 
for welding like the laser powder welding process. These powders and filler metal addition increases 
the rate of diffusion and welding strength. The processes of EBW are represented with the figure 10.

Friction Stir Welding

It is one of the solid welding methods initially invented for welding the materials such as aluminum and 
aluminum-based composites. Due to its welding nature friction stir welding (FSW) method modified 
and employed with various materials tough materials, nickel based super alloys, similar and dissimilar 
welding. This process has characteristics such as fumes free, no shielding gas and no melt metal. In ad-
dition, around 5% lesser power utilized compare to laser welding, less weight welding and consumables 
free method for better welding (Thomas et al., 1999). FSW method and its functions are illustrated in 
figure 11.

The electrode is made up of hardened steel material with rotating mechanism and pin along with 
shoulder head which can be mounted with moving end. The electrode pin fully implanted into the work 
material and shoulder head rotates by self which induces the heat effect due to the high friction. This 
friction causes for the high heat production and metal molecular collision. Therefore, the consequences 
of high friction create the slight metal melting and its transverse movement joins the metal efficiently. 
The specially prepared tool electrodes for the FSW are presented in figure 12 which is used in current 
industries for welding (Cui et al., 2007). Also, because of technological growth and market needs FSW 
process modified based on the welding method such as stable shoulder FSW, under water FSW, bit join-
ing etc (Suresh et al., 2020a; Suresh et al., 2020b; Suresh et al., 2019).

Figure 10. Electron beam welding
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Ultrasonic Welding

Ultrasonic welding (USW) is one of the solid welding methods in thisheat energy provided by the frictional 
force using ultrasonic vibrations over work materials. Welding is obtained due to plastic deformation 
without the help of molten metal which is caused by the ultrasonic vibrations. USW is considered for the 
complex welding process due its various merits such as less power consumption, quick and automatic 
method, filler and gas free, non slag process and also posses’ ability to welding dissimilar and similar 
metals (Yeh, 2013). The principal of USW is illustrated in figure 13. The main components of USW are 
piezoelectric transducer, horn, sonotrode are connected as presented in figure and produced the vibra-
tions and then supplied into the work material.

Figure 11. Friction stir welding process
(Mishra & Ma, 2005)
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The major process parameters like frequency, amplitude, pressure and weld area are considered for 
the experiment and analyzed by the researchers. Also, piezoelectric transducer or electromechanical 
converter is used to convert high energy current to the mechanical vibration. The booster and horn pro-
vide the movement through the sonotrode with help of vibrations which is delivered from the transducer. 
The clamping force is employed over the work materials which can enhance the weld by each layer of 
work sheet. Moreover, the ultrasonic vibration range 10 to 40 kHz with the range between 5 to 50 μm.In 
addition, USW process is employed for the welding nonmetallic materials such as thermoplastics due to 

Figure 12. Tool used for friction stir welding process
(Besharati-Givi & Asadi, 2014)

Figure 13. Ultrasonic welding process
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the solid-state welding method (Yeh, 2013). Ultrasonic vibrations are inducing the materials softening 
with higher temperature. Due to the nature of its welding, high thermal and high electric conductive 
materials such as copper and aluminum are being considered for welding in various research applications 
by the researchers. Also, nonmetallic materials such as ceramic, glass, plastics are welded with metals 
for some certain applications using USW technique (Zhang et al., 2016). Thickness of work material 
maintained between 0.025 to 0.250 mm which increase the welding strength.

CONCLUDING REMARKS

The abovementioned chapter that advanced welding techniques are shows the excellent welding ability 
with new developed techniques, specifically for similar and dissimilar materials. The traditional welding 
method provides complexity for the welding of similar or dissimilar metals when it is being as super 
alloys. Therefore, academicians and researchers need to know the recent developments of the welding 
process for the further developments. Hence, in order to provide the quality weld for the industry needs 
various modifications are carried out such as flux addition to the filler, double electrode, pulse power 
supply, heat addition, vibration assistance etc,. Although, due the enormous applications of welding still 
many developments and modifications can be done with welding techniques. In line up that, current 
advancements of welding methodologies are discussed in aforenoted chapter. The special structures of 
development circumstantial, parameters, competences, innovative aspects and alternatives are presented 
for the recently progressing welding methods in the industries. Advancements in the field of arc, beam, 
laser, friction and ultrasonic welding process are covered. The developments in welding methods pro-
vides the concrete merits such as excellent welding properties, good quality, capable to weld dissimilar 
materials weld, repairing applications, increasing the production rate, enhances the geometrical shapes 
and increase the ability to face fast growing industry need with the variations in materials to produce 
new components.
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ABSTRACT

Recent developments in the engineering industry require joining of like and unlike materials with dif-
ferent properties such as melting point, coefficient of thermal conductivity, solubility, difference in elec-
trochemistry, etc. as part of machines, tools, and more specific applications. Materials including those 
similar and dissimilar in nature are successfully joined by fusion and solid-state welding processes. In 
accordance with ASME Sec IX and AWS D1.1 codes and API 1104 standard, welding procedures speci-
fications (WPS) through procedure qualifications (PQR) are required prior to commencing any fabrica-
tion work pertaining to pressure vessels, piping and pipeline, storage tanks, offshore platform structural 
parts, and so on. A specific welding process must be chosen based on the design of the component, the 
material, thickness, production, availability of equipment, people, and other factors. Weldment testing, 
including destructive and non-destructive examinations, are crucial during procedure qualification, 
welder qualification, and the production welding process.

INTRODUCTION

Welding is a joining process which involves heating materials to the welding temperature, either with 
or without the application of pressure, and with or without the use of filler metal. In industry, there are 
various welding methods available; however, arc welding is particularly prevalent and widely employed 
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in the oil, gas, chemical, and power industries. A master chart of welding and related processes utilized 
in current metal fabrication and maintenance services is shown in Figure 1 (Jeffus, 2020).

Figure 1. Master chart of welding and allied processes
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OVERVIEW OF WELDING PROCESS

Gas Welding

A gas flame is used as a source of heat in one of the most prevalent welding procedures. Heat is generated 
by burning a combustible gas, such as MAPP (methylacetylene-propadiene) or acetylene, combined with 
oxygen in the oxyfuel gas welding process (Abdulateef et al 2010). Because oxygen and fuel cylinders 
are easy to transport, gas welding is commonly employed in maintenance and repair operations.

Arc Welding

This is a method of joining metals using an electric arc. The concentration of heat is a notable benefit of 
arc welding over gas welding. The flame in gas welding spreads out across a vast area, which can cause 
thermal distortion. Arc welding’s heat concentration is advantageous because reduced heat diffusion 
lowers buckling and warping (Kumar et al. 2009). This heat concentration also increases penetration 
depth and speeds up the welding process; as a result, arc welding is typically more practical and cost-
effective than gas welding. There are three things that all arc welding procedures have in common: a heat 
source, filler metal, and shielding. Arc welding generates heat by arcing an electrical current between 
two conductors.

Shielded Metal Arc Welding (SMAW)

By striking an arc between a coated-metal electrode and the base metal, shielded metal arc welding is 
done. Once the arc is produced, the molten metal from the electrode’s tip joins the molten metal from 
the base metal’s edges to form a sound junction. Stick electrode welding, coated electrode welding, and 
manual metal arc welding are all terms used to describe this procedure. Because the electrode coating 
produces a protective covering over the weld deposit, sheltering it from contamination, the method is 
known as shielded metal arc welding. The main benefits of shielded metal arc welding are that it produces 
high-quality welds quickly and at a reasonable cost. The method is very versatile, and it can be used for 
any position and any metal, including low carbon steel, low alloy steels, quenched and tempered steels, 
high alloy steels, corrosion resistant steels, and so on. It has a limited application in aluminium welding 
(Matusiak & Pfeifer (2013)).

Gas Shielded Arc Welding

The type of shielding employed distinguishes shielded metal arc welding from gas shielded arc welding. 
Both the arc and the molten puddle are shielded by an inert gas in gas shielded arc welding. The inert gas 
barrier protects the weld from contamination by the atmosphere, resulting in a superior weld. Helium, 
argon, or carbon dioxide are the main gases employed in this process (Kah & Martikainen, (2013)). A 
blend of these gases is sometimes utilised. Gas tungsten arc welding (GTAW), gas metal arc welding 
and plasma welding method are three types of gas shielded arc welding technologies.
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Tungsten Inert Gas Welding, or GTAW

It was first used in the industry to join aluminium and magnesium alloys. Its application spread to 
practically all metals after then. A non-consumable tungsten electrode is employed in this method, 
which is surrounded by an inert shielding gas envelope. Both ac and dc power sources are employed. 
Arc initiation in GTAW used to be done by touching the electrode to the graphite. Modern machines 
now include a high frequency unit that automatically triggers the arc (Norrish, (2006)). This method 
results in a clean, high-quality weld. It is used to weld in all positions. This procedure is used to weld 
the majority of the materials.

Gas Metal Arc Welding – GMAW

After GTAW, gas metal arc welding was devised to boost weld productivity. In this method, a 0.8-2 mm 
diameter consumable wire wound on a spool is fed into a welding torch with an electrical connection 
and shielding gas. The utilisation of an arc voltage power source and tiny welding wire makes the system 
more sensitive. The power supply is always dc, and electrode positive is the preferred polarity. GMAW 
is a semi-automated, all-position welding method with automatic versions on the market (Kolodziejczak, 
(1987)).

Plasma Welding

An inner plasma gas and an outside shielding gas are used in plasma welding. The plasma gas circulates 
around a tungsten electrode with a retracting centre electrode. The shielding gas passes through the outer 
jet in the same way that TIG welding does. Because a plasma arc is significantly straighter and more 
focused than a TIG arc, the approach is less susceptible to arc length fluctuations. The process can be 
used to weld the same materials as can be welded by TIG welding, with the exception of magnesium 
(Weman, (2011)).

Submerged Arc Welding

It is a high-productivity welding technology that is usually done with mechanical welding methods and 
can be used with 1-3 continuous wire electrodes. SAW welding is similar to MIG welding in that an arc 
is formed between a constantly fed bare wire electrode and the workpiece. A flux is used to produce 
protective gases and slag, as well as to introduce alloying components to the weld pool. It is not neces-
sary to use a shielding gas. A small layer of flux powder is applied to the workpiece surface prior to 
welding. Excess flux is recycled through a hopper as the arc advances along the joint line. After weld-
ing, the remaining fused slag layers can be simply removed. Heat loss is minimal since the arc is totally 
encased in the flux layer. This can result in a 60 percent thermal efficiency (compared with 25 percent 
for manual metal arc). There is no apparent arc light, there are no spatters, and no fume extraction is 
required (Choudhary, (2006)).
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Resistance Welding

It is one of the oldest methods of welding, and it’s usually quick, efficient, and low-polluting. There is 
no need for filler. High initial costs and a limited range of applications are some of the disadvantages. 
Heat is produced when an electric current pass through the resistance established by two metal surfaces 
in contact. The current density is so great that it creates a local pool of molten metal that connects the 
two halves. The current is usually between 1000 and 1,000,000 A, and the voltage is between 1 and 30 V.

Solid State Welding Process

Solid state welding is a welding technique in which two work pieces are bonded at a temperature es-
sentially below the melting point of the base metal under a pressure that provides close contact between 
them. There is no metal utilised as filler. Diffusion of the materialscontactatoms causes bonding. Cold 
welding, diffusion welding, explosion welding, forge welding, friction welding, hot pressure welding, 
roll welding, and ultrasonic welding are under this category of welding. Explosion welding and friction 
welding are the most popular welding methods.

Welding of Similar Materials

The heat input to which the metal is exposed in any kind of welding causes specific changes in the ma-
terial, some of which are permanent. Structure changes during heating and cooling, as well as changes 
in shape or size due to thermal stresses, are examples of these modifications. Good weldability refers to 
the ability of a material to be welded without harmful repercussions.If, on the other hand, the changes 
caused by a normal welding process pose a significant risk of failure in a welded component, or if actual 
defects such as cracking occur during welding, and can be welded without risk in most cases if certain 
precautions are taken or certain pre- or post-welding treatments are performed. Welding can be done on 
any material if the proper metallurgical conditions are used. However, in some cases, these criteria may 
be impossible to achieve in real-world production.

Weldability of Steel

Weldability is a function of many inter-related factors and may be summarised as:

• Process and technique.
• Composition of parent plate.
• Joint design and size.

Influence of Process

Each welding method has distinct power intensity. Higher-power-intensity processes are advantageous 
in fusion welding because essential melting can be achieved without excessive heat inputs and the re-
sulting thermal expansion of the parent metal. Filler wire containing a deoxidant is frequently fed into 
the weld pool for successful welding, hence techniques that do not employ filler wire are limited in use.
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Heat Input

Heat input is a combination of voltage, amperage and travel speed.

Heat Input = 
Voltage x Amerpage

Travel speed
  

As heat input increases: grain size increases, toughness decreases, brittleness increases, hardness 
decreases, incidence of cracking decreases (Gharibshahiyan et al (2011)).

Preheating

There are four general factors that must be assessed to determine the level of preheat.

a.  Material type.
b.  Combined thickness.
c.  Heat input potential (welding process).
d.  Joint type.

Influence of Composition

The composition of the steel and its effect on weldability may be divided into two parts (Dev et al. 2018):

a.  Segregation effects, particularly that of sulphur

When a steel solidifies, the iron tends to solidify quickly, accumulating the alloying elements in the 
ingot’s centre. This arrangement is maintained even after extended and severe rolling, resulting in high 
sulphur concentrations in the plate’s middle layers. These layers are weak and will crack if they are 
pressured.

b.  The tendency of the steel to harden.

The hardening characteristics of steel are mentioned in the heat treatment section. Low ductility and 
hardened microstructures are more likely to form when the carbon or alloy content of the steel increases, 
and if stresses exist, cracking will result.

Welding of Carbon Steel

Carbon-manganese and simple carbon steels are other names for these materials. They can typically be 
welded without difficulties with mild steel consumables, but weldability reduces when carbon levels 
or C.E. (carbon equivalent) values increase. When welded at high speeds, very low carbon steels (C 
0.15%) can cause porosity. By increasing the heat input, this problem can be resolved. Welding steels 
with carbon concentrations of 0.15 percent to 0.25 percent are recommended because, with low impurity 
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levels, they rarely cause weldability issues (Wu et al. (2018)). If other hardening elements like Mn and 
Si are present in relatively high percentages, steels with carbon levels more than 0.25 percent may be 
susceptible to cracking. Low hydrogen procedures or electrodes are optimal for welding these steels, 
and large sections may require some pre-heating to slow down the cooling process. Wear resistance and 
hardness are two advantages of high carbon steels (for example tool steels). Pre-heating, interpass heat-
ing, and post-weld stress reduction are all required to keep them from cracking. Depending on the carbon 
content and joint thickness, most medium carbon steels require one or more of the above treatments. 
Low hydrogen techniques are used to weld them.They are always welded with low hydrogen methods 
or consumables, and a weldability test is usually performed prior to production welding.

Welding of Low Alloy Steels

Nickel steels, carbon-molybdenum alloys, and chromium-molybdenum alloys are among the most 
prevalent low alloy steels. At low temperatures, nickel in the range of 2% to 5% in a 0.15 percent to 0.25 
percent carbon steel gives a combination of high strength and toughness. Welding without pre-heating is 
possible if the carbon content is less than 0.18 percent. Similar measures should be taken above this level 
as with medium carbon steels. Because of their great creep resistance and strength, carbon-molybdenum 
and chromium-molybdenum steels are commonly utilised in high-temperature applications.Pre-heating 
is not necessary below 0.18 percent carbon, however thicker parts with greater carbon levels harden in 
air and are hence break prone. An austenitic stainless-steel consumable can occasionally be utilised for 
very high carbon levels (0.55 percent) where welding is not recommended. The weld will be more ductile 
and less strong than the parent plate, allowing some internal tension to be relieved. However, because 
the HAZ is still brittle, pre-heating is required. In case of chromium-molybdenum steels, preheating and 
post heating treatments are required to avoid any cracking in the weldments.

Welding of High Yield Quench and Tempered Steels

Heat treatment during manufacturing produces martensitic features in these steels. HY80, which is 
utilised on submarine hulls, is one of the most commonly used steels (Yayla, (2007)). The formation of 
strong martensitic structures in steels is dependent on rather high cooling rates. If the cooling rate is too 
low, strength can be lost. Weld cracking can occur if the cooling rate is too fast. To obtain the correct 
structure without cracking, both the minimum pre-heat and maximum inter-pass temperatures must be 
carefully managed. It’s common to utilise consumables that match. To keep the heat input low, weaving 
should be confined to no more than 15mm.

Welding of High Strength Low Alloy Steels

The strength of the majority of these steels is not determined by heat treatment. They have ferritic struc-
tures with low carbon content (0.2%) and modest amounts of alloying elements in solution (Mn, Cr, Ti, 
V, Nb, N). There are numerous varieties, each with varied levels of strength, toughness, and corrosion 
resistance. Although they are normally weldable, their great strength makes them more susceptible to 
cracking than low carbon steel. Pre-heating is occasionally necessary and high heat inputs are normally 
advised (Mohandas (1999)).
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Welding of Austenitic Stainless Steels

Austenitic stainless steels are iron-based alloys with low carbon, chromium between 15% and 32%, 
and nickel between 8% and 37%. They are employed because of their resilience to corrosion and high 
temperature deterioration. Austenitic stainless steels are known for their weldability and can be welded 
using any standard welding process or technique. Solidification cracking, hot cracking, distortion, and 
preserving corrosion resistance are the most essential factors when welding austenitic stainless steels.
Weld metal chemistry and the metallurgical phases that occur in the weld metal are intimately related 
to solidification cracking and hot cracking (also known as hot shortness). Both solidification crack-
ing and hot cracking have the same cracking mechanism. Solidification cracking occurs in the fusion 
zone, while hot cracking occurs in the partially melted zone (Shankar et al.2003). The ferrite number 
of the weld metal is the most typical indicator of weldability and susceptibility to heat cracking. To 
withstand cracking, austenitic welds require a minimal level of delta ferrite. The amount of ferrite in 
the weld metal is principally determined by the chemistry of both the base metal and the weld metal.
The base metal chemistry should be acceptable for welds done without filler metal in order to produce 
the minimal amounts of ferrite required to prevent cracking. Filler metal is recommended to develop 
appropriate ferrite in the weld metal if the base metal chemistry does not allow for ferrite production. 
Welding settings and methods can also influence the development of ferrite. Small amounts of nitrogen, 
for example, absorbed into the weld metal, can inhibit the production of ferrite. To avoid cracking, a 
minimum of 5% - 20% ferrite is recommended by a number of literature and codes & standards. Sulfur, 
phosphorus, selenium, silicon, and columbium, all of which increase hot cracking susceptibility, can 
impair the weldability of austenitic stainless steels. Welding of austenitic stainless steels is more prone to 
distortion than welding of carbon or low-alloy steels. Austenitic stainless steels distort more than carbon 
steels due to less thermal conductivity.In 304/316 austenitic stainless steels, HAZ corrosion resistance 
can be reduced by welding. Temperatures between 800°F and 1650°F (427°C and 900°C) can precipi-
tate chromium carbides at grain boundaries if exposed to these temperatures for long enough (Rezaee et 
al.2011). As a result of the chromium depletion, corrosion resistance suffers. This issue can be avoided 
by using stainless steels with a low carbon content, such as Type 304L or 316L, or stable grades, such 
as Type 321 and 347. To avoid a loss of corrosion resistance, it’s also crucial to choose the right filler 
metal. It is preferable to utilise low carbon electrodes or stabilised grades of bare filler metal.The cor-
rosion resistance of austenitic stainless steels can be harmed by oxidation of the backside of welds done 
without sufficient shielding. The root of the weld should be shielded with an inert backing gas to avoid 
a reduction in corrosion resistance (Lippold, & Kotecki, (2005)).

Ferritic-Austenitic Steels (Duplex)

Duplex steels are ferritic-austenitic steels that have grown in popularity since the 1970s. They are notable 
for combining great corrosion resistance with strong mechanical strength. These steels are mostly used 
in the offshore industry, where their characteristics make them ideal for usage in high-chloride environ-
ments. In comparison to austenitic steels, their high strength results in lighter structures. They are also 
becoming more commonly employed in the cellulose, chemical, and petrochemical sectors.This series of 
steels has chromium concentrations of up to 29%, nickel of 5-8%, and molybdenum contents of around 
14%. Carbon content is often less than 0.03 percent. Nitrogen, which can be present in amounts up to 0.4 
percent, has been proven to be essential in determining the weldability of ferritic-austenitic steels. When 
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welding, the weld pool initially solidifies as a completely ferritic structure, with austenite developing 
later as the temperature drops.The presence of nitrogen as an effective austenite forming element speeds 
up this process, allowing the weld to achieve the desired metallurgical structure without the use of hot 
welding or additional heat treatment. With little nitrogen and a large amount of ferrite, older ferritic-
austenitic steels, become practically completely ferritic in a zone around the fusion line, compromising 
both mechanical and corrosion resistance. To rectify this, heat treatment between 1000C and 2000Cis 
required. Neither too low nor too high heat input should be used when welding ferritic-austenitic steels 
(Suutala et al., (1980)). A low heat input can lead to an excessively quick cooling rate, which can cause 
chromium nitrides to develop, which can compromise corrosion resistance. A high heat input combined 
with a high temperature between passes, on the other hand, causes the sigma phase, which affects corro-
sion resistance and mechanical qualities, among other things. Welding should be done using comparable 
filler, but with a nickel concentration of about 2-3% higher, to aid austenite production and generate a 
ferrite concentration in the weld metal that is similar to the base metal. This guarantees that the weld 
metal’s corrosion resistance and mechanical properties are at their best.

Welding of Titanium

Titanium is widely used in the chemical, aerospace, marine, and medical industries due to its light 
weight, superior corrosion resistance, and high strength-to-weight ratio (Dey et al. (2013)). Recent ad-
vancements include the use of titanium alloys in the petrochemical industry and the production of sports 
equipment. The use of various processes to weld titanium is common, and the service performance of 
welds has been verified by a long and growing list of accomplishments. Welding research, technology, 
and economics are all progressing thanks to newer titanium-compatible procedures.Fusion welding is 
possible with most titanium alloys, and solid-state operations are possible with all alloys. Unfortunately, 
some engineers still believe titanium is difficult to weld, either because of its specific needs for argon 
or helium gas shielding, or because it was previously exclusively handled by specialized fabricators.

Welding and joining methods appropriate to titanium include:Arc Welding Processes, Tungsten Inert 
Gas (TIG), Metal Inert Gas (MIG), Plasma Arc (PAW), Power Beam Processes, Laser and Electron Beam 
(EB)welding, Resistance Welding, Spot, Seam and the Resistance cladding process, Friction Welding, 
Rotary, Radial, Linear, Orbital, Stir, Stud and other specific jointing techniques, Diffusion Bonding, 
Forge Welding, Explosive Bonding, Brazing, Soldering& Adhesive Bonding (Kou, (2003)).

Weld Joint Preparation

The edge preparation for titanium weld joints is often done by machining or grinding, as it does for other 
metals. The weld joint surfaces must be clean before welding and remain so during the welding process. 
Welding wire used as filler metal must meet the same standards. Detergent cleaners or non-chlorinated 
solvents should be used to remove contaminants like oil, grease, and fingerprints. Acid pickling can 
remove light surface oxides, however grit blasting and pickling may be required for larger oxides.
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INERT GAS SHIELDING

Proper gas shielding is a need for successfully arc welding titanium. Until the weld metal temperature 
drops below 426°C (800°F), care must be made to maintain inert atmosphere protection. During weld-
ing, three independent gas streams are maintained to do this. The initial shield gas stream, also known 
as the primary shield gas stream, emerges from the torch and shelters the molten pool and surrounding 
surfaces. During cooling, the secondary or trailing gas shield protects the solidified weld metal and the 
heat-affected zone. During welding and cooling, the third or backup shield protects the weld underneath.
These trailing and backup shields are made using a variety of approaches, with a torch trailing shield be-
ing one example. Many different types of backup shields exist. Copper backing bars with gas ports serve 
as a heat sink and shielding gas source, and are often used for straight seam welds. Complex workpiece 
configurations, as well as specific shop and field conditions, necessitate some ingenuity in devising 
backup shielding mechanisms. Plastic or aluminium foil enclosures or “tents” taped to the backside of 
the weld and flooded with inert gas are common examples.

Welding of Nickel Alloys

Nickel alloys such as Alloy C276 and Alloy 625 have similar issues as austenitic stainless steels. Most 
nickel alloys are thought to be less weldable than austenitic stainless steels. Some nickel alloys, like Alloy 
825, 600, and 625, exhibit welding properties that are similar to austenitic stainless steels. In comparison 
to austenitic stainless steels, Alloy 200, Alloy 400, and Alloy B2 will have substantially different welding 
characteristics (Avery & Tuthill,(1994)). The tendency for nickel alloy and carbon steels to be sluggish 
during welding is one of the key contrasts between them and austenitic stainless steels.This means that 
the molten weld pool in nickel alloys will not flow as freely as it does in other metals. Because of this 
sluggish propensity, the welder should weave or oscillate the weld pool to achieve excellent sidewall 
fusion. If no oscillation is employed, the weld contour will be high convex, resulting in sidewall lack 
of fusion, weld undercut, or slag inclusions. Centerline cracking will be less likely if a slightly concave 
weld bead profile is formed. It is also crucial for nickel alloys to have a wide enough bevel angle to allow 
for the welding torch essential oscillation.In terms of weld penetration, the broader weld bevel will also 
help. In comparison to carbon steels and austenitic stainless steels, nickel alloys also have shorter weld 
penetration. The weld joint is adjusted with a broader bevel and a thinner root face to overcome this. 
Nickel alloys, like austenitic stainless steels, are vulnerable to heat cracking. As the weld pool cools and 
hardens, the hot tearing will occur. The weld connection should be designed to reduce constraint and the 
weld should be allowed to cool as rapidly as possible to prevent hot cracking.The less time a nickel alloy 
weld is exposed to the temperature range where it can tear, the faster it solidifies. As a result, pre-heating, 
which reduces the pace at which the weld cools, is actually hazardous since it increases the chances of 
hot tearing. The presence of large levels of low melting point components like sulphur, phosphorus, 
zinc, copper, and lead can impair the weldability of nickel alloys, just as it can with austenitic stainless 
steels. All of these pollutants can cause weld and base metal cracking.

Welding of Dissimilar Metals

When design requirements ask for a variety of qualities, manufacturability, or aesthetics that arenot pos-
sible with a single material, dissimilar materials permit the achievement of function. Welding stainless 
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steel to plain carbon or low-alloy steels as dissimilar welds is frequently required for producing stainless 
steel structures and/or incorporating them into other machinery. Particular attention must be made to 
the metallurgy of the weld metal in order to achieve the greatest performance from such junctions.The 
transition zone between the metals and the intermetallic compounds generated in this transition zone are 
the source of the challenge of producing welds between dissimilar metals. It is critical to look into the 
phase diagrams of the two metals involved in fusion welding techniques. Dissimilar couplings can be 
created successfully if the two metals have mutual solubility. The weld joint will fail if the two metals 
to be connected have little or no solubility. The crack sensitivity, ductility, and corrosion susceptibility 
of the intermetallic compounds generated between different metals must all be examined.

This intermetallic compound’s microstructure is particularly important. In some circumstances, using 
a third metal that is soluble with both metals is required to create a good junction. The coefficient of 
thermal expansion of both materials is another aspect to consider when calculating the service life of a 
dissimilar metal junction. Internal stresses will form in the intermetallic zone at any temperature change 
in the weldment if they are significantly different. Service failure may develop quickly if the intermetallic 
zone is highly brittle. The melting temperatures of the two metals to be connected must also be taken 
into account.When two metals are exposed to the same heat source, one will melt much sooner than the 
other. When joining metals with various melting temperatures and thermal expansion rates, a welding 
method that uses a high heat input and produces a fast weld has an advantage. A composite insert is 
used between the two metals at the weld joint as another technique of connecting dissimilar metals. The 
composite insert is made out of a non-heated welding method that creates a transition junction between 
two different metals. Metals can be welded to resemble composite inserts by selecting the appropriate 
materials for the composite insert.

Welding of Carbon Steel – Stainless Steel

Although stainless steel is a popular choice for many applications, the expense of fabricating large parts 
entirely out of stainless steel might be prohibitive when it comes to heavy fabrication. Using a lower-cost 
carbon steel for non-essential elements and structure can assist minimise overall production costs. This 
allows engineers to employ stainless steel exclusively in select locations, such as high-heat or corrosive 
areas, while mild steel is used in the rest of the time. Although joining carbon steel with stainless steel 
is not particularly difficult, the two metals require special care in terms of heat, filler materials, and 
joint design.

In comparison to carbon steel, stainless steel has a high coefficient of thermal expansion, which is 
a measurement of how quickly a material expands as temperature changes. Stainless steel also has a 
thermal conductivity of about half that of carbon steel. A piece of heated stainless steel will stay hot 
for considerably longer due to the lack of thermal conductivity, as it does not conduct heat away from 
the source as quickly. Heat conducts along that piece rather quickly because carbon steel has a higher 
thermal conductivity, pushing heat away from the weld zone. It takes an experienced team of welders 
and fabricators to prepare and plan the joining of two different metals together.
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Important Factors to be Considered During Welding 
of Carbon Steel – Stainless Steel

To avoid problems while welding stainless steel to carbon steel, pay attention to the chemistry, mechani-
cal qualities, and corrosion resistance. The most usually recommended filler metal is 309L. During the 
welding process, the weld is diluted with stainless steel from one side of the joint and mild steel from 
the other, resulting in material from both sides of the weld being mixed in. The goal is to make a final 
weld deposit that is chemically compatible on both sides of the weld joint.The mechanical properties 
of each type of material in the dissimilar combination must also be matched. When welding any type 
of stainless steel to carbon steel, the filler metal should match or slightly surpass the weaker of the two 
materials’ mechanical qualities.Finally, while welding stainless steel and mild steel, it’s critical to keep 
the weld joint and adjoining stainless steel base metal corrosion-free.

Important Welding Parameter: Heat Input

It’s critical to choose a welding process that restricts the heat input to the weld and stainless base ma-
terial to address chemistry, mechanical qualities, and corrosion resistance. The weld deposit is less 
diluted with the mild steel component of the weld joint when the heat input is limited. This, in turn, 
contributes to the weld deposit’s alloy content and desirable corrosion resistance.Moderate heat input 
also protects corrosion resistance in some stainless steels by preventing undesired phases from forming 
on the stainless-steel side of the joint. If stored too long in a crucial temperature range of 800 degrees 
to 1400 degrees Fahrenheit, 300 series austenitic stainless steels, for example, can develop carbide pre-
cipitation. This problem can be avoided by reducing the amount of time spent in this range and using 
a low-carbon base and filler metal. The use of stable grades of filler metals (such as ER321 or ER347) 
may also be indicated, and can provide additional assurance against carbide precipitation.If maintained 
at a high temperature for too long, some stainless-steel grades may produce undesired phases that result 
in brittleness or poor corrosion resistance. At high temperatures, sigma phase (a brittle, intermetallic 
phase with a high hardness) can occur in some stainless steels, compromising mechanical and corrosion 
resistant qualities (Kobayashi & Wolynec (1999)). The heat input, for example, is responsible for the 
balance between ferrite and austenite in the final weld and heat-affected zone in duplex stainless steels 
(HAZ). The right amount of heat input can assist keep the amount of each phase in the completed weld 
and base metal HAZ where it belongs.

Welding of Aluminum to Various Metals

Aluminum melts at 650°C, while steel melts at around 1538°C. Before the steel has melted, the aluminium 
will melt and flow away. A multitude of complicated brittle intermetallics are generated. Iron - aluminium 
alloys with more than 12% iron have little to no ductility, according to research. Furthermore, aluminium 
and steel have vastly different coefficients of linear expansion, thermal conductivity, and specific heats. 
Thermal stresses of a significant magnitude will result as a result of this. The most effective way involves 
using an aluminum-steel transition insert with one metal soldered to the other.The metal used to coat the 
steel, its thickness, and the bond between the coating and the steel surface all have a role in the success 
of this sort of joint. The aluminium can be welded to the steel using a zinc coating and a gas tungsten arc 
welding method. The filler wire should be made of high-silicon aluminium. The welder will benefit from 
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pulsing if the arc is directed toward the aluminium. Transition inserts are provided for welding aluminium 
to stainless steel. Coating can also be used. Pure aluminium coating, which is applied by dipping clean 
stainless steel into molten aluminium, is a coating for stainless steel.The aluminium surface can then be 
welded with gas tungsten arc welding. The arc should be aimed at the metal, and the welder will benefit 
from pulsing. A copper-aluminum transition insert piece is used to fuse aluminium to copper.

Welding of Copper to Various Metals

Welding copper and copper-base alloys to mild and low-alloy steels, as well as stainless steels, is possible. 
The gas tungsten arc welding procedure can be utilised with a high-copper-alloy filler rod for thinner parts 
in the gauge metal thickness. It is simpler to get a good weld when you use the pulsed mode. To avoid 
iron pickup, the arc should be directed to the copper part. In the thicker part, the steel is first overlaid or 
buttered with the same filler metal, and then the copper is welded to the overlaid surface. Because iron 
pickup in copper alloys causes brittleness, it is crucial to minimise extensive penetration into the steel 
portion of the joint. Preheating the copper is required.A nickel-base electrode can also be used to cover 
the copper. For thicker materials, a second overlay or layer is suggested. The copper should be warmed 
to 540°C (1000°F) while making the overlay welds on thick copper. To achieve a homogeneous joint 
preparation, smooth the copper part’s overlay or buttered surface. Copper dilution caused by the nickel 
electrode should be avoided as much as possible. It is possible to employ the shielded metal arc, gas 
tungsten arc, or gas metal arc welding techniques. The option chosen will be determined by the avail-
able equipment as well as the thickness of the material to be bonded. Brass and copper can be bonded 
together, as can copper and stainless steel.

Welding of Nickel-Base Alloys to Steels

By employing the Monel analysis of filler material while using any of the arc welding procedures, 
nickel-base alloys such as Monel and Inconel can be successfully welded to low-alloy steel. The Inconel 
base electrode would be employed in Inconel to mild or low-alloy steel applications. Welding Inconel or 
Monel to stainless steels is the same issue. This electrode is made of Inconel or Monel.

Welding of Plastics (Polymers and Composites)

Even simple devices like mobile phones have over 100 joints in them. Welding, adhesive bonding, and 
mechanical fastening are all methods that can be used to join polymers and composites. The material 
to be joined, the joint configuration, the needed joint strength, the required level of seal, process cost 
and speed, and manufacturing quantity all influence the process selection. Welding relies on heat at the 
joint to melt the nearby polymer, with a weld developing as the material cools. As a result, welding is 
only a possibility for thermoplastic polymers and composites, whereas thermoset systems must rely on 
adhesives or mechanics.

Methods for welding plastics can be classified into three categories (Stokes (1989))

1.  Employing an external heat source
2.  Using heat is generated by mechanical movement
3.  Deploying electromagnetism
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Polymer composites can benefit from a number of these strategies as well. However, because com-
posites’ better qualities are derived from the reinforcement, the weld is invariably the weak point in the 
system because the fibre is discontinuous across the joint contact. The parameters of time, temperature, 
and pressure are used to control all welding processes. The welding settings must be carefully optimised 
for each application in order to generate high-quality welds.

Selection of Welding Consumable

When choosing an electrode, the first criterion is to choose one that generates weld metal quality that is 
equivalent to or better than the base material and is approved for the material in issue. Other considerations 
that influence electrode selection include the welding position and kind of joint, as different electrodes 
have varied qualities in different welding positions and types of joints. The electrodes are divided into 
groups based on the type of alloy that has been deposited. There are various examples where multiple 
distinct electrodes are intended for welding the same type of steel within each group of mild, low-alloy, 
and stainless steel electrodes.As a result, there are often a vast number of electrode types to choose from 
for each steel grade, many of which generate identical weld metal compositions but have various coat-
ings, welding qualities, welding speeds, and weld metal quality. This wide range of options allows you 
to select the electrode that produces the best weld metal quality for the least amount of money. Electrode 
manufacturers all around the world, including ESAB, BOHLER, LINCOLIN, METRODE, KOBE, and 
others, offer a wide range of electrodes on the market.

The coatings are made up of several finely powdered chemicals and minerals that are bound together 
by a binder. The coating protects the metal droplets and weld pool from interactions with the air, which is 
supplied by the molten slag and the gases produced by the coating. Arc stability is being improved. The 
arc would be difficult to control and produce a lot of spatters if the coating didn’t include arc-stabilizing 
ingredients in it. It would also be easy to extinguish, especially if welding with AC. Titanium, zirconium, 
and magnesium are all arc-stabilizing or ionising chemicals.Coated electrodes leave a coating of slag 
on the joint, which must be removed after welding. This needs the use of a chipping hammer or wire 
brush, and depending on the type of electrode coating, it might be easy or difficult. adding alloying 
and/or anti-oxidizing materials to the weld pool. To increase yield, the coating may additionally contain 
iron powder. ensuring enough penetration of the base material while welding Materials that may emit 
a considerable amount of heated gas, such as carbonates or cellulose compounds, decide penetration.

The chemical composition of the slag divides the electrodes into three categories: acid, basic, and rutile.

WELDING DESIGN

General

The main purpose of this part is to concentrate on all of the factors that go into making an educated, 
sound, and cost-effective welding design selection. Most of the aspects that must be considered when 
making an engineering decision will be identified. Two basic welding design factors necessitate unique 
and competent engineering attention: First, the welds must perform the specific design role assigned to 
them in the structure or product, as well as maintain their integrity reliably under predicted handling, 
shipping, and eventually service loads. Second, the welded joints must fully meet the requirements of 
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maximum economy in their execution and maximum inspection access. Table 6.1 illustrate the basic 
weld symbol given by AWS.

Design Applications

Steels and their alloys, stainless steels of various types, aluminium, copper, cobalt, titanium, and other 
metals and alloys are all used in welding design. Non-metallic materials, such as plastics, ceramics, and 
composite materials, are also used in welding design. The following list, while not exhaustive, provides 
some insight into the welding industry’s scope:Medical and bioengineering equipment, Electronics, House-
hold utensils, Automobiles and all transportation equipment, Pressure vessels and the energy industry, 
oil and gas industries, Plastics, Machinery, Buildings & Bridges, Ship building and Aerospace industry.

PRECAUTION TO BE TAKEN BEFORE, DURING AND AFTER WELDING

General Welding Requirements

The requirements for structural (nonpressure boundary) welding should be in accordance with AWS 
D1.1 or AWS D1.6, or applicable regulations and standards. Welding techniques for pressure boundary 
equipment’s pressure vessel, pipelines, storage tanks, and other components may be qualified in accor-
dance with ASME BPVC Section IX. Prior to the start of fabrication or construction, all welding process 
specifications (WPSs) and procedure qualification records (PQRs) must be reviewed and approved by 
the purchaser. The submittal must contain weld maps, comparable guides, or fabrication drawings that 
clearly indicate the application of each WPS, stating where and how these WPSs will be employed. During 
fabrication, weld maps, related guidelines, drawings, or other documentation must be updated to clearly 
identify the welder(s) or welding operator(s) who created each weld (O’brien (2017)). Record the loca-
tion of any NDE performed in the same way, and update the information as needed during fabrication.

Before Welding

Cleaning and Surface Preparation

The WPS must include information on how to clean base metal surfaces before welding. Any additional 
weld surface preparation requirements for equipment that will be coated after manufacture should be 
specified by the purchaser. Figure 2 shows the welding symbols. When the base metal surface is wet 
or moist, welding should be avoided. Cleaning/gouging the backside of double-welded joints to sound 
metal is required. Unless the consumer specifies otherwise, all slag must be removed from the backside 
of each finished austenitic stainless steel or nickel-base alloy weld.For weld joint surface protection, 
aluminium flake weld-through primers can be utilised. The weld-through primer kind and brand should 
be included in the WPS. Other types of weld-through primers or coatings are not allowed unless the buyer 
approves them, and the buyer may require additional method qualifications or weldability tests. Carbon 
steel wire brushes and other tools, as well as brushes and tools that have previously been used on carbon 
or low-alloy steel, must not be used on stainless steel or non-ferrous materials (O’brien (2017)). The 
surface of stainless steels must be honed to a bright finish if carbon-arc cutting or gouging are utilised.
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Figure 2. AWS standard welding symbols
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Shielding and Purging Gases

When shielding gases are employed, the WPS must specify the shielding gas (or gas mixture), the percent 
composition of the gas(es), and the flow rate. The purity standards of ASME/AWS SFA/A5.32/5.32M 
must be met by shielding gases. When only one gas is used, the purity should be reported on the PQR 
and WPS. If the joint is not ground or back gouged to sound metal, back purging is necessary for the 
GTAW and GMAW processes when welding materials with a nominal chromium concentration greater 
than 2-1/4 percent. When using a back purge, the WPS must specify the gas used and the flow rate.
When a back purging gas is used to prevent oxidation or scale formation on the weld’s bottom, it must 
be kept on until at least 1/4 in. (6.5 mm) of weld metal has been deposited. The back purging must be 
maintained throughout the welding operation for socket, seal, and any other attachment welds on base 
materials less than 1/4 in. thick (Funderburk, (1999)).

Handling and Storage of Consumables

The manufacturer’s recommendations must be followed for storing and handling welding consumables. 
Welding consumables must be stored and baked separately in different ovens. The ovens must be electri-
cally heated and feature an automatic temperature control system. A prominent temperature indication 
is required in welding consumable storage and bake ovens. All welding consumables must be stored, 
segregated, distributed, and returned according to a documented method by the fabricator. The identi-
fication of the filler metal must be preserved.

Inspection Before Welding

Before Assembly:

• All applicable documents.
• Quality plan is authorised and endorsed with signature, date and company stamp.
• Application standard is up to date with the latest edition, revision or amendment.
• The drawings are clear, the issue number is marked and the latest revision is used.
• Welding procedure sheets (specifications) are available, have been approved and are employed in 

production.
• Welder qualifications with identification and range of approval are verified and that only approved 

welders as required are employed in production.
• Calibration certificates, material certificates (mill sheets) and consumer certificates areavailable 

and valid.
• Parent material identification is verified against documentation and markings.
• Material composition, type and condition.
• Correct methods are applied for cutting and machining.
• Identification of welding consumables such as electrodes, filler wire, fluxes, shielding and backing 

gases and any special requirements (e.g. drying) are met.
• Plant and equipment are in a safe condition and adequate for the job.
• Safety permits e.g. hot work permit, gas free permit, enclosed space certificate are available and 

valid.
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During Welding

Preheating and Interpass Temperature

All welding, tack welding, and thermal cutting require preheating when it is necessary. Appendix R 
of ASME BPVC Section VIII Division 1, Table 330.1.1 of ASME B31.3, API 934-A, API 934-C, and 
Annex XI of AWS D1.1 are examples of relevant codes and suggested practises for minimum preheat 
requirements (Funderburk, (1999)). Any heating guidelines or requirements in the applicable code must 
be followed. For low-alloy steels, the preheat temperature must be applied and maintained until PWHT 
throughout the weld thickness and at least 3 in. (75 mm) on each side.Lowering the preheat tempera-
ture below Mf before PWHT should be taken into consideration. The temperature of the preheat and 
interpass shall be monitored using thermocouples, temperature indicating crayons, pyrometers, or other 
appropriate means. For austenitic stainless steels, duplex stainless steels, non-ferrous alloys, and carbon 
and low-alloy steels, the maximum interpass temperature must be indicated in the WPS and PQR when 
impact testing is necessary. Interpass temperatures are suggested in Table 7.1.

Post Weld Heat Treatment (PWHT)

The PWHT utilised for a PQR must follow a method based on the applicable code and purchase order 
requirements. Prior to PWHT, the customer must examine and authorise the heat treatment technique 
for production use. The following information should be included in all WPSs that specify PWHT: a) 
maximum heating rate, b) holding temperature range, c) holding period, and d) maximum cooling rate. 
Alternatively, the WPS could relate to a project-specific PWHT technique. Prior to production, the 
purchaser must authorise the PWHT technique for unique heat treatment methods such as induction and 
internally fired.When testing is undertaken for reasons other than service-related issues, the purchaser 
must specify the testing requirements. The purchaser may need production hardness testing to ensure that 
heat treatments are adequate. The buyer can provide testing specifications or company-specific criteria. 
The purchaser must approve PWHT of austenitic stainless steel, duplex stainless steel, or non-ferrous 
alloys.When the stainless steel is heated over 1300°F (705°C), welding procedure qualification tests for 
austenitic stainless steel to ferritic steel welds must use the maximum PWHT temperature limit indicated 
in the welding procedure, except for weld overlays (Funderburk, (1999)). If cladding or overlay welds 
on low-alloy steels are repaired without PWHT, a minimum remaining clad or overlay thickness of 3/16 
in. (5 mm) is needed unless no additional HAZ can be established.

Inspection During Welding

• The welding process must be monitored.
• Preheat and interpass temperatures must be monitored.
• Interpass cleaning - chipping, grinding, gouging, must be monitored.
• Root and subsequent run sequence.
• Essential variables such as current, voltage, travel speed to be monitored.
• Filler metals, fluxes and shielding gases are correct.
• Welding is in compliance with weld procedure sheet and application standard.
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After Welding

Once the welding activity is completed, the inspection shall be carried as followed and required in line 
with Inspection testing plan (ITP). Recommended Maximum Interpass Temperatures is provided in the 
table 1.

• Visual inspection to be carried out to ascertain acceptability of appearance of welds.
• Dimensional accuracy to be ascertained.
• Conformity with drawings and standards requirements.
• Post weld heat treatment, if any, monitored and recorded.
• NDT carried out and reports assessed.
• Assess defects as to either repairing, or application for concession.
• Carry out any necessary repairs.
• Control of distortion

After Assembly

• Dimensions, tolerances, preparation, fit-up and alignment are in accordance with the
• Approved drawings and standards.
• Tack welds, bridging pieces, clamping and type of backing - if any used are correct.
• Cleanliness of work area is maintained.
• Preheat in accordance with procedure.
• NOTE Good inspection prior to welding can eliminate conditions that lead to the formation of 

defects.

Table 1. Recommended maximum interpass temperatures

(Funderburk, (1999))
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Welding Repairs

• Repair procedure and welding code should be authorised.
• Defect area should be marked positively and clearly.
• Check when partially removed and fully removed (visual and NDT).
• Re-welding should be monitored.
• Re-inspect completed repair.

Finally, collate all documents and reports and pass the document package on to a higher authority 
for final inspection, approval and storage.

QUALIFICATION OF WELDING PROCEDURES SPECIFICATION

Before manufacturing begins, all welding activities must be thoroughly planned. This entails creating 
welding procedure specifications for all welded connections in compliance with ASME sec IX regulations, 
as well as providing as much detail as the certification method requires. All critical aspects that could 
influence the welded joint’s qualities must be considered. Variations that are allowed must be indicated. 
The welding process specification is categorised as preliminary, pWPS, until it has been authorised in 
compliance with relevant regulations and standards.

A Welding Procedure Specification (WPS) is a written document that instructs a welder or welding 
operator on how to make production welds that meet Code criteria. Any WPSs used by a manufacturer 
or contractor who will be responsible for the operational control of production welding must be qualified 
by that manufacturer or contractor in accordance with Article II of ASME sec IX, or an AWS Standard 
Welding Procedure Specification (SWPS) listed in Appendix E and adopted by that manufacturer or 
contractor in accordance with Article X of ASME sec X. Both WPSs and SWPSs state the welding 
conditions (including any ranges, if any) that must be met. The permissible base metals, the filler met-
als that must be used (if any), the preheat and post weld heat treatment requirements, and so on are all 
part of these conditions. Welding “variables” are the term used in this section to describe these condi-
tions. When a manufacturer or contractor prepares a WPS, it must address the specific variables, both 
necessary and non-essential, as specified in Article II of ASME Sec IX for each process to be used in 
production welding.In addition, supplemental critical variables must be addressed in the WPS when 
other sections of the Code demand notch toughness qualification. The goal of a WPS qualification is to 
see if the proposed weldment can provide the needed qualities for its intended application.

The Procedure Qualification Record (PQR) records what happened during the welding of the test 
coupon as well as the results of the testing. The attributes of the weldment are determined by welding 
technique qualification, not the expertise of the welder or welding operator. The PQR must at a minimum 
document the important factors and other specific information defined for each welding method utilised on 
the test coupon, as well as the results of the needed testing. When notch toughness testing is required for 
method qualification, the supplemental critical factors for each process must also be reported.P-Numbers 
are assigned to base metals based on characteristics such as composition, weldability, and mechanical 
properties, where this is logical; and Group Numbers are assigned to P-Numbers for steel and steel alloys 
(table QW/QB-422 of ASME sec IX) to reduce the number of welding procedure qualifications required. 
These Group Numbers are used to categorise metals within P-Numbers for method qualification where 
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notch-toughness requirements are specified (Wang & Yang (2016)). The thickness constraints and test 
specimen for method qualification in compliance with ASME Sec IX code are summarised in Table 2.

Welder Performance Qualification

The main criterion for welder certification is to verify the welder’s ability to deposit sound weld metal. 
The goal of the welding operator’s performance qualification test is to determine the welding operator’s 
mechanical ability to operate welding equipment. Each manufacturer or contractor is responsible for the 
welding performed by his organisation and must conduct the testing necessary to qualify the welders and 
welding operators he employs in the weldments’ construction. Each manufacturer or contractor must keep 
a record of the welding procedure results as well as the qualifications of welders and welding operators.
When choosing a product type (plate/sheet or pipe), the enterprise must take into account the require-
ments in the standard for welder testing renewal: welders must have completed welding work covered 
by their approval with reasonable consistency. Acceptance of a welder’s ability, in general, comprises 
approval of any welds done by the welder that are deemed to be easier than the test weld. Welder testing 
must be performed according to the welding procedure standard or welding data sheet. Welder testing 
must be overseen by an examiner or an examining test body that has been approved by the contractual 
authority.When examination is done by an approved certification organisation for people certification, 
the highest level of approval is awarded.

Table 2. Procedure qualification thickness limits and test specimen

(Wang & Yang (2016))
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The essential characteristics listed in QW-360 of ASME Sec IX code for each type of weld limit 
welding operator qualification. A welder or welding operator may be qualified through volumetric NDE 
of a test coupon, initial production welding within the limits of QW-304 and QW-305, or bend tests 
obtained from a test coupon accordance with ASME Sec IX code. When one of the following events 
occurs, a welder’s or welding operator’s performance qualification is affected: (a) His credentials for 
a procedure will expire if he has not welded with it for six months or longer; (b) the welding operator 
has welded with that process using machine or automatic welding, under the supervision and control of 
the qualifying manufacturer or contractor or participating organization(s) as identified in QW-300.3 of 
ASME Sec IX ; this will extend his qualification for an additional 6 months (c) the welder has welded 
with that process using manual or semiautomatic welding, under the supervision and control of the 
qualifying manufacturer or contractor or participating organization(s) as identified in QW-300.3; this 
will extend his qualification for an additional 6 months.

Testing of Weldments

The standard specifies the shape and minimum dimensions of standardised test pieces to be used in 
connection with the welding procedure. The test pieces must be sufficiently large to ensure that there is 
sufficient material to conduct away the heat. When impact testing of the heat-affected zone is required, 
the test pieces must be marked with the rolling direction. All welding of test pieces must be carried out in 
accordance with the preliminary WPS, and under the same conditions as can be expected in production. 
Working positions and angles of slope and rotation must be as specified in relevant codes and standards. 
Tack welding must be included in the test welds if it is to be used in production. Welding and testing 
must be supervised by an examiner or examining body.

Non-destructive and destructive testing are used as needed in the examination and testing process, 
as follows: visual examination Ultrasonic or radiographic testing detection of cracks tensile test in the 
transverse plane impact testing transverse bend test of toughness examination at the macro and micro 
levels. The position of the test pieces is specified in the standard. Retesting the results cannot be au-
thorised if the welding method test parts do not meet all of the test conditions. A procedure test can be 
performed again if necessary. If a single test piece fails to fulfil the specifications due to geometrical 
flaws, two additional test pieces may be chosen for retesting.The thicknesses of the base material, the 
welding procedure, the welding position, and the type of joint consumables are all important variables. 
current heat input pre-heat temperature intermediate pass temperature post heat treatment type of weld-
ing Documents relating to welding technique tests that have been authorised (WPAR) All information 
required for approval must be included in the welding and testing records. The examiner must sign the 
Welding Procedure Approval Records (WPAR). The WPAR model forms are included in the standard. 
Older welding procedures were put to the test.

Destructive Testing

Destructive tests on welded joints are usually made as part of the approval of a welding procedure or a 
welderbased on the code requirements.

Commonly used destructive testing methods are: Bend test, Tensile test, Charpy test, Fracture tests, 
Micro&macro examination and Corrosion test (Potter (1990)).
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Non-Destructive Examination (NDE)

In addition to destructive tests, non-destructive examination has also been used for procedure, welder 
and production welding requirements. Non-destructive Examination is a prominent testing procedure that 
allows you to evaluate welds and neighbouring areas without compromising their functionality (Matthews 
(2005)). The basic NDE procedures utilised in industrial practises are listed below and will be explored.

1.  Visual Examination (VT)
2.  Penetrant testing (PT)
3.  Magnetic particle testing (MT)
4.  Radiographic testing (RT)
5.  Ultrasonic testing (UT)
6.  Eddy Current testing (ET)

Visual Examination

It is the most common non-destructive examination. It is used to verify the integrity of most welds. Visual 
examination is the most widely used non-destructive assessment approach since it is simple to use, quick, 
and frequently requires no additional equipment other than excellent eyesight and a few inexpensive 
tools. AWS B1.11, Guide for the Visual Inspection of Welds, contains a comprehensive treatment of 
visual examination. For several elements of visual weld testing, specific tools are required. The dimen-
sions of the welds are checked using various measurement scales and gauges. Fillet weld gauges come 
in a variety of shapes and sizes, and they are used all around the world to determine the size of fillet 
welds. Root holes, material clearance measurements, backing materials, and alignment and fit-up of the 
work pieces are all checked using measuring gauges/devices. Preheat and interpass temperatures are 
checked using temperature indicators.In areas with limited access, borescopes, video scopes, flashlights, 
and mirrors are used. Flexible fiber optic inspection systems have been developed, allowing inspectors 
to visually evaluate places that are inaccessible to other instruments. If performed before, during, and 
after welding, visual welding examination can help prevent discontinuities that would otherwise show 
up in non-destructive testing or cause service failure. The inspector should keep track of all inspections 
and their outcomes.

Liquid Penetrant Testing

It is a surface testing method for detecting discontinuities in non-porous materials’ surfaces. If the 
discontinuities are clear and open to the surface, penetrant examination provides a sensitive means of 
detecting and finding them. The approach uses a penetrating liquid dye that is applied on a thoroughly 
cleaned surface to be inspected and enters the discontinuity by capillary action. The surplus penetrant 
is removed from the surface and the part is dried after a proper dwell time. The penetrant is then drawn 
out of the discontinuity using a developer, which functions as a blotter.The presence and position of a 
discontinuity are shown by a penetrant drawn from an aperture on the surface. The penetrant method is 
divided into two categories, each of which operates on the same basis. The first utilises a visible dye, 
whereas the second uses a fluorescent dye that only shows up when exposed to ultraviolet light. To contrast 
against the white developer background, visible penetrant is usually red in hue. Seeing the discontinuities 
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in normal white light is typically enough. It is relatively affordable to do a penetrant examination. The 
procedure is straightforward, and operators will have little trouble mastering it. The success of penetrant 
examination, like most other examination methods, depends on the visual acuity of the inspector.

Magnetic Particle Testing

It is a surface testing method for ferromagnetic materials that is used to reveal discontinuities in or 
immediately below the surface. Surface or near-surface discontinuities in ferromagnetic materials are 
located using this NDE method. Magnetic particle examination is based on the idea that a change in 
material continuity, such as a discontinuity that creates a magnetic field or flux leakage, will distort 
magnetic lines of force. A weldment can be magnetised by running an electric current across the weld 
region (direct magnetization) or by putting it in a magnetic field (indirect magnetization) (indirect mag-
netization). As a method of in-process evaluation, magnetic particle examination can be highly useful. 
Obtaining assurance of a sound weld before the weld is done may save money on final product repairs. 
Because of the portability of new lightweight equipment, in-process magnetic particle examination has 
become more popular. This benefit contributes in the reduction of production time. The MT technique 
is only applicable to ferromagnetic materials. Even if the welds themselves are sound, welded connec-
tions between metals with different magnetic properties can produce unnecessary magnetic particle 
indicators. After removing slag, spatter, and other contaminants, most weld surfaces are suitable for 
magnetic particle analysis.

Eddy Current Testing

It also known as inductive testing, is a technique for detecting discontinuities on or near the surface of 
electrically conductive materials. Testing must also follow established test procedures. Electromagnetic 
(Eddy current) examination (ET) is a non-destructive electromagnetic testing method in which tiny 
electrical currents are created in a material and any changes in the flow of these currents are detected 
by a nearby coil for further electronic processing and presentation.Eddy current techniques have also 
been used to determine the thickness of coatings and plating on various materials, as well as to measure 
conductivity, grain size, hardness, and thickness; to identify materials with different compositions, mi-
crostructures, magnetic permeability, and heat treatment conditions; and to determine the thickness of 
coatings and plating on various materials. An alternating current is passed through a coil located near 
the weld during eddy current investigations. The material is subjected to an alternating magnetic field 
created by the coil’s alternating current. Electrical currents (eddy currents) are created in the material by 
the alternating magnetic field in the weld.These eddy currents, which change in response to the magnetic 
field, generate their own magnetic field that interacts with the initial field. To identify any changes in this 
field interaction, the test coil, or in certain situations a second “pickup” coil, is electrically monitored. 
Weld discontinuities will change the amount and direction of the eddy currents, allowing the test signal 
to identify them. Depending on the equipment and application, the signal is shown on an analogue metre, 
digital metre, cathode ray tube (CRT), X-Y plotter, or strip chart recorder.
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Radiography

Internal volumetric discontinuities are primarily revealed through radiography. The thickness of the weld, 
which should not exceed 50 mm, limits the application of this technology. RT is a non-destructive evalu-
ation technique that uses radiation to penetrate a weld and disclose details about its internal state. When 
penetrating radiation strikes a weld, part of it is absorbed, some diffused, and some is delivered through 
the weld to a recording device. Exposures that record a permanent image on photographic film are utilised 
in the majority of traditional RT procedures today, however other image recording technologies are also 
used. The films are compared to the required degree of quality.X-ray machines and radioactive isotopes 
are two types of radiation sources used frequently in weld inspection. Portable, low-energy systems 
capable of radiographing relatively thin items to gigantic linear accelerators and betatrons capable of 
radiographing thick steel welds up to 500 mm (20 in.) of steel are all capable of producing X-radiation. 
Radioisotopes such as Cobalt 60 and Iridium 192 emit gamma radiation. Cobalt 60 can penetrate steel 
up to a thickness of around 125 mm (5 in.), whereas Iridium 192 can only penetrate steel up to about 
75 mm (3 in.). Various amounts of radiation are absorbed by different parts of the weld throughout the 
radiography process. The quantity of mass represented by the metal and the penetrating power (measured 
by the energy) of the radiation source are two essential elements that cause differential absorption rates. 
The mass of a metal is proportional to its thickness and density or composition. The X-ray machine’s 
instrument settings or the characteristic energy level and intensity of the particular isotope utilised for 
gamma radiography determine the radiation source’s penetrating power.The dark and light areas on the 
radiograph are caused by changes in absorption that occur throughout the exposure procedure.

Ultrasonic Examination (UT)

Internal plane discontinuities are best detected using ultrasonic testing. Ultrasonic examination (UT) is 
quickly becoming one of the most popular non-destructive testing techniques. Its main use is to discover 
and characterise internal discontinuities. It’s also utilised to spot surface flaws, characterise bond proper-
ties, and measure thickness. Welds are often examined using the pulse-echo method with A-scan data 
display. The examination information is shown on a cathode ray tube (CRT) or digital screen with this 
system.Probes, amplifiers, and other basic components of the pulse-echo method Surface and subsurface 
discontinuities are detected using high-frequency sound waves injected into the material. Sound waves 
are reflected at interfaces after losing some energy (attenuation) as they travel through the material. To 
identify the presence and location of discontinuities, the reflected sound beam is detected and evaluated. 
Longitudinal waves (straight beam) or shear waves are used to perform ultrasonic examinations (angle 
beam). Sound beams with angles of 0, 45, 60, and 70 degrees measured from a line perpendicular to the 
material surface are the most widely used frequencies, which range between 1 and 5 MHz. A straight beam 
search unit introduces sound in the form of ultrasonic vibrations into the part perpendicular (normal) to 
the entry surface in longitudinal beam testing (often used to analyse plate material). A back reflection 
appears on the display screen when the entry surface and the back surface are parallel. On the display 
screen, a discontinuity between the front and back surfaces will also be seen. A reference level can be 
established by measuring the height of the reflection on the display screen from a real or artificial dis-
continuity of a known size, allowing reflections from discontinuities of unknown sizes to be evaluated.
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KEY TERMS AND DEFINITIONS

Coalescence: Joining of two pieces of metal together by heating process.
Code: A set of rules and specifications for the correct methods and materials.
Defects: A size of discontinuity which is not accepted by code/standard.
Destructive Testing: Testing with destroying the component specimen.
Discontinuity: Deviation in the geometry/size.
Heat Affected Zone: Portion of metal structure affected by heating.
Magnetization: Induce magnetic field in longitudinal & transverse direction.
Non-Destructive Examination: Testing without destroying the component.
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Piping: System of pipes used to carry fluids from one place to another including flange, valve, 
instrument, supports, etc.

Solidification: The process of transformation of a liquid to a solid.
Standard: A set of procedure or system to perform the work.
Weldments: A component fabricated and assembled after welding operation.
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ABSTRACT

The two most significant and recently employed techniques in the reusable launch vehicle are compu-
tational fluid dynamics and additive fabrication. The design and flow simulation of the reentry capsule 
were done in this study utilizing computational fluid dynamics in order to optimize the appropriate re-
entry capsule design. Computational fluid dynamics may be utilized to model real-time supersonic flow 
during reentry, which aids in forecasting critical shock wave properties. The task was done in Mach 4.3. 
Furthermore, as compared to prior efforts, the production of shock waves has been delayed in the cur-
rent experiments. It should be mentioned that the current aerospace sector takes advantage of additive 
printing to create prototypes for testing reentry launch vehicles. Additive manufacturing is a recently 
used technique in the reentry launch vehicle. The space industry has been progressively utilizing additive 
manufacturing in their production in order to optimize their processes and manufacture components 
that are not achievable with traditional manufacturing methods.
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INTRODUCTION

Computational fluid dynamics has long been used in the aerospace industry. Additive Manufacturing 
(AM) has also emerged as a critical technology in aircraft applications. Many businesses are utilising this 
technology to create components for launch vehicles and satellites that are lighter and less costly when 
compared to traditional manufacturing processes. Rocket makers have embraced 3D printing because it 
is a faster and more cost-effective method owing to the reduction in human labour. It also allows for the 
rapid modification of vehicle designs. In the realm of aeronautical engineering, additive manufactur-
ing has an exponential growth prospect (Schiller G. J. 2015). Topology optimization, or determining 
which features make a component optimum, is the most difficult element of this procedure. Topology 
optimization is used to minimise the bulk of a spacecraft component. The Federal Aviation Administra-
tion (FAA) is assisting in the development of additive manufacturing by implementing regulations for 
certification, production, and maintenance. A FAA team has created a draught Additive Manufacturing 
Strategic Roadmap that outlines the expansion of additive manufacturing through education and research 
and development. FAA has immediate requirement for an AM certification path. The fuel nozzle was 
handled as a point solution, and applicants are starting to seek approval for AM parts. The FAA usually 
uses American Society for Materials (ASM) guidelines to determine whether a plane is safe to fly. Those 
standards are being developed, but they are currently unavailable. Advocating the creation of a National 
Additive Manufacturing Roadmap in collaboration (Sun et al 2018). Methodologies for determining 
durability and damage tolerance are emphasised. Wright-Patterson main concerns were reliability and 
safety. In high-volume production scenarios, AM parts must be repeatable. Extensive in collaboration 
and characterise the variability of Ti-6Al-4V. The electron beam powder bed procedure is a technique 
that uses an electron beam to create a powder bed.

A launch vehicle’s stages and payload bay, which houses the payload, payload adapter, avionics, 
and fairing, make up the vehicle. The propellant tanks, inter tank, inter stage, thrust frame, methods to 
separate itself from the upper stage or payload, engine(s), thrust-vector control (TVC) system, and propel-
lants are all part of each stage’s structure. The reusable launch vehicle optimization tool is a framework 
for creating a new virtual launch vehicle based on mission-level factors including payload mass and 
delta-v needs. Based on these requirements, the framework assembles a full rocket and calculates the 
characteristics of all internal subsystems (e.g., fuel tanks) based on the projected loads. The tool can 
select from a variety of propellant combinations, a variable number of stages, and various engines per 
stage, in general. The launch vehicle’s first stage could be reusable and land through retro propulsive 
landing. The general programme flow is described in the first part of the next section, with an emphasis 
on a two-stage partially reusable launch vehicle. The second section uses a genetic algorithm to discover 
the best launch vehicle configuration for given mission criteria and restrictions. The same method had 
previously been used to investigate various engine cycles.

Additive Manufacturing (AM) technology will be used selectively by established companies with 
large launch vehicles, and a greater percentage of the vehicle’s components will be made using this 
technology. With small and medium satellite launchers, New Space companies will be more daring 
and innovative, to the point of almost making the entire vehicle out of the technology. Costs and lead 
times will be reduced to new lows, and the vehicles will be more reliable as a result. In order to remain 
competitive, companies that do not make use of this technology risk falling behind their more techno-
logically advanced competitors.
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General aviation, commercial and military aircraft, missiles, satellites and space launch and in-space 
systems are part of the aerospace industry. Aerospace sector revenue will fall from $342.2 billion in 
2019 to $298 billion in 2020 as a result of the recent COVID-19 pandemic. Restrictions on commercial 
aviation during the ongoing COVID-19 pandemic were a primary factor in this decline. As a result of 
this, the aerospace industry is forecasted to grow to $430.87 billion in revenue in 2025. Increased global 
military spending, high market activity in the space sector and extensive research and development have 
all contributed to this growth, which is expected to continue for many years to come.

Functional performance, lead time reduction, lightweighting, complexity, cost management and 
sustainment are all intertwined in aerospace manufacturing. In order to come up with the best possible 
design solution, each of these objectives must be taken into account in its entirety. In terms of relative 
importance, these goals will vary depending on the specific aerospace application, but in general, they 
can be summarised as:

1.  Safety-critical components must be delivered in small production volumes with a relatively tight 
delivery schedule for the aerospace sector. Consequently, lead time reduction in the aerospace 
sector is extremely important because it facilitates product certification and allows for the design 
of high value components to remain flexible.

2.  The performance of aerospace structures can be improved through the use of lighter materials. As 
a result, reducing the mass of an aerospace system has a direct correlation to improving economic 
and technical performance, including lower fuel costs, lower emissions, increased payload capacity, 
and longer range.

3.  Economic constraints limit the scope of lightweighting, since only a limited amount of money can 
be allocated to specific design goals. These three objectives are intertwined and the allowable sys-
tem cost generally rises for solutions that achieve lightweighting or lead time reduction objectives. 
There are numerous ways in which a company can save money by reducing the risk associated with 
certification and maintenance.

4.  Regulatory bodies must be convinced that AM systems are well understood and can be designed 
and inspected in a repeatable manner so that reliability and safety expectations can be met. This is a 
major challenge for metal additive manufacturing (AM) applications in aerospace Depending on the 
level of criticality of the proposed AM system, these certification requirements vary. Conventional 
manufacturing standards must be integrated with newer, emerging standards for additive manufac-
turing (AM).

5.  Maintaining aerospace structures can be a significant challenge due to their high complexity and 
low volume. Part availability for ageing aircraft, remanufacturing and repair, and the re-certification 
of existing aircraft for alternate uses are some of the challenges faced by the aviation industry.

6.  Systems and subsystems are often composed of hundreds, or even thousands of parts, all of which 
work together to achieve a desired functional performance in a given environment. It’s not uncom-
mon for a plane’s entire flight system to have millions of components. These components have 
a high level of complexity in order to provide functional performance (structural, flow, thermal, 
reliability, durability, compatibility, etc.) as well as a weight reduction.

As a result of the constant effort to reduce costs, lead times, and the mass of flight components, 
high-performance materials and increasingly complex designs are being used in increasingly complex 
designs. To meet commercial or mission requirements, this must be done at a reasonable cost and in a 
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timely manner. However, AM has had a profound impact on design and manufacturing for many decades, 
and will continue to do so for many more years to come. AM’s digital transformation, dubbed “Industry 
4.0,” is expected to boost the aerospace sector’s market to $3.187 billion by 2025, growing at a CAGR 
of 20.24% on average.

Complex parts previously unmanufacturable can be improved by incorporating internal features like 
conformal cooling channels on combustion chambers or turbine blades, for example, using optimization 
techniques for mechanical, thermal and other design approaches. Aerospace applications are increas-
ingly turning to additive manufacturing (AM) due to its ability to produce parts in a fraction of the time 
required by traditional methods.

AEROSPACE INDUSTRY ADDITIVE MANUFACTURING

Functional performance, lead time reduction, light weighting, complexity, cost management, and sus-
tainment are all interacting technical and economic objectives in the aircraft industry. Each of these 
goals has a strong relationship with the others, thus concerns from each component must be carefully 
addressed when choosing the best design solution. Although the relative relevance of these objectives 
varies depending on the individual aerospace application, they can be summarised as follows:

• The aerospace industry necessitates the supply of safety-critical components in small production 
volumes with a reasonably rigid delivery schedule in order for them to function in their intended 
environment (functional performance). As a result, lead time reduction is extremely important in 
the aerospace industry, as it allows for speedy product certification while maintaining design flex-
ibility for high-value components.

• The technical and economic performance of aircraft structures is influenced by their weight. 
Aerospace structures’ technical performance and permitted mission-defined payload are physical-
ly constrained, which means that reducing system mass leads to improved economic and technical 
performance, such as lower fuel costs, lower emissions, greater payloads, and increased range.

• The economic limits of cost management, in which a defined financial resource is available for 
a specific design purpose, temper the light weighting goal. Cost management, light weighting, 
and lead time reduction goals are all intertwined, with the permissible system cost increasing for 
solutions that meet light weighting or lead time reduction goals. Cost management encompasses 
all elements of component use, including certification and maintenance, as well as cost-saving 
options provided by lower certification risk.

• The hurdle of certification, which requires regulatory bodies to be confident that metal additive 
manufacturing (AM) systems are fundamentally well understood and can be repeatable designed 
and inspected in order to meet reliability and safety expectations, is a critical challenge for metal 
additive manufacturing (AM) applications in aerospace. These certification requirements differ 
depending on whether the proposed AM system is safety-critical, mission-critical, or otherwise. 
Practical certification necessitates alignment with both existing and emerging standards for tradi-
tional manufacturing and additive manufacturing processes.

• Aerospace structures are often high-complexity, low-volume systems, and the challenges of long-
term maintenance can be significant. Part availability for ageing aircraft, remanufacture and re-
pair, and re-certification of existing aircraft for alternate applications are all issues in maintenance.
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• Designing systems and subsystems with hundreds or thousands of elements to achieve the desired 
functional performance in the intended environment is inherently complex. These systems are 
integrated into the overall flight system, which can have millions of parts. The complexity of these 
components is high to allow for both functional performance (structural, flow, thermal, reliability, 
durability, compatibility, and so on) and weight reduction.

High-performance materials are utilised with increasingly complicated designs in the quest to in-
crease efficiency continually through cost, lead time reduction, and attempts to reduce the bulk of flight 
components (Fujimoto et al 2018). To meet commercial orders or mission criteria, this must be done at 
a reasonable cost and on time. Traditional manufacturing technologies and tactics have been established 
over decades to meet these aerospace design objectives for a variety of application types; however, addi-
tive manufacturing is having and will continue to have a significant impact on design and manufacture. 
With a compound annual growth rate (CAGR) of 20.24 percent, this AM digital transformation, also 
known as Industry 5.0, will raise the aerospace sector’s market size to $3.187 billion by 2025. Over 
the last decade, research into additive manufacturing in aerospace has grown at an exponential rate. 1 
Aside from scholarly publications, there is a wealth of relevant material in the form of technical papers, 
popular literature, and publicity articles from commercial aerospace suppliers, with technical specifics 
occasionally withheld for business reasons.

The aerospace sector has benefited greatly from the use of additive manufacturing, particularly in 
the production of launch vehicles and satellites. Because of the intricacy of geometry and size of some 
components, manufacturing aircraft components has always been a difficult process (Chen et al 2015). 
Manufacturing and machining such complicated components using traditional methods like casting and 
forging has increased not only the cost and time of production but also the raw material usage. Because 
of its various advantages, the use of additive manufacturing for complicated components such as those of 
launch vehicles has proved advantageous. The laser sintering method reduces weight by 40 to 60 percent. 
Every gram of weight saved in the production of aircraft components saves aerospace firms hundreds of 
dollars. Vehicle component weight reduction has also resulted in decreased fuel usage and, as a result, 
fewer carbon dioxide emissions. The usage of additive manufacturing in the fabrication of aeroplane 
parts has been used by prominent aerospace manufacturers. Norsk Titanium 3D printed components 
have been placed on the Boeing 787 Dreamliner. Airbus Defence and Space creates 3D printed satellite 
components for the International Space Station.

Figure 1. Examples of large scale directed energy deposition integral channel nozzle1.52 m diameter 
and 1.78 m height with NASA HR-1 alloy nozzle
(Courtesy: NASA)
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Space Industry is aiming for future additive expansion and increased production rates. The new 
Additive Manufacturing (AM) in particular has been anticipated to assist all AM teams in focusing on 
design simplification and subassembly consolidation. The goal is to improve scheduling, output, quality 
defect elimination, cost reduction, and technician-led safety efforts. Figure 1. Examples of Large Scale 
Directed Energy Deposition integral channel nozzle. Guarantee in terms of printing optimization, notably 
in terms of zero machine downtime, as well as effective and speedy post-processing, highlights the fact 
that Space Industry is looking at significant production through AM (Hollis Borrelli 2012). The Additive 
Manufacturing job has been keep in progress to a minimum while ensuring that all internal AM teams 
have sufficient consumables on hand (Natarajan et al 2013).

REUSABLE LAUNCH VEHICLE

The creation of reusable launch vehicles is one of the accomplishments in the area of Aerospace Tech-
nology as shown in Figure 2. Aerodynamic heating and high structural stresses are the two primary 
problems that a reusable launch vehicle faces during re-entry (Kaushikh et al 2018). During the reentry 
phase, the vehicle is protected by an effective heat shield. The vehicle’s form and aerodynamics are criti-
cal in decreasing aerodynamic heating. Good mono-stability qualities are another key feature that the 
reentry vehicle. The mono stability properties of the reentry capsule have been improved utilising flap 
and strake. (Rose et al., 2014) have investigated the aerodynamic characterisation of reentry vehicles in 

Table 1. Detailed literature survey on additive manufacturing and its potential applications

Authors Inference Application Areas Year

Godec M.,et al. For future space applications, hybrid additive manufacturing of 
Inconel 718 is needed. Spacecraft 2021

D’Emilia G.,et al. Selective laser melting: a case study of an aerospace part’s 
uncertainty assessment. Aerospace, Case Study 2020

Fereiduni E., Ghasemi A., 
Elbestawi M.

Aerospace industry applications for selective laser melting of 
aluminium and titanium matrix composites. Aerospace 2020

Gao L.,et al.
Manufacturing Process and Properties of 5356 Aluminum Alloy 
Rocket Booster Module Transition End Frame are examined in 
this study.

Rocket 2020

Gu D.,et al. Metal Aerospace Components Produced by Laser Additive 
Manufacturing. Aerospace 2020

Hehr, A.,et al. Ultrasonic Additive Manufacturing Liquid Cold Plate Heat 
Exchangers Hot Isostatic Pressed. Case Study, Heat Transfer 2020

Kuntanapreeda S., Hess D. Increasing the use of 3D printing in the design and production of 
launch vehicles. Spacecraft, Design 2020

Oyesola M.O.,et al. Maintenance repair overhaul in the aerospace industry can now 
be supported by a hybrid-additive manufacturing cost model. Aerospace, Repair 2020

Shi G.,et al.,
Thermo-elastic topology optimization was used to design 
an aerospace bracket that was manufactured using additive 
manufacturing.

Aerospace, Design, 
Topology Optimization 2020

Stolt R., Elgh F. A new design for selective laser melting is being introduced in 
the aerospace industry. Aerospace, Design 2020
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hypersonic flow conditions using both computational fluid dynamics and numerical techniques. Aero-
dynamic heating occurs during the reentry phase as a result of air friction on the vehicle’s surface. The 
reentry vehicles have ideally blunt bodies, resulting in bow shock at supersonic speeds.

These bow shocks aid in the dissipation of heat generated by friction into the surrounding environ-
ment. The Apollo Command Module’s reentry aerodynamics and heat transfer rates must be thoroughly 
examined. Used a computer approach to forecast supersonic heating of reentry capsules. The propaga-
tion of sound pressure is another important parameter that has been measured during vehicle reentry. 
The prediction of the reentry vehicle’s aero acoustics aids in mitigating structural vibrations caused by 
sound wave propagation (Murugan et al 2021).

An increasing number of manufacturers are turning to additive manufacturing, or 3D printing, as it’s 
more commonly known. Companies in the space industry are taking advantage of this technology in 
novel ways to gain a competitive edge. When it comes to making highly customised parts for the space 
industry, additive manufacturing (AM) is ideal.

Building components by depositing material layer by layer using digital 3D design data is known as 
additive manufacturing. Subtractive manufacturing, on the other hand, utilises CNC machines to remove 
material from a solid block before reassembling it. When it comes to printing, subtractive techniques 
like milling and additive deposition can be combined in a hybrid printer.

There is less labour, more automation, and a shorter time to manufacture components with 3D 
printing, which is why it is becoming increasingly popular. There are some cases where the reduction 
in manufacturing lead times can be more than 50 percent. For space launch vehicles, AM reduces the 
weight of components, thereby increasing payload capacity. AM reduces the number of parts in a sys-
tem, which increases the system’s overall reliability. There are fewer issues to deal with because there 
are fewer parts to put together. Since printing is more automated, labor-related issues have decreased 
significantly. Supplier management is also simplified because there are fewer suppliers. Manufacturing 
costs and lead times are reduced as a result of these changes.

Figure 2. Orion CEV crew module
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Directed energy deposition (DED) and powder bed fusion (PBF) are two of the seven process cat-
egories included in the international standard ISO/ASTM 52900 for additive manufacturing, both of 
which allow for the production of metal components with near-full density. Due to the fact that many of 
these processes are still in the early stages of development, they are not discussed in detail (TRL). An 
overview of the processes, resulting structure/microstructure and properties of manufactured metals is 
presented in. Because of its fine feature sizes and large build volumes, L-PBF (laser powder bed fusion) 
is becoming more popular in the industry. When the manufacturing process is optimised, the resulting 
components can have mechanical properties that are superior to those of conventionally produced goods.

Design for additive manufacturing: four essential principles Rocket nozzles can be made using ad-
ditive manufacturing. These are:

1.  Design for the correct additive manufacturing process
2.  Design for minimal material usage
3.  Design for improved functionality
4.  Design for part consolidation

ANALYSIS AND DESIGN

Through the use of high-speed, computer-based computational fluid dynamics analytical tools, precise 
determination of flow-induced pressure and temperature loads can be achieved well before real hardware 
testing. The flow of fluids and gases may be properly modelled using CFD techniques, and designs can 
be created in an electronic three-dimensional computer-aided design format. These kinds of computer-
based simulations may be completed so quickly that designs can be altered in real time, even before 
the hardware is built. CFD techniques are being successfully used as diagnostic tools to provide insight 
into existing rocket engine components and to develop optimum designs of liquid rocket engine pump 
components such as impellers, diffuser vanes, and shrouds; turbine components such as turbine blades, 
turbine staging, volutes, and turbine wheels; and launch vehicle base thermal protection configurations.

The geometry of the Crew Exploration Vehicle (CEV) to forecast the performance of the reentry 
capsule in this work. The CFD study was done because experimental prediction using a wind tunnel is 
not only expensive but also takes a long time, whereas supersonic flow can be reproduced in the test 
section in a matter of seconds. (Anderson, 2006) documented the problems associated with hypersonic 
vehicles. Figure 3 shows the geometry generated using ANSYS and carefully meshed with triangular and 
quad components. The reentry capsule’s boundary conditions were anticipated to be at 15 km altitude 
above mean sea level, with a gauge pressure of 12043 Pa and a temperature of 205.65. The analysis is 
performed at Mach 4.3 supersonic speed. For the specified flow parameters, the shock wave development 
over the reentry capsule is also modelled. Under the gradient criterion, the Least Squares cell-based 
technique is employed in the solution methods to get a linearly changing solution. The courant number, 
which controls the time step throughout the flow, is set to 5.
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OUTCOMES AND DISCUSSION

The CFD simulation of the CEV at Mach 4.3 produced a variety of findings, including the contours of 
static temperature, coefficient of pressure, and velocity shown in figures 4 and 5. The creation of a bow 
shock at the front of the vehicle can be seen due to the CEV’s blunt design. NASA is collaborating with 
Aerojet Rocketdyne to enhance 3D printing and metal additive manufacturing technology for liquid 
rocket engines in landers and on-orbit stages/spacecraft. The RDT team at NASA’s Marshall Space 
Flight Centre in Huntsville, Alabama, is designing and manufacturing innovative and lightweight com-
bustion chambers, nozzles, and injectors that will incorporate automated robotic deposition 3D-printing 
technologies such as cold spray deposition, laser wire direct closeout, laser powder bed fusion, and laser 
powder directed encapsulation (Liu et al 2015). Through hot fire testing, the goal is to enhance these 
processes utilising weight-optimized materials to demonstrate operability, performance, and reusability. 
The flow characteristics behind the shock wave change as a result of the bow shock. Figure 4 shows that 
the static temperature and pressure coefficient behind the shock wave have increased dramatically, but 
velocity has decreased substantially. The static temperature close to the capsule’s walls has risen from 
205K to 1220K as a result of shock wave generation. The front and back surfaces of the capsule reached 
a maximum static temperature of 1220K. A tiny fraction of the flow in front of the capsule has a pressure 
coefficient of 6.35e+06, but the majority of the flow in the frontal area has pressure coefficients ranging 
from 300e+06 to 500e+06.

Figure 3. CEV geometry and meshing for simulation

Figure 4. Static temperature and pressure coefficient contours at Mach 4.3
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Figure 5 depicts the velocity contours at stagnation velocity situation near to the CEV’s wall. Fur-
thermore, the flow towards the front of the capsule has slowed to velocities ranging from 215m/s to 
574m/s. The flow begins to increase after a certain distance behind the capsule, which might be due to 
the tapering shape of the CEV.

The graphs in Figure 6 illustrate how the Mach number and static temperature change with the loca-
tion of the CEV. As previously stated, the Mach number is near to zero at the frontal position due to 
stagnation circumstances and is observed to slowly grow over the surface of the capsule. The highest 
static temperature has been displayed at the capsule’s upstream and downstream positions. The abrupt 
drop in static temperature at the -1 location is caused by flow separation at that point of the capsule. 
The book Hypersonic and high-temperature gas dynamics by (Anderson, 2006) has been used in this 
research for data references for high speed flow.

Figure 5. Velocity contours at Mach 4.3

Figure 6. Plots of the CEV’s position versus Mach number and static temperature
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The use of computer-based computational fluid dynamics methods will help construct dependable, 
high-performance designs of space launch vehicles and their components, as well as eliminate preliminary 
development testing. CFD can be used to mimic anomalies that occur in actual space vehicle testing or 
flights to better understand the anomalies and how to remedy them, in addition to design verification 
and optimization. As a result, the space ship and propulsion system are more reliable and trouble-free.

CONCLUSION

The launch vehicle may be improved using Computational Fluid Dynamics, and the Additive Manu-
facturing method can be used in the manufacturing sector of Aerospace engineering due to its amazing 
benefits. The use of additive manufacturing techniques in the fabrication of reusable launch vehicles can 
be used only when the geometry and design have been thoroughly optimised using Computational Fluid 
Dynamics. Because physical modelling of supersonic and hypersonic flows in wind tunnels can only be 
done for extremely brief periods of time, computational flow simulation is the best option. Based on the 
research, we can determine that the material used to construct the reusable launch vehicle should be able 
to resist temperatures over 1220K and have high structural stability. Furthermore, additive manufacturing 
may be used to create the components of a reusable launch vehicle.
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ABSTRACT

The additive manufacturing process denotes modern manufacturing technologies that create a practical 
model from digital data. These days, the 3D (three-dimensional) printing technology signifies a great 
prospect to support medicinal and healthcare firms to produce new definite medicines, allowing quick 
manufacture of medicinal transplants, and moving the approach that specializes surgeon and physician 
strategy measures. For example, currently, in the practice of modern medical treatment, patient-specific 
anatomical models (3D-printed) are used. Soon, functional implantable organs by 3D (three-dimensional) 
printed process will possibly be offered, decreasing the queue time and growing the total of lives pro-
tected. This modern manufacturing technology for healthcare and medical is still required to a great 
extent of work in development; however, it is applied in numerous dissimilar habits in a medicinal and 
therapeutic area that previously reeled below a huge burden concerning optimum presentation.
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INTRODUCTION

The additive manufacturing process is basically a rapid prototyping procedure, which is also denoted 
as a three-dimensional (3D) fabrication or printing process (Phan et al., 2016) (Mondschein t al., 2017) 
(Salmi et al., 2013). Additive manufacturing is also known as the layer by layer process, which procedures 
a CAD (Computer-Aided Design) model to three-dimensional print desire objects (Kholgh et al., 2020) 
(Barua et al., 2019) (Bigham et al., 2020). Figure 1 shows the application of additive manufacturing 
in health care and biomedical engineering field. Additive manufacturing is appropriate to manufacture 
complex designs with tough to desire geometrical considerations from different materials like metals, 
ceramics, and polymers (Salmi et al., 2013) (Youssef et al., 2017). Furthermore, additive manufacturing 
products are comparatively cost-efficient and appropriate for customizing variation (Zhu et al., 2016) 
(Fantino et al., 2016).

The additive manufacturing technology was primarily familiarized in the 1980s and had been veri-
fied in miscellaneous medical and healthcare or therapeutic uses, which contains in different biomedical 
areas, the scaffolds for tissue engineering of 3D bio-printing methods, research laboratory amenities, 
and treatment as well as drug delivery methods (Youssef et al., 2017) (Rastogi et al., 2019) (Simpson 
et al., 2008) (Diment et al., 2017). Additionally, additive manufacturing is engaged to desire healthcare 
strategies and medicines and to spread them to organic tissues to distinguish beneficial reactions (Whitley 
et al., 2017). Additive manufacturing practices imaging file arrangements as the geometric descriptions 

Figure 1. Application of additive manufacturing in biomedical field
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to the model of three-dimensional profiles by several software for accurate uses and allows surgeons to 
make functioning models for design and operating replications (Dahake et al., 2020). Furthermore, the 
replicas can be applied to clarify precarious and difficult surgical techniques to patients and their rela-
tives. Figure 2 shows the workflow of additive manufacturing in modern biomedical area. A different 
therapeutic presentation of additive manufacturing is anatomic customization for splint, orthosis, and 
prostheses (Moreno et al., 2019) (Yuan et al., 2017).

These uses are typically externally applied and non-invasive. Another use of additive manufactur-
ing technologies is for manufacturing hardware and devices for healthcare instruments with the aim of 
enhancing new abilities or refining their proficiency. These kinds of uses are someway in interaction 
with bio-fluids or some tissues because of their precise uses (Yahya et al., 2020). The other additive 
manufacturing application is in bio-engineering implants. As implants are planned for long time usage, 
they are implanted in the patients’ body and are formed by either straight like hip implant, dental im-
plant or indirect additive manufacturing techniques like tissue scaffold. The latest additive manufactur-
ing techniques in the medicinal or biomedical field are recognized as bio-manufacturing which allows 
additive manufacturing techniques of culture media (Jammalamadaka et al., 2018) (Gopinathan et al., 
2018) (Nam et al., 2018) (He et al., 2016). The uses at this time are biocompatible configurations for 
example tissue scaffolds are applied for cell culture-oriented with a defensive act in contrast to outer 
forces (Derakhshanfar et al., 2018). Through an extensive variety of investigations that has been issued 
in the additive manufacturing area, the absence of application-based perceptions in the categorizing of 
additive manufacturing technologies in the biomedical and tissue engineering field is noticed. Therefore, 
the current chapter objectives to arrange for a summary of the present additive manufacturing develop-
ments along with the upcoming trend of these manufacturing techniques in healthcare and biomedical 
engineering. Plans and milestones of additive manufacturing technology especially three-dimensional (3D) 
printing in medical and healthcare above the former two periods are taken in Figure 3. One appropriate 
feature of additive manufacturing technology is healthcare modeling for the research and teaching of 
medical practitioners for instance pre-planning and post-planning (Tuomi et al., 2014) (Cui et al., 2020).

Figure 2. Workflow of additive manufacturing
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METHODS OF ADDITIVE MANUFACTURING TECHNOLOGY

Additive manufacturing is a modern technique as it thrusts the frontline of engineering especially in the 
manufacturing sector to an innovative strategy outlook, for example, the aptitude to profile geometries 
or structures that cannot be designed with any further conventional method (Lv et al., 2021) (Panter-
mehl et al., 2021). Additive manufacturing has nowadays exposed fruitful uses in numerous areas, for 
instance, the biomedical area in which it delivers a comparatively rapid and real technique to explain 
even difficult medicinal cases (Xie et al., 2020). From this viewpoint, the intention of this chapter is to 
demonstrate the additive manufacturing techniques presently applied in the biomedical area and their aids 
in consort with existing. The analysis highlights changes in procedures, resources, and strategy of this 
manufacturing technology applied in biomedical uses (Sigaux et al., 2019) (Jessop et al., 2017). Positive 
case reports are offered to highlight the potentiality of additive manufacturing methods. Currently, ad-
ditive manufacturing methods that are now applied for medical uses can be categorized into two groups 
allowing to the raw material, i.e. metal-based like EMB (Electron Beam Melting), LPBF (Laser Powder 
Bed Fusion) and non-metal like SLA (Stereolithography), SLS (Selective Laser Sintering) FDM (Fused 
deposition modeling), 3D Bio-printing (Ingole et al., 2009) (Frazier et al., 2014) (Ataee et al., 2017).

3D (Three-Dimensional) Printing

Among the dissimilar manufacturing approaches that are currently recognized by the manufacturing 
companies, the 3D (Three-dimensional) printing process is also an additive manufacturing technique 
(Kessler et al., 2020). It is a procedure from side to side in which a 3D solid item, almost of several 
forms, is created beginning from digital data. Biomedical three-dimensional printing was formerly a 
motivating technique (Tarassoli et al., 2018) (Manita et al., 2021). This knowledge has numerous uses, 
and the fastest increasing advance in the biomedical area has been indicted by the beginning of the 
three-dimensional printing techniques itself (Tan et al., 2021). The advance of the three-dimensional 
geometry through the treating of the data images coming from an MRI/CT scan (Calusi et al., 2021), the 
optimization of the data for the practical printing (Paštyková et al., 2018), and the suitable selection of 

Figure 3. Milestones of additive manufacturing technology till date
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the three-dimensional printer and associate materials also. This data signifies the direction for the fol-
lowing fabrication, “slicing” that basically a computer design object into cross-sections. This design is 
then referred to as a three-dimensional printer machine, which fabrications the objective by beginning at 
the initial layer and structure a sequence of layers on the upper till the item is fabricated by the materials 
that are required for its arrangement (Kessler et al., 2020). Finally, the desired model (patient-specific) is 
fabricated from MRI/CT imaging data (Parr et al., 2019). In this technique, additive manufacturing has 
the prospective to considerably advance the investigation information and the abilities of the upcoming 
surgeons, the connection between surgeon and patient, growing the level of acceptance of the disease 
and treatment procedures (Brito etal., 2016). These days, various printing materials and methods are 
available so as to superior mimic the patient’s anatomy (do Ó Silva et al., 2017). Several printing materi-
als are inflexible and for that reason not optimal for elasticity and flexibility, nothing like living tissue. 
Therefore, there are currently resources capable of solving the gap between the actual anatomy and the 
replicated one, particularly making an allowance for the soft tissue. The additive manufacturing in the 
healthcare and biomedical area and strategy requirements to consider external the standard for altering 
the modern medical system (Marti et al., 2019) (Tam et al., 2018).

FDM (Fused Deposition Modeling)

Fused deposition modeling is an additive manufacturing procedure that is appropriate to the material 
extrusion group (Mwema et al., 2020) (Dey et al., 2019). Fused deposition modeling printers construct 
the objects layer-by-layer applying a polymer filament (basically thermoplastic) which is heated by a 
hot extruder and makes them a liquid material (Figure 4), after then the liquid material is deposited on 
the surface of the printing bed in consort with a computer-controlled route (Minetota et al., 2018). The 
fused deposition modeling filaments are divided into two regular dimensions with a diameter of 2.85 mm 
and 1.75 mm (León-Cabezas et al., 2017) (Podroužek et al., 2019) (León-Cabezas et al., 2017).

As per the extrusion nozzle size, the layer width can differ from nearby 50-500 μm (Podroužek et al., 
2019). Though for all additive manufacturing technology, the appropriate accuracy of printing always 
depends on the smaller thickness of the layer (Pérez et al., 2018) (Espalin et al., 2010). Currently, multiple 
extruders-based 3D printers are used widely; the extruders are combined with dissimilar materials like 
flexible or rigid material; or multiple colors in the different layers or single layer (Placone et al., 2018). 
At present, ABS or acrylonitrile butadiene styrene and PLA or Polylactic acid are the most common two 
thermoplastic materials used in the fused deposition modeling process (Wickramasinghe et al., 2020). 
All of these materials have good biodegradable and biocompatibility characteristics, and therefore, all 
these materials are broadly applied for biomedical and medicinal applications (Yang et al., 2020). These 
biomaterials allow manufacturers of modern biomedical devices to trust the fused deposition modeling 
procedure to make the devices that can be used securely for medical trials (Ritzen et al., 2021) (Tan et 
al., 2018) (Nashed et al., 2021).

SLS (Selective Laser Sintering)

This additive manufacturing process is such a procedure where the powder-type materials (polymer) are 
applied as a raw material for forming to fabricate the new elements (Lahtinen et al., 2019) (Harada et al., 
2020). In the selective laser sintering procedure, basically, a laser is applied on the powder bed to make 
the structure of the object (Oyar et al., 2017) (Chang et al., 2017) (Goguta et al., 2020). Then another 
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powder layer is applied and this same process is repeated again and this continues till the final structure 
is formed (Figure 5). The raw materials used in this process are ceramic, polymer, (Zhao et al., 2018) 
(Fina et al., 2018) etc. As the SLS method have some restriction due to the accuracy of the laser and 
the grain quality of powder material, therefore it is possible to make mostly in complexity and fragile 
objects with this type of fabrication method (Lahtinen et al., 2019) (Mazzoli et al., 2013).

Bio-Printing Process

3D (Three-dimensional) bio-printing technology is one of the most advanced technologies which is 
applied in a biomedical application specifically in tissue engineering and regenerative medicine (Vijay-
avenkataraman et al., 2018) (Mandrycky et al., 2016). This technology has an enormous future for the 
chance in forthcoming medicinal and surgical treatment. Figure 6 shows the bio-printing process. Ini-
tially, particular data of organs as well as tissue is gathered for creating the particular replica. With help 
of the server, the desired model transfers the data into the electrical signal for monitoring the 3D printer 
to print the model, though, the 3D printer must have the capability to withstand the cell sustainability 
throughout the process of fabrication period. Usually, normal tissue is a grouping of numerous varieties 
of cells and similarly, the cells are varied with several ingredients for modified fabrication (Heinrich et 
al., 2019). Presently, the hard tissues are printed with different types of biomaterial with cells and applied 
for medicinal trials. In the future, bio-printer also be capable to create vital organs for restructuring and 
repairing the damaged body area, also to make some valuable medicine screening, tissue engineering, 
and biomedical investigation. Furthermore, bio-printing can be applied for adapted treatment which 

Figure 4. Fused deposition modeling (FDM) process
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will support to decrease the budget of treatment. Biocompatible and biodegradable materials are joined 
with this bio-printing technology to reduce the irreconcilability affected by materials (Dey et al., 2020).

Figure 5. Selective laser sintering (SLS) process

Figure 6. Cell bio-printing process
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HEALTHCARE AND BIOMEDICAL APPLICATIONS

3D (Three-dimensional) printing process has been considered by specialists and surgeons to make an 
inclusive range of medicinal uses (Jovic et al., 2020). The patient-specific prosthesis or anatomical parts, 
and implantations can be exactly fabricated by a 3D printing technique. The high acceptance shows the 
use of this manufacturing technology in the biomedical and healthcare field (Cui et al., 2018). Associating 
to traditional manufacturing approaches of biomedical or healthcare procedures, for example, injection 
molding or CNC (Computer Numerical Controlled) machining (Kim et al., 2019), additive manufactur-
ing technologies are deliberate in specific cases (Lee et al., 2018), though skillful of making substances 
by CAD (Computer-Aided Design) software with difficult geometric object and multi-functionality, for 
example, bio-printing (Mandrycky et al., 2016). It was stated that nearly every day twenty patients ex-
pire worldwide whereas waiting for the organs transplantation (Peng et al., 2017). Improvements in this 
type of additive manufacturing techniques led to the increase of bio-printers in such a way, which has 
the capability of fabrication of organs and stem cells (Barua et al., 2019). The procedure of bio-printing 
combining with live cells is known as three-dimensional cell printing, and the bioink is used as a feed-
stock (Tam et al., 2018). Basically, the bio-inks contain living cells with a carrier, which is generally 
biomaterial or hydrogel. The hydrogel materials can be natural, synthetic, or synthetic-natural mixtures.

Figure 7. 3D printed objects: a. 3D printed nose (alginate–chitosan hydrogel) (Liu et al., 2018); b. native 
anatomic and axisymmetric aortic valve (PEG-diacrylate hydrogels) (Hockaday et al., 2012); c. vascular 
structures (alginate) (Tabriz et al., 2015); d. artificial trachea scaffolds (PCL) (Park et al., 2018)
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Though the bioink contain living cells, it is assumed that the bio-fabricated structures will be capable 
to make the growth factors, vasculature, and enhanced incorporate with the host tissues (Mandrycky et 
al., 2016). Though, due to the existence of live cells in the injected objects, more trials must be required 
in the bioprinting associating to conventional additive manufacturing techniques (Gao et al., 2018). 
The area of tissue engineering displays an important character in biocompatible implant fabrication to 
replace injured or damaged tissues. The main principle of tissue engineering turns around the linking 
with living cells, biocompatible materials, and different growth factors to make implants that support 
typical tissue development during the planned hypothesis (Gul et al., 2019) (Rider et al., 2018). Figure 7 
shows the 3D printed items fabricated by different additive manufacturing methods. Bio-printing has an 
appropriate fit into biomedical and tissue engineering, permitting for fabrication of Three-dimensional 
printed replicas which can imitate the connective tissues’ tiny network (Hann et al., 2019).

In-vitro uses of tissue engineering have approached for the advance of functional physical models on 
behalf of tissue-like humanoid and physical microenvironments for further clinically valid analysis (Liaw 
et al., 2017). Using good functional, compositional and practical match to the host material, bio-printed 
three-dimensional replicas can be applied to conduct trials in an In-vivo like functional environment (Kim 
et al, 2018). Table 1 shows the furthermost active additive manufacturing techniques. Modern research 
determinations have been effective in replicating purposes of many dissimilar structures through varia-
tion and stem cells (Skeldon et al., 2018). Through the additive manufacturing process, patient-derived 
cells, cell lines, and stem cells can be dropped with appropriate 3-D control to attain any preferred es-
sential preparation (Rey et al., 2020) (Joung et al., 2018). SLA or stereolithography (86) was used to 
fabricate 4 mm three-dimensional liver lobule replicas, and the materials consist of methacrylate gelatin 
(GelMA) with biodegradable polyethylene glycol (PEG), replicating the special In-vivo design of the 
liver. Stereolithography or SLA additive manufacturing technique assists the acceptable fabricating of 

Table 1. Additive manufacturing in different biomedical fields

Name of the Additive 
Manufacturing Process Category Material Biomedical Applications References

Fused filament 
Fabrication, FDM or Fused 
deposition 
modeling, 3D bio-printing

Extrusion PLA, ABS, Hydrogel 
with cell

Tissue scaffolds, Surgical 
plans, Advance drug 
delivery, Orthosis, 
Regenerative medicine, 
Implant etc.

(Parr et al., 2019), (do 
Ó Silva et al., 2017), 
(Bandyopadhyay et 
al., 2015), (Ligon et 
al., 2017), (Liaw et 
al., 2017),

DLP (Digital light 
Processing), SLA 
(Stereolithography)

Vat polymerization Photopolymers, 
Acrylic

Implant, Dentures, 
Orthosis, Surgical plans 
etc.

(Liaw et al., 2017), 
(Bandyopadhyay et 
al., 2015), (Trenfield 
et al., 2019), (Mulford 
et al., 2016)

DLD (Direct laser 
Deposition)

Focused energy 
deposition

Metals like steel, 
alloys etc. 
Ceramics

Dental model, Orthosis, 
Implants

(Trenfield et al., 
2019), (Li et al., 
2020)

Ink-jet printing, Binder jetting Droplet-based 
printing Ceramics, Polymers

Surgical plans, Advance 
drug delivery, Dental 
model, Implants

(Bandyopadhyay et 
al., 2015), (Li et al., 
2020)
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microscopic particulars inside this object (Elomaa et al., 2020). Table 2 shows the list of some 3D CAD 
modelling software which helps in additive manufacturing. Several surgical instruments are custom-
ized to deal with maximum patients. Collagen bioink material was used to make a vascularized thyroid 
gland (Baba et al., 2017) by extrusion-based 3D bio-printer. Bio-printing has developed over the last 
few years as a proficient technique for generating extremely difficult bio-fabrication. So far, numerous 
laboratories have used this method for making biologically working replicas fabricated of an extensive 
variation of tissues for example kidney (Lawlor et al., 2021), myocardium (Zhang et al., 2016), mammary 
epithelium (Swaminathan et al., 2020), liver (Kryou et al., 2019), skin (Knowlton et al., 2018), neurons 
(Meng et al., 2019), and malignant tumors (Ngan et al., 2020), skeletal muscle (Jamróz et al., 2018) 
etc. These replicas are fetching beneficial drug selection tools contained by both the pharmaceutical 
manufacturing and biomedical research laboratories (Lukin et al., 2019) (Mukherjee et al., 2020). Ad-
ditive manufacturing has been recognized as active tools for the manufacture of implants that encourage 
regeneration of bone both In-vivo and In-vitro (Sivandzade et al., 2018). Presently, bio-printing offers 
the high-resolution fabrication of porous tissue scaffolds from an extensive range of materials containing 
metals, biopolymers, and ceramics (Ng et al., 2018).

The area of surgical treatments, specially prostheses and implants is constantly emerging to permit 
for an additional cohesive combination of these external objects inside their adjoining tissue, in addition, 
to raise the functionality (Knowlton et al., 2018). The design of prostheses and implants needs an inter-
disciplinary method that associates with engineering (mechanical, material, electrical, etc.), biological, 
and medical science. Additive manufacturing can help connect the between engineering and medical 
science by making difficult bioactive and biocompatible objects that take benefit of exclusive material 
characteristics, for example, osteoinductivity and osteoconductivity, to stimulate tissue integration and 
regeneration of the implantation with the adjacent tissue (Rider et al., 2018) (Liaw et al., 2017). Modern 
healthcare technology, for example, CT image (Computed Tomography), can permit for the formation 
of actual precise CAD simulations of a flaw that can help as replicas for printing to confirm an accurate 
fit into the preferred tissue (Rey et al., 2020). It was confirmed that three-dimensional printed spinal 

Table 2. Different types of CAD modelling software used in additive manufacturing

No. Name of the software Solid Modelling

1 Thinker-CAD Yes

2 Free-CAD Yes

3 Opens-CAD Yes

4 Wings3D No

5 Sketch-UP No

6 Mol-3D Yes

7 Solid Works Yes

8 3DS Max No

9 Inventor Yes

10 Rhino 3D No
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implants (titanium) by EBM (Electron Beam Melting) were greater experienced for making the osteoblast 
proliferation (Ataee et al., 2018). Nanofabrication procedures have also been applied to make porous 
coatings for three-dimensional fabricated implants. High-resolution additive manufacturing methods are 
well matched for making extremely porous implants that permit an intertwined bone mesh for protecting 
the implant to the neighboring tissue (Tam et al., 2018) (Dey et al., 2020). Moreover, bio-printing of 
osteoinductive and bio-absorbable materials, for example, calcium phosphate cement, has been presented 
as active at encouraging bone growth (Dhwan et al., 2019). As radiological imaging has modified a lot, it 
has permitted the reconstructions of a patient anatomy with the help of CAD software, which allows the 
prospective designing and construction of patient-modified and precise surgical tools (AlAli et al., 2015). 
Though, specific anatomical structures or difficult processes could advantage from modified instruments 
that permit for an extra secured and basic operative practice, in turn reducing the threat of difficulties 
(Chen et al., 2020). The additive manufacturing method is a very useful tool in quickly converting the 
computer-aided design into functional tools that could help the continuing desires at the hospital rooms.

CONCLUSION

The important quantity of investigates in current year highlights the significance of additive manufacturing 
in permitting the upcoming of modern medical and healthcare. Specifically, the additive manufactur-
ing process has previously recognized a different method in the engineering and personalized design of 
medical and healthcare devices that absolutely influence the efficiency of medical products. Furthermore, 
the treating of efficient and dedicated biomaterials through additive manufacturing permits superior 
useful combination, the flexibility of strategy, and optimization of the medical invention. Though, some 
challenges and problems in terms of insufficient mechanical characteristics in rapid prototyping and 3D 
(Three-dimensional) printing, scrambling up the mass production of the additive manufacturing fabrica-
tion, research on vascularization by bio-printing process, and progressing the modern printable material. 
It is sensible to predict that in the upcoming the healthcare and medical area can believe a new-fangled 
example in the additive manufacturing process.

CONFLICTS OF INTEREST

The authors declare that there are no conflicts of interest regarding the publication of this chapter.

FUNDING

No funding has been provided for this work.

ETHICAL APPROVAL

Not required.

 EBSCOhost - printed on 2/14/2023 1:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



250

Study of Different Additive Manufacturing Processes and Emergent Applications in Modern Healthcare
 

ADDITIONAL INFORMATION

Additive manufacturing technology has occurred as a novel disrupting technology that may address 
the ever-growing demand for medical and healthcare especially organ and tissue transplants. Three-
dimensional bio-printing deals with many methodological features which permit for building useful living 
tissue paradigms by allotting the specific or cluster of cells into exact positions along with numerous 
types of scaffold ingredients and extracellular matrices, and therefore, may deliver the flexibility required 
for on-demand adapted manufacture of living organs. Numerous key programs of bio-printing methods 
are planned, with possible medical and manufacturing uses. The difficult nature of the human tissues, 
in addition to the permissible and ethical foods for harmless grafting into the living body, would need 
important investigation and expansion to fabricate marketable bio-printed tissues or organs. This also 
recommends the probability for additional patenting and authorizing chances from dissimilar divisions 
of the economy.
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KEY TERMS AND DEFINITIONS

3D Printing: 3D printing is basically an additive manufacturing process, which is the manufacture 
of a 3D objective from digital CAD data.

Additive Manufacturing: Additive manufacturing (AM) is a transformative method to manufactur-
ing products that allow the formation of lighter, tougher quantities and structures.

Bio-Printing: Bio-printing is a 3D printing process; it practices a computational file as a design to 
fabricate an objective layer by layer. However, different three-dimensional printing, bio-printers print 
with living cells and biomaterials, constructing organ-like configurations that let living cells reproduce.

Biomaterials: A biomaterial is an element which has been planned to cooperate with living systems 
for a curative purpose, whichever a beneficial or an investigative one.

Bone-Tissue: Bone tissue is preserved by bone-making cells named osteoblasts and cells which 
discontinuity bone called osteoclasts.

Healthcare: Health care is the progress or maintenance of healthiness through the anticipation, treat-
ment, diagnosis, recovery, or therapy of illness, disease, wound, and additional bodily and psychological 
injuries in persons. Health care is provided by health specialists and associated health areas. Prescription, 
dentistry, dispensary, optometry, care, nursing, audiology, surgery, psychology, work-related treatment, 
corporeal treatment, athletic exercise, and supplementary health occupations are all together part of 
health care.

Surgery: Surgery is a remedial or dental department that practices operational manual and instru-
mental performances on a patient to treat and inspect a pathological situation for example an injury or 
disease, to assistance recover physical function, advent, or to healing annoying shattered areas. Surgery 
can contain cutting, grazing, stitching, or else changing living organs and tissues.
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ABSTRACT

Agro waste polymer composite (AWPC) comprising agro waste as reinforcement and polymer as the ma-
trix is known to contribute additional fuel load when exposed to heat sources owing to their constituent 
make up. This has restricted their use in areas where strict compliance to fire regulations does exist. GA 
was mixed with flame retardants (FR) such as aluminium tri-hydroxide, ammonium polyphosphate, and 
carbon black at 0%, 12%, 15%, and 18% loading proportion, and these were then used to fabricate the 
AWPC using hand lay-up and compression moulding. The AWPC were tested for flammability proper-
ties in the cone calorimeter apparatus at 50kW/m2. Flammability properties such as time to ignition, 
heat released rates, mass loss rates, and smoke production rates obtained showed the AWPC processed 
with GA hybridized FR were greatly improved when compared to those without FR. Therefore, GA ad-
dition in AWPC proved to be a good FR that could be used in building applications to meet required 
fire safety standards.

INTRODUCTION

The activity of modern day agricultural processes has caused the availability of more agro waste predi-
cating a threat to the environment.In Nigeria agro-waste is abundant and un-utilized; left to decay con-
stituting a nuisance to the environment especially at huge dump sites. This has raised serious concerns 
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by environmentalist and the general public while attracting researchers all over the globe in finding ways 
of converting agro waste into useful products. In Nigeria, reinforcement derived from agro waste such as 
jatrophacurcas seedcake and corn cobs and cassava stalk have been used to produce ceiling boards and 
particle boards respectively for building applications (Olorunmaiye & Ohijeagbon,2015 and Amenagha-
won et al 2016). Fig 1 shows various products developed in the building industry by other researchers 
using agro waste. It is clear that converting the agro waste in Nigeria to develop value-added products 
will not only improve its economic growth but create jobs as well.

Fibres or particulates as reinforcement to polymers can be derived from agro waste through various 
extraction processes (Chauhan & Arya, 2018 and Patil & Kolambe, 2011). The strength and rigidity of the 
reinforcement are obtained from stem plant and are broadly used in the world of composites due to their 
wide availability and renewability within a short time as well as their good mechanical properties (Nair 
et al 2000). The fibres or particulates consist of organic constituents comprising cellulose, hemicellulose, 
lignin and pectin thus; they are also known as lignocellulosic or cellulosic. Higher cellulosic content in 
agro waste indicates that higher flammability properties may be obtained which implies more release of 
flammable volatiles. On the other hand, lower lignin content would mean that a lower concentration of 
flammability leading to trapping of flammable volatiles may be obtained. Reports from researchers also 
confirm that the addition of agro waste in processing polymer composite for the design of components 
can increase the release of flammable or combustible volatiles during a fire scenario; thus making it 
not safe especially in areas where stringent fire regulations does exist (Alhuthali et al 2012. Ezeh et al 
2020, Sebastian Rabe et al 2019).

The flammability of materials is a critical design consideration if agro waste must be used for various 
component designs. The major challenge is that they respond rapidly to high heat atmosphere, releasing 
heat energy that can, in some circumstances, contribute additional fuel load thus; making it very destruc-
tive. Most agro waste components has failed to pass required fire safety standards for use in aircraft, 
ships, buildings, land transport, oil and gas facilities, home appliances and other applications requiring 
high fire resistance (Racier et al 2015). Hence to sustain their viability the high susceptibility to flame 
needs to be overcome. Agro waste generates heat and combustible products due to the addition of poly-
mers consisting of a complex mixture of gases and solid particulates from incomplete combustion. The 
amount of heat release from agro waste and polymer is controlled by the combustion of flammable gas 

Figure 1. (a) Coir fibre roofing sheet (b) sugarcane waste based panel (c) oil palm waste roofing tiles 
(d) coir waste door panel
(Suoware et al 2020)
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products resulting from the decomposition of the organic constituents. Although the polymer matrix is 
the primary source of flammable volatiles, the decomposition of organic materials when exposed to heat 
source can also produce volatiles. Therefore, to reduce the flammability risk of agro waste components 
to meet required fire safety standards for various building applications, flame retardants (FR) are usu-
ally processed with them.

Agro waste and polymer form a unified material structure with distinct interface and can be processed 
with either halogenated based or halogenated free FR (Mallick 1999 &Ishai et al,2006). Recent stud-
ies shows that halogenated free FR such as aluminum tri-hydroxide and ammonium polyphosphate are 
considered the most favourable flame retardant in polymers because they are greener, highly effective 
and of low toxicity when compared to over 150 chemical compounds from which FR can be derived 
(Subastinghe et al. 2014, Norzali et al.2011, Redwan et al.2015, Arjmandi et al.2017).The mechanism of 
the FR when decomposed could delay the start and spread of fire better as well as a reduction in the fuel 
load in an advent of fire outbreak. The effect of ammonium phosphate in combination with graphite FR 
in wod-polyprolyene using the cone calorimeter has been studied (Nikolaeva & Karki,2016). The study 
shows that the fire properties measured in a cone calorimeter apparatus decreased due to the introduction 
of fire retardants in the shell layer of the composites.

There are different ways to assess the flammability of materials for purpose of estimating the measure 
of their fire response. In most cases, it requires an observation or measurement of some aspect or com-
bination of flammability, which includes ignition, heat release rates, mass loss and smoke production. 
Ignition time and heat release rates are the most important parameters in determining the ease a material 
response to fire. In this chapter, Gum Arabic was used to modify existing FR; aluminium tri-hydroxide 
and ammonium polyphosphate and then hybridized while adding carbon black. The Gum Arabic hy-
bridized FR was then fabricated with agro waste and polymer. It is intended that when the composite 
is exposed to fire the Gum Arabic will form a stable char structure to prevent flammable volatiles and 
improve on flammability properties to meet required safety fire standards. Thus, the main objective of 
this chapter is to measure the flammability properties using the cone calorimeter apparatus; the agro 
waste and polymer composite and compare the data obtained in similar conditions in literature.

A Brief Review of Common Agro Waste in Nigeria

Agro-waste can be defined as any material that is un-utilized i.e. left over from a production process. 
The waste generated from the agricultural sector in Nigeria can be a good alternative to the shortage 
of raw materials to meet required needs in various industries in Nigeria. The quantity of agro-waste is 
influenced by increasing agricultural production and productivity. Agro waste such as coconut coir, oil 
palm, banana, sugarcane and pineapple are easy to access and abundant in Nigeria (Suoware et al 2020). 
The agro-waste and their fibre extraction as well as their physiochemical compositions and flammability 
properties are shown respectively in Table 1. It can be observed that pineapple and bagasse waste has the 
highest percentage of cellulosic content at 85% and 81% respectively followed by oil palm at 65%. This 
would mean that pineapple, bagasse and oil palm wastes in polymer will generate additional fuel load 
during a fire scenario. On the other hand, the high lignin content for coir and oil palm signifies a great 
chance of char formation and consequently acts as a barrier against the flow of flammable volatiles. In 
Table 1 it also shows that the flammability properties obtained for agro waste reinforced polymer pro-
cessed with flame retardants is scare in literature. Infact a compilation of reinforcements from natural 
sources such as the agro waste without flame retardants
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Table 1. Flammability properties of agro-waste polymer composite and their physiochemical composition

Tig: time to Ignition, pHRR: peak Heat Release Rate, MLR: Mass Loss Rate, SPR: Smoke Production Rate
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reached 8000 published articles in 2014 while those with flame retardant reached 200 published 
articles in Elsevier (Prabhakar 2015). The concept of Gum Arabic hybridized in flame retardants such 
aluminium tri-hydroxide, ammonium polyphosphate and carbon black processed with agro waste poly-
mers and their flammability properties has not been reported.

Research and development has shown that agro waste reinforced in polymers are competing with 
synthetic based materials especially in areas of non-structural applications despite their inherent chal-
lenges. The continuous research work and progress achieved so far in this field of study indicates that 
there is room for more improvements in a broader applicability. Agro waste reinforced polymers respond 
to flame rapidly and this is unacceptable to many end users, regulators and government authorities as 
both materials combust when exposed to heat. This has limited the depth of their applications in many 
areas where the knowledge of their fire behaviour is unknown. Thus, this chapter is necessary to explore 
the potentials of some selected Nigeria agro wastes processed with flame retardants and contribute to 
the scientific knowledge on their reaction to fire behavior when in use. Also, the use of agro-waste that 
is cheap, easily re-grown and infinite as reinforcing fibres in polymer composites will not only solve the 
environmental nuisance caused after cultivation but also the need where easily processed lightweight 
composite materials of complex shape with ease is being sought. The choice of agro-waste for this 
chapter (i.e. oil palm and wood) has similar chemical, physical and mechanical properties suitable as 
raw materials for wood based panels.

Experimental Determination of Flammability Properties

In determining flammability properties, engineers and designers rely on fire testing data obtained from 
bench scale apparatus to predict the safety of materials. The 1998 edition of the compilation of fire test 
by American Society for Testing and Materials (ASTM) alone listed some bench scale tests (Foley et 
al.1994). Most of these methods are well elaborated and documented in various literatures (Babraus-
kas.1986, Scudamore et al.1991, Greyson et al.1994, Babrauskas,1995) Among the fire test methods, 
the cone calorimeter at 50kW/m2provides a broad range of ignition and flammability properties that 
can be correlated to real fire scenario. The cone calorimeter is the most versatile in determining a large 
number of fire properties in a single test using with a small specimen. Cone calorimeter simulation 
does not simulate post flashover or fully developed conditions but can predict accurately flammability 
properties up to the point of flashover.

Preparation of Agro Waste as Reinforcements

There are different methods in which agro waste can be prepared as reinforcements to polymers. The 
study of the flammability properties of oil palm waste (OPW) and wood wastes (WW) were selected 
in this chapter. The method of obtaining the OPW and WW agro waste reinforcements is shown in Fig 
2 (Vijaya et al 2013). The choice of OPW and WW was based on their abundant availability and easy 
accessibility in Nigeria. OPW as received and shown in Fig 2a was extracted first by washing with hot 
water to remove the remaining residual oil retained during oil extraction and then soaked in n-Hexane as 
shown on Fig 2c overnight to complete leaching and further remove impurities. To enhance compatibility 
with the polymer, the OPW were treated with 5% (NaOH) solution for about 6hrs to avoid their damage. 
Afterwards, the OPW were then later washed with distilled water until blue litmus paper turned red 
which indicates that excess concentration of NaOH have been neutralized and then sun dried for 3 days 
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to remove moisture content as shown in Fig 2d. The ready to use fibres as reinforcement are shown in Fig 
2f. For the wood waste (WW) as shown in Fig 2b, they were obtained by first grinding and sieving with 
a 300μm sieve to obtain a fine powder. The particulates were treated with similar treatment approach to 
the OPW. The particulates were then oven dried at 80OC for 3hrs to remove moisture content as shown 
in Fig 2e and the ready to use particulate reinforcement shown in Fig 2g.

Processing of Agro Waste with Flame Retardant and Polymer

There is various techniques agro waste and polymers can be processed to form a unified structure with 
distinct interface mostly referred to as composites (Gokul et al.2017, Dong et al 2014, Ramli et al.2011, 
Ayrilmis et al.2011, Mahesh et al.2020, Munawar et al 2015, Indira et al 2013 and Messiry 2013). In 
this study the OPWC and WWC processed without and with the Gum Arabic hybridized flame retar-
dant were fabricated using hand lay-up and compression moulding as shown in Fig. 3. A rectangular 
wooden frame of 10mm thickness, with internal area of 470,375 mm2 was positioned on one side of an 
aluminium sheet and then firmly secured. A releasing agent was then applied within the internal area 
and the underside cover also made of aluminum sheet. The release agent is to ensure easy removal of 
the OPWC and WWC after pressing. The required quantities of the OPW and WW, and polyester resin 

Figure 2. Process of extracting reinforcements (a) untreated OPW (b) untreated WW (c) treatment with 
5% NaOH (d) Sun drying process of OPW (e) oven drying process of WW (f) ready to use OPW rein-
forcement (g) ready to use WW reinforcement
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used to form the OPWC and WWC in the mould were obtained using mass fraction model as shown in 
equations Eq. 1 (Kim et al.2016) The ratio of fibre or particulate to polymer matrix ratio was 20/80 by 
weight percent and predetermined by the internal area of the mould. Table 2 illustrates the composition 
of the various OPWC and WWC produced including the percentages of the added Gum Arabic hybrid-
ized FR additives. The flame retardants shown in Table 3 were obtained based on suggested range in 
literature in order not to affect the mechanical properties as well as increase in material cost.
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Flammability Index with the Cone Calorimeter Apparatus

The cone calorimetry apparatus (CCA) located at the Rushbrook Fire Laboratory University of Edin-
burgh, Scotland United Kingdom (Fig 4a) was used to study the flammability (fire reaction proper-
ties) of the fabricated agro wastepanels according to ASTM E 1354 standard procedure described by 
Babrauskas(2002). The specimens (100mm x 100mm x10mm) cut from the OPWC and WWC panels 
were wrapped in aluminium foil; along the side and bottom to reduce heat losses as specified in the 
standard. The specimens were inserted in a sample holder and then placed on the load cell as shown 
in Fig 4b. The load cell measures the specimen mass loss in real time as combustion takes place. The 
specimens were exposed in the horizontal orientation at irradiance of 50kW/m2. The magnitude of the 
applied irradiance can be correlated to the scale and intensity of a fire scenario. An electric truncated 

Figure 3. Hand lay-up and compression moulding process of the OPWC and WWC in to different panels 
of gum Arabic hybridized FR
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cone shape heater is provided to cause thermal decomposition and releasing pyrolysis products from the 
specimen surface as shown in Fig 4c. The height between the coneheater and the surface of the speci-
men is maintained at 25mm as specified by the standard. Ignition is produced by an intermediate piloted 
spark igniter located above the specimen and removed when the pyrolysis products are ignited (Fig 4d). 
When testing was being conducted, the (CCA) and gas analyzer connected to a data acquisition system 
and a computer system, records at a fixed interval of 1s the flammability properties. The gasanalyzer 
needed to perform fundamental cone calorimeter experiments is the oxygen analyzer. Other analyzers 
such as carbon monoxide and carbon dioxide are usually fitted to give a better understanding of the 
burning process and to decrease the uncertainties in the results (Babrauskas 1986). The test specimens 
were repeated severally and a sensible result onaverage was adopted for this study. During the test, the 
following parameters were obtained: time to ignition (Tig), heat release rates (HRR), mass loss rate 
(MLR) and smoke production rates

RESULTS AND DISCUSSION

In this chapter, flammability properties of the Gum Arabic hybridized FR used in processing the OPWC 
and WWC at different loading proportion is studied. The flammability results obtained in the cone 
calorimeter represent all-inclusive fire performance behaviour of the studied OPWC and WWC and a 
requirement for its safety measure at a bench scale. The obtained flammability properties are significant 
in predicting full/real scale fire behaviour and provide information for critical modeling of thermal de-
composition process. The focus in this section is on the effect of the Gum Arabic with ATH, APP and 
CB on the reduction of the OPWC and WWC fire risk.

Time to Ignition

One critical property that has been used to quantify a materials performance in fire is the time the material 
takes to ignite denoted as Tig and it tells how a flame can rapidly spread. Tig occurs when the local con-
centration of flammable volatiles diffusing through the OPWC and WWC char reaches the flammability 

Table 2. Experimental design of the gum arabic hybridized flame retardant composition

Specimen ID Flame Retardant Composition

GA ATH APP CB

OPWC - - - -

WWC - - - -

OPWCx 4 - 8 -

WWCx 4 - 8 -

OPWCy 3 - 6 6

WWCy 3 - 6 6

OPWCz 3 9 6 -

WWCz 3 9 6 -

GA: Gum Arabic, ATH: Aluminium tri-hydroxide, APP: Ammonium polyphosphate, CB: Carbon black
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lower limit (Kim et al 2016). Among the panels studied, the WWCz containing 3%GA/9%ATH/6%APP 
and WWCx containing 3%GA/6%APP/6%CB are considered a good fire risk panels for building applica-
tions. The flame retardant delayed the Tig respectively by 73.9% and 71.4% compared to those without 
FR. The mechanism of the FR when thermally decomposed trapped the release of flammable volatiles 
by releasing constituents that extended the flammable limit thus delaying the start and spread of fire. On 
the other hand, the FR composition at lower concentration and fibre panels ignited too soon which may 
have been caused by factors such fibres exposure, high cellulose content of the fibre (Helwig et al. 2000).

Peak Heat Release Rate

The HRR is identified as the key property in evaluating a material’s limit to fire safety. High level of 
HRR indicates a rapid ignition and flame spread. The peak value of the HRR i.e. HRRp gives an indica-
tion of the intensity of fire and how it grows as well as the flashover phenomena in real fire situations 

Figure 4. Cone Calorimeter set-up at the Rushbrook Fire laboratory, University of Edinburgh, UK (a) 
Cone calorimeter apparatus (b) Loading of samples by the researcher (c) ignition process taking place 
(d) Burning of samples after ignition and data recording
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(Nikolaeva & Karki 2016). The flashover point is the rapid transition between the primary fire which 
is essentially localized around a material first ignition and the general conflagration when all surfaces 
within the enclosed space are burning. High HRR translates to rapid temperature changes, faster flash-
over and an increase in the production of products of combustion while lower values are an indication 
of good flame retardancy.

From the HRR curves displayed in Fig. 6 it is clearly seen that shortly after ignition, a sudden rise 
in the HRR for the OPWC and WWC panels reached a maximum indicating the release of combustible 
volatiles and then declined slowly. From the curves, it shows that the presence of FR compared to those 
without FR exhibited a broader appearance which stayed at low level throughout and suggests that the 
FR composition is interacting with the flammable volatiles by oxygen starvation. This is also a typical 
characteristic of a char residue-forming material and confirms the role the fibre/particulate constituents 
that is the lignocellulosic content played in the formation of char during combustion. Besides, the last 
part of the HRR curves represents glowing combustion of the char residue at solid state interface that is 
where volatiles has been burnt out. Contrarily, the second sharp peak noticeable on the OPWC and WWC 
is attributed to a failure in the char structure leading to the release of high rate of combustibles (Schartel 
and Braun 2003). The underlying composite substrate for OPWC and WWC with double peak HRR is 
as shown in Fig 7. It is observed that minor pockets of aluminium foil used in wrapping the panels and 
unfilled char spread indicating a weak char structure that lead to more release of combustibles.

In Table 3 the FR composition in the OPWC and WWC shows that the OPWCz and WWCz were 
significantly reduced by 67.4% and 71.3% respectively compared to those without FR. This suggests 
that both panels could be suitable to meet building requirements such as doors, ceilings and floors. The 
mechanism of GA/ATH/APP acts by diluting the volatiles formed during the burning process, releasing 
water during dehydration and restricting access of oxygen to the panel’s substrate which caused peak 

Figure 5. Time to ignition of the OPWC and WWC at different Gum Arabic hybridized FR loading 
proportion
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HRR reduction (Alhuthali et al 2012). In addition, the reaction of GA/APP inhibits the mass and volatile 
transfer between the condense phase and gas phase once a protective carbon layer is formed contributes 
to the reduction in the HRR.APP in composites creates less reactive radicals in the condense phase and 
a blanketing effect in the gas phase after initial ignition. The presence of APP dehydrates the carbohy-
drate in GAP to form stable char structure. The formation of char slows down the rate of combustion 
of the panels.

Table 3. Summary of the heat release rate of the OPWC and WWC at different Gum Arabic hybridized 
FR loading proportion

Specimen I.D Peak Heat Release Rate 
(kW/m2) % Reduction

OPWC 265.5 -

WWC 195.5 -

OPWCx 158.3 40.4

WWCx 68.7 64.9

OPWCy 113.1 57.4

WWCy 78 60.1

OPWCz 86.6 67.4

WWCz 56.1 71.3

Figure 6. Heat release rate of the OPWC and WWC at different Gum Arabic hybridized FR loading 
proportion
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Mass Loss Rate

Mass loss rate (MLR) is a direct measure of dehydration reactions and pyrolysis of materials. The MLR 
provides the means to evaluate the burning behaviour of the studied OPWC and WWC panels as it 
plays an important role in heat release and smoke emissions. The MLR as a function of time for the FR 
compositions in the OPWC and WWC was analyzed for peak mass loss rate. In Fig 8 the MLR curve 
showed similar characteristics with the HRR curves indicating material loss as heat is evolved. The FR 
composition; 3%GA/9%ATH/3%APP was more effective in the decrease of the MLR profile which is 
believed to be due to the stable char formation by the combine FR effect that led to an increased surface 
area of the char. The cohesive char forming mechanism for both APP/GAP and the engineering ceramic 
from ATH effectively slowed down the decomposition process of the panel which led to low MLR 
values as shown in Table 4. The char formation caused a protective layer of compact black char which 
prevented gas penetration and incomplete combustion. Table 4 also shows that FR composition present 
in WWCy and WWCz maintained a better stable char structure as the peak MLR was reduced by 62.6% 
and 66.2% respectively compared to those without FR indicating a slower decomposition rate, yielding 
more char and suggests good flame retardancy. It was also observed that there was prolong MLR peak 
time which is thought to be due to accumulation of thermal energy within the studied panels or probably 
that was when the underlying substrate became involved in the combustion process after being shielded 
so far by the Gum Arabic hybridized FR (Helwig and Paukszta 2000).

Smoke Production Rate

Smoke production of materials depends on the chemical nature of the organic constituents, oxygen 
availability and temperature of the fire. When a material burn, heat is released accompanied by very 
toxic and acrid smoke. The ester bonds present in unsaturated polyester resin which is the polymer used 
in this study breakdowns at higher pyrolysis temperatures and generates carbon monoxide and carbon 
oxides (Lee et al. 2011 and Rena et al.2015). The smoke production rate (SPR) of a material is a good 
parameter in describing fire hazard of materials and a measure of life survivability. The knowledge of SPR 
is imperative to survival during a fire, as inhalation of smoke is one of the greatest hazards to life. The 
SPR is a function of time and exhibits similar characteristics with those of the HRR. It is an indication 

Figure 7. Photographs showing macroscopic images of OPWC and WWC residue surfaces obtained at 
50kWm-2in the cone calorimeter (a) OPWC (b) WWC
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of the release of smoke alongside toxicity from the panel as heat is evolved. In Fig 9 WWCz suppressed 
the SPR better compared to those without FR. The decomposition of ATH in the 3%GA/9%ATH/6%APP 
composition which lower the amount of pyrolysis products formed prevented the release of toxic gases 
(Schartel and Hull 2007). On the other hand, the presence of GA/APP bubble char structure during 
combustion in the cone calorimeter may have catalyzed the FR components in the panels which played 
a significant role in the suppression of the smoke and therefore led to an outstanding performance of 
the WWCz panel.

Table 4. Summary of the mass loss rate of the OPWC and WWC at different Gum Arabic hybridized FR 
loading proportion

Specimen I.D Peak Mass Loss Rate 
(g/s) % Reduction

OPWC 0.267 -

WWC 0.305 -

OPWCx 0.178 33.3

WWCx 0.162 41.6

OPWCy 0.151 43.4

WWCy 0.108 62.6

OPWCz 0.131 50.9

WWCz 0.103 66.2

Figure 8. Mass loss rate of the OPWC and WWC at different Gum Arabic hybridized FR loading proportion

 EBSCOhost - printed on 2/14/2023 1:27 PM via . All use subject to https://www.ebsco.com/terms-of-use



273

Flammability Index of Nigeria Agro Waste Processed With Polymer and Gum Hybridized Flame Retardants
 

CONCLUSION

The aim of this chapter was to determine the flammability properties of two panels obtained from oil 
palm waste and wood waste processed with Gum Arabic hybridized aluminium tri-hydroxide, ammonium 
polyphosphate and carbon. The percentage variation of the flame retardant in the panels is to understand 
at what optimum loading proportion the required safety measures can be obtained for building applica-
tions. On this basis formed the specific objectives of this chapter, the effect of the flame retardant on 
the panels was drawn and concludes as follows:

1.  The OPWC and WWC panels showed high fire risk at lower FR percentage loading proportion but 
increased in fire safety at a flame retardant composition of 3%GA/9%ATH/6%APP. The OPWCz, 
WWCy and WWCz represent good flame retardant materials for building applications as the Tig 
delayed up to 20s from 17s and 46s and 42s from 12s respectively.

2.  The intensity of fire and how it grows was significantly reduced with increase in flame retardant. 
The composition of 3%GA/9%ATH/6%APP in OPWCz and WWCz panels exhibited superior flame 
retardancy that could meet safety fire conditions in building applications. OPWCz and WWCz were 
respectively reduced from 265.5kW/m2 to 86.6kW/m2 and 195.5kW/m2 to 56.1kW/m2 representing 
67.4% and 71.3% reduction.

3.  The dehydration of the panels were reduced as a result of stable char structure formed in the presence 
of 3%GA. WWCy and WWCz with the highest percentage reduction of 62.6% and 66.2% followed 
by OPWCz at 50.9% indicating good flame retardancy that could meet fire safety requirements in 
building applications.

4.  The FR compositions are not good smoke suppressant as there was no significant reduction in the 
smoke production rate except for WWCz at 85.7% reduction from 0.07m2/s to 0.01m2/s compared 
to those without FR composition.

Figure 9. Smoke production rate of the OPWC and WWC at different Gum Arabic hybridized FR load-
ing proportion
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5.  The OPWCz and WWCz at 3%GA/9%ATH/6%APP composition should be incorporated in build-
ing applications to meet required fire safety standards.
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ABSTRACT

Agro-waste fibres (AWFs) are of very reasonable economic value and have attracted a lot of research 
interest globally. AWFs have significant potential in composites due to low cost, high strength, environ-
mental benign nature, availability, and sustainability. Nevertheless, dozens of the investigations have 
failed to give the desired attention of the fire behaviour of AWF composite materials when exposed to 
heat atmosphere. In this chapter, a detailed account of AWF composite material combustion process 
was discussed to understand the reason for the high heat release rates (HRR) caused by cellulosic 
content. HRR is a critical component of the flammability properties of AWF composite materials as 
the fire behaviour largely depends on it. The prospective examination of AWF composite material fire 
behaviour gives the required direction about the limits of their utilization and developmental trends for 
future industrial applications in Nigeria.

INTRODUCTION

The activity of modern day agricultural processes has caused the availability of more agro-waste predi-
cating a threat to the environment. Agro-waste are abundant and they of low-cost with the advantage of 
low density, high toughness, relatively high specific strength/stiffness properties, low abrasiveness, low 
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energy consumption in composites build-up and CO2 neutrality as reported by Ismail et al (Islam et al., 
2011) and Sukyai et al (Sukyai et al., 2012). The waste generated from the agricultural sector in Nigeria 
can be a good alternative to the shortage of raw materials to meet the needs in the transportation and 
building industries. Besides, environmental concerns for the use of eco-friendly materials from natural 
sources have attracted more research attention globally. Currently, research is focused on examining and 
exploring agro-waste materials that are compatible with the environment and their development to meet 
required fire safety conditions.

Agro-waste fibres (AWF) such as oil palm fibre (OPF), coconut fibre (CF), banana fibre (BF), sugar-
cane fibre (SF), pineapple fibre (PF) and wood fibre (WF) are abundant fibres that can be extracted from 
agro-waste in Nigeria. These fibres consist of organic constituents comprising cellulose, hemicellulose, 
lignin and pectin and derive their strength and rigidity from cellulose that is semi-crystalline polysac-
charide in nature (Sorieul et al., 2016). Cellulose-based AWF obtained from plants (i.e. stem, fruit, seed, 
leaf etc.) are broadly used in the manufacturing of composite materials due to their wide availability and 
renewability within a short time. Lignocellulosic fibres are the most abundant and renewable bio-based 
materials source in nature (Majeed et al., 2013). Among AWF the bastfibres, extracted from the stems 
of plants have been accepted as the best candidates for reinforcements of polymer composites due to 
their good mechanical properties (Nair et al., 2000).

Composite materials are a unified materials structure with a distinct interface comprising fibresas 
reinforcements embedded in polymers referred to as a binder or matrix. The matrix is what positions the 
fibres in orderly pattern and improve the mechanical properties as well. AWF have attracted considerable 
interest for the reinforcement in various synthetic polymers such as epoxy, unsaturated polyester, poly-
urethane, phenolic, polypropylene, polyethylene, chitin, chitosan, soybean, wheat gluten, poly lactic acid 
etc. Several researchers (Arrakhiz et al., 2013; Eng et al., 2014; Jayamani et al., 2014; John & Thomas, 
2008; Khalili et al., 2017; Ku et al., 2011; Shinoj et al., 2011) have shown the utilization and applica-
tions of various AWF reinforced polymer composite materials. Notwithstanding, there is a delicate issue 
that needs to be solved in other to further improve the product performance and general acceptability; 
their poor inherent fire behaviour limits their usewhere fire hazard is an important design consideration. 
The fire behaviour of AWF reinforced composite materials is not quite known. It is imperative to give 
important information of their fire behaviour to aid in industrial applications especially where stringent 
fire safety regulations do exist.

In this review paper, a detailed examination of AWF composite materials fire behaviour for utilization 
in the transportation and buildingindustries is presented. A discussion of their combustion process to 
further identity research gaps for possible future development is examined. The paper is organized into 
five sections. The first examines the chemical and physical composition of AWF. The second outlines 
the common agro waste and their fibre extraction. Thirdly this section discusses the novelty research on 
the fire behaviour of AWF composite materials. Several review reports are examined critically in order 
to justify the purpose of the study. The fourth section further explores the utilization and prospects of 
the AWF composite for transportation and building as well as other industries in Nigeria. Finally the 
fifth section concludes on the findings of these review paper.
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COMPOSITION AND PROPERTIES OF AGRO-WASTE FIBRES

Agro-waste can be defined as any material that is un-utilized i.e. left over from a production process. 
Nigeria agro-waste is being influenced by increasing agricultural production and productivity. The 
lack of information on the quantity of agro-waste has constrained industrial utilization of agro-waste 
in Nigeria. This review paper identifies the common agro-waste in abundance in Nigeria and their cor-
respondingfibre extractions as shown in Fig.1. This agro-waste includes but not limited to coconut coir 
waste, oil palm waste, banana waste, sugarcane waste and pineapple waste.

Agro-Waste and Their Fibre Extraction

Coconut Coir Fibre

Coconut palm (cocos nucifera, family Arecaceae)is agricultural waste products obtained in the processing 
of coconut oil, and is obtainable in large quantities in the tropical regions of the world, most especially 
in Asia, Africa and southern America.Coconut coir fibre is the extract of the outer shell of a coconut 
husk and this is carried out by a laborious process which is by decorticated and beating done by hand 
before a bleaching or dyeing process depending on the effectiveness of the wetting process (Chauhan & 
Arya, 2018). In the shell is covered by the endocarp while exocarp (the smooth outer skin) and mesocarp 
(the fibrous covering). There are generally two types of coir fibres namely brown fibre which are thick, 
strong and have high abrasion resistance which are gotten from mature coconuts while the other a white 
fibre is smoother, finer and also weaker gotten from immature green coconuts. A fully matured coconut 
tree can produce 50-100 coconuts per year and each fruit takes one year to ripen (Harris, 2012). World 
production of coconut fibre is in tons from coconut palm residues.

Figure 1. Common Agro-waste and their processed fibresby extraction
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Oil Palm Fibre

Oil palm (Elaeisguineensis,family Arecaceae) is regarded as huge amount of lignocellulosic waste and 
unutilized. These products normally cause major environmental pollution that can be readily turned into 
useful value-added products (Shiner et al., 2011). Thefibres also referred to as a lignocellulosic fibre 
is extracted from oil palm trunk, oil palm frond, fruit mesocarp and empty fruit bunch by a water ret-
ting process. Oil palm fibre (OPF) is hard and tough. The female bunch carries about 2500–3000 fruits 
borne on 100–120 spikelets attached to a peduncle from the axil of a frond. The fruits produce two main 
products, palm oil from the outer mesocarp and palm kernel oil from the kernel within the nut. OPF is 
reported to originate from tropical forests in West Africa and Nigeria is the fifth largest producer nation 
of oil palm accounting for about 930, 000 metric tons of global output (Izah & Ohimain, 2016).

Banana Fibre

Banana (Musa paradisiaca, family musaceae) is one of the oldest fruit after citrus, a central fruit crop 
of the tropical and subtropical regions of the world grown on about 8.8 million hectares as reported by 
Mohapatra et al. (Mohapatra et al., 2010). Banana waste is in huge amount as a result of its cultivation 
which amounts to about 102 metric tons causing environmental hazard and un-utilized, can be converted 
to value added products (Adeniyi et al., 2019). Banana has one of the tallest herbaceous plants with a 
pseudo-stem. Its tough treelike pliable stem is composed of the sheathing twisting leaf bases, which 
contains fibres of sufficient strengths to keep the tree upright. Banana fibre (BF) can be extracted either 
manually or by a cutting machine. The manual process is quite cumbersome which requires cutting the 
pseudo-stem into the required length and width before scrapping with a flat blunt blade while the cutting 
machine is the most preferred process as it cuts the pseudo-stem into two halves from which sheaths are 
separated as reported by Patil and Kolambe(Patil & Kolambe, 2011).

Sugarcane Fibre

Sugarcane (saccharum officinarum, family poaceae) is usually cultivated for its juice from which sugar 
is processed. The waste i.e. an abundant agricultural lignocellulosic by-products, is a solid fibrous sug-
arcane Salk residue after crushed sugarcane sucrose extraction which produces about 32% of bagasse 
(Essays, 2014). Thebagasse is the main residue of the sugarcane industry representing, by weight, almost 
30% (hundreds of millions of tons per year world-wide) of the sugarcane agricultural product, therefore 
bagasse utilization is important for both economic and environmental considerations. The sugarcane 
fibre from bagasse was extracted by removing the soft-core part pith after juice extraction manually to 
get outer hard rind and cut across length avoiding the nodes.

Pineapple Leaf Fibre

Pineapple (Ananascomosusfamily Bromeliaceae) is an important tropical and subtropical plant widely 
cultivated in many places including the Philippines, Thailand, Malaysia, Mexico, South Africa, Costa 
Rica, China, Brazil, and Nigeria. Nigeria is the 7th largest producer of fresh pineapple with 1.4 million 
metric tons capacity (Baruwa, 2013). The pineapple waste generated consists of residual skin, stem and 
leaves. The pineapple waste can be converted into highly valuable product.It is a by-product of a pineapple 
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processing industry.Improper handling of this waste would result in the deterioration of environment 
quality which can be attributed mainly to degradation of the sugar rich contents. The fresh leaves yield 
about 2% to 3% of fibres (Das et al., 1978). The leaf fibres are extracted either by a mechanical roller and 
bladder machine system or by a chemical retting process as reported by Sarah et al (Sarah et al., 2018).

Chemical and Physical Composition of Agro-Waste Fibres

Chemical Composition

The agro-waste fibres identified are generally lignocellulosic in nature with high variability in proper-
ties. AWF has a complex nature consisting of helically wound cellulose micro-fibrils in matrix of lignin 
and hemicellulose as reported by Young (Young et al., 1986), Mohanty et al (Mohanty et al., 2001) and 
Zafeiropoulos et al (Zafeiropoulos et al., 2002).The chemical composition of AWF as reported by Azwa 
et al (Azwa et al., 2013) and Squire et al (Siqueira et al., 2009) composed mainly of cellulose, hemicel-
lulose, and lignin with minor amount of pectincontents and varies according to fibre type as shown in 
Table 1.The chemical substances are scattered around the cell wall which is affected by fibre origin, fibre 
climate condition during cultivation and extraction method (Frollini et al., 2000). The composition of 
these fibres determines their utilization as well as based on other factors such as: fibre structure, fibre 
cell dimensions, microfibril angle and chemical composition (Osorio et al., 2010; Frollini et al., 2000). 
Among the constituents of AWF, cellulose is the major component which occurs largely in a natural 
crystalline form comprising partially aligned or oriented linear polymer chains. The elementary unit of 
cellulose macromolecule is anhydrous D-glucose, which contains three hydroxyls (OH). These hydrox-
yls form hydrogen bonds inside the macromolecule itself and also with hydroxyl groups which is up to 
3-13% of moist air (Bledzki et al., 1996). The large amount of hydroxyl group in cellulose gives AWF 
hydrophilic properties when used to reinforce hydrophobic matrix; the result is a very poor interface and 
poor resistance to moisture absorption (Alvarez et al., 2003). The chemical composition play a significant 
role in AWF as it influences many factors from their fire behaviour to their applications and long life 
behaviour of the composite materials. It is reported by Alhuthali et al (Alhuthali et al., 2012), that high 
cellulose in fibres obtained from natural sources such as AWF indicates a higher flammability i.e. fire 
response whereas lower concentration can be found with lower lignin concentration.

Physical Composition

The physical composition of agro-waste fibres is very important to know as there are several parameters 
to consider which can affect the fibre from reaching its highest potential. The parameters in consideration 
of AWF composition are fibre dimensions, defects; strength, variability, crystallinity, and structure. Fibre-
dimension i.e. its length and width as shown in Table 1 is an important parameter in comparing different 
types of AWF. High aspect ratio (length/width) in AWF composite materials gives an indication of the 
strength properties as reported by (Bhal & Singh, 1998; Mallick, 1993). In AWF appropriate selection, 
the fibre strength plays a significant role for specific applications. Table 1 shows the tensile strength of 
the AWF and it can be seen that the range of pineapple fibre is high than others and suggests a better 
application. AWF fibre structure can be obtained using scanning electron microscope (SEM) to show the 
fibres morphology. The vast array of fibre structures can be found in different literatures (Kavitha, 2016; 
Ramesha et al., 2013; Senthiil & Sirsshti, 2014; Wang et al., 2019). The intent in this paper is to show 
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the structure of the AWF and not go into details of the cell wall architecture. The physical composition 
differs from one AWF to another by density, cell wall thickness, and tracheid length and diameter etc. 
Fig 2 shows the fibre structures of the AWF, the fine structure may account, in part, for their very high 
equilibrium moisture content as reported by Rowell et al (Frollini et al., 2000).

Fabrication Techniques of Agro-Waste Fibre Composite Materials

There are several ways AWF and polymer can be fabricated to form a unified composite material structure 
(fibre-matrix), fibre - “the reinforcement” and matrix - “the polymer”.Polymers are formed by chemi-
cal reactions in which a large number of molecules called monomers are joined sequentially, forming a 
chain. In many polymers, only one monomer is used. In others, two or three different monomers may be 
combined. Polymers are produced commercially on a very large scale and have a wide range of properties 
and uses. They also have unique, molecularly definable properties and process advantages unattainable 
in any other kind of material (Gao et al., 2012). There are a number of categories which polymers can 
be classified. The simplest of classifications is whether they are synthetic or biodegradable polymers.

Most of the fabrications techniques commonly use for fabricating glass fibre composites are appli-
cable for fabricating AWF composites and they have been fully discussed by various authors (Aveston 
et al., 1980; Gutowski, 1997; Ishai & Daniel, 2006; Mallick et al., 1990). Among the techniques, hand 
lay-up as shown in Fig. 3 is the oldest, cheapest, simplest and most common method for making fibre 
composite products (or laminates). In general the process of fabricating a composite using the hand lay-
up method begins with the preparation of a mould according to ASTM standards. The prepared mould 
is applied with a release agent preferably a polyvinyl chloride (PVC) and waxed with a gel coat (for 

Figure 2. Samples of scanning electron microscope for the agro-waste fibresstructure
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resistance to weathering and corrosion) with a brush then allow to cure. Composite products are then 
obtained by impregnating fibre reinforcement’s layer by layer with accelerated catalyst and resin matrix 
which are then rolled with special rollers to consolidate the reinforcement and to drive any entrapped 
air. When the resin has gelled, but not fully cured, the surplus laminates is trimmed off, to the edges of 
the mould, the laminate is allowed to cure fully after which it can be freed and lifted from the mould. A 
summary of the various fabrication techniques by researchers on AWF with polymermatrixes to form 
various composite materials is presented in Table 2.

Table 2. Reported fabrication techniquesby various researchersfor the selected agro-waste fibres com-
posite materials

Type of Composite Material

Agro-waste Fibre Polymer Matrix Fabrication Technique Reference

Coconut sheathfibre Epoxy Resin (ER) Hand Lay-up [46]

Oil palm fibre Unsaturated polyester (UP) Hand Lay-up/Compression 
moulding [47]

Coir fibre Epoxy Resin (ER) Hand Lay-up [45]

Sugarcane fibre Unsaturated polyester (UP) Hand Lay-up [48]

Pineapple leaf fibre Epoxy Resin (ER) Hand Lay-up [49]

Coir fibre Poly Lactic Acid (PLA) Laminate fabrication [50]

Banana fibre Epoxy Resin(ER) Hand Lay-up [51]

Oil palmfibre Polypropylene (PP) Injection moulding [52]

Coir fibre Polypropylene (PP) Manual hot pressing [53]

Sugarcane fibre Epoxy Resin (ER) Hand Lay-up [54]

Pineapple leaf fibre Polyester Hand Lay-up [55]

Oil palm fibre Epoxy Resin (ER) Hand Lay-up [56]

Oil palm fibre Poly-vinyl Alcohol (PVA) Hand Lay-up [57]

Banana fibre Polypropylene (PP) Twin screw extruder [58]

Coir fibre Polyester Hand Lay-up [59]

Banana fibre Polyester Hand Lay-up [60]

Sugarcane fibre Polystyrene (PS) Hot pressing [61]

Sugarcane fibre Polypropylene (PP) Screw extruder [62]

Oil palm fibre Polystyrene (PS) Hot press, compression 
moulding [63]

Pineapple leaf fibre Poly-lactic acid (PLA) Hot pressing laminating [64]

Pineapple leaf fibre Polypropylene (PP) Compression moulding [65]

Sugarcane fibre Phenol Formaldehyde Resin Hot pressing [66]

Banana fibre Phenol Formaldehyde Resin Compression moulding [67]

Banana fibre Polyethylene Compression moulding [68]

Pineapple leaf fibre Starch Hot pressing [69]
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Description of the Fire Behaviour of Agro-Waste Fibre Composites

The fire behaviour of AWF composites from literature reportsshows it is quite complex. To understand 
their reaction to fire, Baillie and Jayasinghe (Baillie & Jayasinghe, 2017) described in three simplified 
stages the combustion process which includes the preliminary stage, flame stage of combustion (main 
stage) and the flameless stage (final stage). The focus in this paper is how the AWF cellulosic and lignin 
contents contribute or reduce additional fuel load during various stages.

The Preliminary Stage (Thermal Decomposition)

This is the stage where slow thermal decomposition occur releasing gaseous products, weakening the 
bonds in the composite structure and discoloring of the AWF (Baillie & Jayasinghe, 2017). The thermal 
decomposition of compositesis an important phase change phenomenon in understanding the behaviour 
of AWF composites in fire. When solids such as the AWF composite materials are exposed to a heat 
source, they usually undergo both chemical decomposition and physical degradation. The beginning 
of thermal decomposition of AWF composites starts with lignin at 160OC where it contributes to the 
formation of char residue due to ether phenol formation and carbon-carbon links separation (Baillie 
& Jayasinghe, 2017; Horrocks & Price, 2001). Hemicellulose is next to decompose between 180OC to 
260OC which produces high non-combustible gases containing about 70% incombustible CO2 and 30% 
combustible CO (Baillie & Jayasinghe, 2017). Finally, cellulose decomposes between 260OC to 360OC 
forming combustible volatiles and gases, non-combustible gases, tar and char (Baillie & Jayasinghe, 
2017; Horrocks & Price, 2001).

The decomposition process of solid state materials is generally conducted through thermogravimetric 
analysis (TGA), differential scanning calorimeter (DSC) and differential thermal Analysis (DTA). Among 
these techniques TGA is the most common technique used for kinetic analysis of the decomposition 
process and it provides the possibility of evaluating the mass loss of a sample with temperature and time 
(Steinhaus, 2010). A typical thermogravimetric analysis (TGA) curve is shown in Fig 4 for lignin and 
cellulose. Lignin decomposed at a wider range of 215OC-585OC whereas cellulose decomposed between 
286OC-426OC. In table 1 it shows that sugarcane and pineapple AWF exhibited higher percentage of 
cellulosic content while coir fibre and sugarcane has the highest lignin content. A compilation of the 

Figure 3. Hand lay-up manufacturing process
(Santos et al., 2018)
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thermal decomposition of the agro-waste fibre composite materials at initial and fully degraded tempera-
tures by various researchers is shown in Table 3. The common and most widely used polymers; epoxy, 
polyester and polypropylene were considered here because of their availability and cost. Further reading 
on the polymers decomposition can be found elsewhere (Basnayake et al., 2018). A corresponding plot 
for the fully degraded temperature in Fig 5 shows the AWF composite materials fall within the range 
of 330OC-524OC which is within the range reported by Zhao et al (Zhao et al., 2016). It can be seen in 
Fig 5 that the decomposition of banana AWF in epoxy was fully decomposed at a higher temperature of 
524OC containing 50-60% of cellulose against the highest cellulose of 85% for pineapple AWF which 
was fully degraded at 395OC.For polyester and polypropylene it was observed that sugarcane AWF with 
81% cellulose content exhibited the highest decomposed temperature respectively at 480OC and 465OC. 
On the other hand, coconut coir fibre with the highest lignin content of 40-45% began degradation at 
230OC followed by oil palm fibre with 29% lignin content at 150OC less than coir fibre. However, the 
variability of the temperature valuesmay depend on many factors not limited to sample preparation 
method, volume fraction of AWF, environmental conditions and manufacturing of the polymer.

Figure 4. TGA curves for cellulose and lignin
(Cordeiro et al., 2017)
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The Main Stage (Combustion Properties)

In the second stage classified as the flame stage of combustion and is an active process of decomposition 
where the product of thermal decomposition of the AWF composite material ignites with a substantial 
increase in the amount of heat released and mass lost. The combustion mechanism can be clearly un-
derstood through the simple concept of the stages of combustion of composite as described by Mouritz 
and Gibson (Mouritz et al., 2007) and shown in Fig.6.When the AWF composite substrates are exposed 
to a heat source, they pyrolyze (i.e. gas off), generating combustible fueland non-combustible fuel, 
charand smoke. In the presence of oxygen, the combustible gases are ignited and a flame occur sustain-
ing combustion. The fire grows by consumption of the fuel source at temperatures exceeding 350OC to 
500OC igniting the AWF composite materials. Flashover occurs when the fire temperature exceeds 600OC 
and at this stage all the combustibles contribute additional fuel load. The flashover point is the rapid 
transition between the primary fire which is essentially localized around the AWF composite material 
first ignition and the general conflagration when all surfaces within the enclosed space (compartment) 
are burning. The fire behaviour before flashover fire is significant in predicting the agro-waste fibre 
composite materials safety risk margin.

The fibre behaviour of composites is described by some critical combustion properties which deter-
mine their safe industrial utilization. These include but not limited to time-to-ignition (Tig), heat release 
rates (HRR), mass loss rates (MLR) and smoke production rates (SPR). In determining the combustion 
properties, engineers and designers rely on fire testing data obtained from bench scale apparatus to 
predict the safety of materials. The 1998 edition of the compilation of fire test by American Society for 
Testing and Materials (ASTM) alone listed some bench scale tests (Foley & Drysdale, 1994). Most of 

Table 3. Thermal stability of agro-waste fibre composites materials

AWF Composite Beginning of thermal 
Degradation (O) Fully Degraded Tempt. (O) Ref

Coir Sheath Fibre/Epoxy 230 400 [46]

Peach Palm Tree Fibre/Epoxy 150 330 [73]

Banana Fibre/Epoxy 239 524 [74]

Sugarcane Fibre/Epoxy 200 440 [75]

Pineapple Leaf Fibre/Epoxy 255 395 [76]

Coir Fibre/Polyester 220 380 [77]

Oil Palm Fibre/Polyester 150 442 [47]

Banana Fibre/Polyester 290 420 [78]

Sugarcane Fibre/Polyester 270 480 [79]

Pineapple Leaf Fibre/Polyester 250 460 [80]

Coir Fibre/Polypropylene 250 420 [81]

Oil Palm Fibre/Polypropylene 256 423 [82]

Banana Fibre/Polypropylene 252 405 [83]

Sugarcane Fibre/Polypropylene 260 469 [84]

Pineapple Fibre/Polypropylene 250 455 [85]
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these methods are well elaborated and documented in various literatures (Babrauskas, 1986; Babraus-
kas, 1995; Foley & Drysdale, 1994; Greyson et al., 1994; Scudamore et al., 1991). Among the fire test 
methods, the cone calorimeter at 50kW/m2provides a broad range of ignition and combustion properties 
that can be correlated to real fire scenario. The cone calorimeter is the most versatile in determining a 
large number of fire properties in a single test using with a small specimen. Cone calorimeter simulation 
does not simulate post flashover or fully developed conditions but can predict accurately combustion 
properties up to the point of flashover.

Among the combustion properties, the HRR defined as the driving force of a fire producing thermal 
energy per unit area of surface, when flammable decomposition products ignite and burn in the vicinity of 
the material in fire. The HRR is the most single important parameter in characterizing the firebehaviour 
of composites and their consequent fire hazard. All other variables used as a parameter in quantifying 
materials behaviour in fire are correlated to HRR. The generation of other undesirable fire products tends 
to increase with increasing HRR. Smoke, toxic gases, room temperature and other fire hazard variables 
generally progress to increase with HRR, as HRR intensifies (Babrauskas, 1986). Furthermore, a high 
HRR indicates a high threat to life and property. The HRR is characterized by peak HRR which occurs 
over a very short period of time and often shortly after ignition, and is usually a good indication of the 
maximum fire behaviour a material can attain while the average HRR is the total heat released averaged 
over the combustion period, and is considered the most reliable measure of the heat contribution to a 
sustained fire. Therefore, the average HRR must be taken into consideration in predicting the flashover 
time inside a compartment as reported by Ramanaiah, et al (Ramanaiah et al., 2013).

In Fig 7 the HRR of cellulose and lignin burning behaviour compared to the TGA graph in Fig 4 
shows that lignin thermally degraded early corresponding to the low HRR curve when compared to cel-
lulose of 2013 and 2014 investigations. This agrees with the reports of Alhuthali et al (Alhuthali et al., 
2012). Cellulose and lignin both increased after initial peak HRR but decreased significantly for lignin 
due to char formation residue preventing the release of combustible volatiles. In Table 1 it shows that 

Figure 5. Comparison of fully degraded temperature of agro-waste fibre composites
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the AWF composites with the highest lignin that is coconut coir fibre at 40-45% would form char early 
followed by oil palm fibre, sugarcane fibre, and banana and pineapple fibres. To further elucidate the 
effect of the cellulose and lignin content on the fire behaviour of composites,the critical combustion 
properties (i.e. Tig and peak HRR) of the AWF composite materials found in literature and compared with 
other sources of natural fibre obtained during a cone calorimeter test by various researchers are shown 
in Fig 8. It shows that lignin content in coir fibre and oil palm fibre could have been responsible in the 
reduction of HRR. However, the fire behaviour of composite materials would depend largely on many 
factors comprising its composition, fibre content, component dimensions, intensity of the fire source, 
and ventilationas well as the heat intensity as reported by Basnayake et al (Basnayake et al., 2018). There 
is scare literature on the study of agro-waste fibre composite fire behaviour in different fire conditions 
and their possible fire reductions to increase industrial utilization.

The Final Stage

The final stage also regarded as a flameless stage involves slow burning of residue and ashing of left 
overs with significant increase in the amount of char formation (Baillie & Jayasinghe, 2017). The sig-
nificance of char formation is dependent on the chemical structure of the fibre and the polymer matrix 
as well as combustion atmosphere and combustion temperature. Char is a porous material that contains 
crystalline and amorphous regions and more carbon than its underlying material (Mouritz et al., 2007). 
During combustion of AWF composite the formation of char protects the underlying composite from 
further decomposition from heat. The higher the HRR supposedly the less char is formed. In Fig 5 it 
shows that the AWF composite materials can form char fully at a range of 330-534OC leaving a substantial 
amount of char residue in percentage. The char residue for the studied AWF composite can be found in 
various reports of TGA analysis (Suoware & Edelugo, 2018). Significantly the greater char is formed 
with increase in lignin content and the polymer matrix structure.

Figure 6. Stages of fire growth
(Mouritz et al., 2007)
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Figure 8. Reported critical combustion properties for some selected agro-waste fibre composites with 
other sources of fibre composites in literature

Figure 7. Heat release rate during combustion of cellulose and lignin
(Dorez et al., 2014)
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UTILIZATION AND PROSPECTS OF AGRO-WASTE 
FIBRES TO THE NIGERIA INDUSTRY.

Nigerian Agricultural industries have the potential in contributingmeaningfully to the growth of our 
economyif AWF is harnessed to produce components by various industries such as automotive, building, 
sports, food industries etc. The prospects of AWF composite in Nigeria depends on the availability of 
AWF and the nation is blessed with abundant AWF waste such as coconut, oil palm, banana, sugarcane, 
pineapple and many others that can be processed into fibres. The process of obtaining the fibres for 
industrial use can create employment for our timid youths especially in areas where the agro-waste are 
largely located. It will also create business opportunities to thousands of people in the region. It will 
also save foreign exchange and reduce importation of raw materials. The AWF composites processed 
with flame retardants is a way to improve on the fire behaviour as well as increase the potential use of 
the AWF composites where their fire behaviour is a critical design consideration. AWF flame retardant 
composite could be used in areas where fire is imminent to reduce additional fuel load and survivability. 
The utilization of agro-waste reinforced in either synthetic or biopolymers for various industrial applica-
tions are shown in Fig 9. Currently research and development has improved component design to meet 
various industrial needs as landfill of agro-waste is no longer obtainable. These industries includes but 
not limited to the transportation, building, furniture, food packaging, sports, medical industries as well 
as many other industries that requires lightweight, low cost, easy to process etc. Materials for component 
design.

Figure 9. Some selected utilization of agro-waste fibres for potential use in various Nigeria industries
(Godavari, n.d.; Treehugger Cannabis in Your Car Doors, n.d.)
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CONCLUSION

The main aim of this review paper is to provide an understandingof the fire behaviour of agro-waste 
fibrecomposites materials andconcludes as follows:

1.  Fibres can be derived from the abundant production of agro-waste in Nigeria such as coconut, oil 
palm, banana, sugarcane bagasse and pineapple.

2.  The agro-waste fibres cellulosic and lignin constituents are primarily responsible for the high and 
low fire behaviour of composites materials respectively.

3.  Thermogravimetric analysis of the AWF composites with polyester, epoxy and polypropylene resins 
showed thermal decomposition between 150OC to 469OC.

4.  The peak heat released rate (pHRR) is identified as the single most important parameter in deter-
mining the fire behaviour of composites and it shows that the presence of high lignin content could 
reduce the pHRR.

5.  The AWF composite for coconut coir fibre and oil palm fibre with the highest lignin could reduce 
additional fuel load during a fire scenario to meet various industrial applications in Nigeria.
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99, 105, 108-109, 111-113, 138-139, 173, 179, 
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Radial overcut 20, 23, 67
reentry capsule design 226
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150-151, 211, 260-261, 265, 279, 284-285, 296
Robotics 111, 113, 122, 130, 251

S
sensor 62, 70, 86, 102, 114, 122, 173, 177-178, 180
shock wave 226, 233-234
sodium chloride (NaCl) 103, 107
solid state welding 173-174, 198, 202
solidification 139, 187, 205, 223-225
solubility 152, 198, 208

stainless steel 1, 3-4, 8, 11, 16, 19, 23, 37, 39, 42, 44, 
47, 54, 57-58, 63, 73, 78, 80, 85, 101, 105, 112, 
190, 196-197, 207-212, 215, 223-224

standard 14-15, 117-118, 134, 137, 144, 198, 205, 
213-215, 217-219, 224-225, 233, 243, 266-267, 
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SURFACE CHARACTERIZATION TECHNIQUES 
1, 13

surface coating 1, 5, 10, 13, 17, 50, 54
surface modification 1-4, 8-10, 13, 16-19, 42-44, 46, 

49-50, 53-59, 192
Surgery 73, 153, 158, 161, 239, 251-253, 255-257, 259
synthesis 45, 54, 136, 150, 159, 161, 163, 167

T
testing similar and dissimilar material 198
titanium alloy 8, 10-12, 19, 45, 54, 58, 66, 68, 74, 

79, 97, 99
tool heat 82
tribological characteristics 1, 135
tumors 154, 156, 158-159, 161, 165, 248

V
vision system 126, 173, 180, 182

W
WEDM 61-62, 75-81
welding 18, 123-124, 129, 137, 148, 173-220, 223-225
weldments 197, 204, 218-219, 223-225
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