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prosthesis, thermal barriers, electrochemical catalysis, electrochemical energy conversion devices,
biofouling, and self-repairing surfaces. The chapter will explain the fundamental principles of the
aforementionedthermalsprayingprocessesanddiscusstheeffectofdifferentcontrollingparameterson
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Thischapterattemptstomakeareviewofelectrolessmetaldepositionovervariousnon-conducting
substrateslikeforitsapplicationinthefieldofmedicalresearch,electricalandelectronicsunits,household
aesthetics,automobileandtextileindustries.Electrolesscoatingofmetalsoverconductingsubstrates
havebeendeveloped,criticallyreviewed,andprovenitsworthbyshowingexcellentdesiredproperties
overtheyears.Thisreviewaimstodiscussthetechniquesthathavebeenappliedbytheresearchersto
overcomethedifficultiesofcoatingonthesematerials,theirinfluenceintheirphysicalandmechanical
properties,andtheirprospectsofuseintheindustries.Withthediscussionoftheunderlyingcoating
fundamentalsand itshistoricalbackgrounds, theemphasiswasput into thecoatingdepositionwith
sensitizationsandactivationsofvarioussubstrates,electrolessbaths,andthecharacteristicallychanged
propertiesofthematerialsobservedintheanalysis.
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thecoating,respectively.TribologicalstudywasconductedusingPin-on-Disctribotester.EDXanalysis
confirmsthepresenceofNi,Cu,P,andWinthedeposit.SEMimageshowsthesurfaceisdense,smooth,
andwithoutanyobservablenodule.Someofthesampleswereheattreatedto300°C,500°C,and700°C
for1hourtoobservethecrystallographicchangebyXRD.OnesharpcrystallinepeakofNi(111)is
presentinallcondition,buttheintensityincreasesrapidlywiththeheattreatmenttemperature.Thephase
transitiontemperatureofthisquaternarycoatinganalyzedbyDSCwas431.8°C.
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Thepowdermetallurgy(PM)techniqueissuitableformassproductionandisawell-establishedprocess
forthelowproductioncostsofnet-shapedproductsclosetolongseries.Thepropertiesoftheiron-based
PMparts,suchasstrength,hardness,magneticproperties,impact,wear,andcorrosionresistance,can
beimprovedwithaddingvariousalloyingelements.Thedesiredsurfaceperformancecanbeachieved
withvarioussurfacecoatingtechnologies.Recently,variouscoatingtechniqueshavebeendevelopedas
discussedinthechapter.Thealloyingelementshaveasignificanteffectonthecoatingqualityofthefinal
product.Surfacecoatingcanbeanalyzedbyexaminingthesurface-coatedpowdermetallurgy(PM)using
infraredandRamanspectroscopytechnique.Thiscontributionfocusesontheroleofalloyingelements
onpropertiesandcoatingtechnologiesofpowdermetallurgysteelsandFouriertransforminfrared(FT-
IR)andRamanspectroscopicapplicationsonthem.
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Preface



Recentadvancementofmaterialsciencehasrevolutionizedtheapplicationofsurfacecoatingsinal-
mosteveryfieldofengineering.Itisneverthelesstosaythat,surfacecoatingorsurfacemodification
hasshownanewpathtomaterialsengineers,mechanicalengineers,tribologists,chemical&corrosion
researchers,bio-medicalengineers,bio-materialscientists,aerospaceresearchersandmanymore.In
manycasesthematerialofmaincomponentisunabletosustainlonglifeorprotectitselffromadverse
operatingenvironment.Asexample,bearingofgasturbineundergoeshightemperaturetribo-corrosion
damage;artificialbio-implantmaterialundergoesrigorousfrictionandwearwithinatypicalcorrosive
environmentinpresenceofsynovialfluid;spaceshipsorrocketsarelaunchedfrommarine(corrosive)
environmentandduringpassingthroughatmosphere,enormousheatgeneratedinsurfaceduetohuge
frictionwithairandtherearemanymoreexamples.Indifferentcasesdifferentmaterialpropertieslike,
anti-frictionandwear,anti-corrosive,thermalresistive,superhydrophobicetc.arerequiredasperthe
operatingconditions.Itisquitedifficulttomatchthebulkstructuralpropertyandthesurfaceproperty
ofanycomponentbyasinglematerial.Ifthosebulkcomponentsaremadeofsuchmaterials,possessing
thoseproperties,thecostwillbeveryhigh.Inthosecases,practicalsolutionissurfacecoating,which
servesasaprotectivebarriertothebulkmaterialfromtheadverseenvironment.Duringlastdecade,
withenormousefforts,researchersandscientistshavedevelopedsuitablematerialstoovercomethose
unfavourableoperatingconditions.Notonly that, theyhaveusedadvanceddeposition techniques to
enhancetheadhesionandsurfacetexturingofthecoatings.Thusallthesedevelopmentsareneededto
beexploredthroughacommonbroadplatformtothescientistsandresearchersassociatedwithitfor
theireasyreference.

Theobjectiveofthisbook,Advanced Surface Coating Techniques for Modern Industrial Applica-
tions,istopublishmostoftheadvancedconcurrentsurfacedepositiontechniques,theirpropertiesand
probablefieldsofapplicationsunderonecover.Thisbookcouldbeaquickguideforresearchersand
scientistsworkinginthisfield.Selectionofsuitablematerialforanycomponent,whichwillbework-
inginaspecifiedenvironmentandoperatingcondition,isthefirstchallengetoanydesignengineer.In
mostcases,theworkingloadandworkingenvironmentimposeademandofdissimilarmaterialproper-
tiesandthatcreatesadifficultsituationformaterialselection.Surfacecoatingcansolvethisdifficulty
withease.Asenvironmenteffectsmostlyonsurface,thusaprotectivecoatingcanbeprovidedoverthe
surfaceoftheloadbearingmaterial.Byvirtueofnewtechnologiesinthesurfacedepositiontechniques,
boththemetalandnon-metalcanbeusedeitherassubstrateorascoatingmaterials.Thisbookcoversa
widerangeofsurfacedepositiontechniquesandcoatingmaterials,whicharebeingusedinconcurrent
industrialapplications.Hopefully,thisbookwillbeabletoputapositiveimpactnotonlytotherelated
researchersandscientistsbutgraduatestudentsathighereducationalso.

xiii
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Thus,toproviderecenttechnologicalinformationinsurfacecoatingusedinvariousindustrialap-
plications,thisbookencompassesthedetailsofscientificandtechnologicalfindingsalongwithreview
ofcoatingmaterials,coatingtechnologiesandcoatingapplications.Tosatisfytheinterestofabroad
audience,thisbookincludestwelvechapterscontributedbyrespectivesubjectexperts.Briefdescriptions
aboutthechaptersareasfollows:

Chapter 1:Thischapterdescribesdetailsofnanocoatingtechnologies.Emphasisehasbeengiven
onvariousnano-materials,coatingtechnologiesandpropertiesofcoatedsurface.Applicationofthese
coatingsinvariousindustries,especiallyinmedicalandtextileindustrieshasbeenexplained.Special
focushasbeengiventovarioustypesofenvironmentfriendlycoatings.

Chapter 2:Thischapterdealswithdetailedoverviewofthermalspraycoatings.Beingoneofthe
mostpopularcoatingtechnologiesofmoderntime,thermalspraycoatingsgainedimmensepopular-
ityinvariousengineeringfield.Thischapterencompassesthedescriptionofcoatingproceduresand
importanceofoperatingparameters,whichgovernthecharacteristicsofvariousthermalspraycoatings.

Chapter 3:Thischapterisfocusedonthecharacterizationofathermalbarriercoatingdeposited
bythermalspraytechnique.CyclicoxidationofcombinedLTA/YSZandaluminacoatingshasbeen
investigatedandreportedintermsofmicro-structuralandphasetransitionbehavior.

Chapter 4:Thischapterdealswithadvancesinlowthermalconductivitymaterialsforthermalbar-
riercoatings.Hopefully,awelldefinedhistory,whytouselowthermalconductivityandsolutionsand
recommendationsforvariousindustrialproblemsrelatedtothiscoatingwillbehelpfultothereaders.

Chapter 5:Thischapterbrieflyelaboratestheprogressiveadvancementsmadeinthefieldofthermal
spraycoatingstocombathotcorrosion.Alongwithcorrosion,effectofcompositecoatingsonmicro-
structuralcharacteristicsandqualityofthesurfacedevelopedhasbeendiscussed.

Chapter 6:Asystematicreviewofcoldgasdynamicsprayinghasbeenintroducedinthischapter.
Thiscovers themethodology, theequipment,processparameters,materialsystem, themetallurgical
bondingaspects,advantageanddisadvantagesandfinallythepresentstatusofthisprocess.

Chapter 7:Thischapterisfocusedtowardsthefunctionallygradedmaterialsdevelopedbyelec-
trolesscoatingandpowdermetallurgy.Emphasisisgiventothefundamentalsoffunctionallygraded
materialsandtheirimportanceinmaterialscience,electrolesscoatingprocess,powdermetallurgyand
mostimportantly,fabricationandcharacterizationoffunctionallygradedmetalandceramicpowders
byelectrolesscoatingmethod.

Chapter 8:Thischapterdealswiththegeneraloverviewofelectrolessdepositionofmetalsover
non-conductivesurfaces.Thisincludeselectrolessnickel,copper,gold,silvercoatingsondifferentnon-
conductivesurfaceslike,ceramicpowders,polymers,textilesetcetera.However,thecharacterization
andpropertiesofthosecoatedsurfacehasalsobeendiscussed.

Chapter 9:Thischapterreportstheexperimentalfindingsofelectrolessquaternarycoatings.Detailed
investigationsonmicro-structural,phasebehavior,thermalbehaviorandtribologicalcharacteristicshave
beenpresented.

Chapter 10:Thischapterexplainsthecorrelationbetweenalloyingelementsandsurfacecoating
ofpowdermetallurgysteelproducts.Emphasizehasbeengivenonthevarietyofalloyingandsurface
coatingtechniquesinpowdermetallurgysteelproductsandFTIRandRamanSpectroscopicApplica-
tionsonthem.

Chapter 11:Thischapterpresentsanoverviewofsurfaceengineeringofmaterialsthroughweld-
basedtechnologies.

xiv
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Chapter 12:Thischapterdealswithvariousdepositionmethodsbyconventionalandnon-conven-
tionalcoatingtechniques.Aclassificationofdifferenttypesofcoatingsusedforindustrialpurposeis
alsoproposed.Briefdescriptionsofnano-coatingsandpolymercoatingshavebeendescribed.Finally,
recentprogressincoatingtechnologiesisreported.

Thus thisbook includesdifferent surfacecoating/modificationmethods (thermal spray, coldgas
spray,electrolessdeposition),coatingmaterials(nanomaterials,roleofalloyingelements)andtheir
applications(thermalbarrier,corrosionresistance,frictionandwearresistance,coatingcompatiblefor
boilertubeapplications)undersinglecoverfromthesubjectexpertsofrelatedfieldsasaeasyreference
tothereaders.

xv
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ABSTRACT

The ever-growing interest in nanocoating and its enthralling protective properties makes it a very capable 
candidate for next generation protecting systems. The future of these special nanocoating markets will be 
expanding in different industries such as marine, building, and defense. The main purpose of coatings 
involves the use of thin films (nanoscale dimensions) that are applied to the surface of materials, which 
improve the material functionalities. Some of the improved functionalities include anti-corrosion, easy-
to-clean (anti-graffiti), anti-icing, anti-fogging, anti-fouling, etc. Some of the common techniques used 
for nanocoating are chemical vapor phase deposition, physical vapor phase deposition, Sol-gel methods, 
electro-spark deposition, electrochemical deposition, and laser beam surface treatment. Commercial 
application of nanocoating nanotechnology includes self-cleaning coatings, depolluting coatings, ultra-
violet (UV) light protective coatings, anticorrosion coatings, thermal resistance, anti-fouling coatings, 
and anti-graffiti coatings.

INTRODUCTION

Nanotechnology is an emerging branch of science and technology that deals with the study of matter 
at dimensions roughly in the range of 1-100 nm (1 nm = 10-9 m). (Joshi & Adak, 2019) Materials in 
nanometer scale possess specific physical, chemical and biological properties that differ in fundamental 
and valuable ways from properties of bulk matter. (Kim, 2010) Potential application of nanotechnology 
includes its use in catalysis, scientific tools, textile industries, electronics, biomedical application, agri-
culture, environmental remediation etc. (Joshi & Adak, 2019) Recently, reports have been found which 
explains the use of nanotechnology in solving various problems that are persisting in various develop-
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ing countries. One of the important industrial applications includes the use of nanostructured coating 
where nanotechnology has been extensively used is the coating. (Achanta et al., 2011) It is therefore now 
possible to use nanomaterials and nanostructures in the coating industry for its application in various 
fields. (Dubbert et al., 2014)

Nano-Coating

“A coating is defined as a coherent layer formed from a single or multiple application of a coating mate-
rial to a substrate” (DIN EN ISO 4618; 2.52). According to the existing standard (DIN EN ISO 4618; 
2.53) “a coating material is a material in liquid, paste or powder form which, when applied, forms a 
protective and decorative coating.” (Dubbert et al., 2014)

Coating materials mainly consists of following four types of ingredients (Dubbert et al., 2014):

a)  Binders: They help in forming a coherent film during drying and hardening.
b)  Pigments and extenders: Pigments are usually used as colourant and mainly comprises of insoluble 

color particles. While extenders are used to modify the physical properties.
c)  Solvents: Solvents are single liquids or mixture of liquids that dissolve other substances to form 

solutions without reacting with the substance to be coated.
d)  Additives: Very small quantities of additives when added to the coating material considerably 

modify its properties. Some of the properties include its flow behaviour, surface tension, gloss, 
structure, UV and weather resistance. (Dubbert et al., 2014)

The main purpose of coatings involves the protection and decoration of materials, and its use has 
been widened with increasing social and industrial development. (Makhlouf, 2011)

There are thousands of coating systems, ranging from simple systems to multilayers systems and 
complicated instruments. Most of these systems have an adverse effect on the environment. To combat 
with this problem continuous research and development work has been undergoing in coatings science 
and surface technology. The main driving forces are:

Increase in industry supplies at relatively low cost for high performance coatings;
To reduce the hazardous waste produced during coating processes (such as hexavalent chromate and 

volatile organic compounds (VOC)) which results in environmental pollution. (Makhlouf, 2011)
Nanocoating are one-phase solids structures that are applied onto the surface which dimension is 

lesser than 100 nm, thereby adding a specific property to the surface. These coatings are made up of 
layers or by combination of particles thinner than 100 nm, which enhances the surface properties or 
improves the material functionalities. Properties of nanocoating are greatly dependent on the constituent 
nanostructures. Small particle size of nanoparticles offers more surface area per unit mass that improves 
its application with low production costs. Enhanced surface properties encompass improved mechani-
cal properties, wetting properties, thermal and chemical properties, electronic and magnetic properties, 
biological properties and optical properties. Improved properties may considerably alter the reactivity 
and capacity that is highly desirable depending upon the applications. (van Lente and van Til, 2008)

Some of the applications of nanocoatings include its use in medicine industry, electronics, food pack-
aging, soft material industries (such as polymers, wood, textiles, leather, etc.), automotive industries, 
solar cells etc. (van Lente and van Til, 2008)
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For nanocoating, the material is usually composed of at least two immiscible phases that are separated 
from one another by interface region. Material consists of a major component referred to as matrix in 
which fillers are dispersed. (Nguyen-Tri et al., 2018) Classifications of nanocoating are done based on 
the type of nanostructured fillers and type of matrix where filler nanostructures are dispersed. (Nguyen-
Tri et al., 2018)

Some of the commonly used nanomaterials used in coatings are: Carbon black, Oxides (TiO2, 
Fe2O3, Fe3O4, SiO2,Cr2O3) (on mica flakes or SiO2 spheres, with metal pigments), ZnO, Tungsten oxide 
(WO3) (electrochromic), Polymer gel, specific organic-inorganic hybrid polymers, Oxide (synthetic 
amorphous silica), SiO2, Al2O3), Zinc or aluminium coated with nano-TiO2, nanoclay (like hydrotalcite 
Mg4Al2(OH)12CO3xH2O). Its properties and uses are listed in table: 1 below: (Nanocoating, 2014; Dub-
bert et al., 2014; Mathiazhagan and Joseph, 2011)

Nano-coating methods:

Several techniques are employed for the application of Nano-coating to the substrates. (Makhlouf, 
2011) Few of the techniques includes chemical vapor phase deposition, physical vapor phase deposition, 
Sol-gel methods, electro-spark deposition, electrochemical deposition, laser beam surface treatment and 
plasma spray coating. (Khanna, 2008) (van Lente and van Til, 2008) Each of these methods has their 
own advantages and drawbacks.

Chemical Vapor Deposition (CVD)

This is one of the common techniques used to produce thin films in semiconductor industries. This 
method is used to coat most of the metallic and ceramic materials. (Makhlouf, 2011) In CVD process, 
the wafer (substrate to be coated) is exposed to one or more precursor gases. Commonly used precursor 
gases includes inert gases such as He, H2 or N2 are introduced into the reaction chamber and fragmented. 

Table 1. Nanomaterials used in coating and their properties

Nanocoating materials Properties and Uses

Titanium dioxide (TiO2)
Possess photocatalytic properties: It is found in paints, coatings and inks; anti-corrosive; 
self-cleaning effect (with Anatase crystalline TiO2); anti-microbial

Silicon dioxide (SiO2)
Used in self-cleaning wall paints. 
Thermal resistant and fire resistant 
Scratch resistant

Iron oxide UV protection, anti-corrosive

Zinc oxide (ZnO) UV protection and anti-microbial

Silver (Ag) Anti-microbial effect. Used as one of the important constituent in wall paintings in hospital 
and food processing industries.

Polymer Monolayer adhesive films

Carbon (Graphene and carbon-nanotube) Anti-oxidation and anti-corrosive (Bao et al., 2019)

Copper oxide Anti-microbial (Mishra et al., 2013)

Indium/Antimony Tin Oxide IR-absorption (Mishra et al., 2013)
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UV, laser or infrared light supplies the energy required during this process. (van Lente and van Til, 2008) 
This method also uses photo and plasma-assisted means to enhance the chemical reaction rates of the 
precursors. (P. O’Brien, 2001; Tavares et al., 2008) The precursor gases passes over the surface of the 
heated wafer that reacts or decomposes on the substrate surface to produce the desired deposit thereby 
depositing a solid material from gaseous precursors. (Makhlouf, 2011) Commonly, volatile by-products 
are produced, which are removed along with unreacted precursor gas through the reaction chamber. 
Altering various experimental conditions such as substrate material, substrate temperature, composition 
of the reaction gas mixture, total pressure gas flows, etc., can give rise to material with wide range of 
physical, tribological, and chemical properties. (Carlsson and Martin, 2011)

There are multitude of CVD process, which includes atmospheric pressure CVD (APCVD), ultra-high 
vaccum CVD (UHVCVD), metal-organic CVD (MOCVD), low pressure CVD (LPCVD), laser CVD 
(LCVD), chemical beam epitaxy, microwave plasma-assisted CVD (MPCVD) and plasma-enhanced 
CVD (PECVD) etc. (Makhlouf, 2011; Carlsson and Martin, 2011)

Uses of CVD: (Carlsson and Martin, 2011)
a)  Used in many thin film applications such as corrosion-resistant coatings, heat-resistant coat-

ings and epitaxial layers for microelectronics.
b)  Synthesis of high-temperature materials (such as tungsten, ceramics, etc.)
c)  Synthesis of solar cells, high-temperature fiber composites and particles of well-defined sizes.
d)  Synthesis of high Tc superconductors and carbon nanotubes.

Advantages of CVD: (Creighton and Ho, 2001)
a)  CVD films are generally quite conformal.
b)  Wide variety of materials can be deposited with very high purity.
c)  High deposition rates
d)  CVD often does not require high vacuum as required by PVD processes.

Disadvantages of CVD: (Creighton and Ho, 2001)

Precursors of CVD process need to be volatile at near-room temperatures that restrict the use of 
number of elements in the periodic table. 

a)  High toxicity [Ni(CO)4], explosive (B2H6), or corrosive nature (SiCl4) of CVD precursors.
b)  Hazardous byproducts (such as CO, H2 or HF) are produced from CVD reactions.
c)  Films are deposited at high temperature.

Physical Vapor Deposition (PVD)

The technique is similar to CVD, only difference lies with the precursors (i.e. the material to be deposited 
on the substrate). In PVD, precursors are introduced to the reaction chamber in solid form, whereas in 
CVD, the precursors are introduced to the reaction chamber in gaseous form. (Makhlouf, 2011) The Solid 
coating material is thermally evaporated by heat or by bombardment with ions (sputtering). Thermal 
evaporation technique relies on vaporization of material by heating the material using suitable methods 
in vaccum. Whereas sputtering technique is a plasma assisted technique which requires the presence 
of a reactive gas such as argon, which reacts with the metal vapor that assists in depositing a thin layer 
onto the substrate surface. (Yousaf et al., 2015) The figure below represents the flow diagram of PVD 

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



5

Coating Materials
 

process where a solid material goes from a condensed phase to a vapor phase and then back to a thin 
film condensed phase.

Figure 1. Flow diagram of PVD process (ref. Wikipedia)
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Uses of PVD:

a)  Synthesis of semiconductor devices such as thin film solar panels, (Selvakumar and Barshiliaa, 
2012)

b)  Aluminized PET film for food packaging and balloons, (Hanlon, 1998)
c)  Titanium nitride coated cutting tools for metalworking etc.
d)  Optical coatings, i.e., in architecture, TV screens and data displays. 
e)  Automotive industry. (ref: PVD Coatings. Website. <https://www.pvd-coatings.co.uk/ap-

plications/>; 2014 [last accessed February 11, 2014); (van Lente and van Til, 2008) 

There are several types of PVD process, which includes Electron beam PVD (EBPVD), cathodic 
arc deposition, evaporation deposition, pulsed laser deposition, pulsed electron deposition etc. Various 
characterization techniques such as calo tester, nanoindentation, pin to disc tester, scratch tester have 
been used to measure the physical properties of coating i.e. thickness, hardness, wear and friction test 
and coating adhesion test respectively.

Advantages of PVD:
a)  PVD coatings are harder, as a result they are more corrosion resistant than coatings applied 

by the electroplating process.
b)  Most coatings have good impact strength, withstand high temperature and scratch resistant. 

They have high durability that protective topcoats are almost not necessary.
c)  This technique is promising for inorganic and organic coating materials.
d)  This technique is environmentally friendly than traditional coating processes such as electro-

plating and painting.
Dis-advantages of PVD:

a)  This technique fails with the coating of complex geometries.
b)  Some PVD technologies operates at considerably high temperatures and vacuums, so it re-

quires special attention.
c)  High temperatures system requires a cooling water system to dissipate large heat loads.

Spray Coating

Spray coating is a technique in which molten or solid powder particles are accelerated in a supersonic 
gas jet and sprayed onto the substrate to produce a coating. (Makhlouf, 2011) This technique has been 
widely used for coating irregularly shaped glass and metals. There are several type of spray coating 
techniques such as thermal spraying, cold spraying, High-velocity oxy-fuel spraying (HVOF), Plasma 
spraying, vacuum plasma spraying and warm spraying. (Makhlouf, 2011)

Cold Spraying method (CS):

In the cold spraying technique, particles are accelerated to very high speed by supersonic gas jet 
(carrier gas), which is forced through a nozzle. Upon interaction with the substrate, particles undergo 
plastic deformation and bind to the surface thereby forming a thin film. This method is usually conducted 
at lower temperature i.e. at temperature lower than the melting points of the sprayed material to avoid 
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oxidation and decomposition as well as phase transition. The coating obtained have high strength (>280 
MPa), strong adhesion (>70 MPa), low porosity (<1%) and low oxygen concentration. Several factors 
that determines the quality of cold-sprayed coatings are as follows: (Makhlouf, 2011, Kuroda et al., 2008)

a)  Gas type: Such as Air, He, N2
b)  Gas pressure
c)  Particle size
d)  Gas temperature
e)  Standoff distance: Distance between cold spray nozzle and the substrate.

There are two types of cold spray process: (M. Faizan-Ur-Rabet al., 2015; Eric Irissou et al., 2008)

Uses of cold spraying:
a)  Used for deposition of ceramic materials on metals, notably titanium dioxide for photocatalytic 

effects.
b)  Used to repair machine parts in a matter of minutes. For example; Metal (nickel alloys) par-

ticles travel in a mixture of nitrogen and helium gas and progressively it get stack up on the 
damaged part to repair the damaged surface. A robot controls movement of the sprayer.

Advantages of cold spraying: (Makhlouf, 2011)
a)  As cold spraying is a cold process, physical and chemical properties of the particles are re-

tained. Thus, probability of using soft metals such as copper or aluminum as well as elements 
with high melting points such as tungsten, titanium and tungsten carbide and cobalt becomes 
possible.

b)  Nitrogen or helium can be used as an inert carrier gas instead of oxygen. Thus, this method 
become useful for those materials that are sensitive to oxygen and gets oxidized. Example: 
aluminum, copper, titanium, and carbide composites (such as tungsten carbide).

c)  High thermal and electrical conductivity of coatings.
Disadvantages of cold spraying: (Makhlouf, 2011)

a)  Low deposition efficiency,
b)  This method requires very fine powder to acquire higher velocities, which makes it industri-

ally unattractive.
c)  High cost of helium.

Table 2. Two types of cold spray process and specifications

Conditions High-pressure cold spraying (HPCS) In low-pressure cold spraying (LPCS)

Gas Nitrogen or Helium Compressed gas

Pressure > 1.5 MPa 0.5–1.0 MPa

Flow rate > 2 m3/min 0.5-2 m3/min

heating power 18 Kw 3-5 kW

Application Spraying pure metal powders within the range 
of 5–50 µm

Spraying a mechanical mixture of metal and 
ceramic powders
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Thermal Spraying

In thermal spraying technique, melted or heated materials are sprayed onto the substrate to be coated. 
The precursor can be in powder or wire form. These particles are melted by either electrical (plasma or 
arc) or chemical means (combustion flame) and accelerated to high velocities. Combustion or electrical 
arc discharge is usually used as the source of energy for thermal spraying. This method can produce 
thick coating ranging from 20 μm to several mm over a large area at high deposition rate as compared 
to other coating processes.

Quality of coating as a result of thermal spraying is assessed by measuring bond strength, porosity, 
oxide content, macro and micro-hardness and surface roughness. Thus, the coating quality increases 
with increasing particle velocities.

Uses of Thermal Spraying: (Makhlouf, 2011)
a)  Used to produce coatings on structural materials, which provides protection against high 

temperatures, corrosion, erosion and wear control.
b)  When precursors are sprayed on substrates of various shapes and removed, freestanding parts 

in the form of plates, tubes, shells, etc. can be produced.
c)  Used to create porous structures, suitable for bone ingrowth, as a coating for medical implants.

Advantages of Thermal Spraying: (Makhlouf, 2011)
a)  This method has the ability to provide coatings ranging from 20 μm to a few mm thick for 

substrates with large surface areas.
b)  Feeding powders of different coating materials such as ceramics, plastics and composites or 

pure metal can be sprayed over the substrate surface.
Dis-advantages of Thermal Spraying:

a)  Thermal spray application is not compatible with complex geometries or surface blocked by 
other bodies.

Sol-Gel Method

The sol-gel process is a wet-chemical process in which monomer are converted into colloidal solution 
(or sol) that gradually forms an integrated network (gel) comprising both liquid phase and solid phase. 
Metal alkoxides and metal chlorides are generally used as precursors, which on hydrolysis and poly-
condensation reactions transforms to colloids. The structure may vary from distinct colloidal particles to 
continuous chain-like polymer networks. Sol-gel method is suitable for the synthesis of high quality films 
with its thickness ranging from10 Å (10−10 m) to few micrometers (10−6 m). This approach has control 
over the product’s chemical composition. Introduction of dopants, such as organic dyes and rare-earth 
elements in the sol considerably ends with the uniformly dispersed final product.

Application of Sol-gel method: (Makhlouf, 2011)

This method is used for the fabrication of both glassy and ceramic materials. It has varied applica-
tion, whichincludes its use in

a)  Optics, as antireflective coatings for glass lenses.
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b)  Electronics,
c)  Thin film and fibers
d)  (Bio)sensors,
e)  Medicine (e.g., controlled drug release),
f)  Reactive material and separation (e.g., chromatography) technology,
g)  Protective coating

Advantages of Sol-gel method:
a)  This method is used to cast suitable container with the desired shape.
b)  This method is cost-effective and low-temperature technique that allows the fine control 

of the product’s chemical composition.
Dis-advantages of Sol-gel method: (Makhlouf, 2011; Nguyen-Tri et al., 2018)

a)  Coating done using this method has poor adhesion performance,
b)  Crack formation while drying in the film which are thicker than a critical value,
c)  Absence of high-performance surface treatment based on environmentally acceptable 

salts.

Plasma Spray Coatings

Plasma spray coatings is a thermal process which make use of plasma, a relatively inert spraying medium 
(usually argon, combination of N2 and H2, combination of Ar and H2 or He) powder (metals, ceramics 
etc.) and high particle velocities to produce a high quality coating onto a substrate. Plasma refers to the 
heating of gas at considerably high temperature so that the gas ionizes and becomes electrically conductive.

In this process, the coating material is introduced as a powder into a plasma beam. Plasma jet melts 
the material and scatter material particles across the substrate with minimum waste. The particles so-
lidify rapidly with exceptional bond strength thereby producing a coating. This process can be used for 
spraying of almost any metallic or ceramic on to a large range of materials.

Uses of Plasma spray coatings:
a)  Fretting wear: Spray of tungsten carbide/cobalt are used.
b)  High temperature protection, thermal barrier coatings.
c)  Wear resistance: Spray of chrome oxide ceramic are used.
d)  Anti-galling: Spray of molybdenum alloys are used. 
e)  Erosion/abrasion resistance, corrosion protection.

Advantages of Plasma spray coatings:
a)  Maximizes the lifespan of the sunstrate i.e. the become resistance to wear, corrosion, abrasion, 

heat.
b)  This coating process is suitable for variety of materials such as any type of metal, glass, ce-

ramic, plastics.
c)  Coating materials such as metals, ceramics, alloys, cermets and refractory materials can be 

individually selected and introduced into plasma beam for spraying depending on the substrate. 
(ref: https://www.irsltd.co.uk/what-is-plasma-spraying)

Disadvantages of Plasma spray coatings: (https://www.irsltd.co.uk/what-is-plasma-spraying/; https://
degradation2.wordpress.com/disadvantages-of-plasma-spray-coating-2/)
a)  Plasma spraying equipment is expensive to buy, use and maintain.
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b)  Parts of plasma spraying equipment such as internal components of plasma gun requires 
regular replacements.

c)  As like other thermal spraying process this process is not suitable for its use to coat internal 
bores of small diameters

Advantages of using coating on the surface of nanomaterials:

There are some unique properties of the nanocoatings, which make them highly applicable in the 
field of coating. Nanocoating is a surface engineering process by deposition of atomic or molecular 
films less than 100 nm thin. Hence, the thickness of nanocoating films obtained from these processes 
is quite different from bulk coating methods such as dipping and roll-over-knife etc. There are various 
techniques to achieve the atomistic or molecular deposition on the surface of a given substrate namely 
physical vapor deposition (PVD), chemical vapor deposition (CVD), electroplating, laser vaporization, 
plasma enhanced chemical vapor deposition (PECVD), etc.

There are several advantages of using coating on the surface of the nanomaterials. Some of those are 
scratch and fire and thermal resistance; controlling the nanomaterials from UV, IR or other radiations; 
hydrophobic or oil repellent nature of the coating materials and have anti- fouling, anti-corrosion and 
anti-microbial properties.

1.  Scratch resistance:

Many external factors and mechanical loads may have a negative effect on the surfaces of substances, 
which can eventually destroy the surface structure. Scratches and cracks are harmful to the aesthetics 
and functionality of a product and degrade the value of the same. The anti-scratch coating neutralizes 
these problems by producing a surface with higher scratch resistance than the substrate.

Researchers nowadays have accepted the challenge of improving the scratch resistance of a coating 
without adversely affecting its other properties. If a greater number of cross-links are incorporated in 
the coating’s binder, scratch resistance can be achieved. However highly cross linked films become hard 
and have poor impact resistance due to less flexibility. A less-cross linked film is naturally soft and will 
show better performance with regard to the properties like ant-fingerprint and impact resistance but it 
will definitely have less scratch and abrasion resistance. Hence, in order to obtain best possible scratch 
resistance, the correct combination of hardness as well as flexibility is required.

Silica is naturally very strong, hard and resistant against chemicals and variation. All these character-
istics allow the nano-SiO2 particles in coatings to improve various properties such as modulus, stiffens, 
toughness etc. resulting in a very good scratch resistance property.

Recent progress in the field of nanotechnology plays a very vital role in the development of scratch-
resistant coatings. Gläsel et al. have shown the use of siloxane encapsulated SiO2 nanoparticles to develop 
scratch resistant coatings (Gläsel et al. 2000). Conradi and coworkers separately put a 0.5 kg load on the 
surface of pure epoxy and 130 nm SiO2/epoxy coating, which showed the indent in the epoxy coating 
were significantly large compared to those in the SiO2/epoxy coating, and the hardness was found to be 
increased by almost 40% (Conradi et al., 2013). Other researchers (Thomas and Stoks 2001) have also 
reported coatings with good abrasion and scratch resistant properties.

2.  Anticorrosion coatings
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Corrosion generally refers to metals, even if nonmetallic substrates such as plastics, concrete or wood 
also depreciate in the environment. Due to corrosion, huge industrial losses with a depletion of our natu-
ral resources always occur. The coatings offer anti- corrosion properties following several mechanisms 
available. They are namely sacrificial means, barrier effect and inhibition.

Corrosion of metallic substrates is protected by nanocoating systems via anodically active metal ef-
fect or galvanic effect, barrier effect, inhibitive effect etc. (Müler et al., 2017).

One of the examples of galvanic effects is the Zn based nanocoating protective mechanism, in which 
it sacrificially corrodes by the oxygen and moisture present in the coating surface and forms a corro-
sion product such as ZnO. Shen and his coworkers reported that corrosion resistance properties of 316L 
stainless steel could be improved significantly by covering its surface with uniform TiO2 nanoparticles 
films, the corrosion resistance increasing over three orders of magnitudes (Shen et al., 2005). Graphene 
and carbon nanotubes are also used in coating for anti-corrosion application. Yu et al. introduced modi-
fied graphene oxide on the metal surface, which showed better corrosion resistance than the bare metal 
(Yu et al., 2016).

Polymeric coatings are also applied to surface of metallic substrates to provide a barrier against 
corrosive species. Pigments having lamellar or plate-like shapes are introduced to polymeric coatings 
to increases the length of the diffusion paths for the corrosive species. The pigments in the coating are 
parallel to the surface, and they are highly compatible with the matrix resin because of which they can 
provide a good barrier effect. Montmorillonite clay which is layered clay can be introduced into organic 
resin systems to increase the barrier effect towards oxygen and water molecules, in that way enhancing 
the anticorrosive property of the coating

Aluminium oxide is generally accountable for the resistance of metallic aluminium to weathering. 
Metallic aluminium reacts very quickly with atmospheric oxygen, and a thin layer of aluminium oxide 
forms on the exposed aluminium surface (Zaman 1997). Formation of this passivation layer protects 
the metal from further oxidation. A number of alloys, such as aluminium bronzes, exploit this property 
by including a proportion of aluminium in the alloy to enhance corrosion resistance. The aluminium 
oxide generated by anodizing is typically amorphous, but discharge assisted oxidation processes such 
as plasma electrolytic oxidation result in a significant proportion of crystalline aluminium oxide in the 
coating, enhancing its hardness. (Chinglenthoiba et al., 2017)

Chen and his coworkers used as-grown graphene for the protection of the surface of metallic growth 
substrate of Cu or Cu/Ni alloy away from air oxidation (Chen et al., 2011). The covered graphene resulted 
in a passivation of metal underneath, which offered an inserted block between the reactants and the pro-
tected metal. The graphene-based nano-coating was very effective as it extended the materials thermal 
stability and corrosion-resistance. Yu and coworkers introduced metronidazole modified graphene oxide 
on the metal surface to obtain better corrosion resistance than the bare metal (Yu et al., 2016). Kwon et al. 
also used graphene and metal-chloride-doped graphene in which the evaporation of chlorine was almost 
blocked, and was able to maintain the doped state even after thermal annealing (Kwon and Kim, 2014). 

Conducting polymers have been used as host matrices in various composite films due to their elec-
trochemical properties and their mixed ionic/electronic conductivity properties (Rout et al., 2003). 
Depending upon the application, the morphology, conductivity and different physical properties of the 
conducting polymers can be modified by incorporating organic or inorganic particles into them. Yeh et 
al. reported the synthesis of nanocomposites with polypyrrole and montmorillonite clay, which showed 
better corrosion protection compared to bare polypyrrole (Yeh et al., 2003). In other reports, it was found 
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that polypyrrole nanocomposites with oxides, especially with Fe3O4 have prospects for use in corrosion 
protection of iron (Gracia et al., 2002).

3.  Self-cleaning coatings: super hydrophobicity property of nanocoatings

Leaves of the lotus plant (Nelumbo nucifera) are an enthralling example of nanostructure in nature. A 
dual texture in nano- and micro-scale is responsible for making the waxy, hydrophobic surface of the lotus 
leave superhydrophobic (i.e. the contact angle with water is greater than 150°). This super hydrophobic-
ity makes water droplets roll on the surface, thereby cleaning dirt particles that might be collected. This 
phenomenon helps in keeping the leaves of lotus flowers clean themselves. This is called lotus effect. It 
is inspired by this property of lotus leaves; researchers applied it to the surface of substrates so that the 
surfaces could acquire the self-cleaning property.

Due to their excellent water-repellent and self-cleaning properties, superhydrophobic surfaces have 
gained immense attention in fundamental research as well as practical applications. Self-cleaning is 
a situation when water drops of a set volume/mass can go through sliding, rolling, or both when the 
self-cleaning substrate is twisted beyond the critical angle. The water droplets slide down the surface 
leaving no trail because of the significant decrease in surface tension between water droplets and self-
cleaning surface. Under this circumstance, dust particles are easily washed off when water droplets roll/
slide down the self-cleaning surface. Self-cleaning surfaces are generally manufactured in one of the 
following ways: through the creation of hierarchical nanostructures on the hydrophobic surface or the 
chemical modification of the nanostructured surface with molecules having low surface free energies. 
Usually self-cleaning coatings utilize complicated deposition methods, such as chemical vapor deposition, 
layer-by-layer assembly and micro patterning, which may not be suited for a deposition to large surfaces.

Introduction of nano-TiO2 into the coating systems can lead the nanocoating with enhancement in 
protection and can even endow it with self-cleaning properties (Bao et al. 2019). TiO2 exposed under 
UV exhibits photo catalytically induced super hydrophilicity that converts the hydrophobic character 
of surface to hydrophilic and forms the uniform water film, which prevents the adhesion of inorganic 
or organic components on its surface, with retained cleanliness. The TiO2 thin films may be deployed 
on the surface of various substrates, such as glass, ceramics, metals, textiles, cement, bricks or fibers to 
provide layer that exhibits self-sterilization and self-cleaning properties, when it is exposed to the light.

Goffredo and coworkers (Goffredo and Munafo, 2015) had applied titanium dioxide (TiO2) for the 
conservation of architectural, monumental or archaeological stone surfaces. In their study, TiO2 nanopar-
ticles were dispersed in an aqueous colloidal suspension and applied directly on a light-colored limestone 
(travertine), by spray coating in order to obtain a nanometric film on stone samples. In another study, 
Ferrari and his coworkers evaluated the environmental sustainability of the nano-TiO2-based coatings 
over the surfaces of architectural stones. In order to appraise the balance between the potential risks 
due to the utilization of engineered nanomaterials in the life cycle phases and the benefits of the self-
cleaning and de-polluting properties of the Titania coating, they had adopted a safe behaviour in all life 
cycle steps (Ferrari et al. 2015). 

Table 3 below represents some of the superhydrophobic textiles and its evaluations that have shown 
promising results in recent years.
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Table 3. Types of textiles, its synthesis and evaluation of properties

Type of textiles Synthesis method Evaluation Ref.

ZnO nanorod array film on cotton fabrics Wet chemical route; hydrophobic modification with 
n-dodecyltrimethoxy silane (DTMS)

WCA=161° for 8μL water droplet; 
CAH=9° for 8μL water droplet Xu and Cai, 2008

Superhydrophobic textiles using fluoro-free 
organosilanes applied to various textiles (e.g., 
polyester, cotton and 
wool)

Dip-coating method using (R-polymer) of 
alkyltriethoxylsilane (RSi(OEt)3) and
RSi(OEt)3-modified silica nanoparticles (R-silica)

Excellent mechanical (e.g., abrasion, 
laundering and scratching), 
chemical (e.g., acid, base and 
organic solvents) and environmental 
(e.g., UV irradiation and outdoor) 
stability

Wu et al., 2013

11 textile fabrics made from natural and 
man-made fibers

One-step gas phase coating with polymethylsilsesquioxane 
nanofilaments

WSA; textile friction analyzer 
(TFA) Zimmermann et al., 2008

Superhydrophobic cotton fabric
Electrostatic layer-by-layer 
assembly of polyelectrolyte/silica nanoparticle followed 
by fluoroalkylsilane treatment

static contact angle range between 
151° and 157°; contact 
angle hysteresis for 1-3 layer > 45°; 
for 5-7 layer < 10°.

Zhao et al., 2010

Superhydrophobic cotton textiles Ag NPs with Hexadecyltri methoxysilane (HDTMS)
High antibacterial activity against 
the gram-negative bacteria, 
Escherichia coli

Xue et al., 2012

Superhydrophobic surfaces on cotton textiles

Amino- and epoxy-functionalized silica nanoparticles 
on epoxy-functionalized cotton textiles followed by 
hydrophobization with stearic acid, 1H,1H,2H,2H-
perfluorodecyltrichlorosilane

WCA=170° for a 5μL 
droplet; water roll-off angle < 5° Xue et al., 2009

Superhydrophobic cotton fabrics
Sol-gel coating method of TiO2 followed by
hydrophobization with stearic acid, 1H, 1H, 2H, 
2H-perfluorodecyltrichlorosilane

UV-shielding properties; water 
static CAs range from 151.5° to 
163.5° for a 5 µl droplet

Xue et al., 2008

Superhydrophobic behaviour of cellulose 
nanofiber-coated microfibers

Electrospinning method, fibers are plasma modified with 
trifluoromethane WCA >150° Thorvaldsson et al., 2012

Surface modifications of polymer surfaces 
such as poly (ethylene terephthalate) (PET), 
polyetherimide (PEI), polyetheretherketone 
(PEEK), aramides, 
or polyethylene

UV-light treatment; Fluorinated Carboxylates with 
Zirconium (IV) acetylacetonate Coupling Agents WCA up to 160° Textor et al., 2004

Surface treatment of cotton fabrics

Ultra sonication, Dip-coating method silica nanoparticles, 
mixed silane (n-octyltrimethoxysilane (OTMS), 
n-decyltriethoxy silane (DTES), bis(triethoxysilyl) 
ethane (BTEOSE), tetramethoxysilane (TMOS), and 
tetraethoxysilane (TEOS))

Durability test, crocking and 
laundering tests. When fabrics 
was treated with Aerosil® 90- 
containing OTMS and BTEOSE 
solutions highest contact angle 
139.1° was obtained.

Roe and Zhang, 2009

Functionalization of cotton Dip-coating method; Treated with carbon nanotubes 
(CNTs)

Flame retardancy, improved 
UV-blocking and properties, WAC 
> 150°.

Liu et al., 2008

Fabrication on cotton substrates
Dipping-drying-curing method; fabricated with pristine 
carbon nanotubes (CNTs) and surface modified carbon 
nanotubes (PBA-g-CNTs) PBA: poly(butylacrylate)

WCA > 150°. Liu et al., 2007

Superamphiphilic Janus Fabric Electrospinning method using polyacrylonitrile (PAN) WCA = 151.2°. Lim et al., 2010

Chemical change to fabric surface such as silk 
and cotton 

Plasma surface-treatment in hexafluoropropene (C3F6) 
atmosphere

WCA = 119.4±2.08 for silk and 
from 08 to 124.2±0.98 
for cotton. 

Li and Jinjin, 2007

Surface modification of silk fabric Magnetron sputter coating method was used to deposit 
polytetrafluoroethylene (PTFE)

WCA = 152 (±3)° 
CA hysteresis = 5° Huang et al., 2007

Modifications of thermoactive membrane 
textile materials

Plasma deposition method using hexamethyldisiloxane 
(HMDSO) WCA = 145° Twardowski et al., 2012

Impart functionality to cotton/ polyester blend

Plasma deposition method where atmospheric glow 
plasma was used. Fluorocarbon based monomers such as 
1,1,2,2-tetrahydro perfluorodecyl acrylate (THPFDA) and 
1,1,2,2-tetrahydroperfluorododecyl acrylate (THPFDDA) 
were deposited, thereafter second plasma exposure with 
antimicrobial agent, diallyldimethylammonium chloride 
(DADMAC), a quaternary ammonium salt.

Anti-microbial activity Davis et al., 2011

Modifications of glass slides Chemical vapor deposition method by using silicone 
Nano filaments Artus et al., 2006

Modifications of cotton fabric surfaces Microwave plasma treatment using oleic acid as 
hydrophobic agent WCA > 150° Cabrales and Abidi 2012
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4.  UV radiation protecting coatings

Harmful UV radiations can have a negative effect on any substrate and its light sensitive ingredients 
and lead to permanent damage. UV degradation is a significant problem for automobile and aircraft 
industries. Protection of wood substrates from UV degradation is also very important.

UV barrier layers can effectively protect the surface against UV light. This is achieved by reducing 
the UV transmission to a minimum through a reflective or absorbent layer in the UV range. Coatings 
always play a significant role in controlling the adverse effects of electromagnetic radiation (UV, Vis-
ible, IR, other) on many surfaces. UV protection categories of textiles based on UPF range and rating 
is shown in table 4 below. (Akgun, 2010)

The metal oxide nanoparticles for example nano-TiO2, nano-ZnO and nano-ceria (CeO2) etc. can 
efficiently block UV radiations resulting a better and sustainable performance compared to other UV 
absorbers (Duan et al. 2011, Yang et al. 2004, Kathirvelu et al. 2009). Their UV blocking property 
comes from (i) high reflective index causing higher reflection and/or scattering and (ii) absorption of 
UV radiation because of their semi-conductive nature.

Nano-ZnO used in the coating can also improve the UV resistance. When alkyd-based water borne 
coating was exposed under UV-radiation for a period of 110 h, there were several cracks on the surface, 
whereas for the ZnO-based nanocoating in the same condition; no cracks were observed (Dhoke et al., 
2009). Nano-ZnO particles of particle size in between 20 and 40 nm, can scatter UV radiation between 
200 and 400 nm, thereby providing excellent UV blocking property to the coating system without in-
teracting with the UV radiation. The size of the nanoparticles plays an important role in enhancing the 
UV resistance.

The mechanism of TiO2-based nanocoating for the protection from UV radiation is that electron and 
hole are generated in the coating once nano-TiO2 was exposed to UV-irradiation. In this process, the 
electrons were transferred to the metal substrate making its electrode potential more negative than its 
corrosion potential, meanwhile, TiO2 is not consumed. 

5.  Bio textile applications:

When we apply nano-coatings to textile or bio textile items, like clothing or furniture, the surface will 
be protected against contamination and staining, which will definitely extend the life of the product, where 
it is applied. Nano-coatings are nowadays immensely used in bio textile applications, which include bio 
filtration materials, medical outfits, medical fabrics, textile implants, textile substrates for cell growth, 
and many other textile products for medical systems (Chu 2002, Anand et al. 2005, Su et al. 2004). 

Table 4. Ultraviolet protection factor (UPF) range and rating

Protection category UPF range UPF Rating

Excellent 40-50, 50+ 40, 45, 50, 50+

Very good 25-39 25, 30 35

Good 15-24 15, 20
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Nano-coatings are formed on textile surfaces using multiple ways (e.g. by thin films, nanocapsules, and 
nanoparticles). Usually they have dimensions of different range varying from several tens of nanometers 
up to hundreds of nanometers. Carbon nanofibers (Lynam et al. 2007, Yang et al. 2007) possessing high 
mechanical strength, lightweight, high electrical conductivity, thermal and chemical resistance, may also 
be used in textile composites and coatings for biomedical applications. Surface properties such as liquid 
repellence, stain resistance, antimicrobial activity, odor control and delivery of biologically active agents 
may also be added to bio textiles by the application of nano-coatings.

Plasma coatings are particularly appropriate for textile-made biomaterials to improve their biocom-
patibility or improve (or reduce) biological activity on the surface. Different plasma technologies may 
be used to apply metallic nanoparticles onto textile surfaces. They include plasma polymerization of 
organometallics, chemical vapor deposition and plasma sputtering (physical vapor deposition or PVD) 
which is a low-pressure process that allows the direct application of metallic nanoparticle coatings 
onto fabrics. Plasma surface treatments have multiple medical applications. Plasma activation confers 
hydrophilic properties to woven or nonwoven textiles, allowing them to be used as blood filters or filter-

Table 5. Types of textiles, its synthesis and evaluation of properties

          Type of textiles Synthesis method Evaluation Ref.

Ultraviolet properties of cotton 
fabrics dyed with natural 
colorants.

Dyed with natural plant colorants 
madder (Rubia tinctorum) and indigo 
(Indigofera tinctoria) and the natural 
colorant of insect origin cochineal 
(Dactylopius coccus).

Ultraviolet protection factor 
(UPF) Sarkar, 2004

Improvement of the UPF values of 
cotton fabrics

UV-absorber based 
on the oxalanilide.

Ultraviolet protection factor 
(UPF) Riva et al., 2006

Modifications of linen fabrics Mordanting and dyeing Using Henna 
and copper sulfate.

Thermal stability, 
antioxidant activity, 
antibacterial action and UV 
protection.

Yadav et al., 2019

Modifications of pure cotton 
textiles

Sol-gel method using zinc oxide 
nanosol. Nanosol is prepared using 
TEOS, ethanol, hydrofluoric acid, 
deionized water and zinc acetate.

Ultraviolet protection factor 
(UPF) >50+

Vihodceva and Kukle, 
2013

Modifications of cotton fabric Pad-dry, pad-dry-hydrothermal and 
pad-dry-solvothermal using TiO2 sol

Ultraviolet protection factor 
(UPF) Mishra et al., 2019

Functionalization of Polyester 
Fabric

Atmospheric pressure glow discharge 
technique has been use to load silver 
chloride and titanium dioxide

antibacterial activity, UV-
protection

El-Zairy and Morgan, 
2015

Modifications of woven fabrics 
such as cotton/polyester, nylon

Different metal including copper and 
aluminium yarns are added into the 
fabric structure.

UV-protection Ghane and Ghorbani, 
2016

Modifications of cotton fabrics

In-situ chemical polymerization 
method was deployed for the synthesis 
of ppy-ZnO and ppy-ZnO-CNT 
composites. ppy: polypyrrole

Flame retardant; UV-
protection Yazhinia and Prabu, 2015

Modifications of cotton fabrics

Natural dyeing method using 3-chloro- 
2-hydroxy propyl trimethylammonium 
chloride, followed by dyeing with 
Henna extract

Colour strength, fastness 
properties, UV-blocking 
and tensile strength

Alebeida et al., 2015
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ing membranes for various applications. Plasma coatings are particularly considered for textile-based 
biomaterials, as biomaterials may involve plasma polymerization to deposit coatings, thus making their 
surfaces more or less bioactive. Medical applications could include sterile fabrics for use in bandages, 
implants, blood bags or surgical garments. Plasma-coated, pre-sterilized textiles could result in energy 
savings, because the fabric would not have to be sterilized with high temperature and pressure before use.

Table 5 below represents some of the different textiles that have been modified and shown promising 
results in recent years.

6.  Thermal resistance and fire resistance property

In our day today life we need thermal resistant coating in many of our household or other utensils 
such as nonstick cookware, boilers and barbecues etc. Although fluorine and silicon-based products are 
usually used in nanocoatings to achieve a high thermal resistance, fluorinated coatings are not considered 
suitable for high-temperature applications because they were degraded above ~300°C and they produce 
toxic byproducts. Hence, nowadays silicon containing coatings are in maximum demand as they offer 
better thermal resistance due to the high energy required to cleave silicon bonds compared to carbon 
bonds in analogous molecules (Mathiazhagan and Joseph 2011). Silicon based coatings can resist the 
temperature upto 1000 °C. Some other examples of thermal resistant coatings are also available which 
includes the combination of titanium esters and aluminium flakes incorporated into binders and the 
composite can resist the temperature up to 400 °C (Gangotri and Chaware 2004).

The use of flammable materials in different household or other stuffs is increasing day-by-day re-
sulting in a significantly increased threat to the safety of human life and to the cost of damage repairing 
resulted from fire. In 2013, the Unites states had 1.24 million fire cases where 3240 civilian lost their 
lives, 15,925 were injured and also there was a huge property lost (according to the report by National 
Fire Protection Association) (Karter 2014). Therefore, there is a huge requirement of fire resistant coat-
ings to overcome this type of problems. Although it is not possible to get protection by these coatings 
for a very long period, but it can certainly delay the spread of fire allowing enough time to take the 
required safety measures.

Halogenated molecules comprise the most varied class of fire retardants. Amongst them, the most 
efficient materials, which find their frequent use, are those containing chlorine or bromine. These are 
very successfully used for many engineering plastics and epoxy resins (Litzenburger 2000). Owing to 
the environmental risks associated with the use of halogenated fire resistant, phosphorus containing 
materials nowadays find their immense application in this field (Schartel 2010). Inorganic hydroxides, 
commonly containing aluminum or magnesium have been successfully used as fire resistant as they 
release water at higher temperature (Bras et al. 2005).

7.  Anti-graffiti coating

Anti-graffiti is a property of the nano coating which does not allow graffiti, stickers, paints or any type 
of markers to bond to the dry film (Dewan 2009). This is a permanent coating. Anti-graffiti coatings can 
be applied by following two ways. In the first classification, coatings are applied to a surface and after 
the graffiti is applied, it is removed from the surface. Thus, surface under the coating will remain clean. 
In another way a permanent coating is applied which prevents the graffiti from sticking to the surface.
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Stable nanocoating always offers a protective surface with which spray paint cannot form bond. After 
the surface has been damaged, the paint can be removed by using a simple solvent (toluene) and some 
manual labor. The underlying surface and the protective coating will remain undamaged.

There are some important properties of anti-graffiti coatings as follows:

a)  Sufficient adherence without damage to surface
b)  Hydrophobicity
c)  Environmentally friendly composition
d)  Resistance to UV radiation
e)  Good Cleaning Efficiency

8. Antifouling coatings
Antifouling coatings are very important in marine industries. It can effectively help in maintaining the 

speed and energy efficiency of ships by preventing fouling. Fouling is a natural process caused by marine 
organisms such as microbial slimes, microalgae and barnacles etc. It is a worldwide problem in marine 
system where unwanted growth or deposition of such organisms takes place. Because of this process, 
fuel consumption of the ships as well as the cost of maintenance of the different equipment’s increases.

Two types of coatings biocidal and nonbiocidal coatings are used for avoiding fouling. In a tradi-
tional approach, fouling has been controlled by antifouling paint with biocides. One of the main biocide 
effectively used for antifouling was tributyl tin (TBT) which does not find its application nowadays as 
their widespread use has caused severe pollution in the marine ecosystem (Chen et al. 2008). Recently, 
micro-encapsulation technology is used for the production of a wide number of antifouling products 
(Windsor 2005). For the nonbiocidal approach of antifouling coatings, polymers that have lower surface 
energy are used in order to avoid the adhesion of marine organisms and silicone elastomers find their 
extensive use for this purpose.

9.  Anti-mist coatings:

We can get rid of foggy windows and lenses with the help of nanocoatings (Mishra et al. 2013). Re-
searchers have been trying to develop anti-fog technology for many years. Anti-fog sprays are available 
that help to reduce fogging on the inside of car windows, but the process must be repeated in regular 
interval to get effective result. Glass containing titanium dioxide also shows potential for decreased 
fogging, but the technique only works in the existence of ultraviolet (UV) light. Recently, a typical 
polymer coating made of silica nanoparticles have been reported, which can create surfaces that never 
fog. These coatings are transparent and hence can be applied to eyeglasses, camera lenses, bathroom 
mirrors etc. When thousands of tiny water droplets condense on glass or other surfaces, the surfaces 
become translucent or foggy. This frequently happens when a cold surface suddenly comes into contact 
with a warm, moist air. The nanocoating prevents this process through its super-hydrophilic nature. The 
nanoparticles in the coating effectively attract the water droplets resulting the droplets to flatten and 
merge into a uniform, transparent sheet rather than forming numerous individual light-scattering spheres. 
“Basically, this nanocoating powers the water that strike the surfaces to build up a sustained sheeting 
effect, and that prevents fogging”.
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10.  Antibacterial coatings

Microorganisms such as bacteria, fungi or viruses represent potential threats for many applications 
like biosensors, biomedical implants and devices, food packaging, industrial as well as different marine 
equipment’s. In order to deal with this problem, the researchers synthesize surface coating with coating 
materials having antibacterial properties. There are different types of commercially available organic 
or inorganic biocides which demonstrate a wide variety of biocidal and biostatic mechanisms. Organic 
biocides contain polymers, tertiary alkyl amines and different organic acids (Sauvet et al., 2003). Some 
examples of inorganic biocides are silver, zinc oxide (ZnO), copper oxide (CuO), TiO2, and selenium 
etc. (Wagener, 2005). Ivanovaa and Philipchenko (Ivanovaa 2012) build up a effortless method to design 
superhydrophobic anti-bacteria chitosan-based coatings. This anti-bacterial functionality of coating is 
supported by using chitosan-based nanoparticles. Biocides containing microcapsules have also been 
developed in order to increase the endurance and effectiveness of antibacterial coatings (Xu, 2003).

Heinonen et al. presented a superhydrophobic silver-containing coating, which was prepared by fol-
lowing a sol-gel technique (Heinonen et al., 2014). In the process, silver nanoparticles were reduced on 
the surface of the prepared γ- alumina layer by Tollens process then the composite coating was further 
modified to obtain a low surface energy.

11.  Transparency and anti-reflection

Transparent nanocoating has found its extensive applications mainly in windows, eyeglasses, camera 
lenses and solar cell system, etc. (Rahmawan et al., 2013) Transparency will be reduced with surface 
roughness increases because the light scattering (Yu et al., 2014). Si/SiO2 based nanocoating shows ex-
cellent optical property and is easy to control coating thickness and roughness. Owing to this advantage, 
Si/SiO2 based material received a lot of attention in this research field. Xu and coworkers (Xu et al., 
2010) used a liquid polysiloxane (PSO) for the successful fabrication of highly transparent and durable 
superhydrophobic hybrid nanoporous coatings through a simple solidification-induced phase separa-
tion method. Wang et al. reported the production of highly transparent, and stable organic-inorganic 
composite nanocoating by following a well-designed sol-gel dip-coating method (Wang et al., 2014). In 
another report, Her and coworkers prepared a superhydrophobic coating on poly (methyl methacrylate) 
(PMMA) using a dry etching with CF4 plasma and a subsequent hydrolysis process with water immer-
sion (Her et al., 2013). 

Reflection of light on the surface generally causes harms like energy loss and imaging interference. 
(Xi et al., 2007) Hence, anti-reflection is extremely important to our daily life. Anti-reflective micro-
nanostructures that can lead to a successful refractive index gradient between air and the substrate 
must have a period smaller than the irradiated light wavelength. Based on these theories, a number of 
considerable micro-nanostructures have been designed (Xu and He, 2012). Along with transparency 
and self-cleaning, the application of transparent nanocoating on solar cells has also found its useful 
application as it could improve the optical absorption as well as remove the pollutants from the surface 
(Zhu et al., 2010).
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12.  Application of Nanocoating technology in industries:

Use of nanocoating technology can help to solve common current industrial problems.

a)  Medical Applications: 

A rapid increase in the use of nanocoatings towards various medical applications such as orthopedic 
and dental implants has been observed. This has improved the osseointegration. Osseointegration refers 
to the structural and functional connection between living bone and the surface of artificial implant. 
(Mavrogenis et al., 2009; Yousaf et al., 2015) Osseointegration has certainly improved the area of medi-
cal bone and joint replacement, dental implants techniques. In addition to this emphasis has been done 
towards coating of cells and stents.

b)  Textile Industry:

With increase in customers’ demands for durable, multi-functional and smart textiles nanotechnol-
ogy plays an important role in textile industry. Some of the nanotechnology enhanced textile products 
includes nanofiber, polymer nanocomposites (PNs), nanostructured surfaces. These products make the 
textiles more functional and smart. (Joshi et al., 2008, Kim, 2010) Improved functional properties in 
textiles includes UV protection, water, oil, stain repellency, antibacterial, antimicrobial, self-cleaning, 
wrinkle-resistance, flame retardancy, improved dye ability etc. without comprising the comfort proper-
ties. Figure 2 represents the different nanotechnology enhanced textile products and their applications. 
Coating technique such as sol-gel, spray coating, self-assembly, dip coating, plasma polymerization 

Figure 2. Nanotechnology enhanced textile products and its application (Joshi and Adak, 2018)
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etc. have been used in textile industries for the synthesis of high performance textiles. (Joshi and Bhat-
tacharyya, 2011; Gashti et al., 2016)

Functional Textiles:

Functional textiles are textiles, which are incorporated with chemicals to improve various functions 
such as temperature control, humidity control etc. upon manufacturing so as to withstand various condition 
based on its application area. Rayon and polyester fibers are mostly used fibers in the functional textiles. 
(Functional Textiles Market) Demand for these functional textiles in markets has increased because of its 
increased use in various sportswear (such as cycling, ski sports, swimming etc.) Further, the functional 
textiles are broadly classified into four categories based on its type, functions and applications (Figure 
3) and attracts the market globally. (Functional Textiles Market)

Water and oil repellant textiles:

Busy schedule, working environment, lifestyle has changed the clothing pattern of the people. People 
prefer using cloths that are hygienic, easy to use and wash. Usually a material having low surface energy 
is used in a textile material to impart water and oil absorbency. There are two types of water/oil repellent 
chemicals namely fluorocarbon based and non-fluorocarbon (e.g., silicon) that are used in commercially 
available textiles. (Joshi; Joshi and Adak, 2018) Fluorocarbon based chemicals are costly. This imparts 
both water and oil absorbency properties in the textiles whereas non-fluorocarbon or silicon-based chemi-
cals can impart only water repellency property to the fabric. Presently, nanocoatings or nanofinishing 
are able to fulfill most of shortcomings of conventional finishes with water and oil repellent textiles also 
referred to as ‘superhydrophobic’ textiles.

The term superhydrophobic refers to the surface that exhibits excellent water repellency properties with 
lower surface energy (< 10dynes/cm) water contact angle (WCA) > 150° and contact angle hysteresis 
(CAH) < 10°. This is also referred to as self-cleaning effect or Lotus effect. (Joshi and Adak, 2018; Park 
et al., 2015) Lotus-leaves are known to be one of the best example exhibiting natural superhydrophobic 
surfaces. This surface can effectively roll out impurities, such as mud, with water and make the surface 
clean. The phenomenon is due to presence of nano-level hydrophobic wax crystals on the top of lotus-
leaf surfaces that makes it not- wettable. (Joshi and Adak, 2018; Abdulhussein et al., 2016) Lotus effect 
is not only limited to lotus leaf but it is also shown by various plants and insects such as rice leaves, fish 
scales, butterfly wings, mosquito eyes and shark skin. (Ahmad and Kan, 2016) Lotus effect is considered 
and based on that several modification has been done on the surface of textile fabric by nanofinishing or 
nanocoating. Literature search reveals that various materials such as zirconia, nano-silica, ZnO nanorods 
or surface modified carbon nanotubes (CNTs) have been used for superhydrophobic coatings. (Joshi et 
al., 2012; Das and De, 2015; Vasiljevic´ et al., 2013; Ates and Unalan, 2012) Table 3 and 5 above rep-
resents some of the superhydrophobic textiles and UV protecting textiles and its evaluations that have 
shown promising results in recent years. Table 6 below represents textiles that have been modified and 
it has shown promising results towards anti-microbial activities in recent years.
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Environmental Benefits of Nanocoatings

Use of nanocoating systems may reduce environmental pollution even further (Steinfeldt et al. 2004). 
Nanocoatings usually fabricate thinner coating layers, which certainly saves raw materials. Moreover, 
the lighter-weight products can bring environmental benefits in the use stage also, particularly in the 
transportation area. Another potential environmental benefit could be the minimization or substitution 
of solvents and toxic compounds used in paints and lacquers (e.g. chromium compounds).

Figure 3. Classification of Global functional textile market (Functional Textiles Market)
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Self-cleaning or easy-to-clean surfaces reduce the need for cleaning. Especially in industrial cleaning 
self-cleaning or easy-to-clean surfaces may reduce the consumption of energy and cleaning agents and 
extend the life span of coated objects. UV resistant coatings are based on inorganic-organic binder. They 
are able to dry under UV light within seconds, thus reducing the energy required all through the drying 
process. In addition, UV resistant coatings usually contain no or less volatile solvents.

Technically, many environmental benefits are to be expected from nanomaterial-containing coatings.

CONCLUSION

The ever-growing interest in nanocoating and its enthralling protective properties makes it very capable 
candidates for next generation protecting system. Nanocoating has proved itself as a valuable technology 
in different fields including medical, textile industries and almost every dimension of our life. It prom-
ises to unleash the enormous potential in the field of coatings. The future of these special nanocoating 
markets will be expanding in different industries such as marine, building and defense. A huge number 
of environmental benefits are also to be expected from nanocoatings, for example, thinner coating lay-
ers, minimization or substitution of solvents and toxic compounds used in paints etc. In addition, self-
cleaning or “easy-to-clean” surfaces may reduce the need for cleaning, decrease the consumption of 
energy and cleaning agents and lengthen the life span of the coated objects. Nanotechnology developed 
coatings may conserve many of our natural resources and improve the overall performance of different 
substances. Every technology has some limitations. The effect of this technology on human health is 
yet to be studied in detail.

Table 6. Types of textiles, its synthesis and evaluation of properties

Type of textile Synthesis method Evaluation Ref.

Modifications of natural 
materials 
such as cotton, wool, and silk 
and also synthetic materials 
such as PET fabrics

Spraying, the pad dry cure method; 
nanomaterials used include titanium 
dioxide, zinc oxide, silver oxide, and 
silver nanocolloids

Anti-microbial activity against 
wide range of bacteria and 
fungi.

Gokarneshan et al., 2012

Modifications of woven 
cotton fabric

Pad-dry-plasma-cure method; 
5,5-dimethylhydantoin (DMH) was 
coated via atmospheric pressure 
plasma treatment (APP)

Antibacterial properties against 
Staphylococcus aureus (S. 
aureus)

Zhou et al., 2017

Modifications of cotton fabric

Modifications via cationization 
process and carboxymethylation 
process with different concentration 
of both Neem and Tulsi Extract

Anti-microbial properties, 
tensile strength, 
elongation, roughness, water 
absorbency (wettability)

El-Shafei et al., 2017

Modifications of cotton 
textiles

Sol-gel method; treating cotton 
textile with water glass as silica 
source and then with silver nitrate 
solution

Anti-microbial activity towards 
Escherichia coli (E. coli), a 
gram-negative bacterium.

Xing et al., 2007

Modifications of cotton- and 
cellulose containing fabrics

Treating with dimethylol 
dimethylhydantoin (DMDMH), 
followed by chlorine bleaching

Anti-microbial activity, wrinkle 
resistance Sun et al., 2001
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ABSTRACT

The goal of the chapter is to address the fundamental theory of thermal spraying and its modern industrial 
applications, in particular, those involving flame spray, HVOF, plasma spray, and cold spray processes. 
During the last 30 years, thousands of manuscripts and various book chapters have been published in 
the field of thermal spray, displaying the evolution of thermally sprayed coatings in many industrial 
applications. Thermal spray coatings are currently interesting for different modern applications includ-
ing prosthesis, thermal barriers, electrochemical catalysis, electrochemical energy conversion devices, 
biofouling, and self-repairing surfaces. The chapter will explain the fundamental principles of the afore-
mentioned thermal spraying processes and discuss the effect of different controlling parameters on the 
final properties of the produced coatings. This chapter will also explore current and future industrial 
applications of thermal spray coatings.
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CGS: Cold Gas Spray
dB: Decibels (dBA is noise power measured in dB)
DC: Direct Current
D-Gun: Detonation Spray
HPCS: High Pressure Cold Gas Spray
HV: Hardness Vickers
HVAF: High Velocity Air Fuel
HVOLF: High Velocity Oxygen Liquid Fuel
HVOF: High Velocity Oxygen Fuel
HRC: Hardness Rockwell C
HVSFS: High Velocity Suspension Flame Spray
LPCS: Low Pressure Cold Gas Spray
LPPS: Low Pressure Plasma Spray
PS-PVD: Plasma Spray Physical Vapor Deposition
SPS: Shrouded Plasma Spray
TS: Thermal Spray
TWA: Twin Wire Arc
VPS: Vacuum Plasma Spray

INTRODUCTION TO THERMAL SPRAY

General Background

Surface modification of materials is a topic that has been intensively studied for the last hundred years to 
improve, transform, or provide specific functions to a surface originally designed to perform a definite 
task. Different methods have been employed to modify the surface of materials; for instance, the deleteri-
ous effects of corrosion on steels are controlled by applying a layer of a reactive and low melting point 
metal such as Zn (Marder et al., 2000). A similar protective effect is produced on the surface of iron-
based materials when a polymer is deposited on their surface (Ates et al., 2016); however, the pursued 
application and the specific surface requirements dictate the procedure and more suitable materials for 
protecting or modifying the surface. Large numbers of materials and processes have been developed for 
providing surface modification to different substrate materials, from polymers, metals, and ceramics, 
to electronics, composites, biomaterials, and a myriad of possible combinations in the middle. Thermal 
spraying (TS) occupies a very specific niche among the technologies developed for providing specific 
surface features to metallic, ceramic, and composite materials. TS encompasses a group of coating 
technologies employed for applying metallic and nonmetallic materials on different types of substrates 
in order to provide them with specific features such as elevated corrosion resistance, biocompatibility, 
lubrication, high abrasion resistance, electrical and thermal insulation, etc. (Knight et al., 1998). Raw 
materials employed in such technologies can be in the form of powders, wire, or rods, depending on 
the selected TS process. All TS processes encompass thermal and kinetic contributions to the overall 
energy balance between the energy source and the sprayed material (Pawlowski, 2008). Depending on 
the TS process configuration, thermal and kinetic contributions to that energy balance can be modified; 
for instance, in high energy processes such as plasma, raw materials receive a larger amount of thermal 
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energy than that arising from particle acceleration (Fauchais et al., 2014). In TS processes, raw materi-
als are introduced into the energy source and converted to molten or semi-molten particles (with the 
exception of cold gas spray in which raw materials are introduced in powdered form and often remain 
in solid state), which ultimately undergo successive collisions on the substrate surface and produce a 
layer-by-layer coating. Upon impact, particles get bonded on the substrate surface, forming thin structures 
known as “splats”; then, coating build-up continues by the accumulation of subsequent splats, forming 
a typical structure that includes pores, molten and semi-molten particles, limits among particles, lamel-
laes, and cracks. The cooling rates associated with the formation of splats are typically in the order of 
106 Ks-1 for metals (Pasandideh-Fard et al., 2002). The physical, chemical, and mechanical properties 
of coating produced by thermal spray are intimately related to the coating architecture, which in turn 
is influenced by the selected processing parameters (stand-off distance, feeding rate, raster speed, fuel/
oxygen ratio, gas pressure, and flow, substrate temperature, etc.) Hence, repeatability of TS processes 
and final coating properties are a challenge since a large interplay occurs among processing variables 
and final coating properties (Davis, 2004).

Classification of Thermal Spray Processes

TS processes are typically classified into three main categories: i) combustion spraying, ii) electric dis-
charge arc spraying, and iii) compressed gas expansion. This classification is stablished according to the 
source of energy used to provide thermal and kinetic energy to the sprayed material (Fauchais et al., 2014).

Combustion Spray Processes

These processes are based on the combustion produced by mixing a fuel (liquid or gaseous) and an oxi-
dizing gas. Combustion spray processes can be classified as low and high velocity systems depending 
on operating pressures and gas velocities, both pressure and velocity are strongly influenced by the gun 
design. Low velocity combustion systems (<100 ms-1) use either powder or wire feedstocks, which are 
fed into the oxyfuel flame by employing feeder machines with different setups such as vibrating devices 
for powders or push/pull systems for wires. When powders are used as feedstock (Figure 1a), they are 
injected into the oxyfuel flame, melted, and accelerated towards the substrate surface by the flame and 
air jets. The density and bond strength of low velocity combustion sprayed coatings are normally lower 
than those measured for its high velocity counterparts. These processes offer a wide range of feeding 
rates, ranging from 0.5 to 9 kgh-1, with exception of low melting point metals which can be processed 
even at higher feeding rates. Such flexibility makes combustion spray processes attractive for manufac-
turing coatings on large areas requiring specific finishing and/or functionality. Figure 1 shows typical 
configurations for a combustion flame system.
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Figure 1b shows another setup of the flame spray process known as “wire combustion spray”; this 
process is very similar to the conventional flame spray system (Figure 1a), as both configurations inject 
the feedstock material axially into the flame to allow its complete melting. Feeding rates of materials 
sprayed in the wire combustion process are comparable to those values reported for conventional flame 
spray. However, higher substrate temperatures are reached in the wire combustion spray as the energy 
input required for melting wires or rods is higher than that employed to promote melting of powders. 
Combustion spray processes have low efficiency as only about 10% of the energy input is employed 
for melting the feedstock material, the rest of the energy is either dissipated in the flame or transmitted 
to the substrate. Hence, high substrate temperatures are achieved when these processes are employed. 
Substrate cooling is then sometimes recommended when combustion sprayed coatings are produced, 
among various reasons, mainly to avoid fast oxidation of the coating/substrate system (i.e. to reduce 
the oxidation kinetics process upon impact), although this procedure must be performed carefully as 
uncontrolled cooling rates may result in spalling or delamination of the coatings (Pawlowski, 2008).

There are currently various high-velocity combustion processes available in the industry; those pro-
cesses include the high velocity oxyfuel (HVOF), high velocity air-fuel (HVAF), high velocity liquid fuel 
(HVOLF), high velocity suspension spray (HVSFS) and detonation spray (D-Gun). Currently, detonation 
spray is much less employed industrially than HVOF systems and HVOF-based processes such as HVAF 
and HVOLF. HVOF is a process in which gaseous fuels (propylene, propane, hydrogen) are combined 
with pure oxygen for producing a high-speed flame. When liquid fuel is used (Kerosene, Jet fuel), this 
process is known as HVOLF. In HVOF, a larger kinetic energy input is provided to the feedstock mate-
rial in comparison to conventional flame spray systems; such conditions are achieved by employing 
either a barrel-type or a convergent/divergent de Laval nozzle, which accelerates the gas mixture up to 
∼1000 ms-1. Depending on the fuel and fuel/oxygen ratio employed in the process, flame temperature 
values can range from 2500 to 3100 °C. Combustion takes place in a high-pressure chamber from which 
the mixture exits and combines with the feedstock powder, the gas-powder mixture is then accelerated 
within the nozzle, traveling at high velocities (> Mach 1). HVOF guns are cooled by air or water; in 
some gun designs, air is also introduced to the chamber to complete the combustion reaction. Due to the 
high particle velocities and temperatures, dense and well-bonded coatings are produced by employing 
this technology. Typical feeding rates for this system ranges from 2 to 14 kgh-1 (Fauchais et al., 2014).

High velocity air-fuel (HVAF) process offers important versatility to produce coatings as it employs 
large volumes of air to complete the combustion reaction (instead of pure oxygen). HVAF also works 

Figure 1. a) conventional flame spray, adapted from (Dcleng, n.d.), and b) wire combustion spray, 
adapted from (Benxxoglobal, n.d.).
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with different fuels such as propane, propylene, natural gas, or hydrogen. The combustion of air and 
fuel often produces flame temperatures between 1900-1950 °C. This temperature range lies between 
the temperatures reported for HVOF and cold gas spray (CGS); therefore, HVAF is considered as a 
“warm” spray process. HVAF-sprayed coatings often show reduced oxidation when these are compared 
to HVOF-sprayed counterparts. HVAF process is mainly employed for the fabrication of metallic and 
cermet-based coatings, although some low melting point ceramics may also be produced by this method. 
Typical HVAF process has efficiency values ranging from 50 to 85%, with higher values reported for 
metals than those found for cermets (HVAF, n.d.). Maximum feeding rates are 30 kgh-1 for cermets and 
up to 23 kgh-1 for metals and alloys. Particle velocity values range from 1100 to 1200 ms-1 and depend 
on the particle size distribution and selected gun design (size, nozzle profile, etc.). Figure 2 shows a 
general scheme of both HVOF and HVAF processes.

Flame Spray Coatings and Modern Industrial Applications

Electric Discharge Arc Spraying

Among electric discharge arc processes, that include all variations of plasma spraying processes, electric 
arc spray, also known as twin wire arc (TWA), is the simplest process. It employs two consumable wire 
electrodes that are connected to a high-current DC power unit; they are introduced to a gun where an 
electric arc is produced between both electrodes, the electrodes are then melted, atomized, and propelled 
by a carrier gas (normally dry air but any inert gas can be used) to the substrate (see Figure 3). TWA has 
high efficiency, as most of the energy input is consumed to promote melting of the electrodes; hence, a 
low substrate temperature can be maintained as a hot jet gas is not employed. A large range of feeding 
rates can be configured depending on the electrical current employed and the electrical conductivity and 
melting point of the wire. In TWA, typical feeding rates range between 4 to 55 kgh-1. The process can 
be employed for producing metallic coatings employing aluminum, copper, iron, molybdenum, nickel, 
tin, titanium, and zinc as feedstock. The benefits of TWA process are high spraying rates and low-cost 
consumables (AMTAG, n.d.).

Figure 2. a) HVOF process, adapted from (Advanced-Coating, n.d.), and b) HVAF gun, adapted from 
(Science direct, n.d.).
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There are two main types of plasma spray processes available, i.e. atmospheric and vacuum assisted 
plasma spray. In both systems, the plasma is generated by passing an inert gas, or a mixture, between 
a high energy dc electric arc. Typically, high purity argon, nitrogen, hydrogen, or mixtures of them are 
employed for producing the plasma. Maximum temperatures achieved in the non-transferred plasma pro-
cess can be up to ∼ 19,000 °C depending on the plasmagen gas (He, H2, N2, Ar), although at the powder 
injection site, which is located few millimeters away from the nozzle exit, temperature values can range 
between 6,000 and 10,000 °C (Davis, 2004). The feedstock powder is introduced into the plasma plume 
by inert carrier gases suffering important heating and acceleration. Different powder feeding configura-
tions can be employed in this process such as pneumatic, mechanical, or a combination of both. Due to 
the high temperatures reached in the process, the melting point of the feedstock material is not an issue; 
therefore, plasma spray is flexible in terms of the materials that can be sprayed, i.e., ceramics, cermets, 
and metals. The power outputs for commercial plasma guns range from 20 to 200 kW, and different gun 
configurations are available for different spraying requirements (internal and external surfaces, cascade 
arc, high and low power, triple-cathode, etc.) (Oerlikon Metco, n.d.). Spraying rates can vary depending 
on the feedstock material, gun type, powder injection system, selected gas mixture, etc.

Vacuum assisted plasma systems operate in a confined environment in which a close control of the 
atmosphere can be attained. In fact, the system works at a reduced pressure and, therefore, is also known 
as low pressure plasma spray (LPPS); operating pressure values are in the range from 10 to 50 kPa. At 
such low pressures, the plasma plume becomes larger in diameter and in length and, by employing spe-
cific nozzles, is accelerated towards the substrate. Because the amount of oxygen is drastically reduced, 
coatings with a low oxide content are produced by LPPS. High substrate temperatures are often recom-
mended to produce LPPS coatings with high adhesion strength, as splashing of particles at impact can 
be significantly reduced (sometimes, this recommendation is also valid for other TS processes).

Figure 3. Schematic of TWA process, adapted from (Tocalo Company, n.d.).
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Compressed gas Expansion Spraying

Compressed gas expansion processes comprise TS techniques operating by employing compressed gases 
without the intervention of electrical energy and combustion reactions to induce melting of the feedstock 
material. These processes are also known as Cold gas spray (CGS) processes, in which a coating is formed 
by intensive deformation of particles upon impact at temperatures below the melting point of the sprayed 
material. The CGS process was developed in Russia in the mid-80´s at the Institute of Theoretical and 
Applied Mechanics. CGS employs a highly pressurized hot gas (Air, N2 or He) to carry and accelerate 
powder particles through a convergent-divergent nozzle; particles can achieve velocities in the range 
from 300 to 1200 ms-1(Papyrin et al., 2006). Due to the high kinetic energy transferred to the feedstock 
powder, particles can undergo severe plastic deformation upon impact, leading to high particle/substrate 
bonding and coating densification. In particular, metallic particles get bonded to the substrate when 
they reach a minimum velocity, also known as critical velocity, above which specific thermomechani-
cal conditions are achieved at the particle/substrate interface at impact, allowing deformed particles to 
get high adhesion strength. Critical velocities have been estimated for several metallic materials and 
defined as a function of feedstock properties and particle sizes. The range of critical velocity reported 
for metals deposited by cold spray to date lies between 150 and 900 ms-1(Viscusi et al., 2019). Figure 4 
shows a schematic of the CGS process (Papyrin et al., 2006). Expansion of the carrier gas at the nozzle 
diverging zone accelerates particles and reduces their temperature; since gas temperatures (< 1000°C) 
are often below melting temperatures for most of metallic and ceramic materials, the feedstock particles 
are usually in solid state before impacting the substrate; in this way, this fact helps to minimize oxida-
tion and phase transformations or microstructural undesired changes in the coatings obtained. CGS has 
attracted world-wide interest due to its high deposition efficiency, low cost, and feasibility to produce 
highly compact deposits with unlimited thickness.

Stress State in Thermal Spray Coatings

Adherence is one of the most important aspects to control when thermal spray coatings are produced. 
Different factors interplay in defining the final adherence of a thermal spray coating, i.e., thermal expan-

Figure 4. Cold gas spray schematic, adapted from (Perez-Andrade, 2020).
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sion coefficient of substrate and coating materials, substrate temperature, particle velocity and tempera-
ture, spray distance, etc. Controlling residual stresses in TS coatings is paramount in order to fine tune 
adherence. Different residual stresses arise during coating fabrication, i.e., during coating build up and 
cooling. There are two different kinds of stresses arising during coating build up depending on the TS 
process employed; for instance, peening stresses are developed on the substrate when high-speed pro-
cesses are employed, such as HVOF, HVAF or CGS. On the other hand, when using processes involving 
high temperatures such as atmospheric plasma or combustion flame spray, this kind of stresses are not 
generated. Peening stresses develop compressive residual stress state in coatings, which can be regarded 
as beneficial for some specific applications. Once molten particles impact the substrate, they quickly 
solidify with an associated contraction, which is restricted by adherence to the substrate (Matejicek, 
J., & Sampath, 2001); this process generates tensile stresses in the coating also known as quenching 
stresses. During coating-substrate cooling down, and due to the difference in thermal expansion coef-
ficients between substrate and coating, thermal mismatch stresses are generated; such stresses can be 
either tensile or compressive depending on the thermo-physical properties of the materials employed. 
Hence, the final stress state of a thermal sprayed coating is dictated by the contribution of each stress 
state generated during coating build up and cooling.

Flame Spray Coatings and Modern Industrial Applications

Flame spray was first introduced in 1909 by Max Ulrich Schoop, being the first thermal spray process 
invented (Siegmann & Abert, 2013). In flame spray, the feedstock material (in powder or in wire shape) 
is fed into a flame produced by the combustion of a mixture of gases (acetylene or propane mixed with 
oxygen or air). As the feedstock particles flight through the flame, they are completely or partially melted 
and simultaneously accelerated towards the substrate. Upon impact, completely and partially molten 
particles are flattened producing splats, which adhere mechanically onto the substrate surface thanks to 
its controlled roughness. In this manner, flame sprayed coatings can have thicknesses that are typically 
in the range from 100 and 500 μm and are characterized for having a lamellar structure, in which pores 
are produced by failures in the stacking of lamellae or by the deposition of partially molten particles 
(Fauchais et al., 2014; Pawlowski, 2008). The flame spray process is known as the simplest and most 
economical thermal spray technique at present time.

The flame spray process was developed to manufacture metallic coatings; however, it is currently also 
used to spray ceramic particles, polymers, and cermets. Due to the thermal and kinetic characteristics 
of the flames employed in this process, flame sprayed coatings are usually highly porous and have low 
adhesion strength (Fauchais et al., 2014; Proner, 1999). It is worth mentioning that coating properties 
can significantly be improved by the optimization of processing parameters (i.e. it requires a proper 
selection of fuel and oxidizing gases, stand-off distances, feeding rates etc.). Among various oxy-fuel 
flames, the oxy-acetylene flame is the most energetic, delivering an enthalpy value up to 1300 kJmol-1 
and reaching a maximum flame temperature and flame velocity of ≈3170 ºC and ≈12 ms-1, respectively 
(Glassman et al., 2014; AGA company, n.d.). Currently, the oxy-acetylene flame is one of the most 
preferred thermal sources in flame spray because of the properties mentioned above. Nevertheless, in 
some cases, propane-oxygen (Brogan, 2000; Palathai et al., 2008)or propane-air mixtures are also used to 
prepare flame sprayed coatings, mainly, when low melting temperature feedstock materials are sprayed 
(i.e. polymers and low-melting point metals) (Leivo et al., 2004).
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The combustion reaction of an oxy-acetylene flame is carried out in two stages. Firstly, an equimolar 
mixture of oxygen and acetylene reacts under the action of a spark (i.e. ignition source) with a temperature 
close to 300 °C (Eddings, 2005). This reaction is carried out in the primary zone of the flame, in which 
carbon monoxide and hydrogen are formed according to the following equation (1):

2C2H2 + 2O2 → 4CO + 2H2 (1)

The primary zone of the flame is shaped like a blue cone, being the region with the highest temperature 
of the whole flame. The second stage of the combustion reaction takes place when carbon monoxide 
and hydrogen, produced during the formation of the primary zone, react with oxygen in the surrounding 
air, yielding what is known as the secondary zone of the flame. At this zone, the reaction products are 
carbon dioxide and water vapor as described in equation (2). The secondary zone has a plume shape and 
is the coldest and darkest region of the flame.

4CO + 2H2 + 3O2 → 4CO2 + 2H2O (2)

Then, the overall reaction corresponding to the complete transformation of carbon into carbon dioxide, 
as well as, hydrogen into water, is shown in the following equation (3):

2C2H2 + 5O2 → 4CO2 + 2H2O + 1300kJ/mol (3)

In practical terms, an oxygen volume 2.5 times higher than that of acetylene is required to produce 
a neutral (stoichiometric) flame. When the combustion is the result of an acetylene and air mixture, the 
volume of air supplied to the process must be 11.9 times greater than that of acetylene (Eddings, 2005). 
The oxygen volume that must be supplied from the oxygen cylinders to the spraying torch in order to 
produce the primary zone in a neutral flame must be 1.7 times higher than the volume of acetylene. The 
volume of oxygen required to produce the chemical reaction corresponding to the secondary zone of a 
neutral flame is taken from the air of the surrounding atmosphere (Fauchais et al., 2014).

When a higher volume of oxygen is provided to the process, an oxidizing flame is produced; otherwise, 
a higher amount of acetylene produces a fuel rich flame (Fauchais et al., 2014; AGA Company, n.d.). 
In either case, the volume of gas that does not participate in the chemical reaction, does not contribute 
to heat generation. Instead, it is heated with the energy produced by the combustion reaction, causing 
the reduction of the flame temperature (Fauchais et al., 2014). On the other hand, as the oxygen content 
supplied to the torch increases, the length of the primary zone of the flame also increases (i.e., the length 
of the region with the highest temperature of the whole flame is enlarged due to the excess of oxygen) 
see Figure 5 (AGA Company, n.d.; Cadavid et al., 2016).
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Typical flow rates of 30 lmin-1 of oxygen and 18 lmin-1 acetylene produce a neutral flame with a 
power level of about 40 kW (Fauchais et al., 2014); these flow rates are widely used to manufacture 
metallic coatings. However, the use of an oxidizing flame increases the residence time of particles in 
the primary zone of the flame, which could be helpful to favor melting of particles with low thermal 
conductivity and high melting points. As a result, ceramic powders are often sprayed by using oxidizing 
flames despite the lower temperature of these flames with respect to the neutral one (Ferrer et al., 2017; 
Pinzón et al., 2018). The combustion of a stoichiometric mixture of acetylene and oxygen with a 1:1.7 
C2H2:O2 volume ratio produces a flame whose primary zone has a maximum temperature ≈3170 ºC and 
6.8 cm in length. As the oxygen added increases up to a 1:2.5 C2H2:O2 ratio, the maximum temperature 
decreases to approximately 3080 °C, but the length increases to 7.6 cm, and with an even greater oxygen 
enrichment generating a 1:3.2 ratio a maximum temperature of ≈2980 °C and a length of 8.5 cm are 
produced (AGA Company, n.d.; Cadavid et al., 2016).

Flame sprayed coatings often have greater porosity values than 10% and adhesion strength values 
generally below 30 MPa (Fauchais et al., 2014; Proner, 1999). In this manner, optimizing the flame spray 
process has been a key task in recent years to obtain the lowest porosity and the highest adhesion strength 
values in coatings produced by this method. This fact is fundamental to improve the performance of 
these coatings, mainly, when they are manufactured for some specific applications, including corrosion 
protection and mechanically aggressive structural applications. For instance, a previous study (Redjdal 
et al., 2013) reported the fabrication of FeCr coatings by using a neutral flame. In order to optimize the 

Figure 5. Thermal and physical characteristics of an oxy-acetylene flame obtained with different volu-
metric ratios of C2H2:O2. a) Flame temperature, adapted from (AGA Company, n.d.); b) Length of the 
primary and secondary zone. (Thermal Spray booth at University of Antioquia, Courtesy of Edwin 
Cadavid, adapted from (Cadavid et al., 2016)).
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residence time of FeCr particles in the neutral flame, the feedstock powder was injected into the torch 
by setting a controlled flow. As a result, the FeCr coatings deposited by flame spray had a good struc-
tural quality, presenting porosity values between 1.7% and 3%; however, adhesion strength values only 
achieved a range between 5 and 11 MPa (Redjdal et al., 2013). Similarly, flame spraying of self-fluxing 
alloys, including NiCrBSi, promotes almost a complete elimination of the pores in the coatings obtained. 
Interestingly, a metallurgical bonding can be promoted on the coating-substrate interface by performing 
a melting treatment on the self-fluxing coatings (Fauchais et al., 2014; Rodriguez et al., 2003; Herman 
et al., 2000). On the other hand, alumina-titania coatings have also been prepared by flame spray and by 
using a feeding rate of 11 g/min of alumina ≈13 wt.% titania powder, a particle size distribution between 
5-30 μm, an oxidizing flame with a 1:3.2 C2H2:O2 ratio, and a stand-off distance of 9.5 cm. The coatings 
obtained under those spraying conditions had a good structural quality and low porosity values < 1%, 
see Figure 6 (Pinzón et al., 2018).

Overall, self-fluxing alloys are nickel- or cobalt-base alloys containing boron and silicon and, in 
some cases, chromium, carbon and iron. Boron and silicon elements serve as fluxing agents (hence the 
term self-fluxing) limiting oxidation of nickel, cobalt, chromium, and iron; these elements also control 
surface tension and fluidity of the alloy. Boron is also a potent hardener for both nickel and cobalt-based 
materials and combined with silicon reduces the melting temperature of the alloy by several hundred 
degrees due to the formation of eutectic alloy compositions. The chromium in these alloys is added to 
provide wear and corrosion resistance (Fauchais et al., 2014; Herman et al., 2000; TWI-global, n.d.).

After spraying, self-fluxing alloys are generally fused by heat treating, which is usually carried out 
by using an oxyacetylene or propane torch or a furnace, heating the coated surface over 900 °C. The 
result is a fully dense coating, metallurgically bonded to the substrate, with high hardness values rang-
ing from 20 to 70 HRC (depending on boron and carbon content), and good impact resistance. These 
properties, attributed to exceptional coating integrity and metallurgical bonding, also offer good corro-
sion resistance and high hardness even in hot environments, allowing its service up to 650 °C. During 
the fusing process, a borosilicate glass phase is formed in the flame sprayed coating, which promotes 
the formation of a compact and smooth surface (Davis, 2014; TWI-global, n.d.).

Figure 6. Flame sprayed coatings with low porosity values. a) Sprayed and fused NiCrBSiFe alloy, 
Courtesy of Bonem S.A.; b) Al2O3≈13 wt.% TiO2, adapted from (Pinzón et al., 2018).
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Although flame spraying was developed more than one hundred years ago, it is still employed in 
modern industry for the fabrication of coatings for various applications. In recent years, the flame spray 
process has also been used for the functionalization of microparticles. Some examples of flame sprayed 
coatings applications are described in this section. For instance, NiCrBSiFe and NiCrBSi-WC self-
fluxing alloys are widely used as flame sprayed coatings for agriculture and mining industry thanks to 
the hardness values achieved, usually higher than 60 HRC, and low friction coefficients, both giving 
excellent coating resistance against low-pressure abrasion and erosion (Castolin-Eutectic Eutalloy SF, 
n.d.; González et al., 2007). NiCrBSi also are used to coat paper machine rolls (Fauchais et al., 2014). 
Additionally, these self-fluxing coatings have exceptional impact resistance and a low friction coeffi-
cient. Flame sprayed NiBSi self-fluxing coatings are used to protect or repair cast iron and steel molds 
for plastic and glass industries, as well as, in gear teeth and pump bodies, valve seats, shafts, eccentrics, 
bearings, soldering tungsten carbide on drilling stabilizers and other parts for petroleum and gas industry 
requiring high metal-to-metal wear resistance (Franco et al., 2016; Castolin-Eutectic Eutalloy SF, n .d.).

Alternatively, flame sprayed zinc and aluminum coatings are widely used for corrosion protection of 
steel structures as bridges and offshore platforms. Although aluminum powder is expensive, it is used 
as coating due to its corrosion resistance to saltwater and acidic gaseous atmospheres. In addition, zinc 
coatings have resistance to alkaline corrosion (TWI-global, n.d.). These coatings are commonly used 
as an alternative to galvanizing.

Meanwhile, flame sprayed WC-Co cermet powders result in hard (> 60 HRC), tough, and dense 
coatings, which are mainly used for sliding wear, erosion, fretting, and abrasion applications at service 
temperature up to 480 °C. These types of coatings are often suitable for pump housings, capstans, roll-
ers, exhaust fans, pipes, elbows dust collectors, rotating valves, and wire drawing (Saint Gobain Coating 
Solutions-TI-ELITE, n.d.; Oerlikon Metco, n.d.).

On the other hand, flame sprayed ceramic coatings are mainly employed for textile, steel, and glass 
industries. For instance, coatings manufactured from fine particles of Al2O3-TiO2 (13 to 40 wt.% TiO2) 
are used to protect textile friction parts as thread guides, guide bars, feed separators, as well as, capstans, 
pumps bodies, pump sleeves, shafts, pistons, cylinder rods, and pin guides. The high hardness of these 
coatings (between 700 and 1000 HV2N) and their low porosity result in excellent sliding wear resistance 
(Saint Gobain Coating Solutions-TITEX, n.d.). Al2O3 – 13wt % TiO2 coatings are harder than those with 
40 wt.% TiO2, but they are also more fragile (Vargas et al., 2010). Alternatively, flame sprayed Al2O3 -25 
wt.% ZrO2 coatings, despite their moderate hardness (≈600 HV3N), have good high temperature fracture 
toughness, which allows them to be used for applications requiring abrasive wear resistance, thermal 
shock resistance, and thermal cycling resistance up to 700 °C. In fact, these coatings are employed in 
parts being in contact with molten glass and refractory funnels (AZ Supra Thermal Spray Flexicord; 
n.d.). Additionally, flame sprayed Al2O3 -25 wt.% MgO spinel coatings have a low wettability in contact 
with aluminum and zinc, as well as good stability up to 1400 °C. These coatings have good corrosion 
resistance when they are exposed to most acids and alkalis and a medium abrasion resistance, which 
allows them to be used as thermal barrier coatings for crucibles, chutes, molds, and funnels, as well as 
in feed rollers for galvanized wires manufacturing, steel converter chimneys, and other parts in contact 
with molten aluminum and zinc (Spinel Supra Thermal Spray Flexicord, n.d.).

Significant amounts of polymer feedstock powders have been sprayed by the flame spray process 
due to the excellent properties of these type of materials. Flame sprayed polymer coatings have been 
employed as protective coatings for ladder racking, bridges and municipal handrails, river tugboat hulls 
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and barges, wastewater clarifiers, wastewater surge tanks, lighting poles, and coating of exhaust systems 
for submarines, among others (TWI-global, n.d.; Petrovicova & Schadler, 2002).

In recent years, the flame spray process has also been employed for the atomization of microparticles; 
the advantage of flame-atomization is related to the modification of the original physical properties of the 
processed powder. For instance, during the atomization process, as the particles are melted by the flame, 
they rotate on their own axis, producing enough superficial shear forces and leading to spheroidization. 
In some cases, these microparticles may consist of elements or compounds that volatilize at the atomi-
zation temperature. The gases generated during the process escape towards the surface of the particles, 
producing different superficial porosity patterns, see Figure 7.

Irregular-shaped microparticles of alumina as well as slags produced by melting of metals, machin-
ing shavings of copper alloys, and bioactive glasses have been atomized by employing an oxyacetylene 
flame, achieving a high degree of spheroidization and improving their flowability, see Figure 8. For 
instance, the high surface area of spheroidized alumina microparticles can improve the thermal con-
ductivity and hardness of various types of resins and rubbers used in the electronics industry, when the 
microparticles are added to these materials (Denka, n.d.). Additionally, the low density of highly porous 
microspheres obtained from slag atomization makes them useful as extenders and lightening materials 
in oil well drilling (Poirier & Quercia, 2015). Likewise, the porosity obtained in bioactive glass micro-
spheres can allow them to be used as nano-carriers in biomedical applications (Hossain et al., 2018), 
while the microspheres obtained from copper shavings could be used as feedstock powder to produce 
coatings for wear applications.

Figure 7. Atomization of microparticles. a) Stages of the process; b) Spheroidization scheme. Courtesy 
of Freddy Vargas, Óscar Iván Rojas and Luis Guillermo Angarita.
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Overall, the versatility of the flame spray process has allowed its usage for different industrial applica-
tions. The flame spray process is often used to produce metallic, cermet, ceramic, and polymer coatings, 
including applications involving parts exposed to different conditions and aggressive environments. The 
flame spray process is also useful for functionalizing microparticles and re-incorporating solid waste 
into productive processes, offering an added value to the functionalized products.

High Velocity Oxygen Fuel (HVOF) Spray Coatings 
and Modern Industrial Applications

The high velocity oxygen fuel (HVOF) spray technique is classified as one of the combustion-based 
deposition processes. HVOF was first discovered by Union Carbide (Thorpe & Richter, 1992), nowadays 
known as Praxair Tech. HVOF was developed after great efforts to produce TS coatings with better 
mechanical properties than those obtained by conventional flame spray processes. The HVOF process 
was commercially introduced in the 1980s by JetKote (Deloro Stellite, Inc.) (Li et al., 1999) and, after 
more than 40 years in the market, is currently one of the most preferred TS processes for industrial 
applications. The basic operating principle of the HVOF process is based on the combustion of gases, 
where propane, hydrogen, and kerosene are the most used fuels; oxygen and compressed air are often 
employed as oxidizing agents. High pressure fuel and oxidizing gases are injected into a combustion 
chamber, producing a combustion flame that heat and accelerate the feedstock material (spherical or 

Figure 8. Microspheres obtained by flame atomization. a) Alumina, courtesy of Freddy Vargas; b) Fu-
sion slags, courtesy of Freddy Vargas; c) Bioactive glass, courtesy of Óscar Iván Rojas; d) Machining 
shaving of a CuAlZn alloy, courtesy of Efraín Gómez and Daniela Soto.
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irregular powder) through a supersonic nozzle. The particles travel into the hot gases and can achieve 
supersonic velocities; heat transfer makes them to melt, partially or completely. Particles flatten plasti-
cally, cool down, and solidify upon impact to form the coating. HVOF coatings show often high density 
and a homogeneous microstructure due to the high kinetic energy of the particles at impact and the short 
residence time of the particle in the process (Fauchais et al., 2014).

HVOF systems are classified into 3 types, divided according to the combustion chamber pressure 
employed. The first, second, and third type of guns are designed to support pressures between 3 and 5 
bar, 5 and 10 bar, and up to 25 bar, respectively. This classification is also known as the first, second 
and third generation of HVOF guns and has emerged due to the necessity of increasing the velocity of 
the particles and reducing their temperature. The first generation of HVOF guns was developed by using 
a barrel-type nozzle (maximum particle velocities between 350 and 450 ms-1), whereas the second and 
third generations were developed by using a convergent-divergent nozzle (maximum particle velocities 
between 500 and 700 ms-1). Most of HVOF guns use a water-cooling system (there are some devices 
only using air-cooling), which is intended to improve the thermal efficiency of the process (max. power 
delivered 100-300 KW) (Fauchais et al., 2014).

Figure 9. Schematic representation of a DJH gun design and its operation, adapted from (HVOF Guns 
Oerlikon Metco, n.d.).

Figure 10. DJH2700 Gun operating with Propane and Oxygen, the figure displays the combustion flame 
obtained (Thermal Spray booth at CIATEQ A.C.; Courtesy of Juanita Hincapie Bedoya).
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One of the most successful HVOF guns in industry is the Diamond Jet Hybrid (DJH) gun with axial 
powder injection. Figure 9 shows a schematic representation of a HVOF-DJH system. In this process, 
premixed fuel gas and oxygen are injected into the gas mixing zone, where they react to produce a 
combustion flame. The hot gases and the air injected from the annular inlet orifice are conducted by a 
convergent-divergent nozzle where they are compressed and expanded to reach supersonic velocities. 
The gun air cap is cooled by using air and water to prevent any damage. The feedstock powder is injected 
at the central inlet nozzle using nitrogen as the carrier gas. Consequently, rapid momentum and heat 
transfer between the gas and the powder results in the acceleration and heating of particles, which later 
deform and quickly solidify upon impact on the substrate surface (HVOF Guns Oerlikon Metco, n.d.).

Most HVOF systems are characterized by the formation of “shock” diamond patterns in the high 
velocity flame just at the exit of the nozzle (Fauchais et al., 2014). The diamonds are a characteristic of 
the supersonic nature of the HVOF-flame, as shown in Figures 9 and 10. The HVOF jet presents 3 main 
zones, see Figure 10; zone A is characterized by the formation of shock diamonds. One can observe that 
there is a certain number of diamonds in the flame, this number can vary with the fuel/oxygen ratio. 
Therefore, diamonds can be a good indication of how much kinetic energy is delivered by the jet. A similar 
phenomenon is observed in high performance jet engines exhausts. In fact, HVOF guns can be as noisy 
as a jet engine exhaust, reaching noise levels ranging from 125 to 133 dBA (permissible exposure limit 
for humans 90 dBA) (United States Department of Labor, n.d.). Zone B represents the disappearance of 
the shock diamonds and the loose of kinetic energy. Finally, zone C is the region where the flame loses 
kinetic and thermal energy because it starts to mix with the surrounding atmosphere. Then, particle 
temperature at impact will be a function of the zone A length and stand-off distance.

The physicochemical phenomena occurring in the HVOF process can be divided as follows: first, 
when gases are mixed and combustion begins, a conversion from chemical energy into heat occurs; then, 
when the combustion flame is compressed and expanded within the convergent-divergent nozzle, there 
is a conversion of thermal energy into kinetic energy. Once the feedstock particles are injected into the 
hot gas stream, momentum and heat transfer from the gas to the powder occurs. Finally, particles travel 

Figure 11. Relationship between coating microstructure and processing parameters in the HVOF process.
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a short time into the flame, melt, and impact on the substrate surface. These processes occur almost 
simultaneously and are vital when optimizing the spraying process.

Final properties of HVOF-sprayed coatings depend on several adjustable processing parameters, 
including particle size distribution, feeding rate, stand-off distance, fuel/oxygen ratio, substrate type, 
and cooling. Particle size is an important parameter in the HVOF process since particles can interact in 
a different way with the gas stream depending on their size. For instance, small particles can be acceler-
ated and heated up, reaching high velocities and temperatures in a short time. However, when they leave 
the main jet core of the flame, their temperature and velocity decay rapidly. For particles of large size, 
plume velocity and heating rates are more stable than for small ones. The stand-off distance is defined 
as the distance between the nozzle exit and the substrate surface; this parameter is also important since it 
determines the particle conditions (speed and temperature) at which they impact the substrate. Substrate 
type and cooling will influence the solidification rate and the level of transformation of kinetic energy 
into viscoplastic deformation of the particles upon impact. Overall, the microstructure of the HVOF 
coatings results from the deformation, solidification, and sintering of the deposited particles. The way 
how particles arrive to the substrate surface and how they behave upon impact depends on the behavior 
of in-flight particles and on the substrate properties. It means that substrate hardness and temperature as 
well as particle temperature, velocity, and melting ratio determine the properties of the coating (Fauchais 
et al., 2014). Figure 11 summarizes the relationship between the coating microstructure and the main 
parameters involved in the HVOF process.

Table 1. Summary of main HVOF equipment available in the market and suppliers.

Liquid Fuel Systems Gas Fuel Systems Supplier Ref.

Model JP-5000® SystemModel JP-8000™ 
System

Model 7700GFHV-
2000 Praxair (Praxair HVOF Guns, n.d.)

WokaStar-610-Sz®WokaJet-410-Sz ® 
Series Diamond Jet™ Series Oerlikon Metco (HVOF Guns Oerlikon Metco, 

n.d.)

Jet Kote® II and III 
Series Deloro Stellite (Delloro Stellite Guns, n.d.)

GTV K2 gun GTV GLC GUN GTV (GTV Guns, n.d.)

CJS K4.2 (kerosene + H2 fuel)ID 
CoolflowID Coolflow Mono - Thermico (Thermico Guns, n.d.)

eGun system - ultra high pressure HVOF - Flame Spray Technologies (Flame Spray Guns, n.d.)

MET-JET4L - Metallisation (Metallisation Spray Guns, n.d.)

CastoJet® - CJK5 Castolin Eutectic (Eutectic Guns, n.d.)

XPOJET® 5000 
MJP-6000™ GUN

HIPOJET® 2700 
HIJET® 9610

The Metallizing Equipment 
Company Pvt. Ltd. (MEC) (Metallizing Company Guns, n.d.)

Convertable HVOF-HVAF 
Multipurpose HVAF HVAF Kermetico (Kermiko HVAF Guns, n.d.)

- M2™ Supersonic 
HVAF Unicoat (Unicoat Guns, n.d.)
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HVOLF systems employing liquid fuels are an alternative to fuel gas-based high velocity techniques; 
in fact, guns with general designs for gas fuel were also developed for liquid fuel. HVOLF often employs 
kerosene as liquid fuel instead of gas and oxygen instead of air. The use of kerosene and oxygen allows 
very high levels of power (up to 300 kW) and high hot gas velocities (2000-2200 ms-1). With these guns, 
powders can also be injected radially or axially. The use of a liquid fuel simplifies the spraying process 
and improves operational safety (Kamnis & Gu, 2006).

Recently, Wire-HVOF (W-HVOF) has been developed by Metallizing Equipment Company Ltd (pat-
ent number 214843 2529/DEL/1997) as an alternative technique for producing thin coatings. Usually, 
HVOF guns are able to produce coatings above 50 microns; however, W-HVOF can also produce coat-
ings with thickness values ranging from 10 to 40 μm. This system provides supersonic spray velocities 
and allows an improved heating and melting of feedstock material in wire shape. W-HVOF has a good 
potential when dense, high adhesion strength, and thin coatings (<50 μm) are required. This process 
is also economically and industrially attractive compared with physical vapor deposition (PVD)-based 
processes (Tailor et al., 2019).

The HVAF process is also based on HVOF systems, whereas air is employed instead of oxygen to 
complete the combustion process. HVAF coatings are similar to those produced by HVOF; however, 
its main advantage lies in the possibility of producing less oxidation of particles during the spraying 
process. HVAF is recommended when minimum oxidation and high bonding strength are required. One 
characteristic of HVAF coatings is their high fatigue and delamination resistance. This fact allows the 

Figure 12. Turbine blade coated with a TBC system. The bond coat was prepared by using HVOF. 
(Thermal Spray booth at CIATEQ A.C.; courtesy of Angel Cámara).
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fabrication of very thick coatings (from tens of microns to several millimeters) (Verstak & Baranovski, 
2006; Matikainen et al., 2020).

Nowadays, there is a wide range of HVOF guns in the market, the variety of commercial guns involves 
the use of gas or liquid fuel, water or air cooling, various nozzle designs, and axial or radial feedstock 
injection. Main suppliers of commercial high-velocity combustion spray systems are summarized in 
Table 1.

It is well known that the major advantage of HVOF is the high kinetic energy of the process, which 
allows the fabrication of coatings with high density. Other benefits include smooth surface finishes and 
low oxide levels. HVOF processes are suitable for metals and intermetallic compounds; some of the 
most recognized materials deposited by this technique are Tungsten Carbide-Cobalt (Diamalloy and 
Woka), Nickel-Aluminum, MCrAlY type-alloys (where the M is a metal of either Nickel, Cobalt or a 
combination of both), Cobalt-Molybdenum-Chromium (Triballoy), and Nickel-Chromium-Molybdenum 
(Hastelloy). The mentioned alloys have been traditionally applied as coatings for corrosion, wear, oxida-
tion/sulfidation resistance, high temperature service, and restoration.

Industrial applications of HVOF coatings include the preparation of coatings for turbines in the 
aerospace industry. In this market, hot corrosion resistance, oxidation resistance, thermal insulation, and 
abradability are crucial for the operation of the turbine. With recent advances in turbine design, materials 
require to support higher temperatures than in the past. In addition, HVOF coatings are applied to support 
the application of heat-insulated resistant ceramics, typically called Thermal Barrier Coatings (TBCs). 

Figure 13. Stainless-steel customized hip implant manufactured by 3D-printing (additive manufactur-
ing department at CIATEQ A.C.). The multilayer coating was deposited by HVOF to provide bioactive 
properties to the hip prosthesis.
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The ceramic coating is usually applied by other techniques such as plasma spray on top of an oxidation 
resistant coating applied by HVOF. The benefits are improved mechanical properties and service life 
of the turbine component. The oxidation resistance HVOF coating is often an MCrAlY alloy. Figure 
12 shows a TBC coating prepared by HVOF (bond coat) and plasma spray prepared on a turbine blade.

Currently, HVOF coatings are used in many hot section areas of a turbine, including combustors, 
compressors, liners, combustor cans or heat shields, and various stationary and rotating blades. Some 
sections require HVOF coatings for sealing. In this sense, abradable coatings are a good choice; they 
must be readily abradable and must resist impact erosion by abrasive particles moving at high velocities.

In recent years, HVOF coatings have been employed for the fabrication of biocompatible coatings. The 
HVOF process is advantageous for the fabrication of biocompatible coatings since temperatures involved 
in the process do not favor the precipitation of secondary phases in the sprayed material. In particular, 
hydroxyapatite coatings have been deposited by using HVOF in recent years (Henao et al., 2018). Al-
though there is no evidence that hydroxyapatite coatings prepared by HVOF are currently commercially 
available, numerous studies (Li et al., 2004; Melero et al., 2018; Bolelli et al., 2014; Henao et al., 2018) 
have suggested their advantages after in-vitro tests, indicating that these coatings can be commercially 
available in the biomedical industry soon. For instance, Figure 13 displays a hydroxyapatite-based 
coating deposited by HVOF on a customized hip prosthesis fabricated by metal additive manufactur-
ing. This type of applications is considered as functional since the coating can provide various surface 
properties to the base material in order to integrate the component to the host environment. In the case 
of protheses, the coating material provides biocompatibility, bioactivity, and acts as a barrier to avoid 
metal ion dissolution when implanted in the human body.

HVOF coatings are also an interesting alternative for slurry erosion applications in various indus-
trial scenarios, such as processing of minerals, hydroelectric plants, mud pumps etc. Slurry damage to 
metallic parts represents an industrial problem since it results in costly preventive and corrective main-
tenance, performance reduction of the components, and increase of operational costs. HVOF coatings 
can be an excellent alternative to produce dense coatings employed when high mechanical resistance is 
required for slurry erosion damage. In particular, Tungsten Carbide-Cobalt-Chromium HVOF coatings 
have demonstrated to be effective in the production of dense coatings with high erosive wear resistance 
(Santacruz et al., 2019).

Similarly, air jet erosion is another recurrent problem occurring in the power generation industry; 
this phenomenon is usually observed in steel surfaces by the presence of fly ash in the air. Air jet ero-
sion damage is a problem that results in the failure of steel components and increases operational costs. 
Recent works have demonstrated that Chromium Carbide- Nickel Chromium alloys display good erosive 
wear resistance in a wide interval of temperatures (200°C-600°C) (Nautiyal & Tyagi, 2020).

HVOF coatings are currently considered as an alternative for hard Chrome plating (electroplating). 
When seamless steel tubes are severely worn due to the flow of a liquid component, electroplating is a 
conventional method to produce protective films and to restore the functionality of the damaged tube. 
However, this process is limited to produce thin coatings, is time consuming and hazardous. In particular, 
manufacturers have been searching for new alternatives due to new environmental regulations and to 
ensure promptness in the restoration of worn parts. The HVOF process is an interesting option for replac-
ing electroplating since it does not produce any hazardous material and can be employed to fabricate 
coatings in few hours (even minutes). Recently, Chromium-Molybdenum, Chromium Carbide-Nickel 
Chromium, and Nickel-Chromium HVOF coatings have demonstrated to be excellent options to hard 

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



51

Principles and Applications of Thermal Spray Coatings
 

chrome plating repair of worn surfaces; these coatings often possess high hardness (800-900 HV) and 
low sliding wear rates (Karuppasamy et al., 2019).

Overall, modern industrial applications of HVOF coatings are associated with the functionality of 
the coating material and the capability of the HVOF process to provide a coating on a required part. 
Coating functionalities include (and are not limited to) abrasive wear, sliding wear, erosion cavitation 
wear, hot corrosion resistance, bioactive behavior, magnetic behavior, and dielectric properties. The 
HVOF process is currently present in various industrial sectors, solving different industrial problems; 
for instance, in aeronautics, petrochemical, electronics, nuclear, agriculture, maritime, military, diesel 
industries, railroad, biomedical, and automotive.

Plasma Spray Coatings and Modern Industrial Applications

Plasma spraying technology was developed after Second World War. In the fifties, arc plasma engineering 
was employed to develop systems for processing materials. The development of a small direct current 
(DC) non-transferred arc system gave rise to the plasma spray process (Berndt et al., 1992). Currently, 
plasma spray is one of the leading and most versatile technologies employed for manufacturing coatings, 
i.e., a large variety of materials can be processed from hundreds of micrometers up to few millimeters 
in thickness. The available sprayable materials range from superalloys to refractory intermetallic com-
pounds and ceramics (Vardelle et al., 2015).

The thermal source employed to melt the feedstock material in plasma spray consists of a plasma jet 
that is created by the flow of gas through a high energy electric arc. Plasma gases such as nitrogen, hy-
drogen, helium, and argon (or a mixture of them) flow around a thoriated tungsten cathode and a hollow 
water-cooled copper anode. The plasma is initiated by a high voltage discharge, which causes localized 
ionization and a conductive path for a DC arc to form between cathode and anode. The resistance heat-
ing from the arc causes the gas to reach extreme temperatures, dissociate, and ionize to form a plasma, 
Figure 14. The plasma exits the anode nozzle as a free or neutral plasma jet (Pawlowski, 2008). As it 
happens for all thermal spray processes, the feedstock powder is rapidly heated and accelerated towards 
the substrate surface (particle velocity values are in the range between 100 and 350 ms-1 depending on 

Figure 14. Plasma Spray gun with axial particles injection, adapted from (Mostaghimi et al., 2017).
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particle size, plasma power, and other processing parameters). Stand-off distances employed in this 
process have values from 40 to 180 mm. Plasma spray is commonly used in mass production of different 
components since this process can be easily automated. In some specific cases, such as vacuum assisted 
plasma, plasma sprayed coatings can be much denser, cleaner, and with higher adherence than other 
thermally sprayed coatings (Apelian et al., 1983; Aruna et al.; 2017).

There are multiple key aspects in the plasma spray process to bear in mind; for instance, any varia-
tion in the plasma jet stability can influence the overall performance of the torch, affecting the particle 
heating and final coating quality (Duan & Heberlein, 2002).

The feedstock powder injection is another key parameter in this process since the way particles are 
injected into the plasma jet can cause remarkable differences in their trajectory and thermal history. 
Feedstock powder can be injected either radially or axially in the plasma jet, as shown in Figure 15. 
Particle features such as size distribution, shape, and density are also important since they determine the 

Figure 15. Feedstock entry in a system radial and axial injection of particles, adapted from (Ganvir, 2016).
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particle path followed in the plasma jet. Due to the high thermal gradients achieved in the plasma spray 
process, size distribution and feedstock injection configuration are very important to obtain homogeneous 
coatings since particle melting and deposition strongly depends on their thermal and kinetic history in 
the plasma jet (Berndt et al., 1992; Fauchais et al. 2014).

The plasma spray process, as described in Figure 14, is most employed at normal atmospheric condi-
tions and referred as Atmospheric Plasma Spraying (APS). In such conditions, plasma operation promotes 
an interaction between the fast-flying hot spray powder particles and the surrounding gas atmosphere, 
i.e., some air is entrapped in the hot plasma jet. When metals and intermetallic materials are sprayed by 
APS, the interaction of the plasma jet with the surrounding atmosphere can result in oxidation of the 
particles. Consequently, this type of coatings can have some oxide content depending on the oxidation 
kinetics attained under the processing conditions employed. For this reason, the APS process is mostly 
employed in the fabrication of ceramic coatings, although an important number of metallic and inter-
metallic coatings are also processed by this method. Environmental air entrainment into the plasma jet 
can also affect the coatings building up process. Entrained air often moves in opposite direction from 
the nozzle to the plasma gas injection channel and promotes a reduction in the thermal efficiency of the 
plasma jet, contributing to reduce thermal energy transferred from the plasma jet to the particles and to 
increase in-flight particles oxidation. Oxidation is generally not desirable in TS coatings as it dramati-
cally reduces their performance (Fauchais et al., 2014; Pawlowski, 2008).

Ideal processing conditions to produce homogeneous plasma spray coatings include a uniform and 
controllable velocity of particles to produce splat formation upon impact, a uniform and controllable 
particle heating to attain a viscous state at impact without vaporization or undesired reactions, isolation 
of the particles from the environment, or at least, a minimum interaction with the surrounding environ-
ment, and a good stability of the plasma jet. Some additional processing conditions are feeding rate, 
stand-off distance, substrate temperature, particle size distribution, type and angle of powder injection, 
primary and secondary gas ratio, type of primary and secondary gas, and power level (Berndt et al., 
1992; Fauchais et al., 2014).

Another plasma spray process is the Vacuum Plasma Spraying (VPS), which is based on the same 
operation principle than APS; however, VPS is carried out inside a controlled low-pressure chamber, 
whereas a small amount of inert gas is present. The process starts when the chamber is evacuated 
at pressures <10-1 mbar; then the chamber is loaded with an inert gas. A pump system is constantly 
working to remove the injected plasma gases. In the VPS process, properties of the raw materials are 
maintained in the coating, as virtually there is not interaction between feedstock materials and oxygen. 
Metallic coatings, such as titanium-based systems, can be produced by VPS. VPS coatings often have 
higher bonding strength and higher density than their APS counterparts. VPS is also employed for the 
fabrication of functional coatings including various advanced technologies such as bioactive implants, 
advanced electronics, and self-cleaning surfaces. One disadvantage of VPS is the high fabrication costs 
involved; this process is then employed to produce coatings for high added value products (Pawlowski, 
2008; Mauer et al., 2013).

The Shrouded Plasma Spray (SPS) process has been developed as an alternative to VPS; SPS is a 
process created to avoid the use of specialized pump systems as those employed in the VPS process. In 
SPS, the plasma jet is isolated from the surrounding atmosphere by using a shielded nozzle attached to 
the plasma torch anode. That is, the plasma jet is enveloped with an inert gas, which is not ionized and 
prevents the introduction of oxygen into the plasma jet; SPS is often employed to deposit oxidization 
susceptible materials and is a lower cost option than VPS.
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The controlled atmosphere plasma spraying (CAPS) is another plasma process carried out in a chamber 
containing an inert gas, usually He, Ar or N2. Spraying materials in a controlled atmosphere ensures the 
production of oxide-free coatings with high purity and density. CAPS is also employed in applications 
requiring a stringent contamination control; CAPS coatings are then produced for biomedical implants, 
solid oxide cells, airfoils, and combustion chambers for aeronautical applications (Singh et al., 2007).

In recent decades, another plasma spray process known as Plasma Spray-Physical Vapor Deposition 
(PS-PVD) was developed. The PS-PVD technique has emerged as an extension of the VPS process, 
seeking to combine the advantages of APS (high deposition rates and cost-efficiency) with the special 
features provided by PVD, such as the deposit of columnar structures and thin coatings (Mauer et al., 
2013). In PS-PVD, the vaporization degree is a function of the powder feeding rate and plasma gas 
composition. For example, a very low vaporization degree is obtained by using a cold plasma gas ratio 
(100Ar/10H2 slpm) combined with a high powder feeding rate (40-80 g/min). The coatings obtained 
under these spraying conditions can be used as insulation layers, gas-tight electrolytes, and gas separa-
tion membranes when they are deposited on porous substrates (Mauer et al., 2013).

Currently, plasma sprayed coatings are employed in various industrial applications; the most com-
mon applications are corrosion protection, temperature isolation, and abrasion resistance. Plasma spray 
processes have also been employed to produce glassy ceramic coatings. Moreover, these processes have 
been used to deposit high temperature superconductive materials. Other uses include reconditioning of 
worn and corroded components, as well as the production of aerospace and nuclear power components 
and biomedical implants (Singh et al., 2007).

Plasma sprayed hydroxyapatite-based and bioglass-based coatings have been proposed to provide 
bioactive characteristics to titanium-based biomedical implants. Usually, plasma sprayed coatings are 
applied to hip and dental implants. This type of coatings are commercially available in some biomedical 
devices and are accepted by international controlling organisms such as the Food and Drug Administration 
(FDA, USA) due to their outstanding in-vitro and in-vivo biocompatibility and bioactivity (Aruna, 2017).

On the other hand, plasma spray coatings have also been employed in the aerospace and energy sec-
tors. Thermal barrier coatings (TBCs) are widely used for the protection of gas turbine components in 
aircraft engines; these coatings can work as thermal insulators, and are able to reduce the temperature 
of internally cooled metallic substrates in the order of 200 and 250 °C with respect to the operating tem-
perature at the coating surface. Yttria-stabilized zirconia (YSZ) is the most common material employed 
as a thermal barrier coating; however, rare earth oxide-based powders have also been used, including 
La2Zr2O7, La2Ce2O7, and Gd2Zr2O7. TBCs provide the capacity of increasing the operational temperature 
of the engines and help to increase their efficiency.

Overall, TBCs are formed at least by two layers; a metallic layer known as bond coat and a top ceramic 
layer. The bond coat is normally a MCrAlY alloy, in which M can be either Ni or Co, and performs two 
main functions: i) it inhibits substrate oxidation by the formation of an Al2O3 oxide scale at the bond 
coat/top coat interface, and ii) it works as an intermediate layer between top coat and substrate, which 
helps to decrease thermal expansion mismatch. Moreover, the main function of the ceramic top coat 
layer is to minimize the thermal conductivity of the array; since plasma sprayed ceramic coatings can 
contain some features such as pores and cracks, top ceramics layers can have some degree of stress-
compliance when exposed to thermal cycling conditions. Top ceramic coatings often show good adhe-
sion and have chemical compatibility with the oxide layer formed at the bond coat/top coat interface 
(Strangman, 1985; Vaßen et al., 2010). Since the 1980’s, yttria-stabilized zirconia (YSZ) has been the 
preferred ceramic topcoat material due to its excellent thermal insulation performance. Yttria additions 
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to zirconia (6-8 wt%) are crucial as they help to prevent a deleterious phase transformation of the later 
from tetragonal to monoclinic, which involves a large volume change (Vaßen et al., 2010). Moreover, 
the performance of a TBC coating also depends on the chemical composition of the feedstock powder, 
particle size distribution, and morphology; it also depends on the selected spraying conditions such as 
powder feed rate, plasma gas composition, electrical power, and plasma gun type. TBC performance is 
evaluated by measuring the coating thermal conductivity, thermal shock resistance, oxidation resistance, 
porosity and distribution of pores, residual stresses, and mechanical properties (adhesion and bending 
strength, hardness, fracture toughness, fatigue, etc.) (Kucuk et al., 2000).

Currently, there are several ways to reduce the thermal conductivity of TBCs. The first one is by 
increasing the thickness of the ceramic coating; however, this option promotes the increment of residual 
stresses in the system, which may lead to premature failure. The use of multilayer ceramic coating ar-
chitecture to reduce thermal conductivity is also attractive. This type of architectures often employ YSZ 
and zirconate-type ceramics in an alternated manner; alternatively, the introduction of pores and cracks 
(by a rigorous control of the feedstock powder morphology and optimization of processing parameters) 
is another alternative and effective way to reduce thermal conductivity in TBCs (Wang et al., 2011).

Plasma spray processes have also been employed in the energy sector for the development of metal-
supported solid oxide fuel cells (SOFCs); in fact, plasma spraying has been the most suitable method 
for manufacturing this class of devices. For instance, some SOFCs prepared by plasma spray comprise 
electrodes manufactured from Ni-YSZ, Sr-doped LaMnO3, and Sr-doped LaCrO3 powders (Aruna, 
2017). It is worth mentioning that these electrodes are often produced by VPS because of the flexibility 
of producing thin and dense ceramic coatings (Mauer et al., 2013).

Other industrial applications of plasma spraying involve the development of high-performance and 
high-functional coating materials. For instance, the development of plasma sprayed polyester/TiO2 coat-
ings on wood surfaces is one example of the innovative industrial applications of plasma sprayed coat-
ings. Plasma sprayed coatings on wood products is an emerging field; this new application is intended to 
improve protection of wood-based products, especially when they are exposed to natural environmental 
conditions. Under these conditions, uncoated wood-based products can be affected by the environment 
on their natural durability (reducing their mechanical stability) and aesthetic appearance (Jnido et al., 
2020; Oukach et al., 2020). Other functional applications include plasma sprayed photocatalytic coatings 

Figure 16. Simple configuration of CGS process, adapted from (Villafuerte, 2015; Cavaliere, 2017).

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



56

Principles and Applications of Thermal Spray Coatings
 

(Zn/ZnO, porous TiO2), electrical-heating coatings (TiO2/MgAl2O4) and environmental multilayered 
barrier coatings (Gd2Zr2 O7, Y3Al2(AlO4)3) (Cheng et al., 2020; Li et al., 2020; Oluwafunmilade et al., 
2020; Jordan et al., 2020; Wang et al., 2020).

Cold Spray Coatings and Modern Industrial Applications

Cold-gas spray (CGS) is a compressed gas expansion-based technology. CGS was developed in the mid-
1980’s by Dr. Anatolii Papyrin and colleagues at the Institute of Theoretical and Applied Mechanics 
in Russia. The CGS process is based on the application of high kinetic energy to a powdered feedstock 
and on the consolidation of coatings by plastic deformation of those particles at impact. In fact, CGS 
is regarded as a solid-state deposition process, wherein particles can achieve supersonic-velocities at 
impact (600-1200 ms-1); usually, particles temperatures are lower (< 1000°C) than those achieved in 
conventional TS (Pawlowski, 2008; Cavaliere, 2017; Villafuerte, 2015).

A straightforward scheme of the CGS process is shown in Figure 16. The high-pressure gas (helium, 
nitrogen, or air) flows through the system following two different paths. The first one is used to drive the 
gas through a powder feeder to transport powder particles to the gun, whereas the second one conduces 
the gas to an electric heater where it is preheated. Both paths converge inside the CGS gun, commonly, 
equipped with a converging-diverging nozzle (De-Laval-type) (Pawlowski, 2008; Cavaliere, 2017; Vil-
lafuerte, 2015).

CGS is classified into two main categories according to the operating pressure range and the injection 
location of the powders into the nozzle. These categories are high-pressure (HPCGS) and low-pressure 
(LPCGS) CGS.

HPCGS is schematically represented in Figure 17a; it operates at maximum gas pressures between 50 
and 55 bar. The working temperature of the gas is in the range of 20 to 1100 ºC, and particle velocities 
are often in the supersonic regime (Table 2). In HPCGS, particles are injected axially into the gas stream 
in a pre-chamber. Then, the high-pressure gas and particles are driven through the converging part of 
the nozzle, where the gas is compressed. Acceleration of the particles is obtained through the diverging 
part of the nozzle, where the gas is expanded. Gas heating is not only performed to increase the kinetic 
energy of the gas and to provide momentum to the particles, but also to increase the thermal energy of 
the system. The increase of gas temperature can promote a softening effect in some materials at impact. 
Alternatively, high gas pressures often influence particle velocity at impact, and, for some materials, 
this condition is required to induce formation of the coatings (Koivuluoto et al., 2012; Cavaliere, 2017).

LPCGS is schematically represented in Figure 17b. Unlike HPCGS, LPCGS operates at a maximum 
gas pressure of ~ 10 bar, working temperatures of the gas are in the range of 20 to 650 ºC, and particles 
are radially injected to the gas stream at the diverging part of the nozzle. In LPCGS, particle velocities 
are lower than those obtained in HPCS, being usually below 600 ms-1 (Table 2). LPCS is a low-cost 
system, and its operation is cost/effective because it employs compressed air as the propellant gas; then, 
it is portable and easy to manipulate (Assadi et al., 2003; Villafuerte, 2015; Kuivuluoto et al., 2012; 
Burkalov et al., 2007; Xu et al., 2006; Alhulaifi et al.; 2012; Bush et al., 2017; Cinca et al.; 2016; Chun 
et al., 2008; Dosta et al.; 2013).
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Both LPCGS and HPCGS techniques have similar mechanisms to explain the formation of metal-
lic coatings; however, for ceramics, polymers, and cermets, the bonding mechanisms are still poorly 
understood. The most accepted bonding mechanism for metallic particles is associated with adiabatic 
shear instabilities (ASI) (Assadi et al., 2003; Cavaliere, 2017). This mechanism consists of severe local-
ized shear deformation in the interfacial area between particle/particle and/or particle/substrate upon 
impact. At impact, breaking of the outer oxide layer of particles takes place, producing a strong particle/

Figure 17. Schematic representation of the two types of CGS systems. a) HPCGS system; b) LPCGS 
system. Adapted from (Cavaliere, 2017; Yin et al., 2018).
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substrate contact. This phenomenon, combined with the high compressive stresses developed during the 
collision of the particles at the substrate surface, favors bonding of particles and the formation of coat-
ings (Assadi et al., 2003; Cavaliere, 2017). Although ASI is the most accepted bonding mechanism in 
CGS, some authors have proposed different approaches. Bae et al. (Bae et al., 2009) proposed that ASI 
is not required for a successful bonding mechanism. Meanwhile, Hussain et al. (Hussain et al., 2009) 
proposed another similar bonding mechanism associated with the mechanical interlocking of particles. 
Particle adhesion also depends on the contact surface area, plastic deformation, combination of processing 
parameters, and particle and substrate temperature (Assadi et al., 2003; Moridi et al., 2014; Cavaliere, 
2017). Other bonding mechanisms have been proposed for metallic glass alloys (amorphous metallic 
alloys) deposited by CGS. Metallic glasses have different mechanical and thermal behavior than their 
crystalline counterparts. In fact, one of the accepted mechanisms for the deposition of metallic glasses 
by CGS is based on the impact of the particles under a viscous state. Bonding is then achieved when a 
non-Newtonian flow is promoted at the substrate/particle interface (Henao & Sharma, 2018).

Depending on the required final coating properties, a post-treatment can be performed, such as 
thermal treatment, internal oxidation, reaction sintering, etc. It is important to point out that bonding of 
particles in LPCGS is weaker compared to HPCGS due to the differences in particle velocities at impact 
(Villafuerte, 2015; Cavaliere, 2017). The main features of both LPCGS and HPCGS sprayed metallic 
coatings are summarized as follows (Villafuerte, 2015; Cavaliere, 2017):

1.  HPCGS coatings are denser than LPCS counterparts.
2.  The flattening ratio of particles is smaller in HPCGS than in LPCGS; therefore, LPCGS coatings 

present a higher strain distribution than HPCGS ones.
3.  LPCGS presents lower deposition efficiency compared to HPCGS. This fact can be promoted due 

to the differences in the shot peening effect related to high particle deformation and pressures at 
impact.

4.  ASI is often achieved in HPCGS for most crystalline metals; this is the main mechanism associated 
with the consolidation and density of HPCGS coatings.

Some advantages of CGS deposition processes are listed as follows (Pawlowski, 2008; Villafuerte, 
2015; Cavaliere, 2017):

Table 2. Comparison between HPCS and LPCS (Kuivulouto et al., 2012; Villafuerte, 2015; Cavaliere, 
2017).

Parameter HPCGS LPCGS

Process gas N2, He, mixtures Compressed air

Pressure (bar) 7-55 6-10

Pre-heating temperature (ºC) RT-1100 RT-650

Powder feed rate (kg/h) 4.5-13.5 0.3-3

Spraying distance (mm) 10-50 5-15

Particle size (µm) 5-50 5-30
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• The main difference between CGS and conventional thermal spray techniques are the gas tempera-
ture and particle velocity attained. CGS induces high particle velocities instead of extremely high 
gas temperatures to produce the coatings; this fact has many advantages for processing oxygen-
sensitive and temperature-sensitive materials.

• During CGS process, grain growth, chemical reaction, cracks formation, evaporation, residual 
stresses, thermal shrinkage, phase transformations, and oxidation are avoided.

• CGS sprayed coatings can be obtained with thickness values below 1 mm without delamination 
or damage due to the high compressive stress state in the coatings. It is also possible to produce 
coatings with thickness values above 1 mm, especially, in cylindrical surfaces.

• Properties of the feedstock materials can be maintained in the coatings (this point can be achieved 
depending on the optimization of the process).

• Higher deposition efficiency than that obtained in conventional thermal spray can be obtained (50-
90%) depending on the optimization of the process.

• It is possible to manufacture hybrid structures by using highly dissimilar materials.

Some limitations of CGS deposition processes are listed as follows (Pawlowski, 2008; Villafuerte, 
2015; Cavaliere, 2017):

• Nozzle clogging can take place, causing changes in deposition rates and having undesired effects 
on coating properties. This situation occurs for long spraying periods.

• Due to the nature of the technique, it requires ductility at impact. It is then used for ductile materi-
als or combinations of ductile/hard materials. There are some reports though related to the feasi-
bility of using this technique to deposit ceramic materials (Kumar et al., 2020).

• Microstructural changes of the sprayed material can be produced due to work-hardening and re-
crystallization processes occurring upon impact at the particle/particle interface.

Several processing parameters influence the quality of coatings produced by CGS. Some of them are 
listed as follows (Villafuerte, 2015; Cavaliere, 2017):

• Nature of propellant gas: Gas velocity is directly proportional to its molecular weight; thus, the 
nature of the gas in CGS has a significant effect on the dynamics of the particles. The use of he-
lium results in higher velocities than employing nitrogen and air.

• Nozzle: The dimensions of the nozzle establish the Mach number of the gas at any axial location. 
This number is often below Mach 3. The geometry and dimensions of the nozzle can influence 
the residence time of the particles in the gas stream; therefore, the nozzle design has an influence 
on temperature and velocity of particles at impact. The type of material used to manufacture the 
CGS nozzle can also influence the gas dynamics and particles behavior. Some phenomena can 
take place within the nozzle including wearing and clogging due to the interaction of particles 
with the nozzle walls.

• Traverse velocity: traverse velocity influences heat transfer from the gas stream to the substrate; it 
also has an effect on the coating microstructure.

• Stand-off distance: This parameter has an effect on the condition of the particles attained at im-
pact. The stand-off distance must be optimized because is one of the parameters responsible to 
establish the thermal and kinetic energy of the particles at impact.

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



60

Principles and Applications of Thermal Spray Coatings
 

• Feedstock powder: Each type of material: metal, ceramic, polymer, composite, etc. has a par-
ticular kinetic behavior in the CGS process. Differences in the mechanical behavior of materials 
strongly affects the particle/substrate and particle/particle interactions at impact. Materials with 
low plasticity are less suitable for CGS. Flowability of the powder is also important and is a pa-
rameter affected by the morphology of the particles and their particle size distribution.

It is important to highlight that, in CGS, optimization of processing parameters creates a specific 
environment to generate the conditions to deposit a specific material. Some important factors resulting 
from a combination of specific processing parameters are:

• Critical velocity: Vcrit is defined as the minimum particle velocity necessary for a metallic material 
to adhere to the substrate (Papyrin, 2006; Assadi et al., 2003). The value of the Vcrit depends on 
many factors, such as the substrate and feedstock powder composition, morphology of particles, 
particle size distribution, and substrate surface properties (Papyrin, 2006; Gärtner et al., 2006).

• Gas temperature and pressure: Both factors strongly affect the particle impact velocity (Gärtner 
et al., 2006; Papyrin, 2006; Maev & Leshchynsky, 2009; Meng et al., 2011; Yin et al.; 2018). 
High gas temperatures and high gas pressures generate high particle impact velocities, improving 
deposition efficiency and producing high quality coatings, i.e. coatings with high density and high 
adhesion strength. Thermal energy is beneficial for the deposition of metallic particles because it 
intensifies plastic deformation by promoting dislocations mobility (Gärtner et al., 2006; Maev & 
Leshchynsky, 2009; Meng et al., 2011; Yin et al., 2018). Sometimes high gas temperatures and 
pressures do not favor metallic particle deposition since impact conditions can be extremely ag-
gressive and produce erosion. Then, it is important to deposit each specific material under its own 
combination of processing parameters to promote bonding instead of erosion.

• Deposition efficiency: It can be defined as the relationship between the weight of particles adhered 
to the substrate and the total weight of the initial feedstock particles without overspray. For metal-
lic particles, the deposition efficiency increases as the particle velocity significantly exceeds the 
critical velocity (Gärtner et al., 2006; Cavaliere, 2017).

Some studies have shown that CGS is a favorable and cost-effective technology. CGS is used to 
produce protective coatings and to recover dimensions of different parts. Some industrial applications 
of CGS coatings are summarized in Table 3. In the last decades, new materials have also been deposited 
by CGS; these materials are also listed in Table 3. This diversification demonstrates the versatility of the 
CGS process. Metallic glasses are part of the diversity of new materials sprayed by CGS, and due to their 
unique physical and chemical properties the production of functional coatings from them is positively 
foreseen. Hydroxyapatite is another material of interest, mainly for biomedical applications, that can be 
deposited by means of CGS. Cold sprayed hydroxyapatite coatings can have better bioactive behavior 
than conventional ones since deterioration of crystalline phase can be avoided by CGS (Cavaliere, 2017; 
Vilardel et al., 2019; Sun et al., 2019). Overall, numerous studies have claimed that cold sprayed coat-
ings can have good corrosion and wear resistance and have good mechanical integrity in the as-sprayed 
condition. These characteristics are attractive as these coatings can be employed in various applications 
in different industries (Cavaliere, 2017).
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SUMMARY

Thermally sprayed coatings have been used in various industries since the invention of the flame spray 
process in the early 1900s. Afterwards, the development of different thermal spray technologies, such 
as APS, HVOF, HVAF, VPS, CGS, etc., has constantly increased the use of this type of coatings in dif-
ferent industrial sectors. Thermally sprayed coatings have been widely used in many applications due to 
the versatility of thermal spray technologies to operate under different engineering environments (aero-
space, biomedical, energy, chemistry, agriculture, textile, automotive, marine, etc.). Overall, thickness 
values of thermally sprayed coatings lie in the range from 50 μm to few millimeters, depending on the 
spraying technique and on the processing parameters employed. In addition, density values of thermally 
sprayed coatings are in the range between 65% to 99%, depending on the spraying process. Advantages 
of thermal spray processes to produce coatings include their versatility to spray a variety of materials 
such as crystalline metals, metallic glasses, ceramics, cermets, intermetallic materials, and polymers. 
These materials can be sprayed under different shapes such as wire, rod, powder, and suspension. Another 
advantage is the capacity of thermal spray techniques to coat a wide range of substrate materials and to 
operate on different substrate shapes.

Nowadays, various industries have recognized multifaceted capacity and inherent economics of some 
thermal spray processes. Thermally sprayed coatings are currently positioned as crucial coating systems 
in various conventional and modern applications. Most contemporary applications of thermally sprayed 
coatings are associated with wear, corrosion, oxidation, and high temperature environments. Currently, 
some industrial fields of applications include biomedical, electronics, dimensional restoration, thermal 
barriers, and energy storage. It is envisioned that, in the near future, thermal spray techniques can offer 
new opportunities for emergent applications in healthcare (bioactive, antibacterial, and antivirus sur-

Table 3. Some applications of the CGS process in different industrial sectors (Villafuerte, 2015; Cava-
liere, 2017).

Application Coating materials Industry sector

Corrosion resistance Metals and alloys, metal/polymer, metal matrix composites (M/ceramic, 
M/metal, cermets), intermetallics, nanomaterials.

Aerospace 
Automotive 
Electronics 
Defense 
Oil and gas 
Petrochemical 
Power generation

Oxidation resistance Metals and alloys, metal/polymer, metal matrix composites (M/metal, 
cermets), intermetallics, oxides,

High specific strength Metals and alloys, metal/polymer, metal matrix composites (M/
ceramic), intermetallics, ceramics, nanomaterials. Various industrial sectors

Wear-resistant coatings Metals and alloys, metal matrix composites (M/ceramic, M/metal, 
cermets), intermetallics, oxides, ceramics, WC cermets, nanomaterials.

Automotive 
Aerospace 
Machining

Biocompatibility, Biodevices, 
and Antibacterial

Metals and alloys, metal/polymer, oxides, ceramics, polymers 
nanomaterials.

Biomedical (devices and 
surgical implants)

Photocatalytic performance Metals and alloys, oxides, ceramics, nanomaterials Energy generation industry

Restoration Metals and alloys, metal/polymer
Aerospace 
Defense 
Petrochemical
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faces), electronics (sensors), energy (battery and fuel cells), environmental (self-cleaning and antifouling 
surfaces), aerospace (environmental barriers) and automobile (energy-absorbing surfaces) industries.
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ABSTRACT

Thermal barrier coatings protect the substrate from thermal diffusion, oxidation, phase transformations, 
elastic deformation, plastic deformation, creep deformation, thermal expansion, thermal radiation. It 
allows parts and components of gas turbines to withstand high temperature upto1650 °C. Cylic oxida-
tion behavior of alumina incorporated, lanthanum titanium aluminum oxide (LaTi2Al9O19), and yttria 
stabilized zirconia (YSZ), that is LTA/YSZ top ceramic layer coating, was investigated. Two coating 
combinations, L 100 having top LTA layer thickness of 100 µm and L 150 having top layer of LTA hav-
ing thickness 150 µm, were tested for thermal cycles at the temperature of 1100°C. The performances of 
these coatings were compared with conventional YSZ coatings. Microstructure studies, EDX, and XRD 
analysis demonstrated the formation of mainly LTA, LaAlO3, Al2TiO5, Al2O3, and TiO2 at 1100°C in 
both coatings. But in L 150 coating, the rate of oxidation was found slower than L 100 coating. Annealed 
L 150A and L 100A specimens show cyclic oxidation life of 272th and 250th cycles, respectively.
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INTRODUCTION

The thermal efficiency and power generation of gas turbines and aero engines can be enhanced using 
different thermal barrier coatings (TBCs). TBCs comprises of ceramic top coat of yttria stabilized zir-
conia (YSZ) having low thermal conductivity with good insulation capability. The top coat is applied 
over an oxidation resistant MCrAlY bond coat (Gok, & Goller, 2016). At higher temperatures for longer 
duration of operation or in case of cyclic thermal loading conditions, the spallation failure of TBC occurs 
mainly due to sintering and phase transformation of YSZ (Padture et al., 2002). To overcome the chal-
lenges associated with higher inlet gas temperature in advanced gas turbine and aero engines, rigorous 
researches were carried out to find alternative to ceramic materials better than conventional YSZ (Cao, 
Vassen, Tietz, & Stoever, 2006). Few of them are aluminates, pyrochlores, doped zirconia, perovskites. 
Excellent high temperature performance and higher thermal stability has been revealed by lanthanum 
zirconate as a top coat material (Vaben, Cao, Tietz, Basu, & Stover, 2000).

Studies revealed that TGO growth can retards with reduction in the bond coat internal oxidation. It 
is observed that the NiCrAlY bond coat with incorporated alumina proved better hot corrosion resistant 
compared to the NiCrAlY bond coat with incorporated YSZ (Wei, Guo, Gong, & Xu, 2008). Oxidation 
barriers layer of Alumina suppresses the excess bond coat oxidation. The Al2O3/YSZ coatings revealed 
higher oxidation and spallation resistance and increased rate of phase transition and densification (Ma, et 
al., 2008). The composite coatings with the combination of YSZ/alumina top coat, showed much better 
resistance to oxidation and thermal cycling (Friedrich, Gadow, & Schirmer, 2001).

La2Zr2O7 (LZ) pyrochlore as a top coat material has revealed excellent high-temperature capabil-
ity and high thermal stability. H. Dong et. al, developed La2Ce2O7 (LC) coating using APS by using 
La2Ce2.5O8 powder. The LC/YSZ coating has thermal cycling life 40% more than YSZ coating at 
1320°C. Thermal conductivity of DCL coatings having top layer of 50% La2Zr2O7 is reduced and 50% 
Gd2Zr2O7 increased. Pyrochlore LZ is having lower thermal conductivity and good sintering resistance 
compared to YSZ. But it is having short life due to thermal expansion mismatch and higher thermal 
stresses generating from it. The LZ coating has low thermal expansion coefficient (TEC) which leads 
to higher thermal stresses and very short life. Recently co-doping of rare earth material Sc2O3 in YSZ 
was studied. Materials for TBCs are more complex and they were introduced through many studies. 
LaTi2Al9O19 (LTA) (Xie, 2011), Lanthanide Tantalate (RETa3O9), Nd (Neodymium), Sm (Samarium), 
Eu (Europium), Gd (Gadolinium), Dysprosium-Tantalum Oxide (DTO) (Wu, 2018), Dy (Dysprosium), 
Er (Erbium)) (Chen L, 2018), Lanthanide Niobate (Ln3NbO7) (LNO), Dy (Dysprosium), Er (Erbium), Y 
(Yttrium), Yb (Ytterbium)) (Yang, 2019), Magnesium-Silicon Oxide (MSO) (Chen S, 2019), Calcium-
Magnesium Alumino-Silicate (CMAS) (Gildersleeve, 2019), Zirconium Lanthanate (Zr3Ln4O12) where, 
Ln is La (Lanthanum), Gd (Gadolinium), Y (Yttrium), Er (Erbium), and Yb (Ytterbium)) (Zhao M, 
2019), Magnetoplumbite (LnMgAl11O19), Pr (Praseodymium), and Gadolinium-Zirconium oxide (GZO) 
(Vaßen, 2020).

LTA/YSZ ceramic layer showed excellent oxidation performance (Xie, Guo, Gong, & Xu, 2011). 
However, no data on cyclic oxidation study of combined YSZ/alumina TBCs is available in open literature. 
In present work, the thermal cyclic behavior of the plasma sprayed coatings for oxidation was evaluated 
at 1100°C. Oxidation kinetics was studied. Phases involved were determined using field emission scan-
ning electron microscopy (FESEM) and x-ray diffraction (XRD).
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BACKGROUND

Thermal barrier coatings (TBCs) is a complex material systems, sustainable at very high temperatures 
above 1000 °C and provide the thermal insulation and with very less thermal expansion. It is sprayed on 
the metallic substrate to protect the underlying components at the hot sections of gas turbine and aero 
engines (Backman, 1992; Padture, 2002). To increase the performance and efficiency of gas turbines 
and aero engines thermal barrier coatings are used. Thermal barrier coatings (TBC) consist of an insulat-
ing ceramic top coat of yttria stabilized zirconia (YSZ) with lower thermal conductivity applied over a 
metallic MCrAlY bond coat (M= Ni and Co) as an oxidation resistant layer. At higher temperatures, due 
to sintering and phase transformation of YSZ the spallation failure of TBC occurs. Rigorous researches 
carried out to find new ceramic materials better than YSZ to meet the challenges associated with higher 
inlet gas temperature in advanced gas-turbine and aero engines. Few of them are aluminates, pyrochlores, 
doped zirconia, perovskites (Vasen, 2000; Cao, 2004; Tarasi, 2011).

Studies also have been done to search a method to reduce the internal oxidation of the bond coat which 
is the main reason for TGO growth. Alumina layer acts as an oxygen barrier and retards the further bond 
coat oxidation. Al2O3/YSZ coatings have shown good spallation and oxidation resistance and increased 
densification and phase transition rate. In oxidation test, the composite coatings of alumina as a top coat 
and the mixed YSZ alumina layer, showed better resistance. Studies proved that the alumina incorporated 
NiCrAlY bond coat have better hot corrosion resistance than the YSZ incorporated NiCrAlY bond coat.

LaTi2Al9O19 (LTA) has been proposed as TBC material, which is having excellent phase stability. It 
is combination of rare earth element and ceramic that is Lanthanum oxide La2O3, titanium oxide TiO2 
and aluminium oxide Al2O3. But due to its relative low fracture toughness it is having short life. This 
difficulty can be solved by using a double L/YSZ ceramic layer.

MATERIALS AND METHODS

The Inconel 718 was used as substrate material for developing the coatings. Specimens of 10 mm x 10 
mm x 4 mm were cut using wire cut EDM. The edge effect of the specimen was eliminated by grinding 
the edges. Using alumina powder the specimens were grit blasted before spraying. LTA powder was 
prepared using La2O3-99%, TiO2-99%, and Al2O3-99% having size 325 µm. These powders were dried 
for removal of moisture at 200°C for 10 h, mixed together and then ball milled for 5 h. Mixed powder 
was dried at 200°C for 5 h and calcined at 1500°C for 24 h. It was compacted at 400 MPa and sintered 
at 1600°C for 72 h. Finally sintered mass crushed and sieved with 90 µm sieve. The fluidity was main-
tained around 38 to 50 gm/min.

The coatings were prepared at Metallizing Equipment, Jodhpur. A 40 kW Metco thermal plasma spray 
unit having plasma spray F4 gun was used for developing coating. All powders selected were thermal 
grade powders having fluidity in the range of 38 to 50 gm/min. The particle size of powders was kept 
90 µm. The thickness of the coatings was maintained in the range of 320-370 μm. Before spraying the 
LTA powder was preheated to 150°C. Two combinations of coatings were finalized with varying topcoat 
thickness, 1. L 100 with 100 µm thickness and 2. L 150 with 150 µm thickness. It is shown in Fig. 1. 
Annealing of L 150 and L 100 coatings was done at 1050°C for 5 h in resistance heated muffle furnace 
for recrystallization of coating (Xie, 2011; Sreedhar, 2009).
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Cyclic oxidation test of coated specimens was conducted at 1100°C in a Therelek make muffle fur-
nace. One cycle comprises of heating the specimens at 1100°C for 45 min and cooling in air for 15 min 
that is total 1h. The specimens were removed from the furnace after an interval of 45 min and cooled 
in a room for 15 min. Weight of the coated samples was taken using Afcoset electronic balance with 
least count of 0.001g. The cyclic oxidation test was discontinued after 20% failure of coated specimens. 
Oxidation kinetics of the specimens was studied using the mass gain data. The specimens were evaluated 
for various phases obtained using XRD, FESEM. Energy Dispersive X-Ray analysis (EDX) was done 
to do the elemental mapping and determine the elemental percentage. The porosity of the coating was 
checked by measuring the pores and the coating mass via image analysis technique on optical microscope.

RESULTS

Fig.1 depicts the relation between mass gain in mg/cm2 and total number of cycles at 1100°C. The an-
nealed specimens have shown least weight gain compared to as-received specimens. As-received L 150 
and L 100 specimen sustained upto 242nd and 236th cycles. The mass gain due to oxidation of 2.49 mg/
cm2 and 2.57 mg/cm2 is observed respectively. The traditional (YSZ) specimen resulted in the mass gain 
of 2.589 mg/cm2 due to oxidation and was sustained upto 230th cycles. Annealed specimens L 150A and 
L 100A, remained intact till 272nd and 250th cycles. Thus L 150A and L 100A proved better with the 
least mass gain due to oxidation of 1.87 mg/cm2 and 1.89 mg/cm2 respectively. Most of the coatings do 
not exhibit parabolic behavior. It show accelerated oxidation behavior due to minor oxidation of ceramic 
constituents and impurities at the top layer.

Figure 1.Weight gain curves for coatings subjected to thermal cycles at 1100°C
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X-Ray Diffraction Analysis

The XRD peaks of L 150 and L 100 specimens prior to cyclic oxidation and post thermal cycles at a 
temperature of 1100°C are depicted in Fig. 2 and 3 respectively. The retained phases without many 
changes were observed in all specimens pre and post oxidation. It proves the negligible phase change in 
both L 100 and L 150 specimens. The XRD analysis of L 100 and L 150 samples after thermal cycling 
oxidized to LaAlO3, Al2O3 and LTA. The LaAlO3 phases were observed due to incorporated alumina. 
But multiple phases of Al2TiO5 were observed in L 100 specimens after cyclic oxidation. Presence of 
LaAlO3, Al2O3 and almost LTA phases were detected in L 150 specimens proves the limited oxidation of 
L 150 coating. No drastic phase change was observed in the XRD pattern except few peaks broadening. 
An intact thermal barrier was created by L 150 coating.

Figure 2. XRD patterns of L150 coating subjected to thermal cycles at 1100°C
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After subjected to thermal cycling and oxidation at 1100°C the phases of LTA are transformed from 
tetragonal t’-phase to monoclinic m-phase. Also the other LTA phases are dissolved to Al2O3 and other 
similar oxides in case of both the coatings. With the increase in the number of repetitive heating and 
cooling cycles at 1100°C the crystalline LTA phase decreases. Phases formed in XRD analysis are in 
good agreement with the elements observed in EDX. These phase formation is discussed later.

Cross Section Morphology

As shown in Fig. 4a and 4e the cross-section of as-received L 100 and as-received L 150 coatings before 
oxidation shows a clear and precise interface at the LTA/YSZ top layer and the incorporated alumina 
and bond coat respectively. Cross section morphology both annealed L 100 and L 150 before thermal 
cycling is shown in Fig 4c and 4g. Dense microstructure is observed in both annealed coating.

Cross section morphology of as-received L 100 coating after thermal cycling at 1100°C is shown 
in Fig. 4b. It shows, after cyclic oxidation, the cracks generated leads to wider opening in the coating, 
results in rapid bond coat oxidation near to the alumina and bond coat interface. The oxidation kinetics 
of coating is limited by the diffusion of O2 and Al2O3 (Sreedhar, MasroorAlam, & Raja, 2009). Thus 
oxidized specimens show depletion of alumina layer at some places and hence the consistency in thickness 
of alumina is not observed. The transverse cracks were observed above the TGO layer. In the top layer 
parallel to the surface smaller cracks were generated. With the increase in number of thermal cycles the 
transverse cracks increased and resulted in the localized fracture and formation of chip of the top coat. 
Fig. 4b shows that major cracks were initiated and propagated from the coating surface and ended up 
at top coat alumina interface. The bi-axial stress due to compression at the surface is the predominant 

Figure 3. XRD patterns of L100 coating subjected to thermal cycles at 1100°C
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reason of coating failure. In L 100 coating, the top most coating surface has more number of cracks and 
also the crack width observed were large. It shows extensive cracking at the coatings interface. TGO 
formation leads to extensive stress and enhanced cracking.

Figure 4. Cross section images of samples subjected to thermal cycling: (a) as-received LTA 100 coat-
ing before oxidation, (b) as-received L100 coating after oxidation, (c) as-received L150 coating before 
oxidation, (d) as-received L150 coating after oxidation, (e) annealed L100 coating before oxidation, (f) 
annealed L100 coating after oxidation, (g) annealed LTA 150 coating before oxidation, (h) annealed 
L150 coating after oxidation
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The cross-section of the annealed L 100 coated sample after thermal cycling is shown in Fig. 4d. 
After cyclic oxidation of annealed L 100 coatings no sharper interface were observed as a result of the 
mixed layers of the top coat and adjacent bottom layers as depicted in Fig. 4d. It shows a considerable 
split between the alumina-YSZ interfaces, caused by the stresses initiated as an effect of compression 
(compressive stresses) during cooling process. It shows immense cracking and loss of coating integrity due 
to cyclic oxidation. The cracks propagation and enhancement is also due to the thermal interfacial stress.

The micro-cracks with vertical as well as transverse orientation are observed in the L 100 coatings 
were propagated in the downward side of the protective TGO layer. Also, the large cracks acts as an 
oxygen diffusion path towards the surface of bond coat, and results in the accelerated oxidation of bond 
coat. Therefore, partially the transverse cracks also results in the failure due to spallation of coating. The 
early failure of L 100 coating is caused by the formation of longitudinal as well as transverse cracks as 
a by-product of the thermal shock generated during the thermal cycling. Cracks initiated due to thermal 
cycling appear parallel to bond coat and top coat interface.

The coatings when exposed to high temperature during prolonged cyclic oxidation results in the 
closure of pores at the top coat and thus increases its thermal conductivity and makes the coating rigid 
and very much prone to failure due to spallation. During heating, the LTA/YSZ top surface of the as-
received and annealed L 100 coating was subjected to large bi-axial compressive stresses. These stresses 
cause the non-linear and continuous deformation of the top coat surface. During cooling, the radial stress 
converted to tensile stress as a result induced strain. The alteration of stresses from compressive to tensile 
with large magnitude was adequate to surpass the fracture durability of the top surface layer and results 
in the vertically oriented cracks. Also, major cracks most likely initiate within the bond coat-top coat 
interface a cleavage mode. The cracks and the existing imperfections in the ceramic top layer result in 
longer cracks and spallation failure of both bond coat as well as top coat.

The thermal cycling performance and the overall oxidation resistance of as-received L 150 coating 
were found to be better than L 100 coatings. The higher thickness of L 150 coating is one of the coating 
lives enhancing parameter in cyclic oxidation. The LTA thickness of top coat (L 150) is 150 µm and 
the overall coating thickness is 370 µm. This 150 µm LTA layer over the YSZ layer is responsible for 
greater thermal gradients.

Fig. 4f shows the cross section morphology of as-received L 150 coating after cyclic oxidation. In 
case of as-received L 150 specimen the LTA top coat which is 150 µm thick acts as a crack arresting 
barrier. Though no cracks were observed on the top LTA layer but, cracks were detected at the interface 
of YSZ/alumina and bond coat due to TGO formation. The transverse crack was more visible as depicted 
in Fig. 4f. The tensile stress at the top coat-alumina and alumina-bond coat interface was responsible in 
the initiation of cracks which are parallel to that interface, results in propagation of crack and an absolute 
delamination of coating structure. The oxidation of bond coat resulted in the higher compressive-stress 
which is in plane, producing tensile-stress which is out of plane and inducing cracks almost parallel to 
the entire coating interface. Under repeated thermal cycling, these cracks open, propagate and resulted 
in a complete spallation failure of coating. Thus, the L 150 as-received coatings were failed at the YSZ 
and bond coat interface.

The cyclic oxidation resistance of annealed L 150 coating was better than L 100 coating. The thicker 
top layer develops the higher strain energy and results in changing and passivation of the cracks direc-
tion. Cross section of annealed L 150 coating after thermal cycling test at 1100°C is shown in Fig. 4h. 
It shows longitudinal branched cracks and intra splat micro cracks that were propagated through the 
coatings surface. Also, multiple branched cracks originating from the large crack and longitudinal and 
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transverse cracks were observed. As shown in Fig. 4h the transverse cracks perpendicular to the interface 
are the results of tensile stresses due to cyclic heating and cooling. An extensive vertically oriented crack 
initiates from the top most layer of the coating towards the TGO layer. From Fig. 4h, it is clear that the 
development of a longer longitudinal crack and its sub-cracks at the YSZ/alumina and bond coat inter-
face resulted in the spallation failure of the annealed L 150 coating at the YSZ and bond coat interface.

From Fig. 4f and 4h it is observed that, the cracks developed in this region were discontinuous and 
were propagated randomly in entire region separately. The discontinuous crack present in the LTA layer 
liberates the thermal stress and hindered the spallation at the coatings interface. It results in the failure 
of the coating at another weak location that is at the YSZ-alumina-bond coat interface.

The EDX analysis of cross sections of L 100 and 150 coating after thermal cycling is summarized in 
Table 1. It evidences the occurrence of oxides of Al, La and Ti. Also the formation of Ni and Cr-spinel 
oxides of were observed. It may be because of the oxygen barrier nature and premature failure of L 100 
coatings. At point 4, in both L 150 and L 100 coatings traces of O, La, Ti and Al were found. Higher 
percentage of O, Al and Ti reveals the formation of LTA, LaAlO3, Al2O3 and Al2TiO5 in L 100 coating. 
Formation of LTA, LaAlO3, Al2O3 in L 150 coatings was observed. But at the top layer traces of Cr 
and Ni were not observed in L 150 coating (point 4). It evidences that no Ni and Cr-spinel oxides were 
formed at the top surface of as-received as well as annealed L 150 coating. But they were formed at the 
surface of L 100 coatings. The results obtained were in well agreement with the results obtained from 
the XRD and EDX analysis done at the coating surface.

Table 1. Presence of different elements determined through EDX analysis (at. %) after thermal cycling

Specimen Location
Elements Present on coating surface

O Al Ti La Zr Cr Y Ni

L 100 
Fig. 4b

1 43.05 11.11 4.55 0.02 0.00 10.34 0.00 35.32

2 51.56 35.98 0.01 0.01 0.97 1.55 0.00 0.14

3 30.16 19.18 0.01 0.00 12.27 0.08 0.42 0.66

4 78.22 47.01 3.99 0.93 0.12 0.00 0.04 0.39

L 150 
Fig. 4d

1 25.42 13.12 0.01 0.01 0.01 13.35 0.00 45.89

2 40.98 31.47 0.24 0.00 0.19 1.08 0.00 0.81

3 31.97 03.04 1.53 0.20 16.72 0.00 0.34 0.05

4 61.98 27.02 2.77 0.87 0.35 0.00 0.00 0.02

L 100A 
Fig. 4f

1 44.86 8.65 1.79 0.05 0.00 9.88 0.00 41.93

2 57.09 34.02 0.03 0.00 0.94 1.21 0.06 0.10

3 24.22 21.20 0.01 0.14 4.72 1.91 0.43 0.03

4 72.21 35.21 5.34 0.82 0.16 0.00 0.76 0.09

L 150A 
Fig. 4h

1 31.21 08.54 0.01 0.01 0.00 12.17 0.00 35.42

2 50.24 34.93 0.02 0.02 0.32 1.06 0.32 0.52

3 30.19 20.43 2.18 0.21 4.74 0.00 0.61 0.02

4 65.88 26.01 3.24 0.89 0.09 0.00 0.00 0.00
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Presence of high percentage of O at the bond coat (point 1) in case of both as-received and annealed 
L 100 coatings evidences the accelerated oxidation of bond coat. In case of as-received and annealed L 
150 coating the O percentage is much less compared to L 100 coating. The amount of oxygen available 
for formation of oxides was more in case of L 100 coating due to inadequate top coat thickness. It has 
been validated through XRD, as the phases of oxides having Al and Ti were comparatively more in case 
of L 100 specimen. the In both L 100 and L 150 coating at point 2 traces of O and Al were found which 
indicates the formation of protective oxide layer of Al2O3.

The elemental mapping of as-received and annealed L 100 is shown in Fig. 5 and Fig. 6 and elemental 
mapping of as-received and annealed L 150 is shown in Fig. 7 and Fig. 8. The photographs of coatings 
prior and post thermal cycling are shown in Fig. 9. In Fig. 9 specimen a and b are as-received L 100 
and L 150 coatings before cyclic oxidation respectively. Fig. 9 specimen c and d are annealed L 100 and 
L 150 coatings before cyclic oxidation. Specimens from Fig. 9e and f are as-received L 100 and L 150 
coatings after the heat cycling test. Fig. 9 g and h shows the annealed L 100 and L 150 coatings after 
thermal cycling. Visible cracks were observed in case of L 100 coating.

Figure 5.Elemental mapping microstructure of as-received L100
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DISCUSSION

The present study is thermal cycling tests for traditional thermal barrier coatings having YSZ as top coat 
and compared with thermal cycling behavior of two different combinations of coating after incorporat-
ing a readily available alumina layer between bond coat and LTA/YSZ top coat layer at 1100°C. The 
coatings were developed by keeping parameters like coating layer thicknesses and coating constituents 
constant except top layer thickness of LTA. L 150 coatings showed higher resistance oxidation under 
thermal cycling and traditional YSZ showed less resistance to oxidation. The oxidation rate of TBC can 
be affected by change in the temperature, exposure timing, overall composition and thickness of top coat, 
surface roughness of bond coat and spraying method. The higher resistance to oxidation of L 150 coatings 
is due to the sufficient thickness of coating to act as a thermal and oxygen diffusion barrier. Also, due to 
negligible degradation of LTA contributed towards protection ability of coatings. Bond coat oxidation 
is prevented by alumina layer and resulted in better oxidation resistance in L 100 as well as L 150 coat-
ing as it acts as a diffusion barrier of oxygen. Although YSZ top coat thickness is more this thickness 
doesn’t contribute to enhance the TBC life as the cohesion of YSZ top layer is stronger than adhesion 
with MCrAlY bond coat. Also, the interconnected porosities and microcracks of YSZ coating results in 
the formation of a strain tolerant coating, but permits the diffusion of oxygen and results in enhanced 
bond coat oxidation (Ramachandran, Balasubramanian, Ananthapadmanabhan & Viswabaskaran, 2012).

Thus after 230th oxidation cycle at 1100°C, the YSZ coating were shown spallation failure. One of 
the reasons for spallation of YSZ TBC is the stress generation due to thickening of the TGO. The reason 
for stress development in YSZ coating is thermal expansion coefficient mismatch (TEC). But in case 

Figure 6.Elemental mapping microstructure of annealed L100
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of LTA coating the TEC is around 11.2 x 10−6 K−1, that is very close to the values of TEC of YSZ at 
temperature above 1000°C. Thus initially the stress level is much lower to initiate cracks in the coating. 
However, with increasing time, crack formations due to other reasons resulted in further oxidation and 
hence thus formations of the mixed oxides in L 100 coating (Li et al., 2012). Also, the stress generated 
due to oxide formation is independent of the cycling temperature but varies with the cycle time (Ren, 
He & Wang, 2011). Figure 1 depicts higher mass gain in YSZ coating.

The cyclic oxidation of present coatings gave rise to various oxides and spinel. Also, LTA phase is 
the only one ternary compound found and mentioned in the combined Al2O3-La2O3-TiO2 phase system. 
In the ternary phase diagram, 7 binary compounds are formed and LaAlO3 is one of them. According to 
the ternary phase diagram of Al2O3-La2O3-TiO2 and its chemical compositions and the chemical ratios 
it clear that the phases can be decomposed to different oxides rich in La and Ti. Therefore after ther-
mal cycling the different oxides present on the coating surface can be the solid solution of LaAlO3 and 
La2/3TiO3. LTA phase is a stable phase at high temperatures. The formation of LaAlO3 is comparatively 
easy compared to different aluminates. It is very slow for temperature less than 1500°C and can be more 
than 132 days. Therefore, no other products of oxidation were generated after thermal cycling of LTA. 

Figure 7. Elemental mapping microstructure of as-received L150
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Figure 8. Elemental mapping microstructure of annealed L150

Figure 9. Macro photograph of specimen: (a) L100 and (e) L150 as-received coating before thermal 
cycling, (c) L100 and (g) L150 annealed coating before thermal cycling, (b) L100 and (f) L150 as-
received coating after thermal cycling, (d) L100 and (h) L150 annealed coating after thermal cycling
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Therefore LTA can be decomposed to only LaAlO3, at temperature less than 1500°C (Skapin, Kolar & 
Suvorov, 1993).

Therefore, possible reactions are proposed here.

LaTi2Al9O19 → LaAlO3 + 2TiO2 + 4Al2O3 (1)

The available anatase phase that is α-Al2O3 and rutile phase that is TiO2 simultaneously forms Al2TiO5. 
Equation (2) is the possible reaction of this phase transformation,

Al2O3 + TiO2 → Al2TiO5 (2)

The different oxides formed and spinel phases contributed towards the mass gain in case of L 100 
specimen than L 150 specimen. Formation of different oxides due to cyclic oxidation is confirmed through 
SEM, EDX and XRD analysis. From the mechanism of thermal cycling kinetics it is understood that, 
the scale growth of protective oxides in L 150 is steady, continuous and slower.

The alumina layer acts as an oxygen diffusion barrier and prevents further oxidation of immediate 
bond coat and protects the underlying substrate. The formation of oxides can be due to oxygen inward 
diffusion (Ropp, & Libowitz, 1978). In L 150 and L 100 coatings the diminished oxidation is observed 
due to lack of availability of oxygen compared to traditional porous YSZ coating. It resulted in the very 
slow rate of TGO growth in case of L 150A and L 100A coating (Nagano et al., 1999). Both, L 150A 
and L 100A specimens were intact till 272th and 250th cycles respectively in thermal cycling at 1100°C 
with negligible mass gain much compared to YSZ specimens. Thus, cyclic oxidation rates of TBC with 
various different ceramic layers (L 100 and L 150) are compared and studied. But in both L 100 and L 
150, annealed coatings showed better cyclic oxidation life compared to as-received coatings. The results 
show that larger top coat thickness and double layer coatings can prove better oxidation resistant.

CONCLUSION

The cyclic oxidation of YSZ, DCL and alumina incorporated coatings of LTA/YSZ were tested at 1100°C. 
Following conclusions were made from the results obtained. Negligible mass gain of 1.86 mg/cm2 is 
observed in alumina incorporated L 150A coating. Spinel oxides of Al, Cr and Ni were detected and 
contributed towards enhancement of cyclic oxidation lives of coatings. Comparatively optimum thick-
ness of the coating layers contributed towards better cyclic oxidation life of L 150A coatings. Due to 
excellent chemical stability of LTA its decomposition is negligible after oxidation test. Better oxidation 
resistance is observed in case of L 150A coating. Cyclic oxidation of LTA/YSZ/Al2O3 top ceramic layer 
coating caused oxides formations like Al2O3, LaAlO3, LTA, TiO2, Al2TiO5 and also spinels of Ni and Cr 
in both L 100 and L 150 coatings.
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ABSTRACT

One of the areas of research that continue to attract researchers worldwide is the development of thermal 
barrier coatings (TBCs) especially associated with the design of new ceramic topcoats with low thermal 
conductivity and a high coefficient of thermal expansion. The purpose of this chapter is to present the 
advances that have been achieved regarding ceramic topcoats in the last decades, making a historical 
journey that culminates with the contributions of this decade. The introduction of new crystalline structures 
and chemical compositions have opened the door to the real possibilities of replacing yttria-stabilized 
zirconia (YSZ) to ensure the optimal thermomechanical-chemical properties required by TBCs. Future 
research directions associated with this topic are also provided.

INTRODUCTION

Thermal barrier coatings (TBCs) can be defined as advanced deposited material systems, operating at 
high temperatures to offer improved thermal stability and lower thermal conductivity These are placed on 
metal surfaces to protect the components of the hot section of gas turbine engines, and thereby, achieving 
higher fuel efficiency and lower emission objectives (Backman, 1992; Padture, 2002; Herzog, 2006). 
These coatings additionally improve erosion and impact resistance, which are crucial to increase engine 
durability and performance. Unfortunately, these coatings are susceptible to accelerated degradation due 
to deposition of silicates (known as CMAS) by environmental debris such as dust, sand, and ash that 
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adheres to them (Vaßen, 2012; Poerschke, 2017). The advanced materials used for this purpose are based 
on combinations of doped transition metal oxides with rare earth oxides, which reduce oxidation and 
thermal fatigue in the metal part. The most commonly used oxides are yttria stabilized zirconia (ZrO2-
Y2O3), mullite (3Al2O3-2SiO2), alumina (Al2O3), ceria (CeO2), lanthanum zirconate (La2Zr2O7), lanthanum 
oxide (La2O3), oxide niobium (Nb2O5), and praseodymium oxide (Pr2O3) (Vasen, 2000; Cao, 2004; Tarasi, 
2011). New and innovative materials for TBCs are being introduced such as LaTi2Al9O19 (LTA) (Xie, 
2011), lanthanide tantalate (RETa3O9) (where RE = Ce (Cerium), Nd (Neodymium), Sm (Samarium), 
Eu (Europium), Gd (Gadolinium), Dy (Dysprosium), Er (Erbium)) (Chen L, 2018), dysprosium-tantalum 
oxide (DTO) (Wu, 2018), magnesium-silicon oxide (MSO) (Chen S, 2019), lanthanide niobate (Ln-
3NbO7) (LNO) (where Ln or L = Dy (Dysprosium), Er (Erbium), Y (Yttrium), Yb (Ytterbium)) (Yang, 
2019), zirconium lanthanate (Zr3Ln4O12) (where Ln = La (Lanthanum), Gd (Gadolinium), Y (Yttrium), 
Er (Erbium), and Yb (Ytterbium)) (Zhao M, 2019), magnetoplumbite (LnMgAl11O19) (where Ln = La 
(Lanthanum), Pr (Praseodymium), Nd (Neodymium), Sm (Samarium), Eu (Europium), Gd (Gadolinium)) 
(Zhao Y, 2019), and gadolinium-zirconium oxide (GZO) (Vaßen, 2020).

Materials for thermal barriers must meet five main requirements: 1) low thermal conductivity, 2) 
high thermal expansion coefficient (CTE), 3) high melting point, 4) excellent damage tolerance, and 
5) moderate mechanical properties (Liu, B. 2019). Metal surfaces, where thermal barrier coatings are 
deposited, are based on high temperature superalloys. These are exposed to dangerous environments 
and hot combustion of engines and turbines used for propulsion and power generation (Zhao M, 2019).

In addition, thermal barrier coatings guarantee the phase stability of the materials to be coated, offer 
corrosion resistance and high fracture toughness. These coatings continue to be used on the hot parts of 
gas turbines with two purposes: 1) to increase turbine efficiency and 2) to extend the life of these metal 
parts (Zhou, 2014). A high coefficient of thermal expansion increases the service life of a thermal bar-
rier coating (TBC) (Zhou, 2020). The global market for the manufacture of thermal barrier coatings, 
considering both materials and equipment, in 2015 was estimated in the order of 7.58 billion US dollars. 
Its compound annual growth rate is 7.79% and it is expected to reach 11.89 billion US dollars by 2021 
(Vardelle, 2016).

Until now, vapor deposition techniques are the main techniques for the manufacture of thermal bar-
rier coatings (Vaßen, 2010). The main techniques are based on electron beam physical vapor deposition 
(EB-PVD) and atmospheric plasma spray (APS). The first technique produces columnar microstructures 
and is used for thermomechanically loaded blades of gas turbines, and the second offers better robust 
operation and economic viability compared to the first.

In this chapter, a brief history describing the evolution that thermal barrier coatings have experienced 
is presented. Current directions in thermal barrier coatings research and recent worldwide progress are 
also analyzed. This study will provide reference to develop new lower thermal conductivity materials 
used as thermal barrier coatings. Also, potential challenges and opportunities are briefly highlighted in 
order to minimize the thermal conductivity of the materials used in the coatings in the coming decades.

This chapter has been divided as follows: In the section titled Background, a description of the basic 
concepts, materials and common problems found in thermal barrier coatings is presented. Furthermore, a 
brief history of the evolution of coatings is provided in this section. Subsequently, in the section entitled 
Why use low thermal conductivity?, a brief discussion on the importance of further decreasing the con-
ductivity of the material used as a thermal barrier coating is presented with a view to introducing new 
materials. Subsequently, in the section titled Solutions and Recommendations, some alternative coating 
materials that have a lower thermal conductivity than those presented in the Background section are 
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described. Moreover, in the section entitled Future research directions, a brief analysis of the strategies 
that should be promoted in the coming years to improve coatings are discussed. Finally, in the section 
entitled Conclusions some testaments are given to compile the importance of this research work.

BACKGROUND

Structural applications such as aircraft turbines, electricity generators, and marine thrusters must be 
protected through coatings from corrosion, wear, erosion, and must provide lubrication and thermal 
insulation (Padture, 2002). Thermal barrier coatings are ideal for protecting parts and components from 
temperatures up to 1650 °C. The use of these coatings allows parts and components to be manufactured. 
They must operate in high thermal atmospheres outside of less expensive substrates, without compro-
mising performance. Different physical phenomena occur at the same time in a thermal barrier coating: 
thermal and matter diffusion, oxidation, phase transitions, elastic deformation, plastic deformation, creep 
deformation, thermal expansion, thermal conduction, thermal radiation, fracture, fatigue, and sintered 
(Padture, 2002). Thermal barriers must not cause distortion, warping, cracking, or any change to the base 
metals or substrate. The working conditions to which the coatings are subjected, and which are difficult 
to reproduce completely in a laboratory are: high temperatures, steep temperature gradients, extremely 
severe environments, rapid temperature transients, high hot gas pressures, as well as, mechanical loading 
and corrosion (Liu, B. 2019). These materials must meet the restrictive specifications of aircraft com-
panies such as Pratt and Whitney, General Electric and Rolls Royce. Common metal substrates where 
thermal barrier coatings are applied are: white metals such as aluminum and titanium, red metals such 
as bronze, brass, and copper, gray steels such as low carbon steel, medium carbon steel, high carbon 
steel, heat treated steels, stainless steels (200, 300, 400 series), and tool steels (D2, M2, H13), castings 
such as cast iron, cast steels, and ductile iron, carbides, super alloys such as nickel-based superalloys, 
and cobalt-based steels. A wide variety of materials are used as substrates, which must be covered by 
thermal barrier coatings, among which are nickel-chrome-aluminum-yttrium (NiCrAlY) alloys, nickel-
based superalloys, and nickel-chromium-silicon-boron (NiCrSiB) alloys (Herzog, 2006). Delivery time is 
typically 3-5 working days. These coatings are typically 100 microns to 2 millimeters thick (Clarke, 2005).

Thermal barrier coatings operate as thermal insulation materials to insulate parts and components 
from long-term (10,000-30,000 hr) and large thermal loads and can maintain a considerable temperature 
difference between the load-bearing alloy and the surface of the coating (Padture, 2002; Herzog, 2006). 
In addition, this enables coatings to withstand higher operating temperatures, extend part life by reducing 
oxidation and thermal fatigue, and limit thermal exposure of structural components (Backman, 1992). 
These coatings work in conjunction with the air ventilation system included in the turbines to allow 
working at fluid temperatures above the melting point of metal airfoils. In the design of aeroengines 
operating at high temperatures and with high efficiency, lighter moving and/or rotating components us-
ing very thin and durable coatings are required. Like thermal shields, thermal barriers must also have 
thermal emissivity properties. In addition, the use of the coating reduces the requirements of the cool-
ing system, decreasing polluting emissions, and improves the overall performance of the system (Dong, 
2013; Dhomne, 2019). That is why researchers worldwide have as a research topic the development of 
new and advanced thermal barrier coatings.

During heating and cooling of the parts, the coatings will experience thermal expansion stresses. 
These can be adequately controlled through the introduction of porosity and the appropriate matching 
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of thermal expansion coefficients of the metal substrate and the thermal barrier (Herzog, 2006). As an 
additional requirement, the coating must maintain phase stability in order to avoid significant volume 
changes that occur with phase transitions, which consequently cause fracture or failure of the coating. 
Thermal barriers must also withstand tribological thermomechanical environments.

The main properties to be met by thermal barrier coatings (TBC) are (Cao, 2004): 1) high melting 
point, 2) no phase transition in the range between ambient temperature and operating temperature, 3) 
low thermal conductivity, 4) chemically inert, 5) matching the thermal expansion coefficient of the metal 
substrate, 6) good adhesion to the substrate, and 7) low sintering ratio to produce a porous structure. 
Among the desired microstructural characteristics for the coatings are: 1) distributed porosity, 2) vertical 
cracks through thickness, and 3) lack of cracks and/or boundaries due to large-scale detachment (Jadhav, 
2006). Ceramic materials are the only engineering materials that meet the above requirements for the 
implementation of thermal barrier coatings.

Traditionally, thermal barriers consist of four layers namely: a metal substrate (MS), a metal bond coat 
(MBC), a thermally grown oxide (TGO), and a ceramic topcoat (CT), as shown in Figure 1. Traditionally, 
the ceramic topcoat is based on yttria-stabilized zirconia (YSZ) that has low thermal conductivity and 
is chemically stable (Padture, 2002; Jadhav, 2006). Furthermore, this layer creates the largest thermal 
gradient of the barrier and maintains the other layers at a lower temperature than on its surface. YSZ 
with a 7 to 8% ZrO2 range is the most widely used thermal barrier coating because it provides the best 
performance for high temperature gas turbines. Above 1200 °C, the thermal stability of the YSZ is com-
promised since this material undergoes phase transitions going from monoclinic (from room temperature 
until 1173 °C) to tetragonal (from 1173 °C to 2370 °C), and finally to cubic (from 2370 °C to 2690 °C) 
before of its melting, as depicted in Figure 2 (Cao, 2004; Vassen, 2000). The main disadvantage of the 
YSZ for its long-term application is its operating temperature less than 1473 K or 1200 °C. At tempera-
tures higher than 1200 °C, phase transitions from t’-tetragonal to tetragonal and cubic (t + c) and then 
to monoclinic (m) occur, leading to the formation of cracks in the coating. As indicated in the figure, 
two different cooling rates can lead to different phases depending on the temperature at which cooling 
starts. Depending on the percentage of yttria included in zirconia, the presence of either a monoclinic, 
tetragonal or cubic phase or their combinations is favored (Witz, 2007). These phase transitions lead to 
cracking within the topcoat and over time to coating failure. Recent advances in materials engineering 
have proposed novel ceramics to replace YSZ based on rare earth zirconates, which perform better at 
temperatures above 1200 °C, and have lower fracture toughness than YSZ (Clarke, 2005). Zirconates 
(Y4Zr3O12) and hafnates (Gd2Hf2O7, Yb4Hf3O12) due to their high content of oxygen ion vacancies, these 
facilitate the transport of oxygen and promote the formation of TGO (Vassen, 2000; Poerschke, 2017). 
Due to excess TGO in the coating, the detachment of the ceramic topcoat occurs, and the thermal barrier 
fails catastrophically. Therefore, these coatings require additional ceramic layers that resist oxidation 
based on alumina or mullite (Padture, 2002; Clarke, 2012). Lanthanum zirconate can be doped with 
cerium (by replacing zirconium) to increase its coefficient of thermal expansion and decrease its thermal 
conductivity, making use of the change in structure pyrochlore to defective fluorite (Haoliang, 2020). 
Yttrium doped lanthanum zirconate can be used as a coating, but care must be taken during the synthesis 
process to avoid the formation of the fluorite phase which increases thermal conductivity (Jiang, 2019). 
Rare earth zirconates can be used as thermal barriers due to their relatively low thermal stability and 
thermal conductivity, but these suffer from low fracture toughness and susceptibility to react with TGO 
(Jiang, 2019). As previously described, the thermophysical properties of zirconates can be tuned thanks 

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



92

Advances in Low Thermal Conductivity Materials for Thermal Barrier Coatings
 

to their relatively open pyrochlore and fluorite-based crystalline structure, where rare-earth and Zr sites 
can be replaced by other chemical elements with similar properties.

Strontium zirconate (SrZrO3) as a thermal barrier coating material shows better cycling performance 
at surface temperatures greater than 1250 °C than barium zirconate (BaZrO3) (Vaßen, 2010). However, 
this material undergoes the following phase transitions from orthorhombic to pseudo-tetragonal to 
740 °C, then to tetragonal at 840 °C, and finally to cubic at 1130 °C, as established by Equation 1. To 
suppress such transformation, gadolinium (Gd) or ytterbium (Yb) doped is necessary to improve the 
thermophysical properties of the coatings at high temperatures (Ma, 2008).

orthorhombic pseudo-tetragonal°C °C
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tetragona

→ →
740 840 ll

I mcm
cubic
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/
→
°C
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The metal bondcoat is an oxidation resistant layer that is deposited directly onto the metal substrate. It 
is 75 to 150 microns thick and is made of nickel-chrome-aluminum-yttrium (NiCrAlY) or nickel-cobalt-
chrome-aluminum-yttrium (NiCoCrAlY) alloys, or nickel (Ni) or platinum (Pt) aluminides (Padture, 
2002; Herzog, 2006). The main function of this layer is to protect the metal substrate against oxidation 
and/or corrosion, particularly oxygen (O2) and environmental corrosive elements that pass the ceramic 
topcoat (Clarke, 2012). Before ceramic topcoats were developed, metal bondcoats provided the function 
of high-temperature and environmental operation coatings (Pollock, 2012). Aluminide-type coatings such 

Figure 1. The basic layered structure of a thermal barrier coating (TBC) used as thermal insulation
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as AlNi and NiCoCrAl were materials to protect the metal substrate against oxidation, while chromides 
such as CoNiCrAl are used to protect the substrate material against hot corrosion (Vaßen, 2020). In addi-
tion to the functions described above, metal bondcoats should minimize interdiffusion of metals between 
layers and limit phase transitions at the interface with the metal substrate. This coating must be chemi-
cally complex to optimize the multifunctional thermomechanical-chemical properties. After deposition 
of the coating, it is vitally important to apply thermal treatments to avoid phase transitions considering 
the phase diagram of the associated metal system as well as the formation of intermetallic materials in 
the coating, as shown in Figure 3. The diagram shows the possible phases found in an Al-Ni-Cr alloy 
used as a substrate for the deposition of the thermal barrier coating. As can be seen, the composition and 
the operating temperature affect the present phases, so if the coating performs its function, it will avoid 
phase transitions. A more exhaustive study of these coatings can be found in (Pollock, 2012).

Figure 2. Phase diagram of the YSZ used as a thermal barrier coating
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Both the presence of oxygen and temperatures above 700 °C in gas turbine engines cause the top 
bondcoat to oxidize resulting in the thermally grown oxide layer (TGO). This layer inevitably forms in 
high temperature applications, so coating designers make it grow slowly and evenly. In addition, this 
layer should have a crystalline structure with low oxygen diffusivity. Thus, it is possible controlling the 
diffusion of metals from the bondcoat rather than oxygen diffusion from the topcoat (Clarke, 2012).

The metal substrate is regularly a nickel or cobalt based superalloy, which is air cooled from within 
or through internal hollow channels that allow a temperature gradient to be established across the com-
ponent walls (Padture, 2002). The superalloy-based component is cast either in the form of a single or 
polycrystalline crystal, and regularly contains 5 to 12 chemical elements. This provides properties such 
as high temperature resistance, ductility, oxidation resistance, resistance to hot corrosion and castability.

Three main mechanisms degrade coatings in aircraft engines leading to failure: 1) accelerated oxi-
dation, 2) hot corrosion, and 3) molten deposit degradation (Backman, 1992; Vaßen, 2012). Oxidation 
degrades the life of the metal substrate, due to the thermal fatigue, to which it is subjected. Because the 
different layers of a thermal barrier coating have different thermal expansion coefficients, a deformation 
is introduced that causes cracking. Therefore, if its effect continues, then the catastrophic failure of the 
coating occurs (Poerschke, 2017). The most common failure mechanism involves the cracking of the 
thermally grown oxide layer and the metal bondcoat. This is due to that the growth of the TGO intro-
duces a stress associated with the volumetric expansion occurred by the difference in thermal expansion 
coefficients (Cao, 2004). Furthermore, the growth of the TGO produces a depletion of the aluminum 
in the metal bondcoat, which leads to the formation of undesirable phases that contribute to mismatch 
stresses of thermal expansion (Clarke, 2012).

A summary of the main properties of common thermal barrier materials (TBCs) that have been 
widely used so far is presented in Table 1 (Cao, 2004; Dong, 2013; Dhomne, 2019). A graph illustrating 
the values of thermal conductivities of ceramic materials commonly used as thermal barrier coatings is 
shown in Figure 4. Among the main properties from the thermal point-of-view are the thermal expansion 
coefficient, thermal conductivity and thermal shock resistance. The data was collected from different 
references, and therefore, these may not be complete. The advantages and disadvantages of coating 
materials are compared to YSZ. In Table 2, the advantages and disadvantages of traditional coating 
materials are summarized (Dhomne, 2019).

Figure 3. Ternary phase diagram of the Al-Ni-Cr system used as a substrate
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The chemical elements whose oxides can be applied in thermal barrier coatings belong to groups 
IIIB (rare earth elements), IVB (Ti, Zr, and Hf), IIIA (Al) and IV A (Si) (Cao, 2004). Magnesium (Mg) 
and calcium (Ca) are used as stabilizers for zirconia. Rare earth oxides are considered promising mate-
rials for coatings due to their low thermal conductivity, high thermal expansion coefficient, and being 
chemically inert. Lanthanum zirconate can be doped to increase its coefficient of thermal expansion and 
be applied at high temperatures. The MCrAlY/YSZ system achieves its optimal performance as a TBC, 
however, researchers around the world continually continue to propose different material combinations 

Table 1. Main properties of common thermal barrier materials (TBCs)

Material Chemical formula Structure Properties Thermal 
conductivity

Yttria-stabilized Zirconia 
(YSZ) ZrO2-Y2O3

Fluorite (Cubic-
Monoclinic)

YSZ has low thermal conductivity, 
high thermal expansion coefficient, 
low thermal shock resistance, can be 
deposited as a thick film, but is unstable 
at 1200 °C, and it is corroded due to its 
transparency to oxygen.

2.2-2.9 W/m⋅K

Mullite 3Al2O3⋅2SiO2 or 
2Al2O3⋅SiO2

Fluorite (Cubic-
Monoclinic)

Mullite has low density, high thermal 
stability, low thermal conductivity, 
corrosion and oxidation resistance, 
suffers from shrinkage above 800 °C, 
and therefore, fractures and delaminates, 
and exhibits wide temperature variations 
on its surface.

3.5-11 W/m⋅K

Alumina Al2O3 Monoclinic

Its alpha phase is a unique stable one, 
it has high hardness, it is chemically 
inert, it has high thermal conductivity, 
low thermal expansion coefficient, it 
improves resistance to oxidation and 
corrosion, it increases the hardness and 
resistance to bonding, and its ease of 
phase transition leads to the formation of 
microcracks.

14-30 W/m⋅K

Ceria+Yttria-stabilised 
Zirconia CeO2+ ZrO2-Y2O3

Fluorite (Cubic-
Monoclinic)

Ceria has a high thermal expansion 
coefficient and a low thermal 
conductivity for YSZ, when added to 
YSZ improves resistance to thermal 
shock, provides better thermal insulation 
and thermal expansion coefficient, but 
decreases hardness, and it is less porous.

3.23-3.78 W/m⋅K

Lanthanum zirconate La2Zr2O7

Pyrochlore 
(Cubic-

Monoclinic)

Stable phase until it reaches its melting 
point. It has a huge number of vacancies 
that allow it to tune its thermal 
properties, low thermal conductivity for 
YSZ, low thermal expansion coefficient, 
and low hardness.

0.50-0.66 W/m⋅K

Rare earth oxides La2O3, Nb2O5, 
Pr2O3, CeO2, etc.

Fluorite or 
Pyrochlore (Cubic, 

Monoclinic)

Used in combinations of 2 or more 
of them, they have low thermal 
conductivity and high thermal expansion 
coefficient with respect to the YSZ, 
they have a polymorphic nature and 
instability of their phases, which results 
in low thermal shock resistance.

2.1-6 W/m⋅K, 
1 W/m⋅K, 
1 W/m⋅K, 

2.2 W/m⋅K, etc.
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as well as deposition processes. Due to its excellent thermal performance, zirconia stabilized with 8% 
yttria by weight or (8YSZ) has been the ceramic topcoat material used in recent decades (Cao, 2019). 
The multi-layer concept was introduced in order to improve the performance of coatings against thermal 
shock, since no single material can satisfy this requirement (Cao, 2004). The multi-layer scheme includes 
an erosion resistant layer as the outer layer, a ceramic coat, a corrosion-oxidation resistant metal layer, 
a thermal stress control layer and a diffusion resistant layer, as is shown in Figure 5. Despite decades-
long advances in the development of thermal barrier coatings (TBCs), the results show that when all the 
necessary properties are considered, the YSZ is difficult to replace.

Figure 4. Thermal conductivities of ceramic materials commonly used as thermal barrier coatings

Table 2. Advantages and disadvantages of common thermal barrier coatings (TBCs)

Material Advantages Disadvantages

Alumina (Al2O3)
• High corrosion resistance 
• High hardness 
• Not oxygen-transparent

• Phase transformation (1000 °C) 
• High thermal conductivity 
• Very low expansion coefficient

Mullite (3Al2O3⋅2SiO2)

• High corrosion resistance 
• Low thermal conductivity 
• Good thermal-shock resistance below 
1000 °C 
• Not oxygen transparent

• Crystallization (800-1000 °C) 
• Very low thermal expansion coefficient

Yttria-stabilized Zirconia (YSZ) 
(ZrO2-Y2O3)

• High thermal expansion coefficient 
• Low thermal conductivity 
• High thermal shock resistance

• Sintering above 1200 °C 
• Phase transition (1170 °C) 
• Corrosion 
• Oxygen-transparent
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Among the material options that have been proposed as thermal barriers so far are fluorite oxides, 
pyrochlore oxides, and other oxides with low thermal conductivity (Clarke, 2005). Fluorite structured 
materials such as hafnia (HfO2), ceria (CeO2) and thoria (ThO2) have thermal properties like zirconia 
(ZrO2) especially when these are co-doped and have low conductivity due to the inclusion of porosity. 
A2

3+B2
4+O7 pyrochlore materials have lower thermal conductivity than YSZ (Guo, 2012). These materials 

can be viewed as eight fluorite unit cells containing on average a single oxygen vacancy. For example, 
the structure of Y2Zr2O7 is unstable, but by replacing yttrium with lanthanum or gadolinium, a stable 
structure is obtained up to at least 1500 °C, or by replacing the zirconium ion with ions such as titanium 
or molybdenum, its structure is also stabilized (Gildersleeve, 2019). These materials with stable struc-

Figure 5. The layered structure of a thermal barrier subjected to tribological conditions
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ture have low thermal conductivity in the temperature range of 700 to 1200 °C, however, plumbates 
may have lower conductivities but are more susceptible to detachment. In the case of zirconates, this 
can be overcome through doping with neodymium (Nd), europium (Eu), or gadolinium (Gd). Addition-
ally, other oxide-based compounds such as garnets (Y3AlxFe5-xO12), monazite (LaPO4) and lanthanum 
hexaaluminate with magnetoplumbite structure (LaMgAl11O19) have been proposed as materials with low 
thermal conductivity for TBCs (Zhao, 2019). Unfortunately, although they have a thermal conductivity 
less than 3 W/m⋅K, they do not offer a lower conductivity than pyrochlore zirconates. Another possible 
alternative of materials for TBCs are ABO3 perovskites, which are stable at high temperatures, but their 
thermal conductivity is not less than that of pyrochlore zirconates. Of special interest are perovskites in 
layers interspersed with cations with Ruddlesden-Popper structure such as BaLa2Ti3O10 (BLT) which has 
been proposed as a thermal barrier with a stable phase up to 1500 °C and with a thermal conductivity 
less than 20% than that of 8YSZ (Guo, 2012).

A Brief History

Probably the first ceramic coating designed to protect a turbine blade was reported in 1947 by Harrison, 
Moore, and Richmond in the National Advisory Committee (NACA) for Aeronautics, published in the 
United States (Miller, 2009). The ceramic mixes attempted to protect SAE 1020 steel at a temperature 
of 667 °C were alumina (Al2O3), chromium oxide (Cr2O3), cobalt oxide (Co2O3), manganese dioxide 
(MnO2), nickel oxide (NiO), magnesium oxide (MgO), calcium silicate (2CaO⋅SiO2), calcium chromate 
(CaCrO4), and calcium fluoride (CaF2). The first three materials offered promising options. For the year 
1953, also at NACA, ceramic-based air-cooled turbine blade coatings for non-strategic steels and cast 
satellites were experimentally developed to protect them from oxidation and corrosion (Miller, 2009). 
For the year 1961 in NASA the thermal barrier concept was started using a topcoat based on zirconia 
(ZrO2) and a bondcoat based on a chrome-nickel alloy. For the year 1973 at NASA ceramic and metal-
based coatings were proposed to improve the thermal conductivity of hydrogen-oxygen cooled rockets. 
These coatings were based on alumina (Al2O3), zirconia (ZrO2), and hafnia (HfO2). For the year 1987, 
yttrium, ytterbium and hafnium doped alumina and zirconia-based coatings were proposed for gas turbine 
parts operating at 1040 °C (Miller, 2009). For the year 1994, it is noted that TBCs have been in use for 
almost 3 decades, and yttria stabilized zirconia is presented as a coating for parts of jet engines. In the 
1990s, bismuth and barium plumbates were introduced as alternative materials for designing coatings. 
For the year 2000, strontium, barium and lanthanum zirconate with high melting points, excellent thermal 
stability and thermal shock are proposed as thermal barriers. By 2010, materials such as aluminates and 
pyrochlore oxides and perovskites are already in use. In addition, the concept of double ceramic layer 
is used. In the 2000s the use of calcium magnesium aluminosilicates (CMAS) was applied in testing at 
high temperature with YSZ coating (Gildersleeve, 2019). These silicates do not withstand temperatures 
greater than 1200 °C, infiltrate the TGO and fracture the TBC, and therefore, it experiences detachment 
and fails when the ceramic cools (Poerschke, 2017). Gadolinium zirconate (GZO) has resistance to 
CMAS infiltration through control of its porosity (Vaßen, 2020). In this decade, ceramic materials with 
Ruddlesden-Popper structure such as BaLa2Ti3O10 for thermal barrier coatings are applied more exten-
sively (Guo, 2012). Neodymium zirconate is an alternative coating material to YSZ thanks to the good 
quality and homogeneity of the layer, a porosity of less than 5% which reduces its thermal diffusivity, and 
with it, its thermal conductivity (Moskal, 2012). A thermal barrier coating strategy is the use of ceramic 
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double coatings such as that based on neodymium (III) oxide (Nd2O3)-doped yttria-stabilized zirconia 
(YSZ) and boron nitride whiskers (BNws)-doped yttria-stabilized zirconia (YSZ) (Haoliang, 2020).

WHY USE LOW THERMAL CONDUCTIVITY?

For turbines to operate more efficiently, it is necessary that them to operate at higher temperatures, 
which is only achieved using the best thermal barrier coatings (TBCs) (Clarke, 2005). A 50% reduc-
tion in thermal conductivity has been estimated to decrease the temperature of the alloy by about 55 
°C. The thermal conductivity of many oxides as a function of temperature and the effect of the level of 
porosity. These problems have been the subject of research interest in the area of materials engineering 
since the 1950s. For most oxides, thermal conductivity decreases as the inverse of temperature, which 
is completely necessary for TBCs (Liu, Q. 2019). However, for some oxides such as YSZ, UO2-x, and 
Th0.7U0.3O2+x, they show temperature-independent thermal conductivity at high temperatures. The reason 
for this independence stems from the fact that these materials contain very high concentrations of point 
defects which disperse the phonons. The inclusion of defects on purpose in the materials used in the TBC 
is the main object of study and experimentation by professionals and researchers of this type of coatings.

At low temperatures, the thermal conductivity of the oxides is independent of the presence of defects 
such as dislocations, individual vacancies, and long-range deformations due to inclusions and dislocations 
(Clarke, 2005). This is because defects at these temperatures only affect phonon transport on length scales 
greater than interatomic spacing. Phonons are collective thermal excitations of atoms or molecules in 
solids when the material is heated (Liu, B. 2019). Depending on the temperature to which a material is 
subjected, the frequency of oscillation of the phonons will be. At low temperatures, thermal conductivity 
is high because all phonons are traceable, making their contribution high. However, at high tempera-
tures the phonons are not traceable and their contribution to thermal conductivity is low. The thermal 
insulation ability of thermal barrier coatings comes from their low thermal conductivity (Zhao, 2017). 
Ceramic materials thanks to their inherent porosity can be designed with low thermal conductivity. It 
can be achieved through the defects of their crystalline lattice and the dispersion of phonons produced 
by the vacancies, as well as by substitutions of the oxygen contained in the oxides of the thermal barrier. 
However, high mobility oxygen vacancies in the coatings can lead to rapid diffusion of oxygen at high 
temperatures. Therefore, these accelerate the failure of the coating due to effects such as grain coarsen-
ing, sintering, and simultaneous oxidation of the underlying metal bondcoat.

Additionally, the properties of the coatings are highly dependent on the deposition process and the 
chemical compositions (Liu, Q. 2019). With the reduction of thermal conductivity, it is not only desired 
to reduce the temperature to which the metal substrate will be exposed, but also to increase the service 
life of the coating, and thus, that of the turbine. Practical estimates indicate that the life of coated ele-
ments can be extended three to four times, while fuel consumption is reduced (Moskal, 2012).

In the design of alternative materials to YSZ for thermal barrier coatings, it is necessary to consider 
the decrease in thermal conductivity, phase stability and durability at high temperatures (Zhao, 2017). 
The required mechanical properties and thermal cycling time are achieved through control of porosity 
and microstructure. Pyrochlore or fluorite structures are regularly chosen, because they decrease thermal 
conductivity to less than 2 W/m⋅K and reach operating temperatures of 1600 °C. Thermal stresses are 
improved by increasing the thickness of the coating; however, this complicates the thermal matching 
capabilities with the metal substrate. However, the most avant-garde strategy for reducing thermal con-
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ductivity and that has provided better results, it is the inclusion of defects in the crystal lattice, such as 
vacancies and substitutions. A combination of oxygen vacancies and cation substitutions can produce a 
much more effective route to reduce thermal conductivity, and thereby, increase efficiency of the other 
required properties.

SOLUTIONS AND RECOMMENDATIONS

In the search for new materials to be used as thermal barriers, the engineer should not only consider the 
use of refractory materials. It is necessary look for crystalline materials that satisfy the technical require-
ments from the thermal point of view using atomistic simulations and crystalline chemistry (Clarke, 
2005). In the following paragraphs, different material proposals that have been recently proposed either 
theoretically or experimentally are analyzed.

The 17 rare-earth elements that can be used in thermal barrier coatings are cerium (Ce), dysprosium 
(Dy), erbium (Er), europium (Eu), gadolinium (Gd), holmium (Ho), lanthanum (La), lutetium (Lu), 
neodymium (Nd), praseodymium (Pr), promethium (Pm), samarium (Sm), scandium (Sc), terbium (Tb), 
thulium (Tm), ytterbium (Yb), and yttrium (Y).

A recent ceramic material option for TBC is Ba(Sr1/3Ta2/3)O3 (BST) called strontium barium titanate 
which has showed a stable hexagonal perovskite structure up to 1600 °C and anisotropic growth of grains 
above 1400 °C (Cao, 2019). This has an elastic modulus low, high fracture toughness, high damage 
tolerance, moderate coefficient of thermal expansion, and higher thermal insulation capacity.

Another promising candidate for TBCs are RETa3O9 compounds (RE = Ce, Nd, Sm, Eu, Gd, Dy, Er) 
with a defective perovskite structure exhibiting low thermal conductivity (Chen, 2018). This conductivity 
is less than for YSZ and La2Zr2O7 and a coefficient of thermal expansion close to them. Due to their high 
melting point and phase stability at high temperature it makes them candidate materials for TBCs. Their 
thermophysical properties for TBCs are derived from the asymmetric TaO6 octahedra and the number 
of vacant cations in the rare earth oxide structure.

A novel TBC material based on magnesium silicate (Mg2SiO4) showed excellent phase stability 
between room temperature and 1300 °C, showed low thermal conductivity at high temperature that 
is lower by 20% compared to 8YSZ, moderate coefficient of thermal expansion comparable to that of 
8YSZ, resistance to higher thermal shock than for the 8YSZ, excellent thermal cycling durability, high 
fracture toughness, and slightly less Young’s modulus than for the 8YSZ. The release of this material is 
due to the recrystallization of the coating, and the mismatch by thermal expansion with the TGO. It is 
expected that the thermal life cycle can be improved by controlling the process parameters and using a 
double ceramic layer coating (Chen, 2019).

La2Hf2O7 ceramics are thermal barrier coating materials with phase stability up to 1600 °C, with a 
coefficient of thermal expansion less than that of 8YSZ and thermal conductivity less than that of 8YSZ. 
These can be used as thermal insulators and for double ceramic layer coatings (Liang, 2019).

Ceramic matrix composites based on yttrium titanate (Y2Ti2O7) and nickel or silicon carbide have 
been proposed as thermal barrier coatings (Nguyen, 2016). This pyrochlore-structured titanate has high 
temperature chemical stability, a lower coefficient of thermal expansion than YSZ, and a lower thermal 
conductivity than YSZ.

Entropy engineering is used to design rare earth zirconate based coatings with excellent mechanical 
properties, large coefficients of thermal expansion, and excessively low thermal conductivity, without 
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sacrificing other properties (Ren, 2020). Multi-component zirconates (Sm0.2Eu0.2Tb0.2Dy0.2Lu0.2)2Zr2O7 or 
5RE2Zr2O7) were synthesized through co-precipitation, followed by sintering by solid state reaction and 
sintering using spark plasma. These coatings achieved ultra-low thermal conductivity and a large coef-
ficient of thermal expansion, which represented an advance with scientific and technological significance.

An ytterbium aluminate-based coating (Yb3Al5O12) exhibited phase stability, low thermal conductivity, 
good thermal stability, a high coefficient of thermal expansion which makes it a potential candidate for 
designing a thermal barrier (Wang, 2014). This material has higher mechanical and thermal properties 
as well as good resistance to steam corrosion for high temperature structural applications.

RETaO4 ceramics have low thermal conductivity for high temperatures, good thermal tolerance, 
significant porosity, good fracture toughness, and lower Vickers hardness (Wang, 2017). Furthermore, 
these tantalates have low hardness at high temperature, and the operating temperature is expected to 
exceed 1600 °C, which makes them good candidates for thermal barrier coatings in high-temperature 
applications.

Ceramics based on (ZrO2)x-(Dy3TaO7)1-x were synthesized with an orthorhombic system and showed 
lower thermal conductivities than YSZ and glass-like caused by oxygen vacancies in the structure (Wu, 
2018). These ceramics also show phase stability at high temperature and a coefficient of thermal expan-
sion comparable to YSZ.

In the search for materials for thermal barrier coatings for high temperature applications, lanthanum 
titanium aluminum oxide or LTA is one of the technological possibilities. This material showed phase 
stability up to 1600 °C, low thermal conductivity, high coefficient of thermal expansion, desirable thermal 
cyclability, YSZ-like microhardness but less fracture toughness than YSZ (Xie, 2011). Its crystalline 
structure is monoclinic centered on the faces, that is, a huge unit cell when compared to the magnetop-
lumbite phase or for interleaved with layers of pseudobrookite.

Ceramic with pyrochlore structure Sm2FeTaO7 has also been proposed as a coating material because 
it has better thermal insulation capabilities such as low thermal conductivity, phase stability at high 
temperature, improved fracture toughness and low Young’s modulus. (Yang, 2018). With a monoclinic 
structure, its phase stability is guaranteed due to its complex and distorted crystal lattice, high concen-
tration of defects and high differences in the atomic mass of its cations.

TaZr2.75O8 ceramic can be used as a thermal barrier for high temperature applications since it has 
a lower thermal conductivity than YSZ, has a moderate coefficient of thermal expansion, shows high 
microhardness and fracture toughness (Yuan, 2019). Its structure presents a high phase stability because 
the presence of Ta5+ ions increase the stability of the tetragonal phase even up to 1500 °C and its oxide 
increases the corrosion resistance of zirconia.

LnMgAl11O19 magnetoplumbite materials (LnMA, Ln = La, Ce, Pr, Nd, Sm, Eu, Gd) are considered 
promising coating materials because they offer high melting points, low thermal conductivity, high coef-
ficient of thermal expansion, and stability. phase and thermal up to at least 1600 °C (Zhao, 2019). These 
materials have hexagonal symmetry and consist of spinel blocks separated by mirror planes with rare 
earth cations coordinated with 12 oxygen atoms, which lose their coordination by the other magnesium 
and aluminum-based oxide structures resulting in disordered structures. This disorder can be exploited 
to obtain the thermal properties required for thermal barriers.

Among the coating alternatives, Y4Al2O9 (YAM) ceramics with monoclinic phase have phase sta-
bility, low thermal conductivity, improved coefficient of expansion, and lower density (Zhou, 2014). 
This material is stable up to at least 1373 °C, its thermal conductivity can be reduced by doping it, or 
introducing more oxygen vacancies.
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SmTaO4 ceramics have phase stabilities and mechanical properties for high temperature applica-
tions, with a monoclinic phase structure when doping them with ceria (CeO2), the thermal conductivity 
is decreased, and the coefficient of thermal expansion becomes slightly higher than that of YSZ (Zhou, 
2020). The introduction of ceria as a chemical dopant in samarium tantalate introduces defects, which 
reduce the thermal conductivity of the material.

A special coating case for high temperature applications where silicon carbide is used as a substrate 
is known as an environmental barrier coating or EBC, it will be described below. Silicon-based ceramics 
show excellent oxidation and slip resistance for high temperature applications such as gas turbine engines, 
but unfortunately experience degradation of their stability to water vapor in high speed combustion 
environments (Vaßen, 2012). The addition of rare earth elements to the silicates gives them increased 
corrosion resistance, high temperature durability, low coefficient of thermal expansion, excellent phase 
and chemical stability, and low thermal conductivity. In order to achieve optimal balanced properties, 
researchers have chosen to chemically dope the silicates to improve their thermal and mechanical proper-
ties through rare earth elements. A rare earth based multifunctional silicate has been prepared with hot 
pressing and shows an interesting balance of physical properties to be used as a thermal barrier coating 
such as high Young’s modulus, low thermal conductivity and high coefficient of thermal expansion 
(Ren, 2019).

A summary of the novel thermal barrier coatings that have been introduced in this decade are pre-
sented in Table 3. A graph illustrating the values of the thermal conductivities of the ceramic materials 
recently introduced and used as thermal barrier coatings is depicted in Figure 6. Furthermore, a graph 
illustrating the values of the coefficients of thermal expansion of these materials is shown in Figure 7.

Thin-Film Thermal Conductivity Characterization

To measure thermal conductivity there are direct methods and indirect methods (Borca-Tasciuc, 2004). 
In the case of direct measurements, they are regularly based on electrical characterization techniques. In 
direct measurements, it is necessary to know the thermal flux, the area and thickness of the sample, and 
the temperature drop between two points of the sample, as illustrated in Figure 8 (Çengel, 2015). Because 
thin films are anisotropic and/or polycrystalline, it is necessary to determine the thermal conductivity 
in different directions (the direction of the transverse plane, which is perpendicular to the plane of the 
thin film, or the direction in plane which is parallel to the plane thin film). For indirect measurements, 
these are commonly based on optical characterization techniques. These methods use radiation energy 
as the heat source to determine the dynamic response of the sample because it is difficult to determine 
exactly the amount of heat absorbed in the sample. Variation of temperature in the sample under varying 
heating conditions over time generates different signatures that can be detected and used to determine 
thermal conductivity. Examples of these signatures are thermal emission, refractive index, and thermal 
expansion, as illustrated in Figure 8 (Keppler, 2008).
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Table 3. Thermal properties of materials recently proposed for TBCs

Material
Coefficient of 

thermal expansion 
(CTE)

Thermal 
Conductivity Melting point Reference

Ba(Mg1/3Ta2/3)O3 (BMT) 11×10-6/K @ 1150 
°C

2.5 W/m⋅K @ 1200 
°C 3100 °C (Cao, 2019)

RETa3O9 (RE = Ce, Nd, Sm, Eu, Gd, Dy, Er) 4-10.2×10-6/K @ 
1000 °C

1.33-2.37 W/m⋅K 
(100-800 °C) -- (Chen, 2018)

Mg2SiO4
8.6-11.3×10-6/K @ 

(200-1350 °C)
3.6 W/m⋅K (25 °C) to 
1.68 W/m⋅K (800 °C) 1910 °C (Chen, 2019)

BaLa2Ti3O10 (BLT)

9.5-11.3×10-6/K (a-b 
plane) 

10.4-12.1×10-6/K 
(c-axis)

1.41-1.71 W/m⋅K 
(a-b plane)

1.31-1.60 W/m⋅K 
(c-axis)

-- (Guo, 2012)

La2Hf2O7 (LH) 8.76×10-6/K 1.34 W/m⋅K @ 1000 
°C > 2000 °C (Liang, 2019)

Y2Ti2O7 (YT) 8.6×10-6/K 2.25-2.6 W/m⋅K @ 
500 °C 1827 °C (Nguyen, 2016)

(Y1/4Ho1/4Er1/4Yb1/4)2SiO5 (YHoErYbS) 5.5-6.5×10-6/K @ 
(400-1200 °C)

2.05 W/m⋅K @ 0 C 
1.6 W/m⋅K @ 600 C 
2.2 W/m⋅K @ 1000 C

2200 °C (Ren, 2019)

(Sm0.2Eu0.2Tb0.2Dy0.2Lu0.2)2Zr2O7 
SmEuTbDyLuZr

10.5×10-6/K @ 1000 
°C

0.86 W/m⋅K @ 
1000 C -- (Ren, 2020)

Yb3Al5O12
7.83-23.74×10-6/K @ 

(25-100 °C)
4.67-2.05 W/m⋅K @ 

(27-1127 °C) 2000 °C (Wang, 2014)

RETaO4 (RE = Nd, Eu, Gd, Dy, Er, Yb, Lu) 11.2×10−6/K @ 1200 
°C

1.38-1.4 W/m⋅K 
800 °C 1400 °C (Wang, 2017)

(ZrO2)x-(Dy3TaO7)1-x (x = 0, 0.02, 0.04, 0.06, 
0.08, 0.1) 9.7-11×10−6/K 1.3-1.8 W/m⋅K -- (Wu, 2018)

LaTi2Al9O19 (LTA) 8.0-11.2×10−6/K @ 
200-1400 °C

1.0-1.3 W/m⋅K @ 
300-1500 °C -- (Xie, 2011)

Sm2FeTaO7 (SFT) 6.4-10×10−6/K @ 
300-1600 °C

1.65-1.25 W/m⋅K @ 
0-1000 °C -- (Yang, 2018)

TaZr2.75O8
9.14×10−6/K @ 25-

1300 °C
1.65 W/m⋅K @ 800 

°C > 2000 °C (Yuan, 2019)

GdMgAl11O19
9.6×10−6/K @ 1600 

°C
1.91-1.78 W/m⋅K @ 

25-800 °C -- (Zhao, 2019)

Y4Al2O9 (YAM) 8.91×10−6/K @ 27-
1273 °C

1.81 W/m⋅K @ 1000 
°C > 2000 °C (Zhou, 2014)

CeO2-doped SmTaO4
10.3×10−6/K @ 1200 

°C
1.09-2.75 W/ m⋅K @ 

100-800 °C > 2000 °C (Zhou, 2020)
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FUTURE RESEARCH DIRECTIONS

The search for materials with low thermal conductivity for thermal barrier coatings is still in its infancy. 
The range of possible chemical compositions as well as crystalline structures is unlimited, so the search 
will continue in this century as it will consume too much time and cost. Atomistic simulations of both 

Figure 6. Thermal conductivities of the ceramic materials recently introduced as thermal barrier coatings

Figure 7. Coefficients of thermal expansion of novel ceramic materials used as thermal barrier coatings
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the crystal structure and its thermal properties will help predict the results that can be achieved in ex-
periments, so a lot of work and time can be saved by researchers worldwide. According to the results 
achieved so far, the most suitable materials for thermal barriers must have structures with high atomic 
weights, highly distorted and distorted, and with loose bonds. At an experimental level, doping and/or 
alloying will continue to offer the possibility of reducing the thermal conductivity of coatings. The main 
strategy for the design of future thermal barrier coatings (TBCs) must combine the theoretical calcula-
tions developed in computer simulation with advances at the experimental level. The challenge of the 
future design of thermal barriers is to identify a multifunctional strategy that optimizes all the required 
properties, either increasing or decreasing their values, but jointly not independently for only one of the 
requirements. This implies a crystal structure design of the coatings that considers the contributions of 
the strong and weak chemical bonds, completely linked on their hard and soft substructures, which give 
rise to the required mechanical, thermal and chemical properties. Furthermore, modeling of the aging and 
durability of the thermal barrier coating should be a research activity that should be undertaken because 
degradation of properties is directly related to theoretically predicted knowledge and experimentation 
gained from years of experience that practitioners can share. From a microstructural point of view, it 
is necessary that the new thermal coating materials have as a base a multi-functional operation, a high 
segmentation crack density, and that the nanostructured qualities be exploited to optimize the overall 
performance of the coating.

Figure 8. Thermal conductivity measurement of thin films using electrical and optical characterization 
techniques
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CONCLUSION

The advances in scientific research and technological development of thermal barrier coatings (TBCs) 
based on ceramic materials for their topcoats in recent decades has been presented in this chapter. The 
results achieved so far show a marked trend towards the use of crystalline structures that take advantage 
of defect engineering to decrease thermal conductivity, increase the coefficient of thermal expansion, 
increase the melting point, guarantee thermal and phase stability, and improve mechanical properties. 
Although the results show significant advances in both chemical, thermal and mechanical properties, 
researchers must continue to develop novel materials that increasingly satisfy the requirements to make 
the application of TBCs more reliable and with a longer lifetime.
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KEY TERMS AND DEFINITIONS

Gas Turbine: Combustion engine that converts natural gas or other liquid fuels into mechanical energy.
Metal Bondcoat: Oxidation resistant metal layer that is deposited directly on the metal substrate or 

topcoat.
Metal Substrate: Base material to which a coating is applied or the material on which a process is 

conducted.
Rare Earth Metal: One of the seventeen chemical elements on the periodic table specifically includ-

ing the fifteen lanthanides as well as scandium and yttrium.
Thermal Barrier Coating (TBC): Advanced materials system applied to metal surfaces operating 

at high temperatures for the management of heat exhaust in gas turbines or parts of aero engines.
Thermal Conductivity: A measure of the ability of a material to conduct heat.
Thermal Grown Oxide (TGO): Layer formed at the interface of the bond coat and/or topcoat to 

protect the metal substrate from high temperatures.
Thermal Insulation: Reduction of heat transfer between objects of different temperatures in thermal 

contact or the radiative influence range.
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ABSTRACT

Distinct methods of depositing the coatings are available according to the intended area of application 
with a sole objective to protect the surface of structural component like boiler, boiler tubes, and heat 
exchangers from any mechanical or chemical damage. The main benefit is to minimize the manufacturing 
cost of a new component and also its fabrication. Thermal spraying is the commonly used technique to 
tailor the surface properties with a cost-effective approach. The different techniques of thermal spraying 
such as plasma, HVOF, cold spraying, etc. were investigated and introduced. Although each of these 
processes has advantages, there are also certain disadvantages associated with them, which limit their 
application. In the chapter, different methods of depositing coating by thermal spray are discussed and 
compared. By developing advanced techniques and new coating materials, the life and efficiency of 
power plants can be enhanced in the future.

Application of Thermal 
Spraying Techniques Used 

for the Surface Protection of 
Boiler Tubes in Power Plants:

Thermal Spraying to Combat 
Hot Corrosion

Gaurav Prashar
 https://orcid.org/0000-0002-3549-5838

Lovely Professional University, Phagwara, India

Hitesh Vasudev
 https://orcid.org/0000-0002-1668-8765

Lovely Professional University, Phagwara, India

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use

https://orcid.org/0000-0002-3549-5838
https://orcid.org/0000-0002-1668-8765


113

Application of Thermal Spraying Techniques Used for the Surface Protection of Boiler Tubes in Power Plants
 

1. INTRODUCTION

Materials are lifeline or backbone of the modern industry and nothing exist without them (Prashar & 
Vasudev, 2020). Hot corrosion or high temperature corrosion of boiler tubes is the serious problem faced 
by the power plant industry (Beltran & Shores, 1972). According to a survey annual loss due to all types 
of corrosion is US$ 6500 million (Kumar et al., 2018). Corrosion mainly occurs due to aggressive gases 
such as HCl, H2O, etc in combination with the metal and alkali chlorides that are generated during com-
bustion process. Low grade fuel used in boilers contains sulphur and during combustion produces SO2 
which get oxidized to SO3. This SO3 by further reacting with sodium chloride (NaCl) and water vapor 
forms Na2SO4 having melting point 884°C and get condensed onto the boiler tubes together with fly 
ash (Natesan, 1976). Vanadium in small quantities is also present in coal and during combustion forms 
V2O5 having melting point 670°C. This V2O5 further reacts with Na2SO4 and forms sodium vanadate. 
This sodium vanadate is extremely corrosive in nature to the materials that operates at high temperatures 
(Hwang & Rapp, 1989; Khanna & Jha, 1998). According to (Shih et al., 1989) when surface of a metal 
or alloy got covered with liquefied salt (Na2SO4) at high temperatures, then oxidation occur at higher 
rates. This accelerated form of oxidation is termed as hot corrosion. Hot corrosion is also shown to be 
caused by sulfates, vanadates and carbonates (Pettit, 2011).

The reactions taking place at high temperatures for formation of sulphates, vanadates, and carbon-
ates are as following:

SO3 reacts with sodium chloride (NaCl) and water vapour to form Na2SO4; equation (1)

2(Na, K) Cl + SO2 + ½ O2 + H2O = (Na, K)2 SO4 + 2HCl [1]  

When temperature is approximately around 600°C, compounds of sodium sulfate and vanadium 
pentoxide are formed, which have more corrosive properties. This vanadium pentoxide further reacts 
with sodium sulfate and forms sodium vanadate which is extremely corrosive ; equation (2) 

Na2SO4 + V2O5 = 2NaVO3 +SO3 [2]  

Corrosion results from two main impurities: carbon dioxide and oxygen. Carbonates and bicarbonates 
in fresh water are the major source of carbon dioxide contamination. Natural water contains sodium, 
calcium and magnesium bicarbonate. When these minerals enter into the boiler, heat causes them to 
break down as follow: equation (3)

Ca(HCO3)2 + Heat = CaCO3 + H2O + CO2 [3] 

Calcium bicarbonate calcium carbonate sludge
One alternate is to protect the boiler tubes with a suitable coating material and is considered to be 

a preferred approach (Eliaz et al., 2002). High temperature performance of the coatings not only relies 
on coating composition but also depend upon the deposition process used and its parameters. Thermal 
spraying is the commonly used method to tailor the surface properties with a cost effective approach. In 
addition to this thermal spray is capable of depositing any type of coating powder (ceramics, polymer, 
composite and metallic) onto any kind of substrate material (Davis, 2004; Gil & Staia, 1999, 2002; Paw-
lowski, 2008; Singh & Prakash, 2009). Thermal spraying is considered to be one of the most adaptable 
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hard facing techniques feasible for applying coating materials on the surface of structural components 
to combat high-temperature oxidation and wear. In general, the materials that don’t decompose, vapor-
ize or dissociate on heating can be thermally sprayed. Thermal spraying can deposit metallic as well as 
for non-metallic materials. Different thermal spraying techniques are available but choosing the best 
one depends on certain parameters such as functional requirements, availability, and cost of equipment, 
coating material adaptability to the selected coating technique, etc. Furthermore, thermal spraying 
techniques cause minor or negligible harm to environment in comparison with other techniques like 
chemical vapour deposition (CVD), physical vapour deposition (PVD) and electroplating (Choy, 2003; 
Koropchak & Roychowdhury, 1990; Tsai et al., 2002; Young, 1965).

To date, different techniques of thermal sprsaying such as plasma, HVOF, cold spraying etc were 
investigated and introduced. Although each of these processes have advantages but there are also certain 
disadvantages like presence of pores and weak inter-splat bonding associated with them which limit their 
application. (Richer et al., 2002) examined the oxidation behavior of plasma-sprayed CoNiCrAlY coatings 
at 1000ºC. It was observed that the most visible defects in developed coatings were porosity (5.3%) and 
oxide content, which leads to the poor performance of the coating. The main reason for the presence of 
pores was the shrinkage of molten droplets, as they strike on the surface and rapidly got solidified and 
as a result insufficient plastic deformation of the particles resulted in equiaxed pores. However, these 
types of porosities were not observed in moderate temperature techniques such as high-velocity oxy-fuel 
and cold spraying. The minimum shrinkage upon cooling and high velocities sufficiently deforms the 
particles and produce dense coatings. (Sadeghimeresht et al., 2016b) in their experimentation studied 
the corrosion demeanour and microstructural properties of Ni, NiAl and NiCr coatings deposited by 
HVOF, APS and HVAF process. Authors concluded that HVAF coating microstructure was dense with 
less porosity levels and minimum oxide content leading to high corrosion resistance among all. None-
theless, thermal spraying field is continuously evolving and advancements have led to improvements in 
the coating quality. This chapter briefly elaborates the advancements made in the field of thermal spray 
coatings including role of composite coatings, microstructural characteristics and quality of the surface 
developed with regard to high temperature corrosion performance.

2. HOT CORROSION AND OXIDATION PROCESS IN BOILER TUBES

Degradation process of boiler tubes used in power plants is categorized into three types depending upon 
the range of temperature shown in fig. 1:

a)  Hot corrosion type-1
b)  Hot corrosion type-2
c)  Oxidation

2.1 Hot Corrosion Type-1

This type occurs above the melting point of Na2SO4 in temperature range of 850°C-950°C (Edris et 
al., 1997). At elevated temperatures condensation of the fused alkali salts like sodium acetate, sodium 
carbonate and sodium sulfide initiates and they deposit onto the exposed surface of boiler tubes. Then 
chemical reaction occurs and depletes the Cr content of the base materials by attacking the layer of 
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protective oxide. Due to this depletion in Cr content, rapid oxidation of base metal occurs which leads 
to the formation of porous and non-protective scale.

The formation of oxide layer/ scale can be observed in the oxidized coatings in microscopic observa-
tion, whereas, macroscopic appearance is characterized by color changes and severe peeling of coating. 
Microscopically, is exhibited by sulphidation followed by depletion region beneath the porous scale 
(Rapp, 1986).

2.2 Hot Corrosion Type-2

This type occurs below the melting point of Na2SO4 in temperature range of 650°C-850°C having minor 
content of SO3 (Stringer, 1987). It is characterized by pitting attack due to formation of eutectic mixture 
(low melting point) of sodium sulphate and cobalt sulphate. Microscopically, in type-2 hot corrosion 
sulphidation attack followed by depletion region beneath the porous scale is not observed. In this type 
localized failure of scale takes place due to erosion, chemical reaction and thermal cycling (Kamal et 
al., 2017; Meier, 1989).

2.3 Oxidation

In this type degradation of material occurs when temperature rises above 950°C. Oxidation rate depends 
on transportation of the cations/anions through the oxide layer. Dissociation pressure of the oxide will 
determine most stable oxide from the set of elements. It is lower lowest for aluminum and chromium 
in comparison with iron, cobalt and nickel. If chromium content is >10 wt. % in Ni-Cr alloy, protective 
oxide layer of Cr will form. But chromium content will be 25 wt% in cobalt based super alloys due to 
difference in diffusion behavior of chromium in cobalt alloys.

Furthermore, it is recommended to add aluminum in chromium when temperature is raised above 
850°C to increase the oxidation resistance because above 850°C chromium sublimates and forms volatile 
‘Cr2O3’. Another advantage of using Al2O3is that the formation rate of alumina will be slower than chro-
mium oxide at same temperature. Reason being the higher activity of chromium than Al2O3 alumina (Cr 
will be enriched with oxygen rather than Al) and formation of Al will reduce in lower alumina activity 
in Cr-Al mixture. These types of coating will be referred for isothermal oxidation conditions.

During thermal cycling conditions severe spalling of the oxide scale can take place due to thermal 
stresses. For such conditions yttrium and rare earth elements can be added that segregate into grain 
boundaries along with the alumina scale and cause reduction in the transportation rates of alumina and 
oxygen and promoting oxidation resistance. Overlay coatings that contain 18-22 wt. % Cr, upto 12 wt. %Al, 
NiCrAlY and NiCoCrAlY will be candidate choice for oxidation resistance (Shourgeshty et al., 2016).

3. HIGH TEMPERATURE COATINGS

The main aim of coating is to protect the surface or specific part from aggressive environment in various 
fields, ranging from automotive industry to power plants and also to tiny implants inside human body. 
Early methods to combat high temperature corrosion are the development of steels for boiler compo-
nents (Fukuda, 2017). But with increase in further electricity demand power plants have suffered by 
two problems ie; low thermal efficiency and increased level of emissions. This problem can be solved 
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only if the temperature of power plant is increased above 700°C but conventional steel used in boilers 
will not be able to operate at higher temperatures because of low yield strength above 600°C. Therefore 
keeping in mind higher efficiencies and lower emission levels solution is high temperature corrosion 
resistant coatings.

Figure 1. Temperature range for hot corrosion-I, hot corrosion-II, and oxidation (Shourgeshty et al., 2016).

Table 1. Comparison of the properties for coatings used in waste to energy and biomass boiler tubes.

          Coatings professes           Weld-overlay           Thermal spray           Laser cladding

          Application records           Many           Many           Only testing

          Coating materials           SS, Alloy-622 & 625 
etc.

          Cermets, ceramics & 
Ni-based alloys           Alloy-625 etc.

          Dilution of base material           Large, 5-20%           Almost nothing           Medium, <5% 
controllable

          Defect formation           Small           Small pores & oxides           Small

          Thickness of the deposited coating           2-3mm           0.1-0.8mm           0.5-4mm

          Corrosion life time           Long           Medium           Long

          Coating sites           On-site & In-shop           On-site & In-shop           In-shop only

          Feedstock materials           Powder, cored wire & 
solid wire

          Powder, cored wire & 
solid wire

          Powder, cored wire & 
solid wire

          Cost           Economical
          More than weld 
over lay but less than laser 
cladding

          High cost
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Presently the most suitable, economical and technical method to resist high temperature corrosion is 
thermal spray coatings for boiler components. Table.1 shows a comparison of the properties for coatings 
used in waste to energy and biomass boiler tubes (Kawahra, 2016).

3.1. Thermal Spray Coating

Thermal spray technique utilizes the heat energy generated from electric, chemical combustion or plasma 
jet to melt and deposit any kind of material (metallic or non-metallic) onto the substrate surface form-
ing a protective layer (Davis, 2004). Fully melted or un-melted particles entrained in a high velocity jet 
flame strikes onto the substrate surface with impact and deform in a shape called “splats”. The bonding 
of the coating with substrate takes place by the method of mechanical interlocking when particles strikes 
with impact and solidifies. Thermal spray can produce reliable corrosion and wear resistant coatings for 
power plants and other applications. Thickness of the coating ranges from 20µm to a several millimeters 
can be achieved and is higher than that achieved in CVD, PVD and electroplating (Pawlowski, 2008). 
Earliest records for thermal spray were found in patents of M.U. Schoop from a period of 1882 to 1889 
(Davis, 2004; Pawlowski, 2008). Historic developments in the field of thermal spray coatings up-to 
2019 are shown in fig.2. Thermal spray processes can be classified into different categories based on 
characteristics and specifications. However, most popular types are classified on the basis of velocity 
and temperature like high velocity oxy fuel (HVOF), flame, warm/cold spray, plasma, high velocity air 
fuel (HVAF), wire arc spraying and detonation gun spray (Sadeghi et al., 2019) shown in fig. 3.

It should also important to mention that before designing advanced coating for boiler components 
complete understanding is must among relationship between process, microstructure properties and 
coating performance. Therefore, for selecting a right technique for a candidate application, thorough 
understanding of the complexities and capabilities of thermal spray is required. In next section com-
monly used thermal spray techniques for boiler applications were discussed along with their features.

3.1.1. Plasma Spray Coating

The schematic view of plasma spray coating is shown in fig. 4. This process can be classified into two 
types based on its operating conditions ie; vacuum or atmospheric. This technique has a capability of 
spraying any type of feed stock material such as ceramics, refractory alloys or cermets owning to its 
high melting temperature (15000°C) that is generated by DC/induction plasma (Fauchais, 2004). Feed 
stock material is fed into this hot stream of plasma and due to high temperature in stream material gets 
melted. To achieve supersonic velocities convergent-divergent nozzle is preferred so that particles en-
trained in plasma stream attain high velocities and strikes the substrate surface with impact. Flexible 
nature of plasma spray allows depositing any kind of feedstock like slurry, liquid, powder and suspen-
sions (Karthikeyan et al, 1997). High corrosion resistance of plasma spray coatings was reported by 
many authors for chromium oxide and nickel chromium alloys (Bulloch & Callagy, 1999; Knuuttila et 
al., 1999). (Singh et al., 2007) already reported that plasma spray technique is a cost effective solution 
to combat hot corrosion/oxidation (Fauchais et al., 1997; Singh et al., 2007). But its major drawback is 
its high level of porosities and large number of un-melted particles that makes them unsuitable for cor-
rosion applications (Hussain et al., 2013; Odhiambo et al., 2019; Singh et al., 2005).

Vacuum plasma spraying (VPS) takes place in confined chamber and uses low pressure (<10-1 mbar). 
This process is suitable for those materials that are reactive when sprayed in open air. Velocity attained 
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in this is Mach 3 resulting in less porosity and better adhesion (Sidky & Hocking, 1999). It is most suit-
able for surface modification of plastics, polymers, metals, rubbers and fibres (Betancourt-Dougherty 
& Smith, 1998; Nemani et al., 2018; Padture et al., 2002). Disadvantage of vacuum spraying process is 
its high cost and skill involving in attaining vacuum conditions.

3.1.2. High Velocity Oxy Fuel (HVOF)

HVOF is rapidly developing technique to deposit surface coatings and is also challenging VPS that 
is costly due to its setup (US$2 million) and vacuum procedures. HVOF third generation setup even 
allows the spraying of materials that are prone to oxidation in atmosphere (Kaur et al., 2008). HVOF 
technique makes use of thermal plus kinetic energy to deposit coatings onto the substrate surface. The 
housing unit makes use of oxygen-fuel mixture that consists of hydrogen, propylene or propane which 

Figure 2. Historic advancements in field of thermal spray coatings.
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in turn depends upon the requirements of the user to produce best quality coatings. Mixture of fuel and 
gas is mixed in combustion chamber of the gun and is ignited once it comes out from the nozzle having 
a velocity of 1000m/s (Thorpe & Richter, 1992). The temperature of the combustion chamber ranges 
from 2760°C to 3315°C and it depends upon fuel used. Coating material is injected into this hot stream 
and this stream pushes the particles in semi-solid state towards the substrate (Lugscheider et al., 1998). 
The developed coating has the following characteristics;

Figure 3. Thermal spray processes categorized in terms of velocity and temperature of produced jet 
stream (Sadeghi et al., 2019).

Figure 4. The plasma spraying process.
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a)  High density coatings due to high kinetic energy generated in this process.
b)  High bond strength (> 8.27 X 107 N/m2).
c)  Low levels of porosities (due to no interconnecting network of porosities).

To date, different researchers have investigated the corrosion resistance of HVOF coatings and based 
on studies coatings exhibits improved corrosion resistance performance. Summary of some studies are 
listed in Table2.

3.1.3. Cold Spray Coating

Cold spray process depends more on particle impact rather than temperature (< 1000ºC) to deposit coat-
ings (Cavaliere, 2018). The working mechanism depends on size of the particle (1 to 100µm), temperature 
(< 1000ºC), critical velocity and properties of the coating particles (Moridi et al., 2014). Feedstock in 
powder form is injected into the laval nozzle by using a carrier gas (helium or nitrogen). The bonding 

Figure 5. Cross section of typical HVOF system.

Table 2. Weight gain data and percentage reduction in hot corrosion rate of Ni-based coatings.

Coating composition
Hot Corrosion rate mg/cm2 Percentage reduction in hot corrosion after 

coating (%)Un-coated Coated

Ni-20Cr (Kaushal et al., 2011b) 3 0.7 76.67

Cr3C2 -NiCr (Kaur et al., 2009) 6.174 2.925 52.62

75Cr3C2-25NiCr (Bhatia et al., 
2015) 33.33 6.89 79.33

Ni20-Cr (Kaushal et al., 2011a) 55 23 58.18

Cr3C2 -NiCr (Kaur et al., 2012) 10.57 6.89 34.82

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



121

Application of Thermal Spraying Techniques Used for the Surface Protection of Boiler Tubes in Power Plants
 

of the coating with substrate takes place by particle-substrate impact, when particles strikes with impact 
and energy deforms the particles. Cold spraying is considered to be spraying of suitable for soft metals 
such as aluminum and copper but in literature studies on hard materials such as W and Ti also reported 
(Li et al., 2007; Tsui et al., 1998). Cold spray process offers several benefits like no or little oxidation 
occurs during spraying, phase changes does not takes place, grain size remains intact and high deposi-
tion efficiency. But on the other hand cost involving in this process makes him unsuitable for its use 
in boiler applications (Sadeghi et al., 2019). Furthermore, micro-pores within the cold spray coatings 
are unavoidable due to the bonding nature of the particles (Barmouz et al., 2011; Vardelle et al., 2016). 
Interfacial strength between the cold spray particles are generally less than the strength of bulk material 
due to limited atomic diffusion between the splats. Ductility of as sprayed coatings is also limited that 
restricts its use for wide range of applications. Schematic diagram of cold spray process is shown in fig. 6.

3.1.4. High Velocity Air Fuel Coating Process (HVAF)

HVAF has gained attention in last decade or so in many applications including power plant industry. 
This is relatively latest technology in the group of thermal spray processes. HVAF makes use of a spark 
plug to ignite the mixture of compressed air and fuel gas as shown in fig. 7. As soon as the temperature 
of catalytic ceramic wall exceeds the auto-ignition temperature of mixture, it assists in further combus-
tion and taking over the role of spark plug (Sadeghimeresht et al., 2016a; Verstak & Baranovski, 2003). 
Microstructure of the coatings developed by HVAF process is lamellar, with less porosity levels and has 
little or no oxide content as compared to HVOF and APS thermal spraying techniques [Eklund et al., 
2018, 2019; Sadeghimeresht et al., 2016c, 2018a, 2018b, 2019). High velocity (1200m/s) leads to better 
plastic deformation of the in-flight particles and produce coatings with minimum voids or pores at splat 

Figure 6. Schematic diagram of cold spray process (Sadeghi et al., 2019).
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boundaries [65-66]. Less temperature (<1950°C) along with less residence time makes them suitable 
candidate for spraying of materials such as Al or Cr that are sensitive to oxidation and high temperatures 
(Davis, 2004). (Sadeghimeresht et al., 2016b) in their experimentation studied the corrosion demeanour 
and microstructure -properties-performance of Ni, NiAl and NiCr coatings deposited by HVOF, APS 
process and compared it with HVAF process. Authors concluded that HVAF coating microstructure was 
dense with less porosity levels and minimum oxide content leading to high corrosion resistance among all.

3.1.5 Arc Wire Spray Coating Method

Another method of thermal spraying is arc wire spray. It does not make use of external heat source for 
melting of feed stock powder but utilizes an electric arc that occurs between two electrode wires which 
melts the consumable wire. Composition of the wires is close to the desired coating. Molten particles 
are directed towards the substrate by compressed air or inert gas stream as shown in fig. 8. This process 
has the advantage of achieving high bond strength, less porosity levels and higher spray rates in compari-
son with flame spraying (Champagne & Helfritch, 2013). Moreover, it also harms the environment and 
health of human beings by producing fumes, ozone and arc light. Both wire arc and flame spraying are 
cost effective approaches but cannot be used for high temperature corrosion applications due to higher 
porosity levels and in situ oxides in the coatings (Sadeghi et al., 2019).

Figure 7. Schematic diagram of HVAF process (Sadeghi et al., 2019).

Figure 8. Schematic of wire arc spraying setup.
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4. COMPARISON BETWEEN DIFFERENT THERMAL SPRAY TECHNIQUES

Table 2 shows the comparison between different thermal spray techniques. As discussed in previous 
section it is clear that microstructure of the deposited coatings varies according to the technique used. 
Micro-structural properties such as porosities, bond strength and in situ oxide content can be controlled 
by varying thermal and kinetic energy of the spraying technique. As in case of cold spray or HVAF 
techniques oxide free and dense coatings were obtained by high velocity rather than high thermal energy 
which show that for obtaining oxide free and dense coatings kinetic energy is more important.

5. ROLE OF MICROSTRUCTURE AND COATING 
COMPOSITION IN HIGH TEMPERATURE CORROSION

Practically in boilers erosion-corrosion can act simultaneously and can cause premature failure of boiler 
tubes. Alloying elements like nickel can be combined with protective scale forming elements such as 
Al or Cr to improve the erosion-corrosion resistance [68-69].Therefore, erosion-corrosion can be easily 
and effectively controlled with proper surface treatment, in recent years by use of thermal spray coatings 
(Fantozzi et al., 2017; Oksa et al., 2013, 2014; Zhou et al., 2010). Furthermore, in these harsh environ-
ments, coating composition and microstructure will decide its performance. Hence need arises for the 
coating materials that have properties like hardness, strong bond strength, low porosity, good thickness 
as well as appropriate phase composition to provide corrosion resistance against the salt contaminants 
such as Na2SO4 and V2O5.

Recently (Galedari et al., 2019) summarizes the corrosion behavior of materials and concluded that 
super alloy (Inconel-625) must be considered for providing resistance to corrosion due to its composi-
tion. Although super alloys has good corrosion resistant properties, but it is must to enhance its wear 
resistance in order to prolong the service life of parts that are partially damaged during operation. Hence, 
metal matrix composite coatings consisting of super alloys and thermally stable reinforcing particles are 

Table 3. Comparison between different thermal spraying techniques (Sadeghi et al., 2019).

          Parameters           Plasma           HVOF           Cold 
spray           HVAF           Wire arc

          Jet temperature(°C)           12000-
15000           2800           <1000           1950           4000

          Jet velocity(m/s)           200-600           900           1200           1200           50-100

          Particle temperature (°C)           >3800           3000           >600           <1600           >3800

          Particle velocity(m/s)           600           1000           1000           1200           200

          Porosity level           High           Moderate           low           Low           High

          Oxide level           Moderate to 
coarse

          Moderate 
to low           none           Low           Moderate 

to high

          Bond strength (Mpa)           40-70           70-100           80-100           100-200           10-40

          Materials
          ceramics, 
refractory alloys, 
cermets

          Nickel 
based alloys

          Soft 
metals           Al or Cr           High alloy 

Fe based coatings
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the candidate choice to provide protective coatings against wear and corrosion for aggressive environ-
ments (Dooley & Wiertel, 2009). Hard phases used as reinforcement additives include WC, Al2O3, Cr3C2, 
Cr2O3, TiC, SiC, TiN, CeO2, TiO2 etc. (Buytoz et al., 2013; Cai et al., 2013; Grewal et al., 2013; Harsha 
et al., 2008; He et al., 2014; Kim et al., 2003; Koivuluoto & Vuoristo, 2009; Martin et al., 2001; Maatta 
et al., 2011; Ramesh et al., 2010; Tu et al., 1997; Tobar et al., 2006; Wang et al., 1996; Yin et al., 2011).

(Vasudev et al., 2019) integrated a bi-layer of 718-alloy in NiCrAlY coating by HVOF process. High 
temperature corrosion and erosion behavior of both coated and bare samples was studied. The authors 
reported that NiCrAlY coating with a bi-layer of alloy-718 has a better corrosion and erosion resistance 
than substrate. Enhanced erosion-corrosion resistance is attributed with high hardness and formation of 
stable oxides (TiO2, Al2O3 and Cr2O3) on the coating surface. (Sevillano et al., 2013) deposited Ni-Al2O3by 
cold spray technique to examine the oxidation behavior at 520°C. Authors reported that Ni-Al2O3founds 
to be suitable to candidate to combat oxidation/corrosion in power plant applications due to absence 
of interconnected porosities and reduced porosity levels (<3%). (He et al. 2014) in their investigation 
nickel base alloy was reinforced with Al2O3and CeO2 and deposited it on Al alloy by using plasma spray 
technique. It was found that mechanical and micro structural features of as deposited coatings like hard-
ness, fracture toughness, bonding strength and porosity levels improved after addition of Al2O3and CeO2.

Apart from coating composition, microstructure of the as deposited coatings such as porosity levels, 
splat boundaries also effect erosion-corrosion performance and these features varies according to the 
spraying process and spraying parameters (Rodriguez et al., 2000; Souza & Neville, 2003; Saaedi et al., 
2010). High porosity levels leads to formation of discontinuous oxide scale and effect oxidation resistance 
of the coating (Uusitalo et al., 2002). Literature reveals that the presence of these features in coatings 
effect the uniform supply of Al or Cr and ultimately results in discontinuous oxide scale (Hussain et al., 
2013; Oksa et al., 2014). Hence next section will focus mainly on splat boundaries and porosity.

5.1. Splat Boundaries

‘Splat’ as discussed earlier is the name given to single impacted particle. Large number of splats over-
lapped, solidifies and form coating as shown in fig. 9. Splats are the building block of coating forma-
tion. Molten or semi-molten particles are spherical in shape and on impacting the substrate surface 
their structure changes to disc like shape known as splat. Irrespective of the spraying technique splat 
and splat boundaries exists. Area between the two splats indicates the plastic deformation achieved on 
impact and also the degree of particle melting. It is through these splat boundaries corrosive species will 
travel and affect the corrosion performance of the coating if particles were not deformed completely on 
impact (Fauchais et al., 2014). Severe corrosion can occur along the rounded un-melted particles and 
splat boundaries (Durul & Nurbas, 2010). Therefore, these regions or areas need attention in corrosion 
protection due to several reasons. First, improper contact between the splats paved way for corrosion 
to trigger (Zhou et al., 2009; Xu et al., 2011). Secondly, due to in situ oxidation of feed stock particles 
during spraying, oxides formation will occur along the splats and this oxidation damage the protective 
oxide layer by depleting Al and Cr (Tao et al., 2010; Zhang et al., 2012).
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5.2. Pores

Un-melted particles during spraying process are considered to be as the common source for coating 
porosity. Un-melted particles require higher impact velocity for better plastic deformation and also for 
better closer of the voids. If the velocity will be less than the solid particles will remain trapped inside 
the coating and due to this proper contact between the splats will not take place and voids occur. It is 
clear from vast technical literature that presence of pores significantly reduces the corrosion resistance 
(Guilemany et al., 2002; Camp et al., 2009; Monticelli et al., 2004; Bolelli et al., 2008; Wang et al., 2014; 
Milanti et al., 2015; Zhang et al., 2016). Porosity can be categorized differently by authors. (Shanmugam 
et al., 2014) categorized pores according to the formation mechanism and size variation as type A (0 to 
10µm) and type B (10 to 25µm). Type A is the result of interaction among gaseous medium and particles 
whereas type B is developed by splashing on impact with material deposited. Other researchers classi-
fied pores as open pore, closed pores and micro cracks. They reported that these types of pore and micro 
cracks occur due to enclosed gases and shrinkage of splats as a result of fast solidification [Ctibor et al., 
2006; Konyashin & Chukalovskaya, 1997). Furthermore, others in addition to this categorization pores 
are classified as globular pore, flat pore and vertical pore. Globular pores are convex in shape whereas 
inter-lamellar flat pores are like thin voids perpendicular to the direction of spraying (Radka et al., 2004).

Furthermore, porosities give rise to oxide content resulting in mass gain of coatings. Mass gain not 
only depends upon the porosity but also on to the pore structure morphology. Large porosity levels (open 
porosity) forms voids and results in forming of interconnected networks of pores which communicate 
with coating surface. This structure allows the oxygen to enter deep into coating and reach cavities to 
form oxides enhancing the mass gain of coatings (Sadeghimeresht, 2018).

Figure 9. Mechanism of the coating by splat formation.
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6. CONCLUSION

With rapid surging in industrialization and global warming threats, the power plants have to operate 
under high temperatures above 700°C. Above this temperature range, load bearing components made 
up of conventional alloys (like super heater tubes and water walls) have to suffer from high tempera-
ture corrosion and they degrade very easily. Thermal spray processes then comes into picture and are 
increasingly being used in these sectors for the protection of structural components against corrosion 
with an ideal combination of metal matrix coatings consisting of Ni-based super alloys plus various 
reinforcements. The composite coating provides effective results in minimizing the rate of corrosion 
only if microstructure obtained from thermal spraying techniques. Therefore, it should be important to 
mention that, before designing advanced coating for boiler components complete understanding is must 
amongst the structure-property relationship. Hence, for selecting a right technique for a candidate appli-
cation thorough understanding of the complexities and capabilities of thermal spray process is required. 
While depositing nickel based coatings, HVOF is recommended and has shown promising approach to 
increase the efficiency and lifetime of components in boilers.
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ABSTRACT

In this modern era, use of coatings on engineering materials has become highly inevitable. One such 
emerging coating method is the cold gas dynamic spraying. It is a solid-state process where deposition 
on to the surface of the material is done at high pressure and velocity. Adhesion of the powder to the 
substrate is possible because of the high amount of plastic deformation. This chapter introduces the 
CGDS system and discusses the types of set-ups and its modifications that are generally used. Further, 
the chapter delves into the process parameters in the spraying process and the correlation of these pa-
rameters with the coating properties. It also provides a comprehensive review of the current theories 
of bonding mechanism in cold spray. It aims to provide an overview of the material systems that have 
been investigated so far for cold spraying with an outline of the experimental and numerical simulation 
that have been researched.

1. INTRODUCTION

A deposition process is used to deposit a material (referred to as coating) on to a bulk material (referred 
to as substrate). Depending on the desired coating properties different methods may be used for the ap-
plication of the coating such as physical vapor deposition (PVD), chemical vapor deposition (CVD), 
sputtering, laser cladding, electroplating, thermal spraying and cold gas dynamic spraying (Steyer2001), 
(Kalita2014), (Anisur2018) and (Zhou2019). The process may deposit the coating material atom by atom, 
as in the vapor deposition process or as molecule and ions as in the laser cladding and electroplating or 
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as aggregate powders as in thermal and cold gas dynamic spraying. It is the aim of this chapter to focus 
on the cold gas dynamic spraying method. Cold gas dynamic spraying (CGDS) or simply known as cold 
spraying, is an emerging technology where powders or particles are carried with a gas and impacted on 
the substrate at high velocities. CGDS was invented in 1980’s at the Institute of Theoretical and Applied 
Mechanics of Siberian Branch Russian Academy of Science (Papyrin2007) and (Dykhuzein1998). CGDS 
has many advantages as to other deposition methods that include high deposition efficiency, low residual 
stress, less heat input, elimination/minimization of porosity, control of phase transformation and com-
positional stability (Papyrin2007) and (Koivluoto2010). Since the deposition temperatures are at room 
temperatures and much below the melting point, the particles cannot be melted in the gas flow. Being a 
solid state process, oxide inclusion and void formation can be avoided in cold spraying (Sobolov, 2004) 
and (Stoltenhoff,2001). Further it has also been reported that wide range of coating materials, e.g. pure 
metals like Al, Cu, Ti, Fe, Ag, Zn and Ni; metal alloys like Cu-Al, Cu-Zn, Ni-Cu, Ni-Al, CoNiCrAIY 
and stainless steel and composites like Cu+Al2O3, Ni+TiC, Al- Al2O3 have also been used in the cold 
spray system (Champagne,2007), (Maev, 2006) and (Dykhuzein,1998).

1.1 Principle of Cold Spraying

Cold spray being a solid state process is used to form a deposit by the means of ballistic impingement 
(Koivluoto2001). In this process powder particle strikes the substrate with a high velocity and leads 
to formation of plastic deformation or erosion of the substrate. A gas (nitrogen, helium or air) is ac-
celerated to supersonic velocity by a converging diverging de Laval type nozzle. On impinging to the 
substrate the particles either adhere on to the substrate or bounce back (rebound). This phenomena of 
the particles is due to the drag effect of the gas as the particles flow in it (Maev2006). There is no sign 
of adhesion of the particles until a critical particle velocity is exceeded. The temperature of the powder 
particle (also same as the gas temperature) plays an important role during the impact. The particle size 

Figure 1. Schematic diagram of cold gas dynamic spraying
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of the metals range from 5 to 100 µm. These particles are accelerated by high velocity stream of gas 
generated through expansion of pressurized, preheated gas through nozzle. The solid particles impact 
on the substrate above the critical velocity for the powder and substrate will deform and form a dense 
layer (Papyrin2007), (Dykhuzein1998) and (Stoltenhoff2001). The bonding mechanism depends on 
many factors and has been discussed in detail in section 3.1.

1.2 Types of Cold Spray

Cold spray is basically catagorised as high pressure cold spray (HPCS) and low pressure cold spray 
(LPCS). The LPCS uses gas pressure between 5-10 bars and gas temperatures are usually around 550° 
C. A schematic of the LPCS is shown in Figure 2. The system has a design improvement where the 
pressurized gas is passed through a heater before it interacts with the powder stream. In this type the gas 
contained in the reservoir flows through a pipeline to the heating system where it is heated and brought 
to the low pressure chamber. After heating the gas in spray gun it is forced through the convergent-
divergent nozzle. The velocity of the particles reach between 300-600 m/s at exit of the nozzle. As the 
LPCS system is light weight, compact and portable it is used in industrial platforms without any dif-
ficulties. The life span of the nozzle is more because during spraying the particles do not flow through 
the throat of the nozzle. Moreover, LPCS system is more compatible and cheaper as compared to the 
other CGDS systems (Singh, 2013).

On the other hand, in the HPCS is bulky and heavy weight which can generally be used for hard 
materials that require pressures greater than 10 bar. A schematic of the general arrangement is shown 
in Figure 3. Here, generally helium or nitrogen is used as the carrier gas. The working temperature here 
can reach up to 1000°C and the gas pressure varies between 25-40 bar. In this process powder feed stock 
particles mix with the propellant gas in the pre-chamber zone and then fed into the gas stream axially 
through the upstream of the converging section of the nozzle at high pressure to prevent the backflow 
of the carrier gas to the powder feeder. The velocity of the particles reaches between 600-1200 m/s at 
the exit of nozzle (Powlowski, 2008). In the high pressure system a high pressure powder feeder is used 
for this high pressure in the main gas stream is required. But the challenge here is that the high pressure 
powder feeders are usually very big and expensive. In the HPCS system when hard particles are sprayed, 
often the throat of nozzle gets worn out due to particle erosion. Due to this, the function of the nozzle 
is affected, resulting in poor deposition quality. Another challenge in the HPCS system is clogging of 
nozzle occurs due to the increase in the temperature and particle velocity. On the other hand the LPCS 
type has a much simpler equipment (Figure 2). However, the inlet pressure is restricted (< 1MPa) to 
allow the atmospheric pressure to supply powder into the nozzle. Due to this powder feeding technique, 
the particle velocity is restricted in the LPCS type.

A number of investigators have experimentally investigated the CGDS process and consequently 
different modifications of the system have been explored. Vacuum cold spray is one such method where 
low atmospheric pressure is used to keep the specimen in a vacuum tank. A vacuum pump is combined 
with the vacuum tank in low pressure environment. As a result recovery of gas and collection of over 
sprayed powder is done via the vacuum tank (Muehlbrger, 2007). A similar design was used by Akedo 
et.al. (2008) named as aerosol deposition method. In this process a propellant gas flow of helium or air 
is used to spray nano particles in a vacuum chamber. This process is used to deposit very small particles 
because it reduces the presence of shock wave at the substrate. The propellant gas used is also below 
the atmospheric pressure. Yet another variation to the CGDS set up is called the pulsed gas dynamic 

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



138

A Review of the Cold Gas Dynamic Spraying Process
 

spraying. In this process, particles are heated below the melting temperature, which is albeit higher than 
the temperature experienced in the CGDS process. In this process critical velocity is reduced with an 
subsequent increase in the gas temperature. This leads to higher levels of plastic deformation. Discon-
tinuous nature of this process exploits non-stationary pressure waves to generate pressure & temperature 
simultaneously (Jodion, 2007).

2. EXPERIMENTAL PARAMETERS FOR COLD SPRAY

The different process parameters involved in this method are particle velocity, critical particle veloc-
ity, characteristics of propellant gas, spraying angle, substrate to nozzle (stand-off distance) and most 
importantly the nozzle design.

Figure 2. Schematic diagram of LPCS

Figure 3. Schematic diagram of HPCS
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2.1 Gas Parameters

In this deposition process air, nitrogen or helium are generally used as the major propellant gases. Though 
nitrogen gas is used widely for deposition, for higher velocity particles helium is used as it is lighter than 
nitrogen. This is because hard materials cannot be deposited without achieving higher velocity. Li et al. 
reported that particles accelerated to higher velocity in helium as compared to nitrogen (Singh2012). 
However, helium is costly than nitrogen making it economically unfavorable for many application un-
less it is recycled (Yekane). Therefore the most important gas characteristics that affects the deposition 
are the gas density, pressure and temperature. The lower the density of the gas, the drag effect on the 
particles is low. Therefore where hydrogen has a density of 0.09 g/l, helium has a density of 0.179 g/L, 
nitrogen has a density of 1.25 g/L, argon has a density of 1.78 g/L and air has a density of 1.205 g/L at 
STP. This implies that particles will move faster (higher particle velocity) in helium as compared to air 
(Singh 2012).

2.2 Spraying Nozzle

The spraying nozzle plays an important role during deposition by cold spraying specifically for HPCS. 
It has a high influence on particle velocity during spraying. A typical design of the de Laval nozzle 
is shown in Figure 4. The de Laval nozzle is a converging diverging nozzle that has the capability to 
achieve supersonic velocities at the outlet. The principle of the de Laval nozzle utilizes the thermal and 
pressure energy to kinetic energy. The geometry of the nozzle is such that as the gas is constricted to 
pass through the throat region, the velocity of the gas increases rapid. The length of the converging and 
diverging sections are denoted as Lcon and Ldiv, respectively. The diameter of the constriction (or throat) 
is denoted as dt, whereas the diameter of the inlet and outlet are denoted as di and de, respectively. The 
gas velocity depends on the ratio of the inlet and outlet diameter of the converging-diverging section. 
The throat diameter of the nozzle, the exit diameter or the inlet diameter influences the particle velocity. 
As the nozzle length has material and fabrication constraints, it limits its application in different sectors. 
Therefore new materials and design are optimized to improve the powder flow through the nozzle and 
optimize the design required to minimize the gas flow through the nozzle (W-Y Li2005). Li et al. (2005) 
had introduced a special internal diameter spray gun with 6.25 expansion ratio and 30 mm standoff dis-
tance for divergent nozzle of 40 mm length. Helium and nitrogen were used as propellant gas resulting in 
dense deposition of coating after cold spray (C-J Li2005). Similarly, Karthikeyan et al. (2007) designed 
a nozzle using tungsten carbide to coat GRCop-84 special alloy. In order to deposit aluminium powder, 
thermo plastic nozzle was designed by Champagne et al. which corrected the clogging effect of the steel 
nozzle (Champagne et al,2008) and (DeForce,2007).

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



140

A Review of the Cold Gas Dynamic Spraying Process
 

2.3 Standoff Distance

Stand off distance is the distance between the nozzle and the substrate. Typically a particle ejected from 
the nozzle accelerates some distance away from the exit and attains a maximum velocity after travelling 
some 50 to 100 mm towards the substrate. This is then the ideal standoff distance where the particle 
velocity is at its maximum. Ideally the particles at the center are considered, whereas the particles at the 
periphery diverge and rebound off. When the nozzle geometry is fixed (inlet-outlet diameter ratio and 
length of the converging-diverging chamber), the standoff distance substantially affect the particle velocity 
as well as the deposition efficiency. Li et al. (2008) have shown that an optimum standoff distance exists, 
where the deposition efficiency is the maximum (W-Y Li2008). The optimum standoff distance usually 
increases with increasing particle size. Moreover, their experiments have also conclusively shown that 
the optimum standoff distance (and particle velocity) is shorter for lighter materials (low density) than 
that for denser materials (higher density). At shorter stand-off distances, Pattison et al have shown that 
the occurrence of bow shock waves that impinge on the substrate to reduce the particle velocity as well 
as alter the coating characteristics (Pattison2008). When the optimum standoff distance is maintained, 
the deposition efficiency is at its maximum.

2.4 Powder Parameters

According to researchers powder characteristics such as powder particle size, particle morphology and 
purity level affect the deposition quality (Kairet2007). The particle size is typically in the range 1 to 
100 μm. In order to achieve adhesive coating the used powder must be dry, free flowing and properly 
blended (Abdulaziz2012). It is also reported that powder mixtures can only be sprayed only when one 
of the powder mixture is metallic powder. Moreover, powder particles need to be deformable and ductile 
for intense adhesion through plastic deformation (Steenkiste2002), (Lee2005) and (Lee2004). Ductility 
of the metallic powder is essential for flattening of the particles by plastic deformation. Powder material 
must ensure plastic flow without fracturing in order to produce dense coating. (Alkhimov1995).

Figure 4. Schematic diagram of the de Laval nozzle used in CGDS
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2.5 Role of Surface Preparations

The surface where deposition will be done must be cleaned and polished using different grits of emery 
papers. This will remove presence of any dirt, grease, grime, scale and oxides that may interfere with 
the bonding process. According to researchers there are there are three areas to differentiate i.e. effect of 
thermo-property, surface roughness and surface texture. Bonding of deposition with the substrate is fine 
only when the surface is free of oxidation and contaminants during cold spraying. It is also reported that 
grinding or polishing, grit blasting and sand blasting are used for metals whereas for glass and polymeric 
substrate cleaning and degreasing is followed before deposition (Temitope2019).

Bonding between the deformed particle the substrate was favorably affected on rough surface were 
reported by few investigators (Marrocco2006), (C-J Li2006) (Sutcliffe2003) and (Legoux2010). According 
to them various combinations of particle/substrate depend on different surface preparation for adhesive 
deposition. Yin et al. (2015) reported that there was a decrease in bonding strength for grit-blasted surface. 
But according to Wayne et al. impact of titanium particles on sapphire substrate improved the coating 
thickness which had roughness of 3 nm. Reduction of bonding strength of 0.05 µm was investigated by 
Hussain et al. (2011) for polished surface which had 3.9 µm surface roughness.

3. MECHANISMS INVOLVED

3.1 Bonding Mechanism

The coating characteristics like deposition efficiency and adhesion strength is dependent on the bond-
ing mechanism, which occurs due to the impingement of the powder on the substrate. As the bonding 
between powders and substrate improves, the parameters like deposition efficiency and adhesion strength 
of the coating will improve. The mechanism that is involved in bonding is rather complex and there 
has been an attempt to address from various approaches. According to Grujicic (2003) adhesion of the 
coating depends on the size of the interfacial area between the particle and the substrate (Grujicic2003). 
One of the mechanism for bonding is mechanical interlocking, usually present in the interfacial bonding 
(Klinkov2005). In cold spraying due to the high kinetic energy of the particles on the substrate, there 
is a shot peening like effect on the coating formation in cold spraying, improves its strength and adhe-
sion. Sticking of the particles becomes stronger following the particles repeated impact on the substrate, 
resulting in better adhesion between the particles and between the particle and substrate.

In cold spraying, combination of different bonding mechanism depend on bonding between particles 
and substrate and between particles. According to Hussain et al. (2009), a combination of metallurgical 
bonding and interlocking occurs in cold spraying. “Other studies reported a combination of mechanical 
blocking, metal-metal bonding, van der Waal’s adhesion and diffusion in cold spraying (Hussain2009, 
Guetta2009). In cold sprayed Cu plates and Al substrate diffusion was found as the bonding mechanisms 
resulting in formation of a thin nano-crystalline layer of an intermetallic, at the interface (Guetta2009). 
Bonding is influenced by substrate softening during impact on the soft substrate materials e.g. when Cu 
impacts on Al substrate making strong adhesion between coating and substrate (Kairet2007). Grujicic 
et al. (2003) have reported that atomic diffusion at the particle-substrate interface is not the dominant 
bonding mechanism. On the other hand, Kairet (2007) reports the occurrence of slight diffusion at the 
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interface (in a Cu-Al system). However, the most widely accepted mechanism for bonding is by far that 
due to the adiabatic shear instability (Assadi2003, Moridi2014).

3.2 Shear Instability as Bonding Mechanism

According to experimental studies and computational modeling for better understanding of CS inves-
tigator (Dykhuzein1998)] have reported that adhesion occurs only when the powder particles exceed a 
critical velocity (Stoltenhoff2002). When the particle impacts on the substrate a strong pressure field is 
formed on the substrate. As a result the material gets accelerated due to shear load. Due to this localized 
shear strain occurs, which under critical condition leads to adiabatic shear instability (Grijicic2003), (As-
sadi2003) and (Grijicic2004). Hence, the bonding mechanism is attributed to adiabatic shear instability, 
that occurs at and beyond critical velocity.

Adiabatic shear instability was first reported for the deformation mechanism in explosive welding where 
shock waves are created that causes shear loading that leads to deformation behaviour. It was adapted 
by Assadi et al (2003) to explain the crater like formation that clearly is related to the formation of bond 
between the substrate and particle. Their article describes that a critical velocity exists beyond which 
adhesion is markedly improved. Further they have explained through numerical analysis the deformation 
behavior of the particles and shown material jetting and splat flattening that occurs only at and beyond 
the critical velocity. This has been experimentally validated by impacting copper particles on copper 
substrate at high velocities, that show material jetting occurring at the splat-substrate interface. This was 
widely well received in the scientific community. Similarly Grujicic et al (2003) have independently 
published similar bonding mechanism supported by finite element numerical analysis and validated 
experimentally. Xie et al (2016) have shown that metallurgical bonding, by removal of the oxide layer 
by a shot-peening like effect, is responsible for the bonding mechanism. Hassani-Gangaraj (2018) have 
claimed that although material jetting is a necessary condition for the bonding mechanism, however, the 
absence of adiabatic shear bands does not purport the adiabatic shear instability as the bonding mechanism. 
They show numerically that the bonding mechanism may originate due to the metallurgical bonding at 
the particle-substrate interface initiated by the shock waves that are hydrodynamic (pressure driven) in 
nature. The proposed mechanism has met with some critique and Assadi et al (2019) commented that 
while adiabatic shear instability is not the necessary condition for jetting, and hence bonding, it is both 
experimentally and numerically supported. In fact they argue that high interfacial strain is necessary 
for bonding and jetting may or may not occur depending on the spraying conditions. Hassani-Gangaraj 
(2019), however, have reiterated that the jetting behaviour is experimentally validated and have explained 
the critical velocity as a function of the bulk speed of sound. They have also defined a function for the 
same, considering the effects of particle size, strength and temperature on it. There have been a string of 
recent publications in this area, that strengthen/demonstrate the jetting behavior and some refute material 
jetting. Nevertheless, material jetting and critical velocity still remain an integral part of cold spraying 
mechanism and all important for the bonding mechanism.

3.3 Particle Velocity

Deposition in cold spray is influenced by both gas velocity as well as particle velocity. The particle 
velocity, due to the effect of the drag force does not have the same value as the gas velocity. Walker 
(2018) show numerically that the values of the particle velocity and gas velocity differ by almost 100 m/s 
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for the same system. The gas is forced to enter through the converging-diverging nozzle and acquires a 
supersonic velocity as it exits the nozzle. The powder-feeder feeds the powder to the gas stream at the 
exit of the nozzle only after it has acquired the required velocity. As the particles flow in the gas stream, 
the drag force that exists reduces the particle velocity by at least a 100 m/s. The particles as they hit the 
substrate after travelling some distance (optimized standoff distance) may either bounce back (erosion 
of the surface) or stick (adhesion to the substrate). This condition for adhesion has been determined to 
be dependent on the particle velocity. The particle velocity at which the particles start sticking to the 
surface without any erosion, is called the critical (particle) velocity (Papyrin2007). Without critical 
velocity of the powder particles formation of coatings is not possible in cold spraying. Critical velocity 
depends on the characteristics of the sprayed material like density, size and temperature (Dykhuizein1999) 
(Assadi2003) and (Schmidt2006). Particle adhesion is only possible when the particle velocity is at 
or beyond the critical velocity of the given material. Adhesion is usually preceded by material jetting, 
which is verified both experimentally and numerically when the particle velocity exceeds the critical 
velocity (Ghelichi2009). The simulated critical velocities for a few materials like Al, Ni, Fe & Cu are 
680-700 m/s, 620-640 m/s, 560-580 m/s, respectively (Ghelichi2009). Karthikeyan et al. (2006) in their 
numerical simulation study with four particle system have shown that, there are four different stages 
in the deposition process. In the first stage, when the particle velocity is less than the critical velocity, 
a delay time occurs between the beginning of the particle flow and the particle adhesion. This leads to 
rebounding or subsequently erosion of the substrate. In the second stage when the particle velocity just 
exceeds critical velocity, a thin layer of material gets adhered. In the third and final stage, the subsequent 
layers of coating are deposited on the first layer (Schimidt2006) and (Singh2012).

3.4. Effect of Temperature

The effect of temperature in ‘cold’ spraying is rather an oxymoron. Temperature may either be applied 
pre-deposition to improve the adhesion mechanism or post deposition to remove residual stresses created 
by the impact. In both cases the temperatures involved are a small fraction of the melting point of the 
material. There are broadly two types of pre-deposition heating, i.e. gas heating and substrate heating, 
done to improve the adhesion.

Gas heating is probably the most common type of cold spraying set-up. Here, the gas is passed 
through a heater before entering the nozzle. The temperature of the gas, reduces its density which in 
turn increases its velocity. Therefore even at lower gas pressures it can attain supersonic velocities (Pa-
pyrin2007, Dyzhukein1998). This has been very easily accommodated in most CGDS set-ups. Walker 
(2018) show that as the temperature increases the critical velocity decreases, such that adhesion can take 
place at lower particle velocities. Assadi (2003) show that the critical velocity reduces by almost 40% 
of the gas temperature for copper particles on copper substrates.

Substrate heating on the other hand has only been partially explored since it can only be applied 
to substrates that are not oxygen sensitive. Moreover heating of the substrate may lead to variations in 
its mechanical properties. Pre-heating of substrate shows to improve both the deposition efficiency as 
well as the adhesion strength of the coating (Yin2015, Xie2015). Whereas, in some materials like zinc 
and tin, the deposition efficiency is not affected by the substrate temperature (Legoux2007). Moreover, 
Legoux (2007) have shown that although the critical velocity is not affected by the substrate pre-heating 
temperature, the adhesion and deposition efficiency improve with the increase in the temperature. This 
is probably related to the bonding mechanism where thermal softening contributes to the ASI at the 
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interface. The thermal softening (referred to as impact temperature) has also been confirmed to occur 
even without substrate pre-heating (Legoux2007).

Post deposition heat treatment has been attempted by many to mainly remove any residual stresses 
that may arise due to cold spraying. Huang et al. (2015) have worked on heat treated Al, Cu, Ti and 
stainless steel 316 deposition. It was found that for Al coating, after heat treatment at 200°C, deposition 
became stronger but ductility was very poor. Similarly for cold sprayed Ti coatings, the tensile strength 
and elongation decreased as compared to bulk Ti. But for cold sprayed Cu coating, the tensile strength 
was found to be higher by heat treatment. After heat-treating at 300°C, the deposition became stronger, 
however, with poor ductility. When the temperature was increased to 400°C & 500°C, good mechani-
cal properties were obtained. But when the temperature was raised to 700°C, it was found that tensile 
strength & elongation of the coating decreased as compared to heat treated at 400°C & 500°C.The tensile 
strength of cold sprayed stainless steel 316 coatings did not show much improvement as compared to 
heat treated below 600°C (Huang2015).

4. APPLICATIONS OF COLD GAS DYNAMIC SPRAYING.

This process is heavily used in automobiles, aeroplanes, medical, electronics & petrochemical industries. 
Cold spray is used as restoration procedure to promote the renewal of antique objects, such as cars, 
aeroplanes & metal sculptures (Villafuerte2010) and (Shkodin 2010). Space shuttle boosters are coated 
with aluminum and aluminum alloy by cold spraying for refurbishment. In anti-skidding cold spraying 
is used as corrosion reducing agent (Karthikeyan 2004). Solid surfaces such as bed rails, faucets, light 
switches, door knobs & other hardware can be coated using CGDS (Sova2013). High thermal insulators 
and high corrosion resistance components with less cost of manufacturing can be produced using CGDS 
(Yoon2007). Al-Sn alloy are used in ship building & automobile industries. Shear surface is provided by 
Sn and the friction properties in aluminium matrix during sliding helps in high temperature environment. 
Ning et al successfully coated Al-10Sn & Al-5Sn through CGDS process with well-bonded structures 
& low porosity (Ning2009). In power generation station, CGDS coating is used. In case of wear rings, 
impeller seal section, turbines blade, water pump housing the coating offer caution & protection from 
high temperature corrosion. At low temperature cold sprayings can be used to reconditioned wear rings 
by bronze coating (Assadi2016). GRCop-84 substrate was successfully coated with NiCrAly and CuCrAl 
particles using CGDS (Balani2005). A special tungsten carbide nozzle was designed for this deposition.

Although metals are the prevalent materials that are deposited (coating material) using cold spray, 
nevertheless, ceramic materials have widely been deposited. Due to the lack of deformability of ceramic 
particles only thin layers can be produced using cold spray. In biomedical implants titanium coatings 
have potential applications. Tungsten oxide and titanium oxide are semiconductor materials with a band 
gap at around 3 eV, with good chemical stability in aqueous solutions. Thin ceramic coatings are used 
in gas turbines, piston tops, cylinder heads, valves and diesel engines (Moridi2004). Hydroxyapatite 
(HAP) is commonly used to coat implant surfaces to improve osseointegration with the bone tissues. 
As bio-ceramic coating, induces high temperature cold spraying coating is used at low temperature. It 
was reported that ASB industries had deposited Ti-HAP composite coating using CGT kinetics 4000 
cold gas dynamic system.

Air conditioning equipment in vehicle and Al-tube heat exchangers are fabricated by cold gas dynamic 
spraying. Copper components in transformer are protected by removing the electrochemical oxidation of 

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



145

A Review of the Cold Gas Dynamic Spraying Process
 

the elements by using this coating method. Aluminum tips & electric mains in transformer can be pro-
tected by coating copper powder. Transmission gear box in helicopter is protected by barrier coating that 
helps to restore dimensional tolerances of heat sensitive materials such as ZE41A-T5 (Champagne2008).

5. CONCLUSION & FUTURE PROSPECTIVE

The future for cold spraying is opening up as more and more materials are being tested and used for 
spraying. Many companies have started developing and selling off-the-shelf cold spray systems with 
many built in and custom features. With the increase in investigations into the spraying mechanisms 
and the bonding mechanism, there is more and more control over the process-parameter-property tetra-
hedron. With the spike in recent investigations and subsequent publications, cold spraying seems to be 
a encouraging solid state processing method.

Many researchers have worked on various phenomena during deposition and development of coat-
ing during cold spraying. Basically the high drag co-efficient porous powder enables it to attain high 
deposition & good adhesion. This chapter has systematically introduced the different aspects of cold 
spraying which includes the process, process parameters, the equipment, the know-how, the metallurgical 
bonding aspect, the various advantages and disadvantages, the material system and the present status 
of the process.
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ABSTRACT

One of the most important factors in powder metallurgy is the powder properties that directly affect the 
final product properties. By using the functionally graded materials (FGMs) in powder metallurgy, the 
desired properties can be obtained by means of layers having microstructure having more than one fea-
ture in a single material structure. Similarly, by the production of functionally graded powders (FGPs), 
different properties can be obtained in a single powder structure and the materials that have different 
properties in the same structure are developed by integrating these powders with powder metallurgy. In 
this context, the FGMs synthesized from the FGPs produced by electroless deposition (ED) of metal or 
ceramic-based powder materials facilitates the production of advanced material. Therefore, the purpose 
of this chapter is on the fabrication of metal and ceramic-based FGPs by ED and to discuss of their 
advantages on the powder metallurgy parts.
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INTRODUCTION

The emergence of delamination problems in the matrix and reinforcement material of composite materials 
developed as a solution to the problems such as corrosion and wear of conventional mono-component 
or alloy materials has encouraged researchers to produce a new type of material. These novel materials 
were called as functional graded materials (FGMs) whose features change gradually corresponding with 
the dimensions in the structure (Ning Zhang et al., 2019). These materials are widely used in electri-
cal, aerospace, energy, automotive, bioengineering and many other applications. Since conventional 
engineering materials do not provide the desired properties, they are highly advantageous in terms of 
obtaining different material properties in a single structure. The application areas of FGMs are shown 
schematically in Figure 1.

Depending on these applications, considering the characteristics such as abrasion, corrosion, chemi-
cal stability, electrical and thermal conductivity, providing different properties in different layers of a 
single material structure makes FGMs indispensable (Edwin, Anand, & Prasanna, 2017; El-Galy, Saleh, 
& Ahmed, 2019; A. Gupta & Talha, 2015) . FGMs are often structurally divided into two types. In the 
first kind FGMs, the composition in the material structure changes step by step, while the composition 
in the second variant shows a continuous change. In this context, FGMs can be produced from different 
layers and using different materials in each layer. On the other hand, FGMs with different grain sizes 
can be produced in the same structure by obtaining materials with different grain sizes in each region 
(lower-middle-upper) (Chi Zhang et al., 2019). This type of FGMs is shown schematically in Figure 2.

Figure 1. Application areas of FGMs
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The most important result obtained by FGMs compared with composite materials; while composite 
materials have a certain material feature throughout the thickness, FGMs have a constantly changing 
material property along the thickness. They produce a continuous or discontinuous change in their chemi-
cal composition and/or microstructures (grain size, thickness, porosity, strength, hardness, thermal and 
electrical conductivity, etc.) in the specified shapes / distances (Akavci, 2014). This difference between 
composite material and FGM is given visually in Figure 3.

For example, a recently preferred FGM structure in the production of electrical contact materials is 
given in Figure 4. As can be seen, using pure copper material in the bottom layer is considered as the 
region with the highest electrical conductivity, harder layers are obtained by increasing the content of 
additives as the upper layers are increased. Thus, the advantage of using FGM as an electrical contact 
material has been seen in the hard layer, which is exposed to electrical contact, and with different proper-
ties in a single structure with higher electrical conductivity (Mirazimi, Abachi, & Purazrang, 2016). In 
addition, for example, as given in Figure 5, the desired high hardness on the surface and the low hardness 
of the porous structure desired in the core can be achieved through the production of FGM within the 
same material structure (Afzal et al., 2012).

Moreover, FGMs which are composed of composite layers can meet the demands such as wear, 
thermal, corrosion and ballistic resistance with superior mechanical properties are widely produced 
(Ferreira et al., 2011; Übeyli et al., 2014).

Figure 2. Various gradients on the FGMs; (a) interrupted and (b) uninterrupted gradient, (c, d, e) lami-
nated FGMs or gradual variation in composition, (f, g, h) fractional variation in grain size of FGMs 
(Chi Zhang et al., 2019)
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Figure 3. Comparison of the gradient in a conventional composite material and the FGM structure 
(Akavci, 2014)

Figure 4. An FGM structure example (Mirazimi et al., 2016)
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The methods used in the fabrication of FGM are generally classified under three main headings. 
These are gas-based, liquid phase and solid phase-based methods. As gas-based methods; while chemical 
vapor deposition / infiltration (CVD / CVI) (Choy, 2003), thermal spray (Gonzalez et al., 2016), surface 
reaction processes (Somiya, 2013) are mentioned, for liquid phase basis methods; it is possible to talk 
about spin casting (Arsha et al., 2015; Rahimipour & Sobhani, 2013), strip casting (Hadj et al., 2018), 
laser deposition (Shi et al., 2019; Wang, & Tao, 2016), electrophoretic deposition (Askari et al., 2012) 
and ED methods (Liu et al., 2019). Solid phase-based methods such as spark plasma sintering (Kessel 
et al., 2010), powder metallurgy (F. Chen et al., 2020) and mechanical alloying and/or milling methods 
(Meng et al., 2015) have important advantages compared to other fabrication method of FGM materials.

Powder metallurgy, which is the most effective method in the fabrication of FGM, is an easy and 
practical method that provides strong inter-layer bonding. As known; the particle properties such as mor-
phology, particle size, apparent density and oxidation resistance is a critical factor that directly affects 
the properties of bulk materials in powder metallurgy. Therefore, by changing the powder properties, the 
bulk material properties to be produced from these powders can also be changed (Gupta et al., 2020). 
In this regard, the ED method has great potential to significantly alter the properties of metal powders 
and with this method, the functional graded powders (FGPs) can be produced easily and cheaply (Jafari 
et al., 2013; Luo et al., 2010).

BACKGROUND

Powder metallurgy method is an important FGM production technique based on mixing, stacking 
and pressing of selected powder materials. In this technique, high-strength FGMs can be produced by 
changing factors such as pressing pressure, sintering time and temperature (Mahamood et al., 2012). 
The hot pressing technique, which is based on the principle of performing sintering and pressing opera-

Figure 5. Hardness variation along the layers of an FGM (Afzal et al., 2012)
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tions under certain temperatures simultaneously, compared to the sintering of bulk materials with raw 
density obtained by pressing powders under certain pressure, minimizes the negative effects in terms 
of chemical stability and microstructure (Jin et al., 2005). A typical powder metallurgy workflow and 
pressing system for an exemplary FGM are schematically given in Figure 6 (Kunimine et al., 2016). 
Today, traditionally produced FGMs cannot be said to be very cost-effective. However, when it is out 
of the conventional, the applications where powder metallurgy and sintering methods are used together, 
make the FGM production done with new non-traditional methods rather than traditional methods. Such 
production methods ensure that the production of FGM is economical, but it plays an effective role in 
determining the appropriate material properties by changing production parameters quickly. As a re-
sult, the production of materials with a long service life, high wear, corrosion, resistance and electrical 
properties can be realized at affordable costs (Gasik, 2010).

Another method that is frequently used for pressing powders is hot pressing. In this method, the 
powders are sintered and compacted, as a result of simultaneous application of thermal energy and high 
pressure at a small deformation rate at sufficiently high temperature. Powders previously pre-pressed 
or powders fed to a mold made of loosely hot work tool steel can be compressed by pressing them in a 
vacuum furnace (for oxidation control) providing high temperature up to 2400 0C. In this way, sintering 
can be carried out under lower pressure at lower temperatures and shorter times (Samal et al., 2013). 
Figure 7 shows a typical hot-pressing system.

Figure 6. Powder metallurgy process steps and FGM structure obtained by pressing different powder 
layers (Kunimine et al., 2016)
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With this regard, advantages such as no loss of scrap, being a suitable method for mass production, 
alternative in the production of composite material against the difficulty of mixing with matrix by cast-
ing method, the proportional control of matrix-reinforcing materials can be easily adjusted as desired, 
and the production and sintering of layered materials especially for FGMs, powder metallurgy with hot-
pressing method is frequently used for FGM production method by researchers (Erdemir et al., 2015; 
Yusong et al., 2013).

Nassef et al. (2017) compared the material properties obtained by pressing and then sintering Fe-
Al alloy powders with the material properties obtained by hot pressing of the same powders under the 
same conditions in their study. They first pressed Fe-Al alloy powders under approximately 900 MPa 
pressure and then sintered it under 800 oC for 1 h. The SEM image of the microstructure obtained after 
this procedure is given in Figure 8a. On the other hand, the same material powders were kept under a 
temperature of 800 oC for 1 h in a steel mold and pressed under a pressure of about 445 MPa meaning 
hot-pressing. The microstructure image as a result of this process can be seen in Figure 8b. Although 
pores are almost completely lost in the internal structure obtained as a result of hot pressing, the pres-

Figure 7. A schematic hot-pressing system

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



157

Fabrication of Functionally Graded Metal and Ceramic Powders Synthesized by Electroless Deposition
 

ence of highly porous regions in the internal structure is clearly seen as a result of pressing and sintering 
operations separately.

The most important step in the preparation of FGMs obtained by the powder metallurgy and hot-
pressing method is the powder preparation stage. Powder particle size, shape and composition play a 
major role in obtaining FGM. It has been emphasized by researchers that powder characteristics play a 
critical role on the physical and mechanical properties of the final bulk material obtained after press-
ing and sintering (Brackx et al., 2015; Slotwinski et al., 2014). The physical properties of the powder 
particles, such as particle size and shape, play a critical role in the agglomeration of the powders and 
facing difficulties in mixing. Therefore, the tendency of nano-size powders to agglomerate should always 
be taken into consideration and mixing should be done under suitable conditions (Barbosa-Canovas et 
al., 2005). Also, as the powder size decreases, the contact angle between the powder grains increases, 
so the friction between the powder grains increases and the powder flow slows down. In other words, 
small sized particles frequently have cohesion among them resulting in low tapped density because of 
huge surface area causes the more friction and lower flowability. This negatively affects the compact-
ness behavior of pressing powders. This phenomenon results in the lower density of the bulk materials 
produced from the smaller sized powders (Landillon, Cassan, Morel, & Cuq, 2008).

Although spherical shaped powders are generally used in the powder metallurgy method, the use 
of powders with irregular and flake-like morphology is frequently encountered. The friction force 
between spherical morphology powders is very low, their flowability is high and their pressing ability 
is higher than other shaped powders. In contrast, despite the low flowability in the irregularly shaped 
or flake-like powder structure, powder grains are always present that can settle in voids that may form 
among the powders (Narasimhan & Amuda, 2017). Flake powder metallurgy technique, which is a new 
technique especially in the production of powder metallurgy and particle reinforced composites, is an 
excellent example to this subject. In this technique, it is desirable to select the matrix material, especially 
flake, when the powder integrity is ensured in the mold, it can be easily provided that the additives are 
distributed among the matrix powder particles and that they are homogeneous. There are many studies 
on this subject in the literature, which have quite impressive results (Fan et al., 2014; Guo et al. 2014; 
Jiang et al., 2012a; Kai et al., 2013a). It is inevitable that homogeneous particle distribution in the ma-
trix is superior to spherical matrix structures (Figure 9) and as a result of this, more dense materials are 

Figure 8. The microstructure SEM images of Fe-Al alloys obtained by (a)pressing followed by sintering 
and (b) hot-pressing only (Nassef et al., 2017)
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obtained and therefore, materials with high physical and mechanical properties are obtained by powder 
metallurgy method (Jiang et al., 2012b; Kai et al., 2013b).

One of the most critical factors affecting the material properties of FGMs prepared the powder metal-
lurgy method is the powder composition. By using powders with different compositions in each layer of 
FGMs consisting of different layers, structures with desired properties can be created in the desired layer 
in the same material structure. For example, B4C reinforced Al-matrix composite can be composed of 
many layers in order to eliminate thermal stresses. Increasing additives from the lower layers to the up-
per layers, the B4C ratio ensures high hardness and thermal conductivity in the areas where the material 
will be exposed to thermal stress (Camurlu, 2019; Pandey et al., 2016). Moreover, hard ceramic particle 
reinforced aluminum matrix composites with lightness properties preferred especially in aviation tech-
nologies are frequently used. However, the FGM structure consisting of wear-resistant layers developed 
from bottom to top in the material structure in the parts exposed to wear is an excellent choice for these 
applications (Bhattacharyya et al., 2008; Padmavathi & Ramakrishnan, 2014; Surya & Prasanthi, 2018).

In addition to using composite powders in different compositions in each layer of layered FGM ma-
terials, FGMs can also be produced by using functional graded powder particles (FGPs). The problem 
of inhomogeneous dispersion of reinforcement particles within the matrix in the traditional composite 
materials can be minimized with the production of FGPs. In addition, structures with different properties 
can be created in each FGP grain produced as a core-shell and integration of these FGPs with powder 

Figure 9. Uniform distribution of additive particles in the flake matrix (Fan et al., 2014)
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metallurgy can yield advanced featured material (Laima et al., 2016). Moreover, during the production 
of some ceramic-based nanoparticle reinforced metal matrix composites by casting method, the poor 
wettability of the reinforcing ceramic phase with the metal matrix and clumping problem can be elimi-
nated to the reinforcing materials by core-shell structure. Since the problem of oxidation of particles, 
which is another problem, in the melting metal will cause instability in the internal structure, it is also 
advantageous to form the core-shell structure by coating the powder particles prone to oxidation with 
metal (Elsharkawi & Esawi, 2018; Uysal et al., 2013).

The ED method was introduced in 1950. With this method, metallic films are formed on conductive, 
semiconductor or non-conductive surfaces without applying any external current. Metallization with 
palladium was applied before coating for metal absorption on non-conductive surfaces. Whatever metal is 
desired to be reduced to the surfaces, solutions containing metal and reducing agents are used. For more 
than 50 years, this technique is used in applications where wear and corrosion resistance are important, 
especially in the field of electricity (W. H. Lin & Chang, 1998). However, studies on the properties of 
FGPs obtained with this technique by making them compact with powder metallurgy are quite limited.

FGPs obtained by the production of metal coated metal and ceramic particles can be studied in the 
production of FGM. Structural properties of metals and ceramics of different properties can be combined 
with FGP production in a single structure to produce new and improved materials. In this context, the 
production of metal-coated metal and ceramic FGPs can be performed by methods such as ball mill-
ing, liquid-state methods of sol-gel, electroless deposition (ED) and precipitation deposition, and vapor 
deposition of PVD. ED method is frequently used as the most effective and fastest method among 
these coating techniques. In this method, metal ions are reduced from the aqueous solutions containing 
metal on a substrate, whether conductive or not. Surface metallization occurs as a result of autocatalytic 
chemical reactions without applying any current. Even on irregularly shaped surfaces, metal shell with 
homogeneous thickness can be easily formed. It is widely used by researchers because it is very fast, 
simple and low cost compared to other methods mentioned (Beygi, Sajjadi, & Zebarjad, 2012; Beygi, 
Vafaeenezhad, & Sajjadi, 2012; L. Luo et al., 2010)

As mentioned, the production of metal-metal and ceramic-metal FGPs obtained by the ED method 
is quite common in the literature. However, the studies on the characterization of bulk materials pro-
duced by the powder metallurgy method, which are provided with different material properties, are quite 
limited. Therefore, in this study, the production of FGPs by ED, the powder properties affecting FGP 
production and the properties of powder metallurgy produced from these FGPs are discussed. The use 
of FGP based materials produced with powder metallurgy can contribute to the literature in many areas 
thanks to its improved electrical, biocompatibility, hardness, abrasion and corrosion resistance compared 
to traditional composites.

MAIN FOCUS OF THE CHAPTER

In the light of the information gained in the background of the advantages of the production of FGMs, 
it is inevitable to obtain various features in a single material structure by pressing the bulk of the FGPs 
and the bulk materials obtained from these FGPs. Therefore, the main focus of this study is the produc-
tion of metal-metal and metal-ceramic FGPs and bulk materials by powder metallurgy from such FGPs.
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Fabrication of Metal-metal FGPs

ED process is a chemical reduction process defined as the catalytic reduction of the metal ion onto the 
substrate using reducing agents in the aqueous solution, which is the metal source of metal salts. Since 
this method is a coating technique with metal, alloy or a composite deposit on a substrate material with 
active conductivity, many researchers have studied the applicability and usefulness of ED of metals 
such as Ni, Co, Cu, Ag, Au and Pd on different surfaces (Pancrecious et al., 2018). The key point to be 
considered during the fabrication of metal-metal core-shell particles with the ED technique is that the 
substrate powder or substrate material surfaces to be coated do not contain an oxide layer. When it is 

Figure 10. ED mechanism of copper-silver core-shells (Hai et al., 2006)

Table 1. Metals that can be coated on metal surfaces by ED method (Djokić, 2005)

Pure metals Compounding with Ni and Co Some alloys

Cu, Ag, Ni, Cr, Co, Au, Pd, Pt, In, Sn, Ru, 
Rh, Bi, Cd P, B, W, Fe, Mn, Zn, V, Mo, Re, Ti AuAg, CuNi, AuSn, CuCd, PbSn, AuIn, 

PdZnP, CuCo, CuAu, PdNiP, PdCoP
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desired to coat the surface of a particle that is not purified from the oxide layer by ED, the formation of 
uncoated regions is observed, as shown in Figure 10 (Hai et al., 2006).

The surface cleaning or de-oxidation process, which is the first step in the metal-metal core-shell 
production process with the ED process, is a step that cannot be ignored for the quality of the final coat-
ing layer. For this, ammonium hydroxide and ammonium sulphate solutions are generally used. Metal 
particles with oxide film on the surface should be kept in solution to remove oxide film. For example, 
in the process of coating copper particles with poor oxidation resistance and containing oxide film on 
the surface by ED, the following reaction takes place during the cleaning of ammonium hydroxide and 
ammonium sulphate solution (Choi c Lee, 2019; Güler et al., 2019; Xu et al., 2003).

Cu2O + 2NH4OH + (NH4)2SO4 = [Cu (NH3)2]2(SO4) + 3H2O 

CuO + 2NH4OH + (NH4)2SO4 = Cu (NH3)4 SO4 + 3H2O 

Cu (OH)2 + 2NH4OH + (NH4)2SO4 = Cu (NH3)4SO4 + 4H2O 

All metals and metal alloys that can be electrolytically coated on metallic surfaces can be coated on 
autocatalytically active surfaces by ED method. However, it is necessary to properly prepare the ED 
solutions under the influence of factors such as pH, coating time, surface activity and temperature. The 
list of elements that can be coated on metallic surfaces with ED is given in Table 1 (Djokić, 2005).

Table 2. ED bath compositions for some common metals

Metal Metal salts Reducing agent Complexing agent

Cu (Deckert, 1995) Copper sulfate, chloride or nitrate
Formaldehyde, dimethylamine 
borane, borohydride, 
hypophosphite, hydrazine

Tartrate salts, alkanol amines, 
EDTA (ethylenediamine 
tetraacetic acid)

Ag (Chang et al., 2016; Li 
et al., 2015; Zhang, 2016) Silver cyanide, silver nitrate Sodium-potassium tartrate Sodium thiosulphate, sodium 

sulfite, EDTA

Ni (Brunner & Picalek, 
2012; Picalek et al., 2016) Nickel chloride or nickel sulphate Sodium hypophosphite Glycine-citrate, sodium 

citrate, lactic acid, malic acid

Au (Toben et al., 2002) Gold cynanide, potassium gold cyanide Sodium hypophosphite, 
phosphonic acid

Potassium cyanide, hydrazine 
hydrate,

Co (Sudagar et al., 2017) Cobalt chloride, cobalt sulfate Dimethylaminebo rane and/or 
phosphoric acid

Citric acid, triethanolamine, 
trisaminoathane, glycine

Pd (Ozaki et al., 2003) Tetraamminepalladium(II) nitrate, 
palladium chloride Hydrazine, formaldehyde Disodium EDTA, 

ethylenediamine

Cr (Benaben, 2010) Chromium chloride, chromium fluoride Sodium hypophosphite Sodium citrate, potassium 
bioxalate

Pt (Brachmann et al., 2019; 
Mizuhashi et al., 2015)

Hexachloroplatinic 
acid

Sodium borohydride, 
hydrazine Platinum hydroxide
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The plating of metals on the surface of other metal with the ED method depends on the salts contain-
ing the source of the desired metal, reducing agents and substances used as complexing agents. Metal 
salts, reducing and complexing agents used in ED of some metals are given in Table 2.

For example, copper-silver core-shell powders obtained by ED are used in many electronic fields, 
especially conductive adhesives (Sancaktar & Bai, 2011). The excellent electrical conductivity and 
oxidation resistance of silver has led researchers to work on electroless silver deposition on copper 
powders with very good electrical conductivity but lower oxidation resistivity (Chen et al., 2018; Hai 
et al., 2006; Shin et al., 2015; Xu et al., 2003). Some studies in the literature with ED method show that 
especially the coating layer on spherical surfaces is not as homogeneous as the coating layer on flat 
surfaces. Therefore, it should be ensured that powder metals have flake or flake-like morphology for the 
homogeneity of the metal layers that are desired to be obtained on powder metals by the ED method. This 
has a direct relationship with the specific surface area (SSA) and surface roughness. The ability of flat 
powder surfaces (flake) to absorb other metal ions during ED method compared to spherical surfaces is 

Figure 11. Silver coating layer onto the copper core particles with (a) spherical and (b) flake-like mor-
phology obtained by ED method (Güler et al., 2019)

Figure 12. SEM images of the silver adsorbed copper powders with (a) low and (b) high magnification 
(Peng et al., 2012)
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quite high (Ghosh & Paria, 2012; Güler et al., 2019; Shin et al., 2015). The difference between the shell 
coating layer obtained by the ED method using powders with spherical morphology as the core and the 
shell coating layer obtained from the powders using flake-like morphology is clearly observed in the 
SEM images of Figure 11. As can be seen in Figure 11a, spherical core morphology caused the nonho-
mogeneous coating layer with some uncoated regions and free silver particles remaining as unadsorbed 
on the core particles. Figure 11b shows the core particles in same composition with that of Fig 11a with 
flake-like morphology. As can be understood, smooth and homogenous coating layer adsorbed onto the 
core particles without free silver particles among the powders.

Another critical factor in obtaining metal-metal core-shell powders by the ED method is the particle 
size. This factor actually has a direct relationship with the surface area. The smaller the powder size, the 
greater the surface area and the area where the reduced ions can be adsorbed will decrease compared 
to the coarser powders. Besides, spherical powders have huger surface area than that of flake powders. 
It is because of the huge specific surface area value of the flake powders due to their high diameter to 
thickness aspect ratio. This high aspect ratio value can easily increase the chemical reactivity of the 
powders. Therefore, reducing of the metals with ED on the flake particles with higher specific surface 
area is easier than that on the spherical powders with higher surface area (S. Kumar, 2015). On the 
other hand, it will be inevitable to encounter the powders remaining uncoated by reducing the size of 
the powder, causing the powders to agglomerate in the ED bath (Xu et al., 2009; Zhang et al., 2012). 
Figure 12 shows the SEM images of the silver coated copper core powders fabricated by ED method. The 
copper core powders with the size less than 2 μm in this process. As can be seen in Figure 12a-b, very 
rough surface is observed by silver shell on the copper powders. This phenomenon means that copper 
powders agglomerated during the ED process and silver layers adsorbed on the agglomerated copper 
core powders (Peng et al., 2012).

One of the biggest problems in the powder metallurgy process is that a homogeneous distribution of 
different particles during sintering after pressing. Consequently, pressing and sintering of the powder 
particles with suitable coatings by techniques such as ED before starting the powder metallurgy stages 
directly affects the homogeneous bulk materials (Ramaseshan et al., 2001). Moreover, the problem of 

Figure 13. Ni coated elemental Ti powders with (a) low and (b) high magnification (Ramaseshan et al., 
2001)
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low oxidation resistance of intermetallic phases that will occur during the fabrication of materials as a 
result of high temperature process such as sintering or hot pressing (Jia et al., 2019; Nouri et al., 2019). 
However, very low oxidation resistance of metallic particles such as copper and titanium can be improved 
by coated with high oxidation resistance metals such as nickel. With this regard, a SEM image example of 
Ni coated titanium powders obtained by ED method were given in Figure 13 (Ramaseshan et al., 2001).

Fabrication of Metal-ceramic FGPs

Ceramic-metal core-shell FGPs describes the composite powders with different properties owing to the 
core’s and shell’s features in same powder structure. For example, with high electrical, magnetic and 
chemical properties in the same structure can provide to obtain the advanced powders by electroless 
deposited ceramic powders with metals. Moreover, the weak wettability of metals with ceramic pow-
ders for composite materials, metal-ceramic FGPs can be alternative to obtain good wettability and the 
structure with good distributed particles (Alirezaei et al., 2013; Hajizamani et al., 2012; Kilicarslan et 
al., 2012). The difficulty of electrolytically coating the powder components by applying current and the 
lack of homogeneous layer thickness of the coatings obtained by the electrolysis method encouraged 
metal-ceramic FGPs to be obtained by ED method. Accordingly, in the ED method, a metal layer can 
be formed on the ceramic powder surfaces by reducing the metal from metal salts containing metal ions 
by reducing agents as described in previous section of production of metal-metal FGPs (Djokić, 2005; 
Kang et al., 2012). However, the process of obtaining FGPs by metal coating on ceramic particles by 
electroless metal deposition involves a different process than that of metal particles. For metallic coat-
ings that are desired to be applied on metallic powder particle surfaces with ED, no activation process 
is required, while the ceramic powder particles used as core material should be activated and metallized 
for metal coatings. In Figure 14, the process steps for metal coating by using ED on ceramic powder 
particles are given schematically.

Figure 14. ED steps of ceramic cores/particles

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



165

Fabrication of Functionally Graded Metal and Ceramic Powders Synthesized by Electroless Deposition
 

For metal coating on ceramic particles with ED, the core particles used as ceramics need to be metal-
ized. In other words, the ceramic particle surface must be autocatalytically active in order to create the 
shell coating metal layer desired to be formed on the ceramic particle in ED applications (Pancrecious 
et al., 2018). FGPs with ceramic core that are intended to be produced by the ED method must first be 
purified from impurities that may be present on their surface. Although the surface cleaning process 
carried out in this way may seem like a simple process, it plays a critical role for the final ED coating 
layer. Any contamination on the core ceramic particle can cause metal ions to adhere to this contamina-
tion during the ED process. As a result, the formation of free metal ions/particles can be seen without 
being attached to the core ceramic surface (Muench et al., 2014). Due to the mentioned advantages re-
garding surface cleaning, ceramic core surfaces must be cleaned primarily in alkaline solutions because 
the alkaline solutions are very good cleaner. In addition, the use of alkaline solutions such as sodium 
hydroxide solution for cleaning ceramic particles removes the impurities on the ceramic particle due to 
its hydroxide content and makes the surface ready for activation by etching. The micro-rough pits that 
occur on the surfaces after the surface cleaning process enable the synthesis process and the activation 
process to be carried out perfectly. Synthesis is the process of placing Sn+2 ions in the pits of the surface 
for ceramic core particles that will be coated with ED. By taking the ceramic particles into the solution 
containing SnCl2 and acid stabilizers such as HCl and trifluoroacetic acid, Sn+2 monolayers are attached to 
the etching pits formed on the ceramic particles and make the ceramic particles ready for activation. The 
activation process applied after the synthesis process is the process of metallizing the ceramic particles 

Figure 15. The SEM images of (a) SiC, (b) Ni coated SiC FGPs and (c) these FGPs reinforced Al matrix 
composite microstructure (Leon & Drew, 2000)
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for ED. Ceramic particles containing Sn+2 ions in surface roughness are usually taken into PdCl2 + HCl 
solution for this process and Pd+2 metal ions are reduced on Sn+2 ions. Ceramic surfaces whose surface 
is reduced to Pd+2 ions are metalized by activation and become ready for ED. Ceramic-metal core-shell 
particles, which are desired to be obtained by ED of metals, are taken into the metal baths mentioned 
under the previous heading and ED processes are carried out (Kim et al., 2013; Wei et al., 2014) as shown 
in Figure 15. New materials with desired properties can be produced by coating many ceramic-based 
particles such as Al2O3, SiC, B4C, ZrO2, Si3N4 with different metals because of their improved properties 
such as wear, corrosion, microhardness etc. (Araghi & Paydar, 2010; Mazaheri & Allahkaram, 2012).

Ceramic-metal core-shell FGPs are mostly used to increase the wetting properties of ceramic re-
inforcing materials in the metal matrix, during the production of metal matrix composites by the stir 
casting method. Since the wettability of the ceramic reinforcement is poor with metals, the fact that 
the ceramic particles are agglomerated in the metal matrix directly affects the physical and mechanical 
properties of the final composites directly. Therefore, the addition of ceramic reinforcing particles into 
the matrix after being coated with suitable metals in the matrix minimizes the problem of agglomeration 
(Elsharkawi & Esawi, 2018; H. Wang et al., 2011). As can be seen in Figure 15, when the SiC particles 
is coated with Ni by ED method and these FGPs used as reinforcement materials in Al matrix, a uniform 
microstructure of composite can be obtained because of improved wettability of SiC particles because 
of its Ni shell on the core. This phenomenon provided the homogenous distribution of SiC particles in 
Al matrix as seen in Figure 15c.

SOLUTIONS AND RECOMMENDATIONS

FGPs that are produced as functional (layered) with the ED method bring many advantages by being 
bulk into powder metallurgy method. Layers with different composition around each powder grain pro-
vide a homogeneous distribution in the microstructure, greatly improving the final product properties 
(Hanyaloglu et al., 2001; Loto, 2016; Zhang et al., 2019). Figure 16 exhibits the SEM images of the 
microstructures obtained from electroless copper coated aluminum powders (Figure 16a) and electro-

Figure 16. The microstructure of bulk samples produced from (a) copper coated aluminum (Zhang et 
al., 2019) and (b) nickel coated aluminum powders (Hanyaloglu et al., 2001) by ED method
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less nickel coated aluminum powders (Figure 16b) with powder metallurgy and sintering processes. 
As can be understood, copper regions were homogenously distributed among the grain boundaries and 
in Figure 16b, Ni3Al alloy created from nickel coated aluminum elemental powders without porosity, 
concentratedly. This can be contributed that improved properties of the bulk materials can be produced 
from electroless deposited metal powders (FGPs) owing to distribution of the coating layers onto the 
substrate metal cores (Hanyaloglu et al., 2001; Zhang et al., 2019)

Figure 17. The electrical conductivity bridges created by copper-silver FGPs in the microstructure of 
an electrical contact material

Figure 18. The SEM image of the microstructure of bulk material obtained from copper-silver core-shell 
FGPs
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Silver is the metal with the best electrical and thermal conductivity makes it indispensable to use silver 
in such electrical and energy applications as electrical contact materials (Guo et al., 2019; Oluwalowo et 
al., 2019; Pompanon et al., 2019). In this context, materials obtained by silver coating on copper FGPs 
fabricated by ED and powder metallurgy followed by hot pressing method can be used for these applica-
tions. Considering the working principle of the electrical contact material, the high oxidation resistance 

Figure 19. The SEM images of (a) Cu-Ag-Ni FGPs and the microstructure of bulk samples with Cu-Ag-
Ni FGPs

Figure 20. SEM images of (a) Co deposited SiC FGPs, the microstructure of Al matrix (b) undeposited 
and (c) Co deposited SiC reinforced composites (Noori et al., 2016)
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and thermal conductivity of the material under the influence of temperature contributes to its resistance 
to arc erosion. The oxidation problem of copper at high temperatures causes arc formation during the 
operation of the electrical contact material (Güler et al., 2019). With the production of copper-silver 
FGPs, a small amount of silver layer surrounding copper powders will both ensure high conductivity and 
eliminate the oxidation problem of copper at high temperatures. The transmission of the current during 
the operation of the contact materials obtained from such FGPs is schematically given in Figure 17. 
And Figure 18 shows the microstructure of a bulk material produced from silver coated copper FGPs. 
There are many studies in the literature on the production of hard contact reinforced electrical contact 
materials with silver and copper matrix (Cui et al., 2019; Y. Wang et al., 2020; Yang et al., 2019; Zhao 
et al., 2020). However, the use of silver matrix composites is not in demand because silver is expensive 
while copper matrix composites shorten the service life of these materials due to the oxidation of cop-
per at high temperatures. Therefore, FGMs can be used, in which silver-plated copper FGPs are used 
as matrices, as reinforcement of hard particles, and also in which the electrical contact regions are used 
with harder compositions with higher conductivity towards the substrates.

Figure 21. Microstructures of the composites including (a) copper coated graphite FGPs, (b) double 
copper and nickel (4.5 vol. %Ni) coated graphite FGPs, (c) those of 7 vol. %Ni FGPs and (d) 10 vol. 
%Ni FGPs (Yuan et al., 2019)
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In addition, by using silver-based hard coatings made of copper materials for electrical contact materi-
als, oxidation resistance in contact materials can be increased and wear resistance can be strengthened 
by hard coating (Romanov et al., 2019). However, the copper layer used as a base after wear during 
contact operation causes oxidation when exposed to air and when exposed to temperature, and contact 
performance is badly affected. For this reason, the use of FGPs in such structures may be a factor that 
improves the wear performance of the material, compared to other conventional composites, due to the 
different composition metals surrounding each grain of powders (Figure 19a).

By increasing the number of layers on the metal core, material properties can be further improved. 
For example, 3-layer FGPs can be produced by ED on copper powders used as cores and then silver layer 
onto the copper powders and hard layers such as nickel on silver layer. The materials obtained by mak-
ing these powders compact by powder metallurgy can be low cost (copper content), excellent electrical 
conductivity and oxidation resistant (silver content) and high wear resistance (nickel etc. content on the 
surface). By adjusting the thickness of the layer such as nickel, the decrease in electrical conductivity 
can be minimized and at the same time, high hardness materials can be obtained. In case the materials 
produced from such FGPs are subject to wear, the hard layer found as a shell around each grain will 
wear out, and even after the wear of an entire grain, the nickel shell layer that will come from the bottom 

Figure 22. Uncoated WC particles with (a) low and (b) high magnification and cobalt coated WC FGPs 
particles with (c) low and (d) high magnification (Tong et al., 2019)
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can improve the wear resistance due to its high hardness. In this way, self-renewing materials can be 
obtained. Figure 19 shows the SEM images of 3-layer FGPs coated with silver on the copper core and 
then nickel-plated on the silver layer by the ED method.

Figure 20 shows the SiC-Co core-shell FGPs (Figure 20a), the microstructure of Al matrix composites 
with the pure SiC reinforcement ceramic particles (Figure 20b) and with the Co deposited SiC reinforce-
ment FGPs in Al matrix. It is clear that the homogenous reinforcement distribution in the Al matrix can 
be obtained with using the metal coated ceramic particles because of the good wettability of ceramic 
particles between the phase boundaries of the Al matrix and reinforcement ceramics (Noori et al., 2016).

Figure 21 shows the effect of Ni content on the microstructure of the composites including copper 
coated graphite FGPs. As seen, when the copper coated graphite FGPs are compacted, the graphite ag-
glomeration is existed in some regions resulted with weak physical and mechanical properties of the 
composites. When a nickel layer is created between the graphite and copper layers, on the other words, 

Figure 23. Figurative representation of the production of the bulk samples including W-Cu and Cu-Ag 
FGPs (Yuan et al., 2019)

Figure 24. Microstructure of composites produced from (a) Cu coated W FGPs and (b) Cu coated W 
FGPs mixed with Ag coated Cu FGPs (Yuan et al., 2019)
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when the graphite powders is deposited with electroless nickel first and then copper shell is formed on 
the nickel layer, according to nickel content the graphite particles is distributed uniformly in the mi-
crostructure as seen in Figure 21 b-c-d (Yuan et al., 2019). This situation contributes higher hardness, 
compressive strength and relative density of composites.

On the other hand, some ceramic-based particles, such as WC, are often used because they provide 
properties such as high hardness and wear resistance. However, when these particles are compacted, 
the compacted material shows high brittleness. Therefore, a soft metal phase needs to be incorporated 
into the WC, a softer phase that melts at the sintering temperatures of the WC. Metals such as nickel, 
iron and cobalt are often used as binders in such cases (Herd et al., 2018; Kumar et al., 2011; Liu et al., 
2018; Moustafa et al., 2011). Mechanical milling is generally used to distribute such soft phases (Co) 
in hard matrix particles (WC) for the fabrication of cutting tools. However, problems such as the risk of 
impurities due to the balls used in mechanical grinding and oxidation of metal particles during grinding 
encouraged the use of the ED method as an alternative method to this method. For instance, compacting 
the WC-cobalt core-shell FGPs (Figure 22) obtained by coating the WC powders (Tong et al., 2019) with 
the cobalt using the ED method, can form a bridge connecting each grain of the cobalt phase located 
between the WC grains. Thus, obtaining materials with very low porosity, high mechanical and physical 
properties can easily be achieved.

The production of composites obtained by making metal-metal and ceramic-metal core-shell FGPs 
compact by powder metallurgy method has also been developed recently. It has been demonstrated that 
the FGPs obtained by the ED method clearly improve the properties of the final microstructure. For 
example, the high hardness of W powders encourages the use of bulk materials obtained by pressed 
these powders in many areas. In areas where electrical conductivity and high hardness are desired, W-Cu 
composites are produced. However, since the bulk materials obtained from ceramic-metal components 
with minimum porosity will directly affect high hardness and electrical conductivity, first of all, Cu-coated 
W FGPs are mixed with Ag-coated Cu FGPs and compact metallurgy has achieved superior hardness 
and electrically conductive materials. A schematic representation of mentioned example production 

Figure 25. FGPs of (a) copper coated carbon nanotubes and the (b) microstructure of composite pro-
duced from these FGPs (Daoush, 2008)
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method and the materials used are given in Figure 23. With this regard, in addition to ceramic-metal 
core-shell FGPs, the effect of using metal-metal core-shell FGPs in the same structure is clearly seen 
in Figure 24b (Yuan et al., 2019).

In applications where electrical conductivity plays a critical role, the production of copper matrix 
and carbon nano-tube reinforced metal matrix composites is frequently encountered. However, the 
problem of adhesion of the carbon nanotube with the copper matrix causes the final composites to be of 
low density and therefore of low electrical conductivity (Sundaram et al., 2018). Therefore, it is a great 
advantage to obtain ceramic-metal FGPs as a result of copper coating of carbon nanotube powders with 
copper, primarily with ED. High density and electrically conductive materials can be easily obtained 
by subsequent aggregation of these FGPs by powder metallurgy or spark plasma sintering. The SEM 
images of copper coated carbon nanotubes and the microstructure of copper-coated carbon nanotubes 
composite materials obtained by making these FGPs compact is shown in Figure 25 (Daoush, 2008).

As a result, materials with many different properties can be obtained thanks to the bulk structures of 
metal-metal and / or ceramic-metal core-shell powders by powder metallurgy, thanks to their core struc-
tures with different properties. In addition, high electrical conductivity, hardness and wear resistance can 
be achieved in the same structure with multiple different layers stored on the FGPs by ED. (Figure 19)

FUTURE RESEARCH DIRECTIONS

As explained in the focus of this book chapter, the production of FGPs is commonly conducted by 
researchers. In the light of literature researches, FGPs produced are often added into matrix materials 
to obtain composites with advanced properties. The importance of direct bulk agglomeration of FGPs 
with metal or ceramic layers containing different and multiple electroless coating layers is emphasized 
in this study. Besides, the effect of the ED layers of FGPs used in these bulk materials on the physical 
and/or mechanical, wear, and corrosion properties of the materials may be a subject of researches in 
the future. For example, it has been observed in the literature that copper and silver-based composite 
materials are frequently used in the production of electrical contact materials. However, in order to in-
crease the hardness and wear resistance of the materials, hard particles are used as a contribution to the 
copper and silver matrix. Although these hard particles added to the structure increase the hardness and 
wear resistance of the composites, they cause the electrical conductivity values   to decrease significantly 
(Tian et al., 2006; X. Zhang et al., 2019, Mu et al., 2013). In such cases, thin layers such as nickel and 
chromium can be formed, for example, with high hardness, wear and corrosion resistance formed on 
copper or silver metal powders. By adjusting the shell layer thickness with different parameters in the 
ED method, particles with high hardness and abrasion resistance can be obtained without experiencing 
much decrease in electrical conductivity. In the structure of the compact produced from these particles, 
hard layer materials on each base material (silver, copper, etc.) can provide continuous renewal during 
wear. On the other hand, for the EMI shielding properties of materials, nickel ED treatment is frequently 
applied on polymer materials in the literature (R. H. Guo, Jiang, Yuen, Ng, & Zheng, 2012; R. H. Guo, 
Jiang, Yuen, Ng, & Lan, 2013; Moazzenchi & Montazer, 2019). In this case, the nickel layer obtained 
on the materials is coated only on the surface of the material. however, it is envisaged that applying 
nickel ED treatment on polymer pellets can then increase the EMI shielding properties of bulk material 
by pressing these particles. In this way, the nickel layer around each grain will be located on the entire 
microstructure and surface of the material and can improve the magnetic properties of the material.
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CONCLUSION

In this chapter, the authors focused on ED method and its importance as coating method, the fundamen-
tals of functionally graded materials and their importance in material science, powder metallurgy and its 
importance as fabrication methods in engineering applications. Moreover, fabrication and characteriza-
tion of functionally graded metal and ceramic powders by ED method were discussed with the literature 
works. Although there are many studies in the literature on the production of metal-metal and ceramic-
metal core-shell powders, studies on the core-shell FGPs by powder metallurgy and hot-pressing method 
are limited. FGPs fabricated by the ED method are used for the production of advanced materials with 
different properties in a single structure in many areas such as conductive adhesives, electromagnetic 
shielding with high electrical conductivity, antibacterial applications with high oxidation resistance and 
ceramic based powders with high wettability in metal matrix.

After the layered metallic powders are obtained by ED method, bulk materials can be obtained by 
sintering these powders by making them compact with powder metallurgy. After the layered metallic 
powders are obtained by ED method, bulk materials can be obtained by sintering these powders by making 
them compact with powder metallurgy. For example, bulk materials containing FGPs can be produced 
by powder metallurgy as a result of nickel ED being formed on the silver layer after silver coating of 
copper powders with ED. In this way, many material properties can be achieved in powder metallurgy 
products since each powder grain has both high electrical and thermal conductivity and high wear and 
corrosion resistance. In addition, such materials minimize the wear of the nickel layer on the top layer 
when exposed to wear, when this layer is worn, the nickel layer on the other grain from below acts as an 
anti-wear. In this way, materials that are self-renewing can be produced with high abrasion resistance. 
In addition, the ED layer thickness contained in the layered products obtained with ED can be changed 
by changing the ED parameters. On the other hand, with the production of ceramic-based FGPs, high 
matrix compatible powders with the good wettability can be obtained for metal matrix composites. In 
addition, when it is desired to manufacture ceramic bulk materials with high electrical conductivity, it is 
possible to coat high electrically conductive metals on ceramic particles. As a result of the metal coated 
ceramic FGPs obtained by powder metallurgy, the conductive metal formed in the grain boundaries 
can be produced both ceramic based and high electrical conductivity materials by forming a conductiv-
ity bridge throughout the material structure. It is also possible to replicate the procedures in obtaining 
biocompatible materials.
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ABSTRACT

This chapter attempts to make a review of electroless metal deposition over various non-conducting sub-
strates like for its application in the field of medical research, electrical and electronics units, household 
aesthetics, automobile and textile industries. Electroless coating of metals over conducting substrates 
have been developed, critically reviewed, and proven its worth by showing excellent desired properties 
over the years. This review aims to discuss the techniques that have been applied by the researchers to 
overcome the difficulties of coating on these materials, their influence in their physical and mechanical 
properties, and their prospects of use in the industries. With the discussion of the underlying coating 
fundamentals and its historical backgrounds, the emphasis was put into the coating deposition with 
sensitizations and activations of various substrates, electroless baths, and the characteristically changed 
properties of the materials observed in the analysis.
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INTRODUCTION:

Electroless deposition is a uniform coating method of metallic layer on the substrate surface through 
chemical reduction. In this technique metals like, nickel, copper, silver and gold can be deposited on 
substrate surface without the use of electrical energy. The idea of coating metallic nickel, on mostly 
conducting materials from aqueous bath with the help of sodium hypophosphite came into existence, 
when Wurtz revealed it in 1844. Then the era of electroless nickel coating started with the rediscovery 
work of Brenner & Riddell (1947).It was also taken into account that Mallory and Hazdu in 1990 were 
successful in finding the reducing action of sodium hypophosphite which stood as a stepping stone to 
successful electroless nickel coatings over conductive materials in the future. Sharma, Agarwala and 
Agarwala (2006) investigated thoroughly upon the techniques of the coating that helped researchers to find 
interesting facts too. Extensive studies over nickel-phosphorus and nickel-boron coatings over metallic 
substrates were made with the use of their respective reducing agents such as sodium hypophosphite and 
sodium borohydride. With the aim to develop excellent wear, friction and corrosion resistant hard electro-
less nickel coating, their micro mechanical properties were studied by numerous researchers (Balaraju, 
Narayanan & Seshadri, 2006).The idea of incorporating a second phase particle into the electroless nickel 
bath dates back in the year 1960 when Oderkelen (1972) tried to impose a structure of intermediate layer 
which contained fine divided particles distributed within the metallic matrix. Likewise, the introduction 
of alumina particles in the nickel-phosphorus matrix was done by Metzer (1973).

Electroless coating on metals, which are fortunately conductive materials, have been being the scope 
of work for researchers till now. In this field of research, scientists got ample opportunity to study the 
techniques with dedicated involvements with their aim to get conductive materials with superior physi-
cochemical surface properties. An electroless plating bath in general consists of source of metal ions, 
reducing and complexing agents, Stabilizers, Wetting and buffering agents. This bath is generally kept at 
suitable operating temperature. In previous works of scientists, involving electroless coating /plating of 
conductive materials (metals mostly) included metals like Copper, Nickel, Gold, Palladium, Silver, etc. 
were deposited over a metallic substrate. Researchers came a long way from single metal deposition to 
incorporation of phase, 1, 2, 3 element forming electroless alloy, alloy composites and nano-composites 
of conducting materials. Due to extensive use in industries, the electroless alloy composites of Nickel-
Phosphorus or Nickel-Boron gained popularity and the percentage of its use being near to singularity 
or hundred. Thus, often synonymously the word “electroless” started to relate nickel/phosphorus alloys. 
From Sudagar, Lian & Sha (2013) one can get a critical review of the electroless nickel/Phosphorus and 
nickel/Boron alloys.

The applications of Electroless coated materials (conducting/metals) have been really wide consider-
ing the aspect of its uses in industries. They found the way in the sector of aerospace, aviation, electrical, 
electronics, textile, automotive and many more (Agarwala & Agarwala, 2003). The choice of electroless 
alloy/alloy composites in these industries were based on certain mechanical and physicochemical prop-
erties which showed highlighted predominance viz. (a) its characteristics of being uniform with respect 
to deposition over substrate as well as its physical and chemical properties, (b)Excellent corrosion and 
wear resistance, (c)The ability to get welded and soldered easily, (d)The structure possessing high hard-
ness with microcrystalline deposits, and (e)even showing magnetic properties with resilience. Likewise, 
different alloys with economical electroless technique were coated for the desired properties, but among 
all, nickel singly turned out to be widely accepted and applied in the industries. Several electroless coated 
alloy of nickel became notably famous with the incorporation of third and fourth phase materials in the 
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Ni-P or Ni-B matrix like Ni-P-TiO2,Ni-P-Al2O3,Ni-P-SiC,Ni-P-MoS2,Ni-P-W,Ni-P-PTFE,Ni-P-Cu-Zn, 
Ni-B-Mo, Ni-B-Cu and many more (Gutzeit, 1958; Sahoo, 2011; Balaraju, 2010; Sudagar, 2013; Hajdu, 
2000; Mahallawy, 2008; Kodoma, 1989; Oguocha, 2010; Islam,2011; Choudhury, 2009).

Modern trends of material science have focused the interest of scientists and researchers towards 
non-metallic materials. From the automobile industry to bio-medical field, in every step of life the con-
ventional metallic components are being replaced by light weight but hard non metallic materials. In 
almost every cases these non metallic materials are non conductive also. It is not possible to provide a 
metallic coating or deposition to these non conductive materials by conventional electroplating process. 
Thus, surface engineers and scientists have faced that challenge and been able to deposit metallic coatings 
on these non metallic substrates by screen printing, sputtering and electroless deposition. Among these 
methods, being the least expensive, electroless method has gained much acceptability in the industry.

Non conducting materials are used extensively in automotive industries, home fixtures, electronics 
and bio-medical implants. An automobile manufacturing company uses non conducting materials in 
most of the aspect of the vehicle these days, say from interior to exterior for the purpose of reduction in 
weight as well as to add an aesthetic value. In the meantime care is taken to maintain a no compromise 
position with respect to the strength of the body. A similar scenario is seen for electronic circuit board 
and integrated chips now a days. In these cases, technology demands a light weight, strong but existence 
of conductivity. Sometimes materials required with self conflict characteristics having thermal barrier 
properties with electrical conductivity. Thus in view of all these respect metallic coating is essential on 
non conductive materials.

This chapter aims to make a review as to why there had been the necessity of coating non conductive 
materials and that too by the technique of electroless coating method. Emphasis will be given to the tech-
nique of using electroless coating adopted by the researchers for metallic deposition on non conducting 
materials like ceramics (Alumina, Titenia, Zirconia, Yttria stabilized Zirconia, Yttria treated Alumina, 
Zirconia treated alumina), plastics, Silicon or glass.

BACKGROUND

Material Science till now has been successful in pin pointing a few non-conductive materials for the 
metallic coating process overcoming the challenges. Graphite, Silicon carbide, Titanium Oxide, Alumina, 
Zirconia, Yttria stabilized Zirconia, Yttria treated Alumina, Zirconia treated alumina are some of the 
names. These are known as difficult substrates when it comes to the word plating/coating. A number of 
technologies are available for plating/coating such substrates like conversion plating, electrochemical 
plating, Hybrid coating, organic coatings, vapour phase process but among all, electroless technique 
proved to be the promising one in almost every respect.

In this context researchers have focused their interest towards two metals, Nickel and Copper. The 
importance of Nickel can be understood by the synonymously used electroless coating for electroless 
nickel alloy/alloy composite coatings. The uniform physical properties in the deposition over the sub-
strate, a crystallized structure after annealing gives excellent hardness, corrosion resistance and wear 
resistance, along with other notable mechanical properties makes them the first choice coating matrix 
(Krishnan, 2006). Sudagar, Lian, & Sha (2013) covered a typical physical and mechanical properties of 
pure nickel, Ni-P/B coatings. Another similar material of importance is copper(Ghosh, 2019).One of 
the large scales extracted and very first extracted metals on earth. It has remained all time useful for its 
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good electrical as well as thermal conduction properties. It is relatively soft when compared with other 
relative metals. Today, copper has found its place in fabrication of electrical and electronic components 
say transformers, motors, switches, fabrication of Air conditioning units, moulds, valves, clocks and 
many more. So the uses of such metals like nickel and copper as a coating over non conducting materials 
are gaining interest of researchers now days.

Cheng, Gan, Chen, Lai, Xiong & Zhou, (2019) fabricated copper/nickel-iron-coated graphite compos-
ites by electroless plating and SPS method. Pantograph slider is an electrical contact part which requires 
good thermal and electrical conductivities, excellent self-lubricating performance, wear resistance, arc 
ablative resistance, light weight and low cost at the same time it also needs high mechanical strength 
so that it can withstand vibration and is not damaged due to the impact and should be light in weight. It 
should also possess excellent self lubricating capabilities along with good wear resistance. In the above 
mentioned work, the focus was given on improving the interfacial bonding between graphite and cop-
per by coating graphite powders, which are in spherical form with nickel-iron alloy and simultaneously 
incorporating copper in it by electroless coating technique.

Silicon is another non conducting substance available extensively used in the electronic industry 
and forms the heart of integrated circuits (ICs) or so called silicon chips. With the base of this silicon 
substructure, researchers founded a way to use Copper upon layers of Titanium seeds. In their workAith
al,Yenamandra,Gunasekaran,Coane,&Varahramyan,(2006)described a way of depositing Cu on titanium 
seed layer which has been deposited over Silicon. Titanium served as a adhesion layer as well as a barrier 
layer to Cu diffusion which prevents copper to migrate into the silicon substructure, which is the way it 
is actually needed in integrated circuits if copper is to be used as a conducting material.

Apart from graphite and silicon another non conducting material which became quite a use in mod-
ern days is Ceramics. The use of ceramic, be it in a powder form or in reinforced structure are used in 
households to various industries. Therefore, the superiority of copper/nickel was there to be imparted 
to ceramics and it was achieved by coating ceramic powders with metals. A good number of researchers 
(Sharma, Agarwala and Agarwala 2006; Zheng, 2017) worked on development of metallic coatings on 
ceramic powder by electroless technique. They were able to come to a conclusion with evidence, that 
using the electroless technique, coating of metal over ceramic powders is feasible and efficient. The 
surface morphology of the electroless copper coating over ceramic powders showed a globular nature. 
The coating was found to be uniform not only over the plane surfaces but also inside of the porous region 
of the ceramic particles. A mechanical bonding was established in the globules inside micro-sized pores 
with the evidence of cauliflower structure by the coating. The coating of Cu upon ceramic powders by 
electroless technique is not only a process of chemical bonding but also a mechanical bonding. With 
these results it was evident that the scope of coating Cu (a metal) over ceramic (a non-conducting mate-
rial) is promising with notable desired physicochemical properties.

The considerable potential for the electroless coated ceramic nano-powders can be understood by the 
eagerness of the researchers to incorporate superior metals over it. As such, one of the desired ceramic 
materials used in thermal barrier coatings is Yttria Stabilized Zirconia or YSZ. The YSZ becomes a 
material of choice due to its low thermal conductivity, high thermal shock resistance, therefore where 
the primary criterion is non thermal conduction. For the manufacture of solid fuel cell anodes and to be 
used as elevated temperatures, the application of electroless nickel coated YSZ powders gave a result 
of expectations. Alavi, Aghajani, &Rasooli, (2019;Alhamadi,2018) worked on the electroless nickel 
coated YSZ by investigating and developing a single step surface activation methods. But in their work 
they were able to propose two different methods to do it.
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The inertness of the ceramics used in biotic environment (orbio inert ceramics) has found its picture 
20 years ahead of now or more. When the application of materials associated with medical fields /ap-
plications, like being used in artificial implants as a femoral head, acetabular cups, for Hip replacement, 
dental implants, bone fillers, tissue engineering and many more, the need for tough and strong biologically 
inert substances is met by ceramics. J.Chevalier,L.Gremillard of Universite’ De Lyon (2009)described an 
overview of application of ceramics for medical devices. Though the paper does not give a direct review 
for the electroless coating of the ceramic material, but surely gives an idea of its tremendous importance 
in the noble service to kind with its sensitive applications to medical field.

With the advent of Graphite, silicon, ceramic and one of its finer form Zirconia, one should not forget 
Plastic. Plastic with its good strength-to-weight ratio, mold-ability, lower density and excellent surface 
finish quality found its application in various types of industries in various forms as well. Two of the very 
famous industries of application are automotive and home appliances and two of the popular known forms 
are PET(Polyethylene Terephthalate) and PTFE(Polytetrafluoroethylene)(Ramalho,2005;Reid,2000).
The addition of electroless nickel and copper metal matrix are demanded popular works of achieve-
ments with purposes from strengths to shields (i.e., the strengthened microstructure and shielding of 
any form of conduction)(Kutnahoersky,2009). Coating on plastics had been emerged widely due to use 
in the manufacturing of automobile parts, electromagnetic shielding applications, printed circuit boards 
and many more(Cui,2012).One of the applications in the automotive industry is the production of the 
reflective surfaces in case of exterior mirrors, body panels, fenders, etc. The coated plastics can mostly 
be molded to accuracy with no tolerance required without even incurring damages. But with the need for 
better physical and mechanical properties in the electroless coated plastic, scientist stuck to the trend of 
plating them with conductive metal matrix which even led to the development of variations in the coating 
techniques through the process of sensitizing and activating the substrate. Selvam,2010 used a surface 
activation technique for deposition onto Acrylonitrile-butadiene-styrene plastics was done by employing 
biopolymer chitosan which in turn gave enhanced adhesive strength between the plating layer and the 
substrate. This method was different from the conventional sensitizing method. To develop electroless 
coated plastics as electromagnetic interference shielded composites, the factors like the resistivity and 
anti-oxidation capacity of the conductive filler materials used became important. Hence,a new aspect 
of developing a special purpose coating was found. The shielding effectiveness of the Electromagnetic 
Interference (EMI)of single or double layer electroless metal (say Nickel –phosphorus in pure form or 
in forms of Ni-NiP,Ni-P-Cu,Ni-Cu) coated reinforced carbon fiber ABS was investigated. The result 
showed that electroless copper coated reinforced carbon fibre/ABS plastic showed low EMI which was 
promising.

Further, for the production of selective metal patterns on PET sheets for good electrical and mechani-
cal properties, Garcia and others,(Li,2018;Narcus,1947;Tsai,2007;Nathan,2012 ;Jain,1993) developed a 
simple 3-D amino induced electroless plating process. Researchers viewed such process as an excellent 
alternative method for the fabrication of large area plastic electronic devices. Charbonnier, Geopfert and 
Romand (2003) was able to describe with his work that how noble metal complexes can be adsorbed over 
the surfaces of polymers (like PET) for modification. Such surfaces when in contact with the electro-
less bath will reduce the noble metal complex and form clusters for electroless depositions. The work 
of direct patterning of metallic layers onto insulating substrates like plastics or polymers now has great 
potential in fabrication of micro to nano devices. Wang,2015 in recent studies was able to demonstrate 
such deposition of Nickel patterns over these non-conducting surfaces.
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Ceramic particles reinforced metal matrix composites or CPRMMCs or simply PRMMCs, are widely 
used in large scale today in many fields of aerospace, electronic and new energy generation due to its 
excellent wear resistance, hardness, superior strength and low pricing/costing(Leon,2000).These are ce-
ramic particles coated with metals bearing ceramic cores and metallic coatings over it. One such material 
is metal coated ZTA. ZTA as it stands, Zirconia treated Alumina or ZrO2 toughened Al2O3.To improve 
the interface between Zirconia toughened Alumina particles and the metal matrix and nickel by electro-
less method was deposited over the surface of ZTA particles (Fan, Wang, Yang, Chen, Hong, Zhang, & 
Ren, 2018). Researchers performed studies of the mechanism behind this particular nickel coating and 
noted certain effects of parameters like the solution pH, loading capacity of the ZTA particles and the 
nickel deposition temperature. Conclusive evidence of nickel being plated successfully over the ZTA 
particles without any noticeable defects by electroless technique was achieved after the characterization.

Copper has been deposited over tungsten powders by electroless method. Wang, Xu, Srinivaskannan, 
Kopalla, Han, Xia (2018) worked on electroless copper plating of tungsten powders and the preparation 
of WCu20 composites by microwave sintering. The results of the work were noticeable inferences drawn 
by performing studies of the prepared WCu20 composites under the variation of controlled parameters 
like temperature and pH showing changes in micro-properties. Apart from these previous research works 
upon electroless coating over certain non-conductive materials, it is time to draw attention to some fun-
damentals of the EL plating/coating technique.

ELECTROLESS DEPOSITION

Sensitization and Activation

Deposition of metallic coatings on non-conductive surfaces by electroless technique is highly influenced 
by sensitization and activation procedure of the substrates. The sole reason behind the procedure is to 
develop a built-in-potential in the solution bath for the deposition to occur. To apply electroless nickel, 
copper or any other noble metal on the surface of conductive, non-conductive or semi-conductive ma-
terials, the surface should be activated by a catalyst to start the coating reaction. The way of activating 
a non-metallic surface or non-conductive surface such as ceramic or plastic is a multi-step process that 
usually consists of sensitization of the substrate by Sn2+ ions followed by an activation step by Pd2+ ions 
(Alavi, 2019; Wen, 2000; Izatt, 1967). On contrary to the two step procedure, Shipley and co-workers 
proposed a single step of activation method for such surface of non-conducting substrates by the use of 
colloidal solutions of catalytic metals like platinum, palladium, Gold (Shipley,2001;Boily,2005). For 
the purpose of coating non-metallic powders with nickel or copper using electroless technique, facing 
a difficulty in particle recovery is evident in each step. The complexity increases with the decrement 
in the size of the particles and therefore as such the no of working steps should be reduced as much as 
possible and Shipley’s work was one among it. In this work, stannous chloride used as a reducing agent 
to reduce catalyst metal ions of palladium is used as a catalyst. But later, Pd-Sn catalysts owing to its 
particulate nature was declared unsuitable for treating submicron core particles of ceramic by Garg and 
the coworkers who was working on the sensitization theory. They introduced a single step pre-treatment 
process (sensitization and activation) with palladium catalyst and sodium hypophosphite as a reducing 
agent (Garg, 1993). However, some typical examples of sensitization and activation of different materi-
als are described in the following sections.
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The work of Palaniappa, Veerababu, Balasubramanium (2007) on electroless nickel-phosphorus 
plating on graphite powders is a target oriented one as discussed above along with a unique way of 
activation which opens a direct aspect to the electroless deposition. Here, the activation was carried out 
by heating the graphite particles in muffle furnace at a temperature of 380oC for nearly 1 hour. It is evi-
dent that the sensitization and activation step for graphite particles differs from any other conventional 
research of electroless coating over graphite. The result was a more uniform nickel-phosphorus deposit 
on graphite particles. This technique for activation which removed any adsorbed gases from the surface 
of the graphite powders rendering it a highly active surface. On the other way, graphite powder was 
electrolessly coated with nickel-iron alloy and copper in sequence by Cheng, Gan, Chen, Lai, Xiong, 
Zhou with reference to the manufacture of a pantograph slider (Chen, 2017, 2019; Yang, 2011; Xu, 2014; 
Wang, 2017; Ma, 2018). A short discussion about their work has been done previously in this chapter.
The pollutants were removed by immersing the graphite powders into sodium hydroxide for 1 hour. As 
the powder gets degreased, it was put into HNO3 for another 1 hour. The sensitization was done in the 
solution of 15 g/l SnCl2.2H2O and 20 ml/l HCl at nearly 30oC for 30 minutes followed by the activation 
in 0.02 g/l PdCl2 and 20 ml/l of HCl at 50oC for another half an hour. An observation with tiny amount 
of Palladium atoms deposited over the quasi-spherical surface of graphite was evident after activation.

Al-Si oxide ceramic powder was coated with copper through electroless technique by Rahul Sharma, 
R.C.Agarwala, V.Agarwala (sharma, 2006). Sensitization of the ceramic powder to deposit copper over 
the dielectric surfaces, the Al-Si oxide was immersed in the solution of SnCl2 and PdCl2 for around 
five minutes and at a temperature of 25oC. The bath was kept at pH of 7.0 for both sensitization and 
the activation. Similar methodology was used by Lei Fan, Wang, Chen, Hong Zhang and Ren (2018) to 
deposit nickel on ZTA (ZrO2 toughened Alumina). The sensitization was done using aqueous solution 
of 15 g/l SnCl2.2H2O and 50 ml/l concentrated HCl for 30 minutes followed by the activation in another 
aqueous solution of 0.25g/l PdCl2 and 10 ml/l of concentrated HCl for 20 minutes. In other way, single 
step activation method proposed by Garg and coworkers(Garg,1993) for activating YSZ (Yttria stabilized 
Zirconia) nanopowders. Two variations of single step methods for activating YSZ were implemented. 
The first method used PdCl2 dissolved in distilled water and Hydrochloric acid with a pH of 1.5. The 
YSZ nanopowders were gradually added in the solution and stirred for about thirty minutes. The speci-
fied amount of sodium hypophosphite was added to the solution after stirring and the activated YSZ 
particles were recovered from the solution by sedimentation process. The second method, proposed by 
Alavi, Hossein and Rasooli (Alavi,2019) almost used the same techniques except for a few changes such 
as, the activation was carried out without the reduction of Pd2+ ion. With respect to the first method here 
after 30 minutes of stirring the solution, addition of 1M NaOH solution was facilitated to increase the 
pH of the solution to a desired value. The stirring gets continued for another half an hour after which 
the particles were recovered via sedimentation. With these methods a fact needs to be considered that 
the activation of nanopowder took place in room temperature.

Electroless Bath

Electroless process is a chemical reduction method to deposit metals on large verity of substrates. This 
chemical bath consists of basic elements viz. source ofmetal ions,reducing agent, complexing agent, sta-
bilizer, buffering agent and surfactants/wetting agents, which should be kept under certain experimental 
parameters like pH and temperature for successful deposition. The mechanism of electroless deposition 
is the reduction of metallic ions to substrate under the action of reducing agent, which are simply noth-
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ing but electron donors. The surface of the substrate needs sensitization and activation for a potential 
to get built up in the ionic medium. The metallic deposition occurs under the influence of this built-in 
potential difference. Thus without the use of any external current, this is an autocatalytic process, which 
accelerates the electrochemical reaction allowing the chemical reduction of metal ions or rather saying 
the oxidation of the reducing agents. The functions of electroless bath constituents are listed in Table 1.

An Electroless bath may be acidic or alkaline depending on the requirement of the type of metal 
to be deposited, the incorporated hard or soft material to be deposited along with it and the substrate 
upon which it is to be deposited. An Electroless Ni-P acidic bath provides nearly 3-5% P (low), 6-9%P 
(medium), 10-14%P (high) phosphorus content in its Ni-P EL alloy coating whereas in alkaline bath 
it shows constant stability in the phosphorus content. Needless to say, an EL bath becomes acidic or 
alkaline by the reaction of reducing agents, complexing agents, stabilizers, surfactants and therefore the 
pH of the solution bath too can be controlled by the use of additives.

The use of an acidic electroless bath almost becomes exclusive when there is a need for thick coated 
layers of metals over the surface of substrate. The obtained coatings show uniformity, are relatively stable 
and of good quality. This is taken as an advantage a hot acid bath solution has over an alkaline solution. 
The low phosphorus EL nickel coatings have excellent wear and corrosion resistance. In addition to it 
the medium phosphorus content coating shows well enough abrasion resistance to be economically ac-
cepted for application in industries. The high P content coating shows good ductility and resistance to 
corrosion against mechanical stresses and chlorides.

An alkaline EL bath proves advantageous while depositing nickel coatings over one of the non-con-
ducting material. But the downside it carries along with it is the tendency of instability at temperatures 
above 90°C.Being very much temperature sensitive, the alkaline bath found less application in industries 
for preparing thick coatings. The sudden decomposition of the warm alkaline bath creates instability, 
results an increased operating cost which industries tend to avoid. In addition to these other limitation 
is the lower corrosion resistance of the coating prepared in the alkaline bath. But researchers found a 
way of using stabilizers to effect for producing a good deposit rate and superior adhesion deposits such 
as use of organic additives like Sodium Benzene Sulfonate.
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Table 1. Fundamental aspects of electroless bath (Mallory and Hazdu, 1990)

Basic constituents Function Chemicals used by researchers

Source of Metal ions These are basically the salts of metals, soluble in water.

Nickel based coatings: 
     · Nickel sulphate 
     · Nickel chloride 
Copper based coatings: 
     · Copper sulphate 
     · Copper chloride

Reducing agent

This chemical component has a vital role in 
autocatalytic deposition of metals. This chemical agent 
produces sufficient electrons in electroless solution, 
to reduce the metallic ions on substrate. However, 
selection of reducing agent depends on the type of metal 
to be deposited and the desired properties of coating.

Nickel based coatings: 
     · Sodium hypophosphite 
     · Sodium borohydride 
     · Dimethyleamine borane 
     · Hydrazine 
Copper based coatings: 
     · Formaldehyde 
     · Hypophosphite 
     · Borohydride 
     · Hydrazine 
     · Glyoxylic acid

Complexing agent

Complexing agents are added to prevent the rapid 
or sudden decomposition of the solution bath, these 
reagents are important in controlling the reaction. 
These are mostly organic acids, or the salts of these 
acids. It works by controlling the amount of available/
free electrons available for the reaction. The electroless 
solution bath gets buffered by the action of these 
complexing agents and slows down the precipitate 
formation, say the precipitation of nickel phosphite in 
EL Ni-P coating. Even the evolvement of hydrogen 
can be reduced by the use of hydroxides, carbonates, 
ammonia and thus these can be used as complexing 
agents too. Also it is evident that a complexing agent 
impacts the quality of the metal deposition over the 
substrate thus affecting the mechanical property like 
internal stress.

Nickel based coatings: 
     · Citric, lactic 
     · Glycolic 
     · Proprionic acids 
     · Sodium citrate 
     · Succinic acid 
Copper based coatings: 
     · Cyanides 
     · Chlorates 
     · Iodates 
     · Molybdates 
     · Seignette salt 
     · EDTA salt

Buffering agent

Maintaining pH is one critical factor among all major 
factors to control the rate of deposition in an electroless 
coating. Hydrogen ions produced during plating causes 
the pH of the solution to decrease and hence the use of 
buffer is important in this aspect. In a Ni-P EL deposit, 
the addition of buffers controls the phosphorus content 
of the deposit which becomes an important factor for 
nickel deposition.

For both Nickel and Copper based bath
     · NaOH

Stabilizer

Stabilizers are chemical agents that are deliberately 
added in the electroless plating baths to prevent the 
homogeneous reaction that triggers the spontaneous 
decomposition of the entire plating operation. An 
electroless nickel bath is highly sensitive to impurities 
and therefore it becomes crucial to maintain the stability 
ad that can be achieved by the use of stabilizers in 
proper amount in the solution bath.

Nickel based coatings: 
     · Thiourea 
     · Lead acetate 
     · Heavy metal salts 
Copper based coatings: 
     · Potassium ferricyanide 
     · Sodium thiosulfate

Surfactants

In an electroless bath, surfactants are used as a wetting 
agent for the improvement of the wettability of the 
surface to be coated. During electroless reaction, 
hydrogen evolved, which might affect the surface 
properties and a chemical additive is required which 
will be able to counter it. This can be achieved by the 
use of surfactants which has an influence over the 
adsorption mechanism followed. It becomes even more 
important at the time of incorporation of certain soft 
particles in the EL coating like polytetrafluoroethylene 
(PTFE), molybdenum disulphide, Graphite etc.

Nickel based coatings: 
     · SDS 
     · CTAB 
     · DTAB 
Copper based coatings: 
     · complex organic phosphate esters 
     · alkyl phenoxy polyethoxy phosphates
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PROPERTIES OF ELECTROLESS COATINGS

On Ceramics

YSZ (Yttria stabilized Zirconia) nanoparticles were coated with nickel with single step activation method 
rather than applying a two or multistep conventional pretreatments by (Alavi,2019; Li,2001; Wen,2000; 
Baba,2009; Pratihar,2004; Lopez,2007; Izzatt,1967; Rodriguez,2012). The atomic absorption spectroscopy 
(AAS) results showed that there was an increase in the amount of deposited Palladium upon the YSZ 
nanoparticles with the rise of PdCl2 concentration in the bath. But it was seemed that the increase in the 
quantity of the catalyst hasn’t had any considerable effect on the deposited nickel’s amount in an equal 
period of time and the weight of the deposited nickel was almost same. But at the same time it was also 
observed that the electroless reaction took shorter period of time to complete with high concentration 
of catalyst particles which was obvious. Likewise, another result was drawn from the AAS estimation 
on the YSZ particles activated via the two step activation method. It was observed that initially with the 
raise of bath pH, the amount of Palladium increased but with pH value more than 3 the Pd concentra-
tion almost remained unchanged. Palladium Hydrolysis in aqueous solution demonstrated Pd2+ ions to 
be weekly acidic and near neutral at room temperature. The transmission electron microscopy (TEM) 
and electron diffraction pattern showed a uniform layer of EL coated nickel over the surface of the YSZ 
with a thickness of around 5 to 10mm. The Differential thermal analysis (DTA) and Thermal Galvanic 
analysis (TGA) were able to provide the thermal stability test result. Simultaneous thermal analysis 
(STA) results showed Ni-YSZ powders are thermally stable up to 1200 °C. The XRD patterns and mag-
netization curves of the coated YSZ with used different concentration bath of nickel salt were analyzed 
and it was evident that the deposited nickel ion varied in direct proportion with the concentration of the 
source in the solution bath.

Another ceramic particle ZTA, which showed high toughness, high hardness, outstanding wear resisting 
capability with economic at the same time were coated with nickel on the surface by electroless method 
(Fan,2018; Zheng,2017; Naga,2017; Han,2015; Nastic,2015; Chen,2017). The results of XRD showed 
evidence of nickel coated ZTA particles with nickel peaks present in it and the test sample exhibited a 
typical pattern for the ZrO2 and Al2O3 as well. The SEM images showed the result of interfacial nucle-
ation and growth of nickel. It was evident that nickel atoms got uniformly distributed over the surface 
of the ZTA particles with a grain size of nearly 2-5 µm. An observation on the loading capacity of the 
ZTA particles in the solution was seen which provides an inverse relation with the amount of nickel to 
be deposited over ZTA. It was found out that the optimal loading limited from 15-20 g/l of ZTA for an 
optimum nickel deposition along with an optimum operating temperature of 85°C.In the manufactur-
ing of ZTA reinforced iron matrix composite the electroless coated Ni-ZTA plays an important part too 
where the coated ZTA particles gets embedded in the iron matrix. Ni gets diffused into the Fe matrix 
while sintering and at the elevated temperature where the diffusion of nickel in the iron matrix took place 
with the formation of solid solution, and therefore an improved interfacial bond between iron matrix 
and ZTA were observed.

To understand the mechanism of bonding of copper on Al-Si oxides ceramic powder, Sharma, Agar-
wala and Agarwala (2006) used electroless method. It was observed that EL copper coating over the 
activated ceramic (Al-Si) substrate grew layer by layer inside and outside of the surface pores. It was 
suggested that the adherence of the electroless coating to the substrate is due to mechanical bonding. 
It refers to the formation of nano sized globules in the coating that entirely filled the surface and the 
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pores. Some other investigators suggested the cause of bonding to be chemical reactions at the interface 
which did its job well due to the pretreatment provided to the substrate. But with standing evidences, 
both chemical and mechanical bondings were given importance. It was observed that the coated powder 
changed its color after undergoing heat treatment from a brighter one (bright Maroon color) to a darker 
one. Comparing the XRD peak heights of the coated and uncoated phase in the pattern, it was quite 
understandable that the EL technique was efficient and feasible. The weight difference showed a 60% 
increase in weight after coating.

On Graphite Powder

The microstructure and surface morphology of the nickel-iron coated graphite composite was studied 
by (Narayanan,2004; Kong,2002; Pallaniappa,2007; Moustafa,2002; Xu,2014; Wang,2017; Chu,2010) 
using SEM, BFTEM, SAED and XRD and closely compared with the final copper/nickel-iron coated 
composite. Analysis and calculations were able to give results those certain mechanical properties like 
bending and compressive strength, hardness, relative density of copper/nickel-iron coated graphite 
composites is much higher than the copper/graphite composite. Researchers related that the nickel-iron 
coated graphite composite can make an attempt to have a higher mechanical property as such of the 
copper/nickel-iron coated graphite composite but would lag with the Electrical property. Such enhance-
ment in the mechanical property of the final composite is due to the continuously and evenly distributed 
electroless copper plating on the surface of the nickel-iron coated graphite which led to the complete 
Cu/Cu contact during sintering. The high electrical resistivity of the composite is a dominating effect 
of the higher electrical resistance nature of pure nickel and pure iron and hence the composite possesses 
an enhanced electrical property. Wear behavior of coated specimen were evaluated against pure copper 
using a block-on –ring tester. It was observed under 40N normal load at 1200 rpm the co-efficient of 
friction of copper-nickel-iron/graphite composite were higher than that of copper/graphite composite 
at the initial stage but it became opposite after sliding for about 35 minutes. The average co-efficient 
of these two different composites were very close due to the same graphite content present in both the 
composites. But however, the wear rate after hand calculation is found out much lower in case of copper/
nickel-iron coated graphite composite than of the copper/graphite composites.

With an aim to investigate the deposition of Ni-P on graphite surface, the non-conventional activa-
tion technique applied by Palaniappa, M.Babu, G.V and Balasubramanium (2007). Scanning Electron 
Microscopy or SEM was used to study the surface morphology of the coated graphite powders. The 
typical cauliflower type structure was identified as a deposited nickel structure upon graphite surface at 
higher magnifications. The particle sizes of graphite were in the range of 50-150 µm and that of nickel 
were in the range of 15-20 nm. The EDS analysis was performed on the EL coated graphite powders 
to find out the content in the deposits too which depicted peaks or C, Ni and P. It was observed that 
there was an initial increase in the plating rate but the rate was not linear throughout as it reduced and 
reached a plateau nearly after fifteen minutes. It was obvious that increase in the loading of graphite 
powder in the bath lead to decrease in the deposited nickel content as the effective surface area to be 
coated gets increased which demands to be coated with the same amount of nickel and therefore it was 
balanced accordingly with the weight percentage of graphite and nickel content in the EL bath. It was 
noticed that irrespective of the change in powder sizes, the variation in the nickel content deposition 
over the powder is negligible or near to zero. Rohatgi, Pai (Ashassi-Sorkhabi, 2004; Narayanan, 2004) 
observed similarities as such in case of copper plating on graphite powders. But on contrary, a higher 
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powder load results in a lower nickel % in the powder as analyzed by chemical wet method. The amount 
of phosphorus estimated was only 10% of the amount of nickel coated over graphite

On Other Non-conductive Materials

Several researchers have deposited metallic coatings on substrates such as glass, resins, polymers, pa-
pers etc. and investigated the properties in details. The difficulty or ease with which the desired coating 
characteristics were achieved depended on a few facts of which the impact of surface substrate is one. 
No matter what the reducing agent is or the chemical composition of the electroless bath, the surface of 
the substrate plays an important role to determine the morphology of the deposited film or coating. Even 
the nucleation of the depositing metal ions depends on the catalytic properties of the substrate surface 
(Shukla,2009;Das,2017).Mostly observed that EL Cu deposits have polycrystalline strong orientation 
which is a preference in the electronic industry to attain low electrical resistivity and electro-migration 
reliability (Aithal, 2006; Jain, 1993; Chin, 1998) .Irrespective of the additives used in the EL bath, the 
effect found on the polycrystalline structure is negligible or none except for sulphur and polyethylene 
glycol with which a strong texture is obtainable (Aithal, 2006; Ghosh, 2019; Nakahara, 1977).The crys-
talline structure of EL Cu deposits with diameter ranging from 150 to 430 angstrom was obtained on 
Alumina (Al2O3) due to interaction between Cu and the chelating agents(Kondo, 2014; Ghosh, 2019; 
Kutnahorsky, 2009).Observed that the surface sensitization and activation procedures did not have any 
effect of the structure of the substrate. Even the change in the reducing agents has no influence over the 
crystalline structures (Aithal,2006).

ELECTROLESS COATING OF TWO EXPENSIVE METALS

Electroless Silver Coatings

Mandich, Krulik, Singh (US patent:5322553) worked on numerous experiments to develop succesful EL 
Ag coating on numerous substrates. This system gave an idea of the use of a redox system comprised of 
thiosulfate-sulfite-sulfate with no other reducing agents needed.The system said to have eliminated the 
need for reducing agent such as formaldehyde, reducing sugars, hydrazine or borohydrides. The solu-
tion bath of this system is said as free from ammonia or cyanide ions and yet had a higher plating rate 
and solution stability than the other electroless silver bath. The base of their experiments very much 
matches with the scope of this chapter as the substrate used was epoxy glass laminate printed circuit 
board material. It is of utter importance that the epoxy test boards were precoated with thin layers of 
medium Ni-P before coating them with silver. Rest, the sensitization and the activation followed using 
Palladium chloride and HCl in the same way even for Ag plating that is seen for Ni-P pre-coating.

Chen Liu, Lei Geng, YiFan Yu, Y.Zhang, B.Zhao, S,Zhang, Q Zhao were able to demostrate for the 
first time that the incorporation of Ti in nano-particle form into the silver matrix promoted a significant Ag 
ion release as well as an increase in the electron donor surface energy which stands effective in enhancing 
the antibacterial effect of the Ag-TiO2 coatings.(Zhao,2007).The choice of electroless technique for the 
preparation of Ag-TiO2 nanocomposites was again a result to choose an economic and effective option.
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Electroless Gold Coating

Another expensive metal, gold was deposited through electroless technique onyarn, commonly known to 
all in the form of textiles. Yarn is generally non-conductive material made from plastics, animal fibers 
and plant material. Even silk in pure form is a non-conducting material unless coated or co-woven with 
copper threads. Though an electroless coating on any yarn contradicts with the fact that the process is 
expensive/uneconomical (Uddin,2010; Corti,2004; Goodman,2002) unlike any other electroless coat-
ing, still it finds its place of being advantageous in metallizing a difficult non conducting substrate as 
such. Yarns have been coated with noble metals such as silver, copper nickel for their own purpose of 
activity they needed to perform. Talking about this particular type of material being electroless coated 
with gold, researchers in textile industries aimed to use it as a sensing and measuring device of body 
parameters, the reason being the gold-coated wearable would be highly conductive to acquire data, skin 
friendly and stable (Uddin,2010; Kim,2006; Schwarz-Cordoen,2010; Westbroek,2007).With its inertness 
to biocompatibility, the EL coated Gold-Yarn has an excellent resistant to corrosion near to that of pure 
gold. Schwarz, Hakuzimana, Kaczynska, Banaszczyk, westbroek, McAdams, Moody, Chronis, Prinio-
takis, Mey, Tseles and Langenhove (Schwarz,2010; Ge,2003; Oh-Hong,1999; Green,2003) developed 
electroless gold coating on para-aramid yarns modified with polypyrole and copper. The SEM images 
of the coated fiber revealed smoother gold surface with increase in pH of the coating solution. Though 
at pH value of 7.0, larger grain size of gold with thicker deposit were obtained, still it was observed that 
at pH 9.0, the film contained closely packed crystals with very uniform distribution. The test result of 
the electrochemical impedance spectroscopy was quite significant about the fact that the gold coated 
para-aramid yarn aims to get integrated into fire-fighter garments to form ECG electrodes. These fabric 
electrodes must withstand the built-up sweat as well as ensure good electrical contact with the underlying 
hydrating skin. Tests of tensile strength were conducted on pure uncoated para-aramid yarn and on the 
electroless gold coated PPY-Cu yarn to see if the coating had any influence on the strength of the yarn. 
It was however statistically observed that the coating did not affect the mechanical strength of the yarn 
but also indicated that it reduced the yarn stiffness and its resistance to extension. It is an important fact 
to know that Au gets deposited over PPY-Cu by replacements which is when the material is immersed 
in the gold plating solution. First an ion exchange occurs between Cu and the yarn surface and the gold 
ions in the solution. Copper, being less noble than gold dissolves and enters the solution and in turn 
gold ions gets reduced and gets deposited in pure form over the yarn material. The layer of gold would 
start to grow unless a dense layer is obtained. At this point theoretically copper cannot be dissolved any 
longer and the ion exchange/replacement of ions process stops completely leaving a gold surface over 
the PPY para-aramid yarn.

CLOSURE

Electroless coating on conductive or metallic substrates have mostly shown properties like excellent 
resistance to corrosion and friction wear, high toughness with better micro-properties, fantastic electrical 
conductivities and magnetism which found its place in numerous industrial applications and reached its 
importance. But in certain sensitive applications like in an electronic industry where the substrate needed 
to be coated and non-conductive, required brainstorming and with experiments performed in the past 
and present, electroless technique became one of economical and viable idea. A non-conductive to be 
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coated is generally considered as a difficult substrate due to the problems faced with the adherence of 
the metals to it, but recently scientist are able to do so with the help of updated pretreatment techniques 
and material specific reducing agents.

With the inculcation of new technologies it has been possible to electroless coat material like steel 
with nickel or copper but the gap between the technical development and industrial applications needs to 
be filled to gain benefits of the electroless technique in coating a non conductive substrate. Technologies 
should be established for large commercial acceptance of these research works discussed in the chapter, 
provided they should show maximum efficiency on these kinds of versatile materials with lesser bath 
wastage and inclination towards green plating technology.
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ABSTRACT

Ni-Cu-P-W coating was deposited by electroless method on mild steel substrate to study the crystal-
lization and tribological behavior at different annealing temperatures. Energy dispersive x-ray (EDX) 
analysis, scanning electron microscopy (SEM), x-ray diffraction (XRD), and differential scanning calo-
rimeter (DSC) were used to study the composition, surface morphology, phase behavior, and thermal 
behavior of the coating, respectively. Tribological study was conducted using Pin-on-Disc tribotester. 
EDX analysis confirms the presence of Ni, Cu, P, and W in the deposit. SEM image shows the surface 
is dense, smooth, and without any observable nodule. Some of the samples were heat treated to 300°C, 
500°C, and 700°C for 1 hour to observe the crystallographic change by XRD. One sharp crystalline 
peak of Ni (111) is present in all condition, but the intensity increases rapidly with the heat treatment 
temperature. The phase transition temperature of this quaternary coating analyzed by DSC was 431.8°C.
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INTRODUCTION

Tungsten and copper already have gained much attention to material scientists and researchers as alloy-
ing elements due to their excellent material properties. Tungsten has high hardness, high melting point, 
high density and good corrosion resistance, on the other hand, copper possess high corrosion resistance, 
good conductivity, ductility etc. Thus for last two decades, researchers have deposited these elements 
as alloy along with Ni-P binary electroless coating to explore their properties and also to correlate the 
structure of alloy with their properties(Sudagar, Lian, and Sha 2013; Agarwal and Agarwala 2003; 
Ghosh,2019). Several researchers have studied the thermal stability and correlation between crystal-
line phase and hardness of Ni-W-P ternary alloy coatings (Tsai et al. 2001; Zhou et al. 2019; Luoet al. 
2018). It was reported, that crystallization temperature of ternary Ni-W-P deposit is higher than binary 
Ni-P deposit due to elemental diffusion of W which has high melting point. The hardness of ternary 
coatings is higher than binary coatings in both as-plated and heat treated condition due to formation of 
Ni-W solid solution. The hardness of Ni-W-P coatings increased sharply within the temperature range 
350°C to 400°C. Wu et al. (2003) studied surface characteristics of as deposited and heat treated ternary 
Ni-W-P coatings. Nodular surface was observed in as-plated condition of electrolessly deposited ternary 
alloy with an average roughness of 10 nm. After heat treatment to 400°C and 450°C the nodules started 
disappearing and smoother surface was generated. XRD and DSC results confirmed the precipitation 
of Ni3P phase after heating 300°C for long time (Tien and Duh 2004; Tien, Duh, and Chen 2004a; Tien, 
Duh, and Chen 2004b; Wu, Tien, Chen, and Duh 2004). At higher temperature all the metastable phases 
(Ni5P2, Ni12P5) transform in to stable Ni3P phase. Roy and Sahoo studied the friction, wear and corro-
sion behavior of ternary Ni-P-W coatings at different coating conditions and heat treatment temperature 
(Roy and Sahoo 2012; Roy and Sahoo 2013). It was revealed that, incorporation of tungsten in to binary 
Ni-P matrix enhanced the wear and corrosion properties up to 500°C heat treatment temperature due 
to formation of stable Ni3P phase (Palaniappa and Seshadri 2008). On the other hand, crystallization 
characteristics of electroless ternary Ni-Cu-P alloy were studied by several researchers (Yu, Luo, and 
Wang, 2001; Valova et al. 2005; Yu et al. 2002). It was reported that during heat treatment process low 
P with high Cu alloy first transform to metastable phase of Ni5P2, Ni12P5 then at higher temperature it 
is converted to Ni3P phase. As like Ni-W-P, Ni-Cu-P alloy also has higher crystallization temperature 
compared to Ni-P binary alloy. Incorporation of copper in to Ni-P deposit significantly improves the 
corrosion resistance (Liu et al. 2010; Liu and Zhao, 2004; Meng, M., Leech, A., & Le, H. 2019; Chen 
et al. 2019a; Chen et al. 2019b). Concentration of copper ion, pH of the electroless bath and bath tem-
perature has great influence on the corrosion properties of the coating. However, detailed study on the 
concentration of electroless bath constituents and heat treatment temperature on the tribological and 
corrosion characteristics of Ni-P-Cu ternary coatings were investigated (Roy and Sahoo, 2014). The 
comparative study between Ni-P, Ni-W-P and Ni-Cu-P revealed that, in respect to tribological behavior 
ternary Ni-W-P is better than binary Ni-P and with respect to corrosion characteristics ternary Ni-Cu-P 
is better that binary Ni-P alloy (Sahoo and Roy, 2017). Thus, to have a coating with good tribological as 
well as anti-corrosive property electroless quaternary Ni-Cu-W-P can be deposited. There are very few 
papers reported about the deposition of quaternary Ni-W-Cu-P from sulphate or chloride-based baths 
and their corrosion properties (Balaraju and Rajam, 2005; Balaraju et al. 2006; Balaraju, Anandan and 
Rajam, 2006). But, dependency of bath constituents and heat treatment temperature on the tribological 
and corrosion behavior of this quaternary coating is still untouched. The structural characterization and 
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phase transformation behavior within a wide range of heat treatment temperature also needs to explore. 
This research work is a preliminary step towards this aim.

Thus the present work aims to deposit quaternary Ni-Cu-P-W coatings by electroless method using 
sulphate and chloride mixed bath. The surface morphology and chemical composition of the deposited 
alloy was studied by scanning electron microscopy (SEM) and energy dispersive x-ray analysis (EDX). 
Within a wide range of heat treatment temperature (up to 700°C), the phase transition behavior was 
studied by x-ray diffraction analysis (XRD). The crystallographic transition and calorimetric study was 
carried out by differential scanning calorimeter (DSC). Tribological tests (wear and friction) were car-
ried in both dry and lubricated conditions.

EXPERIMENTAL DETAILS

Sample Preparation

Cylindrical mild steel samples (φ6mm × 30mm) were used as substrate for deposition of quaternary Ni-
Cu-P-W alloy by electroless method. The samples were wiped first, to make it free from foreign particles 
and corrosion products. In next step, samples were mechanically polished with SiC papers of fine grits 
to make the surface smooth. After polishing, samples were rinsed with deionized water and cleaned by 
dipping in to acetone bath for 5 min at room temperature. To degrease, the samples were dipped in to 50% 
HCL solution and rinsed with deionized water. Thoroughly cleaned samples were activated in an aque-
ous solution of 0.25g/L palladium chloride and 10ml/L concentrated hydrochloric acid (HCl) for 1 min.

Electroless Deposition

After completing the pre-treatment and activation, the samples were placed in to electroless bath for the 
deposition of Ni-Cu-P-W quaternary alloy. For each sample separate fresh bath was used. The electroless 
bath constituents and operating condition for coating are given in Table 1. In this study both sulphate and 
chloride based compound of nickel were used simultaneously in the electroless bath as nickel source. 
Thus, a mixed sulphate-chloride based bath was used instead of either sulphate or chloride based bath, 
used by previous researcher (Balaraju and Rajam,2005; Balaraju, Jahan, Anandan and Rajam,2006; 
Balaraju, Anandan and Rajam,2006). Bath temperature was monitored continuously by a digital ther-
mometer to maintain in the range of 90±2 °C. After 3 hours deposition the samples were taken out and 
again submerged in to a fresh bath for another 3 hours to increase the deposition thickness, which is 
essential for tribological testing. After complete deposition samples were taken out of bath and rinsed 
with deionized water and dried in air. Some samples were heat treated in a bench top muffle furnace at 
300°C, 500°C and 700°C respectively for 1 hour and cooled within the furnace.
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Tribological Study

A pin-on-disc wear and friction monitoring apparatus (DUCOM, TR-20LE) was used to conduct the 
dry and lubricated tribological tests. As-deposited and heat treated samples were held against an EN-31 
disc of higher hardness than the coatings to ensure the wear of coated surface only. During all the tests, 
the load, sliding velocity and sliding distance were kept constant at 10 N, 0.432 m/s and 259 m respec-
tively. For lubricated tests, commercially available SAE 10 W 30 grade lubricant was used. All the tests 
were carried out following ASTM G99 standard. Wear depth and friction force were directly measured 
by attached sensors with the apparatus. To ensure the stability and accuracy of experimental data each 
experiment was repeated three times.

Structural and Calorimetric Study

After deposition the samples were taken out and washed with deionized water. Energy dispersive x-ray 
analysis (EDX) (EDAX Corporation) was carried out for the confirmation of presence of all the alloying 
elements. Microstructure of the coated specimen was studied by scanning electron microscopic (SEM) 
(JEOL, LSM 6360) image. X-ray diffraction analyses (XRD) of each heat treated specimen were carried 
out with (PANalytical X-PERT PRO) powder diffractometer to study the phase transition and crystallo-
graphic characteristics of the quaternary coatings. The calorimetric study during the thermal processing 
was studied by differential scanning calorimeter (DSC).

Table 1. Chemical composition and operating condition for electroless Ni-Cu-P-W coating

Bath constituents Concentration

Nickel Sulphate (NiSO4) 10 g/l

Nickel Chloride (NiCl2) 10 g/l

Sodium Hypophosphite (NaPO2H2) 20 g/l

Sodium Citrate (Na3C6H5O7) 35 g/l

Ammonium Chloride (NH4Cl) 12 g/l

Sodium Tungstate (Na2WO4) 30 g/l

Copper Chloride (CuCl2) 0.3 g/l

Lactic Acid (C3H6O3) 5 g/l

Operating conditions

pH 8

Bath temperature 90±2 °C

Bath volume 200 ml

Deposition time 3 hrs
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RESULTS

Tribological Characterization

Figure 1(a) and (b) shows the wear behaviour of as-deposited (WHT) and heat treated (HT) samples at 
dry and lubricated environment respectively. The load, speed and sliding distance kept constant for all the 
experiments. It is evident from figure 1(a), at dry environment the wear depth decreases rapidly with the 
increase of heat treatment temperature up to 500°C, but beyond this temperature, wear depth increased. 
Similar trend of wear depth can be observed in case of lubricated environment in figure 1(b), but within 
the range of temperature from 500°C to 700°C, the increase of wear depth is not much compared to 
dry environment. Thus in both the cases, 500°C heat treated coating showed minimum wear. In figure 
1(c) and (d), variations of coefficient of friction (COF) are shown at dry and lubricated environment 
respectively. It is evident from the experimental data, that in dry environment, COF is lesser for 300°C 
HT than as-deposited coating, but increased with increase in heat treatment temperature. Whereas, in 
lubricated environment, COF for 300°C HT sample is higher than as-deposited sample and in next 
higher heat treatment temperature (500°C) it reduced down but again increased for 700°C heat treated 
sample. Thus lubrication and heat treatment temperature plays a vital role in controlling coefficient of 
friction of these coatings.

Structural Characterization

Chemical compositions of as-plated quaternary coatings were analyzed by energy dispersive x-ray 
analysis (EDX). Results revealed that, the coating consisted of 81.08 wt% - 83.64 wt% of Ni, 5.81 
wt% - 7.08 wt% Cu, 5.23 wt% - 6.45 wt% P and 4.22 wt% - 6.41 wt% W. The spectrum obtained from 
the analysis is shown in Figure 2. Surface morphology of the coating was studied by scanning electron 
microscope (SEM). Micrographs obtained from the analysis are shown in Figure 3. Figure 3 (a) shows 
the deposit is dense, apparently smooth and without any porosity. Highly magnified image at Figure 3 
(b) also confirms those characteristics mentioned above. This finding is quite consistent with the result 
obtained by Balaraju et al. (2005) (Balaraju and Rajam,2005). It was reported that, incorporation of 
copper in to the ternary Ni-P-W alloy coatings produces smooth microstructure with disappearance of 
nodularity at surface.

Crystallization Behavior

Diffraction patterns of as-plated and heat treated quaternary Ni-Cu-P-W coatings are shown in Figure 
4. Figure 4(a) shows the x-ray diffraction pattern of as-plated quaternary coating. It consists of a single 
crystalline peak of fcc Ni (111) at 44.72° (2θ) within a mixture of amorphous and nano crystalline 
structure. This type of crystalline structure appears in as-plated condition is due to presence of less than 
7 wt.% of phosphorous in the deposited alloy (Balaraju and Rajam,2005; Balaraju, Jahan, Anandan and 
Rajam,2006). Figure 4(b) depicts sharper peak with continuous heating at higher temperature. No other 
new phases have been identified at this stage. More sharp and narrow peak has been identified by heat-
ing at 500°C. At this condition the major peak also shifts a little to lower angle (44.24°). This can be 
explained by diffusion of tungsten and copper in to nickel matrix causing lattice expansion (Tien and 
Duh 2004; Yu, Sun, Luo, Wang, and Wu, 2002). At this heat treated condition small crystalline peaks of 
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tetragonal Ni3P and metastable hexagonal Ni5P2 phase appear at 41.7° and 42.77° positions respectively 
(Figure 5(a)). Further increase in heat treatment temperature to 700°C causes increase of intensity of 
all crystalline peaks, shown in Figure 4(d) and 5(b). It is clear from the enlarged view of XRD plot of 
700°C heat treated condition in Figure 5(b), that not only increase in intensity but, the metastable Ni5P2 
phase transforms in to stable Ni3P phase with the generation of some more Ni3P crystalline phase in the 
alloy. As in this deposited alloy, no other tungsten phase or copper phosphide phase have been identified, 
thus, the Ni (111) peak is suggested as Ni-W overlapped with Ni-Cu phase at higher temperature due to 
dissolving of tungsten and copper. The grain size of major crystalline peak at different heat treatment 

Figure 1a. Variation of wear and COF with sliding distance: Dry wear

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



215

Tribological and Micro-Structural Characterization of Ni-Cu-P-W Coatings
 

temperatures was calculated using Scherrer equation. The full width at half maximum (FWHM) and 
grain size corresponding to peak position is given in Table 2 and explained in Figure 6. It indicates that, 
grain growth rate is smaller at lower temperature but increases rapidly at higher temperature. Heating at 
lower temperature the grain size increased from 9.94 nm to 12.23 nm (increased by 2.29 nm). At second 
higher heating temperature the grain size reached 34.00 nm (increased by 21.77 nm) and at 700°C it 
reached 66.79 nm (increased by 32.79 nm). This crystalline structure formation is greatly influenced 
by the presence of tungsten and copper atom in fcc phase of nickel within the coating (Tsai, Wu, Chen, 
Peng, Duh, and Tsai,2001; Lu and Zangari,2002).

Figure 1b. Variation of wear and COF with sliding distance: Lubricated wear
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Calorimetric Study

The DSC plot for Ni-Cu-P-W quaternary alloy coating consists of 81.9 wt% Ni-6.87 wt.% Cu-5.63 wt.% 
P-6.41 wt.% W with heating rate 10°C/min is shown in Figure 7. Upper range of temperature was set 
to 550°C due to aluminium trey that had been used for holding sample during testing. The thermogram 
depicts a broad exothermic peak within the range of 316.6°C to 366.4°C. It can be clearly observed from 
XRD plots at Figure 4(b) and 4(c) that after 300°C peak sharpness corresponding to Ni (111) rapidly 
increased. Figure 4 also revealed, a sharp increase in grain size of Ni (111) phase after 300°C. Thus it 
can be concluded that after 300°C grain growth of Ni-W and Ni-Cu occurs and these phases coexist at 
44.24° (2θ) (Figure 4(c)). Another big exothermic peak is identified at 431.8°C. The peak starts from 

Figure 1c. Variation of wear and COF with sliding distance: Dry COF
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402.7°C and completes at 479.5°C. This peak corresponds to the formation of new crystalline phase 
of Ni3P within the deposited alloy along with significant grain growth of crystalline phases. It is also 
confirmed from the Figure 4(c). It depicts the existence of Ni3P phase at 500°C heat treated condition, 
which is not present at 300°C heat treated condition in Figure 4(b).

Figure 1d. Variation of wear and COF with sliding distance: Lubricated COF
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Figure 2. EDX spectrum of quaternary Ni-Cu-P-W coatings (as deposited)

Figure 3. SEM image of as deposited quaternary Ni-Cu-P-W coatings
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DISCUSSION

It is an established fact that, wear is very much related to hardness and in turn, depends on crystalline 
structure of the surface. In this work also, an attempt has been made to correlate the wear characteristics 
with crystalline structure at different heat treatment temperature. Balaraju and Rajam (2005) in their 
work showed that near 400°C the Ni3P phase starts to precipitate in this quaternary alloy and achieved 
highest hardness. Beyond this temperature grain coarsening starts and hardness falls down at 600°C. 
This result has a consistency with present investigation. In this investigation, the wear depth is gradu-
ally decreases with heat treatment temperature up to 500°C and then increases. The crystallographic 
study also revealed that near 500°C, Ni3P phase precipitation starts and beyond that temperature grains 
become coarse nodular. Thus it can be concluded that due to formation of Ni3P phase within temperature 
range 400°C to 500°C the hardness increase to its maximum value thus the wear depth is minimum and 
beyond that heating temperature due to grain coarsening effect the hardness decreases and more wear 
takes place. The wear debris, which are getting entrapped within the work piece and rotating disc, result 
increasing friction force at constant external load at higher temperature.

Figure 4. X-ray diffraction pattern of quaternary Ni-Cu-P-W coatings (a) as-plated, (b) 300°C, (c) 
500°C, (d) 700°C
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CONCLUSION

Electroless Ni-Cu-P-W coating was deposited from sulphate-chloride mixed bath. EDX confirms the 
presence of all the four elements within the deposit. XRD result of as-plated quaternary coating showed 
a crystalline peak of fcc Ni (111) which become sharper and narrower with the increase of heat treat-
ment temperature. A broad exothermic peak in DSC plot was observed within the temperature range 
of 316.6°C to 366.4°C due to diffusion of Cu and W in to the nickel matrix and forming Ni-Cu and 
Ni-W phase. Due to this diffusion, rapid grain growth occurred after 300°C. A sharp exothermic peak 
at 431.8°C was also observed in DSC plot due to formation of new crystalline phase of tetragonal Ni3P 
phase. The appearance of new Ni3P phase in 500°C XRD plot confirms this phenomenon, which was 
absent in 300°C XRD plot. After heating at 700°C for 1 hour, intensity of all crystalline peaks increased 
and all metalstable phases converted to stable Ni3P phase. Tribological study reveals that wear depth is 
minimum at 500°C and beyond that heating temperature; it starts to increase due to grain coarsening effect.

Figure 5a. Enlarged view of XRD plot 500°C
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Figure 5b. Enlarged view of XRD plot 700°C

Table 2. FWHM and grain size of electroless Ni-Cu-P-W coating at different heat treated condition

Heat treatment temperature (°C) Peak position 2θ (°) FWHM (2θ (°)) Grain size (nm)

As plated 44.72 0.86403 9.94

300 44.52 0.70187 12.23

500 44.24 0.25218 34.00

700 44.25 0.12839 66.79
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Figure 6. Variation of grain size and FWHM with temperature
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ABSTRACT

The powder metallurgy (PM) technique is suitable for mass production and is a well-established process 
for the low production costs of net-shaped products close to long series. The properties of the iron-based 
PM parts, such as strength, hardness, magnetic properties, impact, wear, and corrosion resistance, can 
be improved with adding various alloying elements. The desired surface performance can be achieved 
with various surface coating technologies. Recently, various coating techniques have been developed 
as discussed in the chapter. The alloying elements have a significant effect on the coating quality of 
the final product. Surface coating can be analyzed by examining the surface-coated powder metallurgy 
(PM) using infrared and Raman spectroscopy technique. This contribution focuses on the role of alloy-
ing elements on properties and coating technologies of powder metallurgy steels and Fourier transform 
infrared (FT-IR) and Raman spectroscopic applications on them.
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1. THE IMPORTANCE OF POWDER METALLURGY IN INDUSTRY

Powder metallurgy (PM) process is a near-net-shape production process that combines the properties of 
shape-making technology for powder compression with the improving of ultimate material and design 
properties (mechanical and physical) along with the subsequent densification or consolidation processes 
(e.g., sintering).

PM methods produce complicated components in a simple process, gas atomization, due to rapid 
solidification, easily and safely allows microstructural modifications such as grain refinement, reduced 
segregation, and increased solubility. Low cost and high quality in mass production, wide alloying 
probability and low-density part production are other advantages of PM technology (Angelo and Sub-
ramanian, 2008; Chawla et al., 1999; Lee et al., 1998). Nowadays lots of PM-products are used in vari-
ous industries; these are automotive and off-highway vehicle applications, machinery, computers and 
fabric sector equipment, home appliances and biomedical device manufacturing sectors. PM products 
have high surface quality and their properties such as strength and wear resistance may be improved 
by applying heat treatment. PM methods ensure part-to-part reproducibility and are appropriated to 
medium-to-high volume manufacturing. If required, controlled microporosity may be supplied for self-
lubrication or filtration. The advantage of the method is that the PM alloy can be exactly designed for 
environmental agents. Then, it may be applied in low amount to form a metallurgical bond with a low-cost 
substrate that will withstand application conditions (Samal, 2015; Lee et al., 1998). The desired surface 
performance can be achieved with various surface engineering technologies that can be applied to PM 
components. In recent times, many numbers of surface coating techniques have been developed such as 
organic coatings, ceramic coatings, metallic coatings, laser-based techniques, thermal spray coatings, 
chemical vapour deposition (CVD), physical vapour deposition (PVD) coatings, and other methods of 
surface modification, which help to improve the tribological properties of the PM materials (Boing et 
al., 2020; El-Eskandarany, 2015; Donghai et al., 2017; Lee at al., 1998).

PM technology combines different fields, such as polymer and chemical engineering, physical met-
allurgy and surface sciences. Advances in the field of PM in the last decade are the result of a method 
of a multi-disciplinary approach (Narasimhan, 1996; Klar and Samal, 2007; Dangsheng, 2002). An 
extensive range of engineering materials are available, and through proper material and method selec-
tion, the necessary microstructure may be created in the material with the addition of variety alloying 
elements. Alloying additives such as nickel, copper, molybdenum, graphite or carbon are added to the 
base iron powder to provide the desired performance characteristic of a PM product. A few alloying 
techniques are available to create PM-products from low alloy powders (Samal and Newkirk, 2015; Sal-
gado et al., 2001; Klar and Samal, 2007). In this chapter; alloying techniques of PM steel products and 
the effects of alloying elements on PM steel parts, and their surface treatment are discussed. In recent 
years, surface the coating technologies used in coating of PM-products have been mentioned. Moreover 
Fourier Transform Infrared (FT-IR) and Raman spectroscopic studies on the alloy composition of PM 
steels will be discussed.

2. ALLOYING METHODS IN POWDER METALLURGY

The microstructure of PM materials, the size, morphology and distribution of the pores in it, directly af-
fect the mechanical properties of the product. Alloy elements are added to increase material performance 
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characteristics. For example, it is very significant to add alloying elements to develop the mechanical 
properties of pure iron because it is essential for the production of components such as strength, hard-
ness, ductility, impact resistance and fatigue strength. At the same time, the alloying technique has an 
important influence on the microstructure and porosity of the final product (Narasimhan, 2001; Dincer, 
2014; Skoglund et al., 2013). Carbon is normally mixed into the iron powder in the form of graphite, 
but different metallic alloy elements are often admixed by various techniques (Narasimhan, 1996; Lee 
et al., 1998; Narasimhan, 2001). The methods used in the alloying of ferrous PM materials can be clas-
sified as follows; (Samal and Newkirk, 2015; James and West, 1998; Yu et al., 2004; Lee et al., 1998).

a)  Admixed alloys
b)  Partially alloys (diffusion alloys)
c)  Pre-alloys
d)  Hybrid alloys (mix of diffusion-alloyed powder with pre-alloyed powder)

The schematic representation of the above-mentioned different alloy methods is illustrated schemati-
cally in Figure 1.

Admixed Powders

Alloy additions may be mixed into iron powder in elemental form or as ferroalloys such as Fe3P, FeCr 
or FeMn. This alloy method is the most common and cheapest method used in generally ferrous powder 
metallurgy. The additions are not alloyed with the iron powder when the mix is pressed, so, the admixed 
materials maintain most of the compressibility of the base iron powder. The diffusion of the alloying 
elements in iron at sintering temperature during sintering limits the degree of alloying. Therefore, the 
observed microstructures may be microstructurally and chemically heterogeneous. The density needed 
to obtain the requested mechanical properties usually determines which type of powder to use. Water 
atomized iron powders or directly reduced sponge iron may be used as the base powder for admixed 
structures (Yu et al., 2004; Lee et al., 1998; Bergman, 2011; El-Eskandarany, 2015). The benefits of 
admixed processing with binders can be listed as follows: (Lee et al., 1998; Yu et al., 2004; Angelo and 
Subramanian, 2008).

Figure 1. Schematic representation of alloying methods (Lee et al., 1998; Yu et al., 2004).
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• Provides reduction of variability in sintered properties
• Opportunities for new alloy improvement,
• Developed (or consistent) flow rate and good die filling while maintaining same green strength,
• Potential for obtaining enhanced PM part weight and densities control without the require,
• Potential for developed efficiency,
• Use of fine particle additives.

Partially Alloyed (Diffusion Alloyed) Powders

The demand for making high ductility, high strength PM parts by only pressing and sintering has been 
influential in the development of various composite types of partially pre-alloyed steel powder con-
taining molybdenum, nickel and copper. In partially alloyed powders, also known as diffusion alloyed 
powders; alloy additions are metallurgically bonded to either a pre-alloy powder base or an elemental 
iron powder. Since the compressibility of the base powder is not desired to be significantly reduced, the 
diffusion alloying of the additions is controlled to ensure sufficient bonding to the base powder while 
limiting the diffusion degree of the additives. Products made from partially alloyed powders have a com-
plicated as sintered microstructure occurring of regions of martensite, fine unresolved pearlite, bainite, 
nickel-rich ferrite including blocky carbides, in addition, scattered nickel-rich areas of retained austenite. 
This complicated microstructure ensures a combination of better tensile ductility and tensile strength 
in addition to a material with great impact energy. Diffusion alloyed materials may be heat treated to 
developed for such as apparent hardness, strength, and wear resistance. Diffusion alloyed powders have 
also enabled the removal of double sintering-pressing and sizing because of the high hardness achieved 
in the sintered condition (Lee et al., 1998; Bergman, 2011; El-Eskandarany, 2015; Samal and Newkirk, 
2015). The benefits of diffusion-alloyed steel powders are (Lee et al., 1998; Yu et al., 2004; Angelo and 
Subramanian, 2008):

• Enhanced green strength,
• Uniform distribution of alloying elements,
• Protection of high compressibility of the base iron,
• Less alloy separation and dusting risk when transporting the powder mixture,
• Excellent stability of this composite type base powder,
• Good sinterability.

Pre-alloyed Powders

Pre-alloyed low alloy steel powders are beneficial in the production of PM components manufactured 
for use in high performance applications. The amount and type of the alloy used may be controlled the 
hardenability of the pre-alloyed materials. For example, nickel, manganese and molybdenum composi-
tions are added to the molten iron during the steel production process to produce a chemically consistent 
powder. During melting and atomization, applications are followed to ensure the production of powders 
that do not contain non-metallic inclusion and suitable for the most demanding requirements. The reactiv-
ity of carbon in graphite form is excellent with pre-alloyed powders, and it provides close control of the 
combined carbon content during sintering. These powders are utilized in a wide variety of applications. 
Changing performance requirements are met with a combination of alloy selection, carbon additions 
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and processing conditions. The compressibility of admixed or partially alloyed powders is generally 
higher than that of pre-alloyed powders. Generally, pre-alloyed powders are often used for parts that 
need heat treatment. The amount and type of the alloy used may be controlled the hardenability of the 
pre-alloyed materials. For example, the compressibility of pre-alloyed powders using only molybdenum 
as the main alloy material is higher than Nickel-Molybdenum pre-alloyed powders. Products made from 
pre-alloyed powders have a uniform microstructure and apparent hardness. Carbides formed in the as-
sintered condition are not in lamellar in nature. The characteristic carbide morphology may be defined 
in the as-sintered condition with pre-alloyed materials (Yu et al., 2004; Lee et al., 1998; Bergman, 2011; 
El-Eskandarany, 2015; Samal and Newkirk, 2015; Angelo and Subramanian, 2008).

Hybrid Alloy Powders

Hybrid alloys are formed by adding elemental and ferroalloy additions to partial or pre-alloyed base 
powders to obtain the desired chemical composition. When added to nickel or copper pre-alloy powders, 
it can be highly compacted with molybdenum, which is the addition of the main alloy. It has become 
widespread with the use of pre-alloyed powders. It is particularly suitable for the addition of high-carbon 
ferroalloys to these pre-alloyed powders to produce chromium-molybdenum, manganese-molybdenum 
and chromium-molybdenum-manganese steels. Addition of elemental Ni to partially alloyed powders 
may be to provide greater impact properties. The compressibility and hardenability of hybrid alloy 
materials are mainly related to the properties of the base powder used. The general characteristics of 
hybrid materials are that it has heterogeneous microstructure and apparent hardness. Generally, higher 
sintering temperatures and longer sintering times caused to more diffusion of alloy additions and the 
formation of more homogeneous microstructures (Lee et al., 1998; Bergman, 2011; El-Eskandarany, 
2015; Samal and Newkirk, 2015).

3. THE EFFECT OF ALLOYING ELEMENTS ON THE 
PROPERTIES OF POWDER METALLURGY PARTS

The addition of alloying elements (pre-alloyed, admixed, or diffusion-alloyed) is an important aspect of 
the design stage as the part of PM component manufacturing and has a marked effect on the mechanical 
properties of the final product. Alloyed PM steels are a particular group of PM materials, having various 
composition of alloying elements (Cr, Mo, Ni, Mn, V, Cu, Ti and W). Each alloy elements specifically 
affects the properties of the PM steel and additionally plays an essential role in heat treatment behavior. 
Strong bonding of alloy additions offers an economic advantage in terms of less green scrap, higher al-
loy efficiency and an easier maintenance environment. The amount of respirable dust in the immediate 
surrounding of the compaction press is decreased in order of magnitude and plant purity is significantly 
developed. Variety alloying system such as Fe-C, Fe-P, Fe-Cu, Fe-Mo-C, Fe-Cu-C, Fe-Ni-C, Fe-Cr-Mo-
C, Fe-Ni-Cu-Mo -C, Fe-Mo-Cu-C have definition of ferrous materials (Lee et al., 1998; Angelo and 
Subramanian, 2008; Shanmugasundaram and Chandramouli, 2009; Yu et al., 1998).

Carbon is the main element for PM steel and steel. Because of the increasing in temperature of the 
martensitic transformation, the carbon enhances the tensile strength and hardness but reduces the elon-
gation. This is valid for wrought steel as well as for PM steels. In the components containing more than 
0.8% carbon concentration, residual austenite formation takes place, which causes a decrease in tensile 
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strength. Carbon dissolves in austenite during heating. Subsequently, the transformation of austenite to 
ferrite-carbide aggregates results in changing strength levels after cooling from the austenitizing tem-
perature. The porosity of sintered PM steels affects the properties that may be seen after heat treatment. 
As mentioned above, the properties depend on the processing conditions (Yu et al., 2004; Lee et al., 
1998; Danninger and Gierl, 2008).

Nickel is added to enhance the strength, impact and abrasion resistance, and fatigue strength of steels. 
Shrinkage may occur during the sintering. Nickel steels are the most widespread high strength and heat 
treated materials. Usually 1-4% Ni alloy is added in PM steels. The addition of nickel does not enhance 
the sizes, but causes shrinkage and forms a solid solution with a limited solubility in iron. The impact of 
nickel on tensile strength is lower than copper. Because the solubility of nickel to iron is quite low, but 
it increases the hardening ability of the steel. Thus, it provides additional benefit to the parts to be heat 
treated to obtain enhanced mechanical properties (Lee et al., 1998; Danninger and Gierl, 2008; Angelo 
and Subramanian, 2008; Shanmugasundaram and Chandramouli, 2009).

Copper is added to steel for enhance strength, wear resistance, and apparent hardness. It is usually 
added in combination with other alloying elements. The addition of copper and graphite leads to growth 
in sintered compact. Copper is mostly added to iron because it melts and quickly dissolves, thereby sig-
nificantly enhancing the strength of the iron. Copper melts (Tm=1083þC) at the sintering temperature 
normally used (1120þC). Liquid copper penetrates the spaces between the grain boundaries and the 
powder particles within single powder particles. After copper melts, it leaks along the grain boundaries 
of the structure during sintering, which explains the swelling behavior. For this reason it is difficult to 
separate grain boundaries from particle to particle contacts. Copper steels can be heat treated to enhance 
strength, wear resistance and apparent hardness (Angelo and Subramanian, 2008; Mocarski et al., 1996; 
Angel et al., 2014).

Chromium creates unsteady carbides in steel. But chromium is inexpensive and widespread. It 
enhances corrosion resistance, particularly to intercrystalline corrosion. Additionally, it can delay trans-
formation throughout tempering. Cr is the most widely used alloying element in heat treated structural 
steel (Bergman, 2011; Wang, 2005; Angelo and Subramanian, 2008; Engström et al., 1992).

Molybdenum is generally used for nitriding, because the nitrides it forms strengthens the steel. 
Mo enhances creep resistance and hardenability. The prevalence area of austenite is narrowed with the 
addition of Mo. The steel containing 3% Mo has a ferritic structure. Molybdenum has a high affinity 
for carbon and creates carbides, for example Mo6C. Molybdenum is an effective hardening agent and 
develops densification because it is a ferrite stabilizer (Mocarski et al., 1996; Bergman, 2011; Sułowski 
and Matusiewicz, 2013; Dincer, 2014).

Manganese provides enhanced strength and hardness in combination with molybdenum. Manganese 
is easily reachable and cheap, PM steels with this element have similar properties to Ni steels. On the 
other side, manganese has a high affinity for oxygen and causes problems during manufacture, there-
fore this element is added to powder mixtures as ferroalloy. Since manganese easily forms oxide, it is 
necessary to carefully select the sintering atmosphere. With the addition of sulfur, the workability of 
sintered iron and its alloys is developed. Also manganese sulfide particles have been added to iron to 
provide similar benefit. Recently days, the sulfur in the liquid melt is dissolved in the melt before being 
atomized (pre-alloyed sulfur) to create manganese sulfide (MnS) with carefully controlled amounts of 
manganese. If it was pre-alloyed, as a result of the addition of these particles of MnS causes as a gray 
phase in the pores or a MnS phase to form inside the iron particles (Wang, 1994; Lawley and Murphy, 
2003; Šalak and Selecká, 2012; El-Eskandarany, 2015).
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Silicon has a positive effect on the magnetic properties of iron. Silicon reduces the saturation induc-
tion and enhances the resistivity. Liquid phase occurs during the sintering (Bergman, 2011; Danninger 
and Gierl, 2008).

Phosphorus has a positive effect on the soft magnetic features when it is added to iron. The phospho-
rus element stabilizes the alpha phase, which is more open, and creates the liquid phase at 1050°C. The 
sintering occurs at the mostly used temperature of 1120 °C. Phosphorus causes to enhance the resistivity 
and saturation induction and reduces the coercive area. Phosphorus forms a liquid phase, like copper, 
under the normal sintering conditions. However, the difference in microstructure is important. In contrast 
to the copper in low concentrations, it forms shrinkage because of the formation of phosphorus sintering 
in the ferrite phase. The diffusion rate of phosphorus is not as fast as a carbon, but it is fast enough to 
provide a good dispersion in the material at normal sintering times and temperatures (Bergman, 2011; 
Dobrzanski et al., 2007; Šalak et al., 2005).

The combination of alloying elements significantly affects the properties of steels. There are many 
studies in the literature about the effect of alloying elements on the microstructure and mechanical 
properties of PM steels. In the Continuous-Cooling-Transformation (CCT) and Time-Temperature-
Transformation (TTT) diagrams, changes on the temperature and composition ratio of a dedicated alloy 
are observed. In these diagrams, the composition specified for an alloy is determined experimentally. The 
location and shape of the curves in the diagrams depend on the grain size of the austenite, the amount of 
alloying elements and according to the time axis. On the other hand, with some exceptions, an increase 
in the austenite grain size or alloy elements content leads to a reduction in the ratio of austenite-ferrite 
and austenite-perlite transformations. There are basically two ways alloying elements can decrease the 
austenite transformation rate: alloying elements can do this by reducing the nucleation and growth rates 
of bainite, pearlite and ferrite. The transformation of austenite is delayed, probably because of the fact 
that it is required to wait for the alloying elements to diffuse before the nuclei of new phases may form 
and grow. It is dependent on molybdenum, nickel and copper to provide the desired hardenability in most 
alloyed PM steels. As a consequence; alloy compositions in sintered steels for structural parts must be 
meticulously selected to achieve the required properties (Angelo and Subramanian, 2008; Baran et al., 
1999; Kahraman and Gulenc, 2002; Warke et al., 2009; Hu and Tian, 2012; Park et al., 2015).

4. SURFACE TREATMENT OF POWDER METALLURGY PARTS

The majority of the parts produced by the powder metallurgy method are iron-based parts. Corrosion, 
like all other materials, is a major problem in sintered ferrous parts, and the porous structures of pow-
der metallurgy parts make this problem even more important. PM metal parts in various structures are 
often subject to corrosion damage due to loss of functionality and size. The reduction of the corrosion 
resistance of the pores formed in the parts produced by powder metallurgy to environmental effects 
is explained by the fact that there is more surface area for corrosion and oxidation effects in a porous 
material. After sintering, many surface treatments are applied to improve the chemical, physical and 
mechanical properties of the powder metallurgy material and to increase the aesthetics of the product 
(Baran et al., 1999; Krishna and Patowari, 2013; Tian et al., 2006; Donghai et al., 2007). Steam treat-
ment and phosphatizing processes are classical techniques that have been proven to protect ferrous PM 
materials from corrosion (Lee et al., 1998; Samal and Newkirk, 2015; Bergman, 2011; Danninger and 
Gierl, 2008; Konnov et al., 2019; Grimanelis and Eyre, 2007).
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Steam treatment is a frequently used to develop the wear properties and to increase the corrosion 
resistance of ferrous PM parts. On the treatment, all open surfaces (interior and exterior) are coated with 
Fe3O4, which is hard black magnetic iron oxide. Firstly; the materials are purified from oil or grease and 
then positioned in a forced convection furnace. Steam treating improves the properties of PM materials 
by: (Samal and Newkirk, 2015; James and West, 1998; Lee et al; 1998; Grimanelis and Eyre, 2007).

• Improving surface integrity
• Improving compressive strength
• Improving wear resistance
• Increasing surface hardness
• Increasing corrosion resistance

Phosphatizing is used to prevent rust by coating sintered iron materials with a thin film of iron 
phosphates. The materials are immersed in an aqueous solution consisting of primarily phosphoric acid 
(Chen et al., 2008; Konnov et al., 2019; Angelo and Subramanian, 2008).

Despite the mentioned surface protection processes; in many ways, surface coating treatments is a 
requirement for most PM metals. Because interconnected porosity in sintered parts causes surfaces to 
be exposed to the environment. For this reason, sintered parts are more sensitive to corrosion than their 
cast or machined counterparts. Because of that, the pores in the PM parts should be closed to prevent 
the coating solutions from being trapped in the pores. Copper, chromium, cadmium, nickel and zinc are 
widely used for coating. Additionally, electroless nickel plating can be used. Acid copper plating usually 
gives the best result on PM components because of its perfect throwing power. Nickel is used alone or 
on a copper, base to provide a bright corrosion-resistant surface and increase wear resistance. Chromium 
plating is applied to obtain decorative applications or wear-resistant parts. Cadmium plates have faster 
and better-throwing power than zinc. To plate a PM part with more than 10% porosity, it is important to 
fill the pores with a resin or to harden the surface so as not to pass the coating salts through the pores 
of the part. In addition, surface treatments such as ion implementation or anodization may be used to 
develop the corrosion properties of ferrous based PM parts. Since the powder metallurgy parts contain 
pores, corrosion resistance is not achieved, such as those obtained with wrought parts. This is probably 
due to the expansion of gases in the pores of the powder metallurgy parts when the material is heated 
to 300-400 ° C during the cooking process, which damages the coating. To avoid this, a pore-closing 
treatment is needed, which can withstand high-temperature heating, good economics and offers perfect 
dimensional tolerance (Krishna and Patowari, 2013; Tian et al., 2006; Donghai et al., 2007; Liu et al., 
1994; Cameron, 2014; Attar, 1996; Tengzelius and Grinder, 2008; Xu et al., 2015).

The coatings act as a layer that protects the powder metal against corrosion. The coating is applied 
in order to harden the surfaces according to the effect of powder metals used in various areas; and if 
powder metal is used in an abrasive environment, coating processes are applied to prevent abrasion. 
All these features can be gained to powder metals during the production phase, but they are preferred 
because the coating process will provide better satisfaction and will also be more economical. There are 
two processes to improve existing materials by reducing corrosion: by adding alloy materials or using 
surface coating methods. Surface coatings are an applicable way to extend the life of metal components by 
increasing the corrosion resistance of metallic materials. In order to provide better tribological properties 
to the surface, a suitable coating strategy must be selected (Gill and Kumar, 2019; Boing et al., 2020). 
The coating techniques vary for different applications. So, the classification of the coating techniques 
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can be very confused. In recent times, numerous surface coating techniques have been developed to 
achieve the desired mechanical, physical and chemical properties, by means of thin and hard layers on 
PM structure, and these techniques are generally described below: (Angelo and Subramanian, 2008; 
Samal and Newkirk, 2015; Sundararajan and Sivakumar, 2005; Šolic et al.,2019; Gill and Kumar, 2019; 
Mahade et al.,2019; Ganesan et al.,2019; Boing et al., 2020; Cabezon at al., 2020; Konnov et al.,, 2019, 
Goldschmidt and Streitberger, 2003).

• The thermal spray coating process is commonly applied to protect PM alloys. The thermal spray 
coating is by far the most versatile modern surfacing method with regard to economics, range of 
materials, and scope of applications. Thermal spraying reduces wear and corrosion and greatly 
prolongs part service life by allowing the use of high-performance coating material over a low-
cost base metal. Among the commercially available thermal spray coating techniques, detonation 
spray (DS), high-velocity oxy-fuel (HVOF) powder spray, plasma arc (PA) powder spray, oxyfuel 
powder (OFP) spray and electric arc wire (EAW) spray are the best choices to get hard, dense and 
consequently wear-resistant coatings are desired. The purpose of the coating process can be cat-
egorized as wear resistance, electrical conductivity or resistivity, oxidation resistance, corrosion 
resistance, thermal barriers restoration of dimension (Kahraman and Gulenc, 2002; Mahade et al.; 
2019; Sundararajan et al., 2005).

• The physical vapour deposition (PVD) coatings have become a widespread practice nowadays. 
Multilayer coatings exhibit increased fracture resistance, adhesion and improved wear resistance. 
Chemical inertness and low friction coefficient can be realized by combining distinctive proper-
ties of various monolayers in a multilayer coating. High wear resistance can be achieved by thin 
and hard coatings particularly with PVD / Especially with PVD coating, thin and hard coatings 
with high wear resistance can be achieved (Goldschmidt and Streitberger, 2003; Boing et al., 
2020; Šolic et al., 2019).

• The chemical vapour deposition (CVD) coatings are widely used in industry because of their 
versatility for depositing a very large variety of elements and compounds covering a wide range 
of materials from amorphous deposits to epitaxial layers having a high degree of perfection and 
purity. Chemical vapour deposition can be defined as a process in which the gaseous chemical 
reactants are transported to the reaction chamber, activated thermally (conventional CVD) or by 
other means (plasma-assisted CVD or laser-induced CVD) in the vicinity of the substrate, and 
made to react to form a solid deposit on the substrate surface. It is possible to deposit films of 
uniform thickness and low porosity even on substrates of complicated shape with this process. If 
a metalorganic or organic-metallic precursor species is used in a CVD process, the process is des-
ignated MOCVD or OMCVD. A large percentage of hard metals cutting tool inserts and sintered 
high-speed steel tools are now coated using CVD and PVD. The lower temperature PVD process 
also allows steels to be given a wear-resistant layer of titanium carbide, titanium nitride, alumina 
or a combination of these materials (Goldschmidt and Streitberger, 2003; Boing et al., 2020; 
Angelo and Subramanian, 2008).

• Plasma-assisted chemical vapour deposition (PACVD), known as plasma-enhanced CVD, is 
an important technique used for depositing films of cutting tools. The area of application for these 
types of coated materials is expanding with the development and application of ultra-fine powder 
grain sizes, as well as the advancements in technology. One method of coating hard metals is 
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PACVD technique rarely used for coating hard metals with ultrafine grain size (Boing et al., 2020; 
Angelo and Subramanian, 2008).

• In recent times, laser-based techniques such as laser cladding and laser deposition have made 
headway in the area of surface modification. These techniques can quickly melt the metal surface 
and then the metal solidifies rapidly, which helps to improve the surface properties of the materi-
als. Laser deposition techniques have attracted great interest in the synthesis of semiconducting 
and insulating thin films in recent years. Additionally, these techniques have been successfully 
applied to the deposition of high critical temperature superconducting films. In the laser ablation 
technique, the material is vaporized and ejected from the surface of a target as it is irradiated by a 
laser beam. Films are formed by condensing material ablated from the target onto a solid substrate 
(Angelo and Subramanian, 2008; Mirzaali et al., 2019; Goldschmidt and Streitberger, 2003). 

• Ion implantation is one of a number of surface modification processes that are emerging as an 
economical and viable process for improving the near-surface tribological properties of engi-
neering components. The microstructural and chemical changes caused by ion implantation can 
significantly affect the surface performance of PM components (Angelo and Subramanian, 2008; 
Kolawole et al., 2019).

Apart from these coating techniques; there are various surface modifying techniques such as plasma 
spraying, biomimetic mineralization, electrophoretic deposition and sol–gel method (Boing et al., 2020; 
Cabezon at al., 2020; Konnov et al.,, 2019, Chen et al., 2008; Goldschmidt and Streitberger, 2003).

5. THE EFFECT OF ALLOYING ELEMENTS ON THE SURFACE COATING

PM structural parts can be covered with many coating techniques as mentioned in the previous section. 
Copper, nickel, cadmium, zinc and coating can be made for PM parts. However, porous parts must be 
filled with resin before coating so as to avoid penetration and entrapment of coating solutions in the 
pores (Attar, 1996; Angelo, 2008; Cameron, 2014). The coating properties of PM parts are dependent 
not only on the nature and distribution of phases present in the coating but also on a host of other prop-
erties like materials microstructure (largely determined by powder composition), porosity, the nature 
of residual stress and its magnitude within the coating and finally the coating-substrate adhesion (Link, 
1998; Dangsheng, 2002; El-Eskandarany, 2015; Samal and Newkirk, 2015; Danninger and Gierl, 2008; 
Wang, 2005; Shanmugasundaram and Chandramouli, 2009; Mocarski et al., 1996; Wang, 1994; Angel 
et al., 2014; Engström et al., 1992; Mitchell et al., 2005; Hu and Tian, 2012; Park et al., 2015; Xu et 
al., 2015). The factors affecting the coating processes largely depend on understanding the properties 
of the material that changes with the alloying elements. There are many scientific studies on PM in 
the literature due to the wide usage area of PM-products and their superior properties. However, there 
are few studies on the effect of alloying elements of PM parts on the coating. In some of these studies, 
the following information is given about the effect of alloying elements on the coating. (Link, 1998; 
Dangsheng, 2002; El-Eskandarany, 2015; Samal and Newkirk, 2015; Danninger and Gierl, 2008; Wang, 
2005; Shanmugasundaram and Chandramouli, 2009; Mocarski et al., 1996; Wang, 1994; Angel et al., 
2014; Engström et al., 1992; Mitchell et al., 2005; Hu and Tian, 2012; Park et al., 2015; Xu et al., 2015).
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• Copper increases the performance of the coating due to closing the pores with liquid phase 
sintering. 

• Carbon has no significant effect on the coating appearance and thickness. Increasing C ratio causes 
an increase in coating hardness value. However, in PM steels with high carbon content, when the 
product is taken into the acid bath for surface cleaning, it can capture hydrogen and cause hydro-
gen brittleness. 

• The high manganese content in PM steels can form a thick, low-impact coating. This creates a 
negative situation both in terms of aesthetics and coating quality. 

• Silicon content in PM steels has a negative effect on thickness and appearance. If the Si content is 
high, a thick and matt coating is obtained. 

• The high phosphorus content in PM steels forms a coating with a high tendency to break. 

An ideal surface coating is directly related to the content of the alloying elements in the material. 
Residual stress formed by the microstructure that changes depending on the alloy element is among the 
most important factors affecting coating integrity. Besides the composition and properties of the PM 
part, the working conditions and design of the spray and curing equipment are the key factors affecting 
coating quality and process performance. This brief survey of the relationship between PM material 
coating technology and alloy elements will enable researchers interested in the subject to better to un-
derstand the coating process.

Techniques like Energy Dispersive Spectroscopy (EDS) and X-ray diffraction (XRD) are used to 
analyze the change in composition of alloying elements and phases of the coated PM material surface. 
Surface coating can be analyzed by examining surface coated powder metallurgy (PM) with Raman and 
FT-IR spectrometry.

6. FT-IR AND RAMAN SPECTROSCOPIC APPLICATIONS ON THEM

FT-IR spectroscopy is one of the important techniques in which the vibrations and structures of molecules 
are defined (Christy et al., 2001; Smith, 2011; Ciurczak and Igne, 2015; Ordonez and Prieto, 2012; 
Stuart, 2004). Once the molecule is irradiated by infrared light, which includes all IR wavelengths, the 
molecules absorb characteristic wavelengths for themselfs, which equal to the difference in their vibra-
tional energy levels. Using IR spectroscopy, the recognition of the molecular structure is performed by 
the identification of functional groups and chemical bonds. In the industry loss of time is very important 
and it is desirable to check the product quality quickly. It is important that FT-IR spectroscopy performs 
this analysis in a few minutes (Celik et al., 2020).

Raman scattering is inelastic scattering of the laser light by the molecules. The energy of scattered 
photon is increased (Stokes Raman scattering) or reduced (anti-Stokes Raman scattering) during the 
scattering. The energy difference between the incident electromagnetic radiation (laser light) and the 
scattered light, gives information about the vibrational energy levels of the molecule and therefore the 
vibrational frequencies. The vibrational frequencies are characteristic for the molecular structure.(Jacob 
et al., 2018).

In many studies it was shown that specific characterization of all kind of materials, amorphous or 
crystalline, can be determined by means of Raman spectroscopy. This is possible, even though the crys-
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tal or polycrystal insulators that are composed of several layers of material, or though they are metals 
(Cantarero, 2015).

Numerous defects and damages can occur in crystals during myco / nano-processing and crystal 
growth. These have a major effect on the mechanical, optical or electronic efficiency and sustainability 
of the machined workpiece, such as microstructural alteration, residual stress, phase transition, etc., 
Such defects and damages can be determined by means of Raman spectroscopy. Raman spectroscopy is 
significantly sensitive to the microstructural changes, impurities, residual stress, is a good technique for 
evaluating depth and dimension of these defects or damages It is an easy-to-use, non-destructive method 
of analysis. Raman spectra provides structural fingerprints and for this reason it is used for molecular 
recognition and verification within a wide range of scientific disciplines (Xu et al., 2018). Raman spec-
troscopy also allows detection of complex structural changes, sample mapping and depth scanning. It 
has important applications in material sciences including semiconductor industry, nanotechnology, solid 
state physics, synthetic polymer materials and has importance for identifiying all kinds of materials. 
Raman and FT-IR spectroscopy are known as complementary techniques. Both methods, which have 
difference in its principles, are good tools for material identification (Vaskova, 2011). 

The studies of FT- IR and Raman spectroscopic applications in this field are given below:
In the study performed by Bach et al. in 2019, group theory in a combination with DFT+ U simula-

tion was applied to crystalline materials to predict Raman spectra of anatase and rutile phases of TiO2. 
Simulated Raman spectra were calculated and compared to the experimental spectrum and the coatings 
have been observed to have polycrystalline structures, contain anatase and rutile phases (Bach et al., 2019).

Micro-Raman spectroscopic analysis of different copper sulfate species was performed in a study con-
ducted by Hayez et al (2004). Products such as antlerite, brochantite, posnjakite, langite and chalcanthite, 
which are likely to occur as a result of atmospheric corrosion of copper alloys, have been investigated. 
They developed a database of the characteristic Raman spectra of alloys (Hayez et al., 2004).

The interfaces of two diamond/metal composites with high thermal conductivity were analyzed by 
Raman spectroscopy (Makino et al., 2016).

In 1989, Yang et al., applied Raman spectroscopy to characterize the microscopic bond structure of 
a-SiGe: H alloys. The correlation between the degree of clustering of Ge-Ge and the transport proper-
ties of alloys is shown. Experimental results have been discussed due to an improvement in the quality 
of the alloy materials (Yang et al., 1989).

In a work performed by Rath et al. in 2003, the Raman spectrum of bulk and Si1-xGex epitaxial alloys 
was investigated to create a metrology for evaluating alloy compositions from the first order Si-Si, Ge-
Ge, and Si-Ge optical phonon Raman modes (Rath et al., 2003).

In 2019, Hashemi and his team also created an effective method for simulating the Raman spectra of 
alloys, comparing them with density-functional theory calculation, and applying to several bidimensional 
(2D) transition metal dichalcogenides (Hashemi et al., 2019).

In 2018, Rana et al., recorded the Raman spectrum of the Ge-S-Ga chalcogenide glassy alloy and 
analyzed it for diverse compounds compositions to investigate both high-frequency molecular-like modes 
and low-frequency acoustic zones. The addition of Ga has been observed to cause the formation of Ga-S 
bonds responsible for the formation of the tetrahedral device in the glassy network. Besides that, there 
are some homopolar S-S and Ge-Ge bonds that are characteristic of glasses for the basic GeS4 structural 
tetrahedra groups. The addition of Ga also leads to replacement of S - S bonds with Ga - Ga bonds and 
has been found to shift to a slightly lower wavelength side in the Raman spectrum (Rana et al., 2018).

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



238

Role of Alloying Elements on Powder Metallurgy Steels and Spectroscopic Applications on Them
 

In a research conducted by Lara et al. in 2017, the phase transition of Gd3+-doped BaTiO3 ceramics 
was investigated by means of Raman spectroscopy. The Raman peaks, characteristic tetragonal fer-
roelectric phase of BaTiO3, were determined as 205 cm-1 {E(TO +LO), A1(LO)}, 265 cm-1 {A1(TO)}, 
304 cm-1 {B1, E(TO +LO)}, 513 cm-1 {A1(TO), E(TO)}, and 717 cm-1 {A1(LO), E(LO)}. Raman peak, 
around 304 cm-1, showed a decrease in intensity by increasing Gd3+content, as a result of the decrease 
of tetragonality of BaTiO3 ceramics (Lara et al., 2017).

In a report by Goff et al., on Raman spectroscopic investigation of crevice corrosion in Beryllium-
containing nickel-chrome dental alloys, a simple design to model and classify products of corrosion 
likely to occur, using Raman spectroscopy, was suggested (Goff et al., 1998).

The role of molybdenum in the passivation and corrosion of nickel alloys has been investigated by 
Raman spectroscopy (Delichere et al., 1988).

In the work done by Reis and his team, 304L alloy stainless steel powder and multi-walled carbon 
nanotubes were mixed under the ambient atmosphere with ball milling and for a long grinding time ranging 
from 0 to 120 min. The morphological and structural changes related to the crystallinity of the samples 
due to doping process were investigated by the Lorentzian deconvolution from the Raman spectrum. 
In this study they provided Raman spectroscopic signatures for produced several distinct composites. 
It was shown that Raman spectra of nanocomposites based on SS 304L alloy metal nanoparticles and 
MWCNTs present multiple splits in the D, G and 2D-bands region as fingerprints (Reis et al., 2018).

Wu and his team’s research in 2020 examined the tribological properties of the Ni3Si alloy at high 
temperatures. The effect of adding Ti was investigated by means of Raman spectroscopy. The results 
showed that the coefficient of friction decreased as the temperature goes up, and the wear rate ranged 
marginally from 25 to 400 °C (Wu et al., 2020).

Raman scattering experiments were performed in a bulk Si1−xGex single crystal with compositional 
gradient, which can be used as an X-ray monochromator for focusing and diffraction, to determine both 
residual strain and alloy composition. Both the residual strain and alloy composition are evaluated by 
analyzing strain effect on RS in conjunction with a strain model developed for bulk mixed crystals. It is 
found that the alloy composition evaluated from the RS results is in good agreement with that measured 
by the standard chemical analysis (Islam et al., 2004).

In the study of Kim at al., Raman spectroscopy was used when examining the effects of chromium 
and manganese as alloying elements on the corrosion resistance of carbon steel (Kim et al., 2018).

Nouicer et al. studied Ti6Al4V alloy by Raman spectroscopy in order to characterize titanium alloy 
surface in a biological medium (Nouicer et al., 2017). The effect of a biological medium simulated body 
fluid, on surface modification of titanium alloy Ti6Al4V, was investigated and depending on the Raman 
spectroscopy it was found that titanium dioxide consisted of rutile phase.

In a study conducted in 2017, tribofilms of carbon steel were analyzed by Raman spectroscopy and 
the technique proved to be effective in direct observation of films with lubricating oil in ambient air 
(Miyajima et al., 2017).

In 2011, Fernandes et al. was reported that zinc phosphate coatings modified with manganese and 
nickel were isomorphic with hopeite mineral (hydrated zinc phosphate) which was difficult to identify 
using X-ray diffraction, for this reason the phosphate coatings were determined using FTIR (Fernandes 
et al., 2011)

In the study conducted in 1988 (Jasinski et al., 1988), it was stated that by means of FT-IR spectros-
copy, iron oxide and iron carbonate corrosion scales could be easily determined and the spectra were 
related to the chemical history of the corrosion process. In this study, it was found that the IR absorption 
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bands of most of the 11 crystalline iron oxides and iron carbonates were sufficiently separated from each 
other. However, it was also reported that vacuum exposure of some of these films, or preparation of KBr 
pellets made band shifts depending on the special oxide composition (Jasinski et al., 1988).

In a study conducted in 1992, oxide films formed on stainless steel SUS430 under different condi-
tions were studied using infrared reflection spectroscopy, using a FT-IR spectrometer equipped with a 
polarized reflectance attachment and a wire grid polarizer. Comparison of the FTIR spectra of oxidized 
samples in a humid atmosphere and oxidized samples in a dry atmosphere showed the importance of 
water vapor at 873 and 973 K. The abnormal rapid oxidation at 873 K in a humid atmosphere with low 
oxygen pressure was characterized by a rapid increase in the intensity of the ca. 550 cm-1 IR band, de-
pending on the increasing oxidation time (Honda et al., 1992).

Swiech et al. (Swięch et al., 2018) analyzed the corrosion products, that formed on the surfaces of 
Fe and Cu metal after being left in solution containing chloride, by means of FT-IR absorption and 
Raman spectroscopy. Depending on the spectral analysis, it was found that the main component types 
of corrosion products for Fe metal sample were lepidocrocite and paratacamide for Cu surface. The 
findings indicated that applying vibrational spectroscopic methods is a precise tool for recognizing and 
evaluating the products of corrosion.

In the 2012 report, comprehensive study was conducted on improving the corrosion properties of 
AISI D3 steel surfaces coated with multi-layer (CrN/AlN)n framework, which is accumulated by spraying 
with magnetron over various periods. For practical effects, the properties of CrN and AIN single layers 
accumulated under the same conditions as multi-layer systems were compared. Coatings were examined 
by various methods, especially by FT-IR spectroscopy. Depending on FTIR results it was reported that 
identification of the characteristic bonding in single layer coatings was possible (Cabrera et al., 2012).

Ti-6Al-4V-4B4C metal matrix composite covering were coated on AISI 1040 steel using magnetron 
spraying in the 2020 study and the dry slippery wear behavior at room temperature was investigated. 
FT-IR and some other methods were applied on the investigation of coating morphology. The vibrational 
frequencies of Ti-6Al-4V-4B4C coating are determined and the presence of B4C in the coating confirmed 
by FT-IR spectroscopy (Prince et al., 2020).

The goal of the 2007 research, conducted by Sheban and her team, was to establish corrosion protec-
tion systems for chloride attacking concrete structures. Benzotriazole (BTA) and BTA derivatives were 
used as the steel corrosion protection product and it has been found that the BTA derivatives in simulated 
concrete pore solutions have good steel protection. The formation of either mono‐or bi‐dentate bonds 
between the triazolic nitrogen ring and the steel surface was shown by the FTIR (Sheban et al., 2007).

The effect of green lubrication on the tribological and mechanical properties of AISI 4140 steel was 
explored in the study conducted in 2019 and performance of three bio-based lubricants was examined, 
compared to five of the lubricants, and lubricants were chemically characterized using FT-IR spectros-
copy (Sierra et al., 2019).

CONCLUSION

PM products are used in variety applications in many sectors. High surface quality of the products 
produced by powder metallurgy method and their mechanical and physical properties can be adjusted 
according to the working conditions are important aspects of the method. Properties of the iron-based 
PM parts such as strength, hardness, impact resistance, corrosion properties, wear resistance and mag-
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netic properties can be improved with adding various alloying elements. Corrosion is a major problem 
due to the pore content in the iron-based PM product. Surface treatments can be applied to improve 
the corrosion properties of these parts. As mentioned in this chapter, besides the classical methods, the 
latest technology surface coating processes are used to improve the surface properties of PM products. 
The alloying elements have an effect on the thickness, bonding properties, appearance and brittleness 
of the coating. With using FT-IR and Raman spectroscopic techniques, the early detection of defects 
and impurity in the manufacturing process can be obtained quickly, that is very useful for controlling 
the production process and taking action.
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ABSTRACT

In this chapter, an overview of welding as a technology for surface engineering is explored. According 
to literature, all types of welding techniques are appropriate for coating applications. However, as a 
result of process characteristics, some welding processes stand out. The most used welding techniques 
in the metal coating are arc welding (MIG, TIG, and PAW) and oxyacetylene welding. In the coating of 
metals using welding techniques, the coatings produced usually have a thickness that ranges between 
1 and 6 millimeters. Applications of surface coating have been studied extensively. Such applications 
include aeronautic industry, sports, transport industries, petroleum and chemical industries, mining, 
food, and in the electronic industry. Plasma MIG welding is an advanced plasma process that combines 
the advantages of both MIG and plasma welding. Applications of plasma MIG welding in the surface 
coating of metals are expected to be explored extensively in the future.
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BACKGROUND 

Surface Engineering refers to a multidisciplinary activity aimed at tailoring the surface properties of 
engineering components to improve their serviceability and functional properties. In other words, surface 
engineering is the modification of the surface of a material or a component to achieve excellent proper-
ties (Mishra, 2002). Some properties which are improved by surface engineering of metallic materials 
are wear resistance, corrosion, oxidation resistance, fatigue, toughness, electrical properties, thermal 
insulation, and aesthetics. Historically, methods of surface engineering have included solvent swelling, 
mechanical abrasion, solvent wiping to remove contaminants on the surface, application of coatings, 
and wet chemical etching (Kutz, 2010).

This chapter explores coating as a method of surface engineering and in particular welding as a 
possible method of surface engineering. There are various metal coating techniques including Physical 
Vapor Deposition(PVD)coating, Chemical Vapor Deposition(CVD) coating, Micro Arc Oxidation (MAO)
coating, Plasma Spray Coating, Thermal Spray coating, Sol-gel coating, Welding coating, and among 
others (Fotovvati et al., 2019). Welding is used to applying a coating to a metallic substrate through 
partially or fully molting the coating material. The process is related to the laser cladding technique for 
additive manufacturing. Since welding is used as an additive manufacturing process, it can be used as 
a technique for protecting or repairing surfaces. It is due to this motivation is considered as a surface 
engineering method in this paper. In this case, the coating material and the substrate are melted to cre-
ate a bond between the two materials. When compared to other types of additive manufacturing/coating 
techniques, wielding produces coatings/clads with higher adhesion and thickness properties (Gebert & 
Bouaifi, 2006). It is also possible to coat larger samples compared to other techniques. These types of 
coatings are appropriate particularly for applications of in areas of high wear conditions. These coatings 
also exhibit great edge strength. Generally, all types of welding techniques are appropriate for additive 
manufacturing/coating applications. The most used welding techniques in the metal coating are arc weld-
ing and oxyacetylene welding (Holmberg & Matthews, 2009. In Oxyacetylene welding, coating material 
and substrate are placed close to each other and the touching parts are melted using an Oxyacetylene 
flame (Hazledine, 2019). Arc welding uses an electric arc to produce heat which is used in the coating 
of metals. Examples of arc welding techniques include; Plasma arc welding (PAW), Tungsten inert gas 
welding (TIG), and Metal inert gas welding (MIG).

The coating of metals by welding is used on a small scale as well as in large scale applications. The 
coatings achieved usually resist surface attacks such as wear, corrosion, or a combination of both wear 
and corrosion (Gebert & Bouaifi, 2006). To attain the part strength desired, a suitable identification 
of the substrate material is necessary. Sometimes, the substrate is heat-treated before the coating takes 
place. Because of the potential of these technologies there has been a lot of interest in their applications 
in surface engineering. As such, a lot of literature on this subject is available. Applications of a surface 
coating by welding have been studied extensively. Such applications are in the aeronautic industry, 
sports, transport industries, petroleum and chemical industries, mining, food, and in the electronic in-
dustry. Through surface coating, problems that cause engineering failures such as wear, corrosion, and 
friction are solved (Kennedy et.al, 2005). Surface coating of metals by welding, is also used in areas 
experiencing issues of surface refinement to enhance resistance to thermal shock and corrosion, as well 
as fatigue strength and impact. These methods also repair damaged tools and components. In industries, 
metal coatings are not applied to nonferrous materials with melting points less than 1100°C. The coating 
materials normally used are carbides, tungsten, boron, or chromium spread in a matrix of nickel, iron, or 
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cobalt. Coatings used to improve resistance to impact usually contain austenitic structures that harden 
them. For example, austenitic manganese steel (Holmberg & Matthews, 2009).

The purpose of this chapter is to explore the use of welding techniques in surface engineering of metal-
lic materials. Materials such as steel are used in engineering applications that require excellent properties 
such as high resistance to wear, oxidation, and corrosion properties. Similarly, engineering components 
need to be maintained and repaired regularly. All these activities are simply surface engineering.

WELDING METHODS FOR SURFACE ENGINEERING

According to literature, all types of welding techniques are appropriate for coating applications. How-
ever, as a result of process characteristics, some welding processes such as oxyacetylene and arc welding 
stand out. Some of the benchmark qualities are deposition rate, coating quality that can be obtained, and 
transition of property to the substrate. When coating metallic materials using welding techniques, the 
coatings achieved usually have a thickness that ranges between 1 and 6mm. The coating thickness that 
can be achieved is limited as a result of internal stresses that occur as the coating thickness increased. 
Some of the welding techniques which are commonly used in the coating of metals include MIG weld-
ing, TIG welding, PAW welding, and oxyacetylene welding (Gebert & Bouaifi, 2006). These techniques 
are discussed in this chapter.

MIG Welding

Metal inert gas (MIG) welding was established in the 1950s. A typical MIG welding process is shown 
in Fig. 1. This process has been traditionally used in melting and joining metals by developing an arc 
between a given metal and a filler wire which is fed continuously. Today MIG is used to apply coatings 
in metals. In this case, metallic materials are deposited on the surface of the substrate to form a coating. 
In MIG, two poles produce an electric arc. One pole is from the wire electrode which is continuously 
consumed while the other one originates from the metallic workpiece. The wire is usually positioned 
perpendicular to the metallic substrate (Ugla et al, 2019). The electric arc formed heats and melts the 
coating material together with the workpiece causing them to join (Patil & Waghmare, 2013). An inert 
gas is used to shield the arc and the weld pool from contaminants such as oxygen, hydrogen, and oxygen 
found in air (Bhakthavatchalam et al., 2018). The process of coating metals using MIG can be either 
automatic or semi-automatic.
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Several parameters affect the process of MIG welding including welding position, gas flow rate, 
the composition of shielding gas, electrode size, welding speed, welding current, and arc voltage (Patil 
& Waghmare, 2013). These parameters influence the quality of the coating formed. In MIG welding, 
the deposition of coatings occurs as stringer beads by forward mechanized feeder or as weave beads by 
oscillating the welding torch in a transverse motion. Manual operation is also possible; however, the 
quality of the coating is poor. For this technique, the fusion penetration is high and reaches up to 30. 
Advancement of the MIG coating technique is the GMAW pulse welding which involves superimposi-
tion of a high and low current pulse. This method has been reported to reduce welding spatter, fusion, 
and enhances detachment of molten material in the form of droplets from the electrode.

TIG Welding

Tungsten inert gas (TIG) welding is also applied in the metal coating process. This type of welding has 
an arc that burns between a metallic workpiece and a tungsten electrode which is usually not consumable. 
A typical TIG process is shown in Fig. 2. During the process of deposition, the orientation of the wire 
feed affects the transfer of material as well as the quality of the deposit. In this process, front feeding, 
back feeding, and side feeding can be applied (Pan et al., 2018). The different types of feeding during 
TIG process are illustrated in Fig. 3. 

Figure 1. MIG process (Ugla et al., 2019)
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In traditional TIG, the welder delivers the wire feed manually, however, in large scale applications 
specifically in industries, automated feeding systems are used to increase the rates of deposition as well 
as the weld repeatability. A wire feeder available commercially is coupled to the TIG power source to 
adequately automate the process deposition. The feeder resists heat from the wire feed, which helps 
to minimize thermal shock towards the weld pool when a new wire enters. Since the TIG heat source 
uses less energy to melt the wire, the rates of deposition and linear feed of the TIG touch are increased 
(Santangelo et al., 2016). To control this process thoroughly, the welding torch has a compact design, 
and welders usually observe the molten pool throughout. This process has a low deposition rate which 
makes mechanization limited to some special applications. In coating light metals, catholic cleaning is 
used to clean the oxide layer usually found on the surface of light metals.

Various parameters affect the quality of the coatings achieved through TIG welding. These parameters 
are welding current, welding voltage, inert gases, and welding speed. Very high welding current usually 
results in splattering and damaging the workpiece. Lower current on the other hand makes the filler wire 
stick. Welding voltage is usually adjusted or fixed depending on the equipment used for TIG welding. 
Using a voltage that is too high leads to a huge variable in the quality of coatings obtained (Bhavsar, & 
Patel, 2016). When an initial voltage is made high, it makes it easy to initiate a welding arc and allows 
a wider range of distance of working tip.

Inert gases are used in TIG welding coating to shield the weld pool and the arc from interacting with 
atmospheric oxygen, nitrogen, and hydrogen. The type of inert gas used has effects on the quality of 
coating achieved. It affects porosity, hardness, brittleness, corrosion resistance, strength, and surface 

Figure 2. A typical TIG process (Ding et al., 2015)
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profile of the coating. For TIG welding, Argon or Helium gases are used. Pure argon is usually used 
when dealing with structural steels, stainless steel, copper, aluminum, titanium, and magnesium. Pure 
helium is used for copper and aluminum. A mixture of hydrogen and argon is used for nickel alloys 
and stainless steels (Mohan, 2014). The type of shielding gas used depends on the type of metals used.

Wending speed also affects the process of TIG welding. An increase in welding speed results in a 
decrease in power per unit length of the coating. Therefore, less coating reinforcement occurs. Welding 
speed is interdependent with welding current. Very high welding speed leads to a decrease in wetting 
action, increases porosity, tendency undercut. The use of a lower welding speed decreases the likelihood 
of porosity (Bhavsar, & Patel, 2016). It can be seen that welding speed is a fundamental parameter for 
TIG welding.

Figure 3. Types of the wire feed in TIG (Pan et al., 2018)
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PAW Welding

Plasma arc welding (PAW) welding has also been investigated by various researchers. In this case PAW 
is used as a source of heat to melt the necessary materials and fuse to different sections of the parts un-
der investigations. Plasma arc welding uses a non-consumable electrode made of tungsten for welding 
purposes. The orientation of wire feed in PAW can be varied and affects the quality of the weld produced 
(Ding et al., 2015). Therefore, the planning for the process tends to be complicated. The typical features 
of plasma arc welding (PAW) are illustrated in Fig. 4. 

In Plasma arc welding an arc is produced between a cathode (tungsten electrode) and an anode 
mostly copper within the welding torch. Argon is passed through the orifice between the anode and the 
cathode, therefore constricting the arc. As a result, energy density is increased, arc stability is increased 
and contamination is reduced as compared to other welding processes used surface coating (Martina et 
al., 2012). It is reported that higher speeds of travel are attained using this process.

In Plasma arc welding beads, the heat-affected zone (HAZ) is thin and narrow. As a search, it is 
easier to control the geometry of the weld bead as a result of the increased flexibility of controlling the 

Figure 4. Plasma arc welding (Ding et al., 2015)
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fundamental process parameters such as wire feed speed and current. In PAW, it is easier to attain vari-
ous operating modes such as keyhole plasma, medium current, and microplasma by varying the orifice 
diameter of the torch, gas flow rate of the plasma, as well as current intensity, it is possible to achieve 
different operating modes in PAW such as microplasma. Microplasma has the advantage of requiring 
little welding currents, in ranges of 0.1 and 15A (Rodrigues et al., 2019). This process produces coat-
ings of the highest grades.

Oxyacetylene Torch Welding

Oxyacetylene gas welding uses a mixture of oxygen and acetylene that burns to produce a flame at 
35000°C (Holmberg & Matthews, 2009) The flame melts the metallic substrate together with the coating 
material forming a molten pool. The melted materials stick together to form a coating. This method does 
not require any specific knowledge or technology. The quality of the coatings produced is dependent 
on the experience of the welder. Coating metals by use of Oxy-Acetyl welding is easy to learn and the 
equipment used is cheaper and easy to carry around compared to those equipment used in arc welding 
(Hazledine, 2019).

PRACTICAL APPLICATIONS OF WELDING AS COATING TECHNIQUE 

Mechanical components and tools wear regularly as a result of corrosion, excess friction, and fatigue. 
Replacing such components once they are damaged by new ones can be quite expensive. However, by 
the use of repair welding, these components and tools can be repaired at a lower cost than purchasing 

Figure 5. Oxy-fuel welding process used in a coating (Holmberg & Matthews, 2009)
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new ones. Repair welding has advantages including prolonging the life cycle of a tool while at the same 
time minimizing downtime caused by replacement delays and saving the money that could have been 
used to purchase new tools.

Several researchers have studied the application of welding as a coating technique in repairing of 
engineering components. Tanasković et al., 2018, studied the repair of steel burner pipe. The pipe had 
been exposed to high temperatures up to 850°C. As a result cracks had occurred on it. The process of 
repairing the pipe involved removing the worn out part and replacing it with a new material that was 
joined to the burner using manual arc welding An alloy of stainless steel (steel X12NiCrSi35-16) was 
used as the base material. The quality of the joint welded was affected by the filler material quality, 
and the activities performed during welding. Proper selection of the filler material was important to 
prevent defects such as cracks that do occur on the welded joints as a result of moisture and impurities 
present. In this process, Castolin 6825 was used as the filler material. Castolin 6825 is an electrode 
that is used to join duplex stainless steels, nickel alloys, steels with 9% nickel among other materials. 
It has outstanding resistance to pitting, stress corrosion cracking, intergranular corrosion, and crevice. 
To repair the damaged burner pipe a current of 70 A and a voltage ranging between 20-22V were used. 
Short welds were performed on the joint to ensure that the material was not overheated to temperatures 
above 100°C. After welding, the penetrant method was used to test the weld obtained, and there were 
no defects detected. Afterward, the pipe was exploited, and no problems occurred. Therefore, the use 
of welding as a repair technique was justified. Also, the repair of the burner pipe resulted in financial 
savings. The money that could have been used to purchase anew pipe was saved, also the downtime 
that could have been experienced while waiting for a new burner pipe to be manufactured was avoided. 

In another study, the super TIG welding process was used to carry out butt welding of steel material 
(9% nickel steel). The electrode used was alloy 625 with a cross-section which was C-type. The samples 
welded were found to be free of defects such as porosities and cracks. By using an optical microscope, 
it was found that welding the steel material improved its mechanical properties (Park et al., 2019).

Welding as a coating method is also used to repair worn-out gear shafts. In another study conducted 
by, Tanasković et al., 2017, eight gear shafts made of steel 42CrMo4, were repaired using welding. 
These shafts had been exposed to variable loads at high temperatures. As a result, the gears experienced 
surface fatigue which led to lateral damage of the teeth. Two methods were used to repair the damaged 
gear shafts; flux core arc welding (FCAW) and manual arc welding. FCAW is a semi-automatic or fully 
automatic arc welding. For this process, WLDC 3 of diameter 3.2mm wire was used as an electrode. 
The current used for welding, in this case, was 800A. Two electrodes were used for manual arc welding 
including, Piva 29/9 R of diameter 3.25 mm which was used to apply an intermediate layers and Piva 
430 B R of diameter 5mm which was used to finish the layers. The wire WLDC 3 and the Piva 430 B 
R were located at the adhesion resistant areas of the shafts, which corresponded partially to the welded 
layers requirements. The welding current used for manual arc welding was varied from 190 to 230A. 
The shafts repaired were tampered to minimize residue stresses. In this case, the shafts were heated to 
a temperature of 620°C a rate of 50°C per hour, and this temperature was maintained for 3hours. The 
shafts were cooled at a rate of 50°C per hour until a temperature of 150°C was achieved after which 
they were allowed to continue cooling at room temperature. The hardness of the welded shafts was 
measured, and found to be 290-310 HB and matched the hardness of the shafts before repair. One shaft 
repaired using FCAW recorded hardness of 320-340 HB. It is reported that the gear shafts repaired have 
been performing well without failure. This is a confirmation that repair welding is an excellent technical 
solution for components repair.
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In a study conducted by Sadeq et al., 2020, the repair of worn-out low carbon steel shaft using dis-
continuous arc welding was investigated. In this study, the base material used was steel st37. The type 
of electrode used was OK 43.32 of diameter 2 mm and length 350 mm. The welding process was car-
ried out in a parallel and sequential manner at time intervals of 10 to 15 minutes to make sure that the 
temperature surrounding the welded section did not exceed 1200°C for a given continuous period. The 
welded shaft was then ground and polished before its microstructure was studied. Other tests carried out 
were hardness and tensile strength tests. The results revealed that the microstructure of the shaft welded 
contained ferrite and pearlite batches, indicating that ferrite was not formed inside pearlite grains. Use 
of discontinuous welding to repair damaged steel shaft increased surface hardness. However, elongation 
and surface strength of the shafts were not affected.

Milovanović et al., 2017, conducted a study to explore repair of a boiler bottom panel. The damage 
occurred due to the operation condition in which the boiler was exposed to. For instance, the boiler was 
subjected to sulphuric acid and low temperature which led to corrosion. As a result, there was thinning 
of the boiler walls at the bottom panel. The repair process involved replacing the damaged parts through 
welding. The welding techniques used in this case were gas welding combined with Metal Active Gas 
(MAG) welding. The electrode used was VAC 60 of radius 1.2 mm. The welding current used was 135-
150A with a voltage of 23V. From the metallurgical analysis of the welded parts, the microstructure of 
the welded surfaces complied with the state required for a boiler material. The boilers repaired complied 
with the safety requirements for a boiler to operate.

In a second study carried by Tanasković, et al., 2018, a damaged toothed shaft of roller was repaired 
through welding. The shaft had fractured at the bearing position as a result of continuous exploitation. 
The base material was made of Steel 42CrMo4 and the filler material was steel 30CrMoV9. Manual arc 
welding was used to repair the damaged parts. The repaired shaft worked effectively. It is reported that 
the use of welding to repair the toothed shaft led to significant indirect and direct savings compared to 
the purchase of a new toothed shaft. 

FUTURE PERSPECTIVE

With the advancement in technology welding techniques are now automated to perform additive manu-
facturing. Additive manufacturing or rapid prototyping is a method of surface engineering metallic 
materials. It refers to a process that derives information from computer-aided designs and transform 
them into stereolithography files. In this case, computer drawings are approximated by sliced and tri-
angles containing the information related to every layer that will be printed. (Wong & Hernandez, 2012). 
Addictive manufacturing can establish complex shapes in three-dimension in a process that involves 
the deposition of materials layer by layer. This ability has led to a breakthrough in the manufacturing 
processes of parts (Rodrigues et al., 2019).

Wire arc additive manufacturing (WAAM) processes apply arc welding techniques to melt a wire that 
is automatically fed. The melted wire solidifies on the substrate material to firm layers. This process is 
controlled by a computer. Arc welding techniques including MIG), TIG, and PAW are used in additive 
manufacturing (Santangelo et al., 2016).
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Figure 6. MIG based additive manufacturing (Bhakthavatchalam et al., 2018).

Figure 7. TIG additive manufacturing (Santangelo et al., 2016)
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Researchers have paired CNC milling with MIG based additive manufacturing to come up with a 
complete additive manufacturing system. In this system, a layer of molten wire is deposited across a 
specified geometric area by use of MIG and then the layer is face milled. The right parameters for this 
process are selected and optimized before the deposition of material is carried out. Later surface finish-
ing processes are carried out to achieve the final dimensions desired. These processes usually produce 
parts with high accuracy, acceptable density as well as minimum surface roughness. Using MIG in ad-
ditive manufacturing has the advantage of ensuring high rates of deposition as well as excellent ease of 
implementation (Bhakthavatchalam et al., 2018).

In TIG additive manufacturing a computer is used to convert a CAD file to G & M codes. The control 
program created is later converted into linear and joint movements that are read by a robotic arm. The 
machine codes program the stop and the start commands of the feeder and the welder. When the robotic 
arm interpolates the linear movements, it goes to the layer starting point and the welder applies a high 
frequency start creating an electrical arc between the substrate material and tungsten electrode. The 
wire feeding occurs via the arc where it liquefies to the weld pool. The robotic arm causes the welding 
touch to move and the deposition occurs. When deposition of the first layer is done, the robot re-orients 
the welding torch to another starting position and another layer is created (Santangelo et al., 2016). A 
schematic illustration of the TIG additive manufacturing process is shown in Fig. 7. 

As technology continues to advance more applications of welding in surface engineering are expected 
to happen (Tanasković, Dordevic, et al., 2018).

CONCLUSION

The purpose of this chapter was to study the use of various welding techniques in surface engineering of 
metallic materials. It was revealed that two major welding methods are used in surface engineering since 
they have superior advantages compared to other welding methods. Such techniques are oxyacetylene 
welding and arc welding. Welding methods are used to repair gears, pipes, and other components. It can 
be concluded that welding as a method of surface engineering is evolving as it is seen as the emergence 
of additive manufacturing. 
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ABSTRACT

Surface engineering includes augmentation of intrinsic properties of the boundary of the component, 
which isolates the continuum from surroundings known as the surface. Two main purposes of surface 
engineering encapsulate primarily the hardness of the surface for enhanced wear resistance and also 
to poise up with inter-surface frictional behavior. Today, there are many different surface engineering 
techniques available: starting from vacuum to atmospheric pressure, wet to dry, simple to sophisticated, 
and low-cost to high-cost to obtain the required purposeful distinctiveness of material. Most methods 
used today are dry and thus environmentally sound. This chapter describes various types of coatings 
over materials to get an overall idea of the technique keeping prime focus on graduate and undergradu-
ate students.

1. INTRODUCTION:

Surface engineering for coating is a smart technique. Surface engineering is a high-throughput technology 
encompasses the physical (macro) and chemical (micro) aspects for better electrical, magnetic, electronics, 
thermal and optical properties. Surface being a membrane plays a crucial role pertinent to permeability 
factors like diffusion, osmosis, reverse osmosis, absorption and adsorption. Surface coating technology 
is an interlayer technology which eventually protects the substances without affecting the properties of 
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neighboring layers. To ascertain a good tribological response, surface integrity plays a great role when 
it is substrated with the concepts of surface engineering. Surfaces which gets germinated owing to the 
proper directive of surface engineering, deals both the interfaces of the surface with the environment 
and also with the substrate. It is well-known from long back in different parts of society. The prima facie 
objective of surface coating is to amend and emphasize more on the surface functions rather to reform the 
composition of the material of concern. Literature survey reveals the (Pfeifer, 2009) mention of thin film 
coating technology as adopted by artists and craftsmen more than two thousand years ago without any 
knowledge about the chemico-physical processes involved in it. Fire gilding, silvering are the longstand-
ing mercury-based processes used to coat surface of less precious substrates with thin layers of gold or 
silver. Ancient civilization systematically manipulated these metals to create functional and decorative 
artistic objects (Maria Ingo et al., 2013). Even before, in different ancient civilization, surface coating 
techniques found in other form such as paints prepared from iron oxide, chalk or charcoal used either 
with the fingertips or with the tips of soft twigs of brushes. People also used to paint the rock walls of 
their caves with pictures of their pets, other animals and their family fellows (Gooch, 2002).

Later they started to use natural resins and wax for coating. Artists used lacquers on dried oils to 
protect their paintings. Interestingly ancient Egyptian scientists developed a fine coating technology 
which is similar with nanotechnology. Thereafter several theories tried to establish nanotechnology as 
a re-innovated technology. At the present time, there are several thousand of coating techniques applied 
to simple systems based on one or two coating steps to sophisticated systems based on multi layers 
and complicated instruments. Conversely, most are not environment friendly and, in many cases, can’t 
fulfill the demands of the manufacturing industries or of society. This is the driving force to conduct an 
extensive research and development in coatings science and surface technology.

2. BACKGROUND AND MAIN THEME

From the starting of our civilization, people made many things to fulfill their daily requirements. Those 
will be stronger and harder if made by hard materials. For specific applications mechanical parts and 
structures are designed. It is very necessary to choose some extensive material rather than fabrication 
of these parts. These limitations consist of body materials, mechanical behavior (tension, compression, 
yield, torsion, fatigue, bending, creep etc.), desired functionality (friction, hydrophobicity, wear resis-
tance etc.), thermal behavior (expansion and thermal conductivity), electrical conductivity, dynamic load 
bearing (vibrations, high-speed rotation etc.), and corrosion resistance. Some important aspects also 
to be kept in mind; such as availability, cost, safety, and toxicity of materials. All these factors play an 
important role to manufacture mechanical parts and structures. Selection of materials is the important 
key to provide all protection purposes. To protect all the parts, a successful coating technique need to 
chose, including metals, ceramics, and polymers, that can form a protective layer (DeMasi-Marcin & 
Gupta, 1994). However, coating processes and material properties may generate complexity to choose 
the best composition of the deposited layer. Even though coating processes are obliging to afford the 
profits mentioned above, still they undergo some disadvantages which worsen their trustworthiness. 
Among these, negative thermal effects, disparaging thermal effects (distortion, crack, delamination, 
etc.), damaging effects of atmospheric protection (penetration of inclusions and contaminations into the 
substrate) and coating materials’ properties (melting point, availability in different forms of foil, powder, 
rods, biocompatibility, etc.) are the most vital ones to be considered. (DeMasi-Marcin & Gupta, 1994; 

 EBSCOhost - printed on 2/14/2023 1:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



263

Surface Engineering for Coating
 

Thakare et al., 2007). Thus, in this point of view a good knowledge of coating process is very crucial. 
In this chapter we recapitulate different techniques employed for the application of different coating in 
liquids, gases or solids onto different substrate. Also, we will discuss recent development of coating 
process for surface engineering.

3. DIFFERENT COATING METHODS

Generally, the purpose of coating processes is to protect the surface of explicit part of a structure when 
it exposed to environments in different fields. So, it is very important for different industry to tiny bio-
medical devices even inside the human body.

3.1 Electro and Electroless Chemical Plating

These chemical processes of plating are most common, cost-effective and simple desirable techniques 
for applying a metallic coating to a substrate to modify the surface properties of the materials to improve 
corrosion and wear resistance, electrical conductivity or decorative appearance. In both cases, surface 
is coated by reduced its metallic form a metal salt in solution (Gu et al., 2006).

3.1.1 Electrochemical Plating

Electroplating is the process of applying a metal coating on another piece of metal (or another conductive 
surface) through an electrochemical process. The process is quite similar to the electroforming process; 
both are a form of additive manufacturing, and both work through an electro-deposition process. In 
electroplating, the deposited metal becomes part of the existing product with the plating/coating. In this 
process, metal to be plated is taken as anode and metal to surface to be coated is taken as cathode, and 
both an anode and a cathode are immersed in an electrolytic tub that is composed of a solution of salts. 
A direct current (DC) of electricity is passed through the solution, resulting the transfer of metal ions 
from anode onto the cathodic surface, plating the metal onto the item. In this process most challeng-
ing is to choose appropriate chemical surface because it needs to prevent oxide formation during the 
whole process (Gray & Luan, 2002). Generally, the electrons for reduction are supplied from an external 
source. High reacting materials can quickly form an oxide layer when exposed to air and this layer must 
be removed prior to plating (Hajdu et al., 1990; Innes, 1974; Luo & Cui, 1998; Sharma et al., 1997). 
Another important issue is that the quality of the final coating. In the plating bath, non-homogeneous 
distribution of current density results non-uniform coatings which is again further problem with this 
technique. It is significantly an expensive process as it needs a large amount of electricity. Now days, 
in most of the cases electroforming is used in place of electroplating, especially in case of micro mate-
rial manufacturing (Hernández et al., 2015). In electroforming, as in plating, metal ions are transferred 
electrochemically through an electrolyte from an anode to a surface where they are deposited as atoms 
of plated metal. But in electroforming, the surface that is to receive the plated metal, called a mandrel, 
is conditioned so that the plating does not adhere. Instead, the plated metal, or electroform, is lifted 
away and retains its as-deposited shape as a discrete component. The process id used to add a glaze to 
improve corrosion-resistance or to get a smarter product. So rather than the two methods being used 
independently, they can actually be used in a cooperative manner. A micro product formed by this pro-
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cess has several remarkable characteristics. It can have extremely thin walls (< 1 mm). The thinnest 
thickness is generally limited only

by the fact that the micro product requires a certain amount of durability to avoid being bent or broken 
by normal handling. Surface cover texture of the mandrel is reproduced with extreme reliability with 
electroforming process. High surface finish and convoluted detail are easily obtained. Complex contours 
are produced quite easily and dimensional tolerances can be held to high accuracy (+/- 0.0001 mm). 
The most interesting aspect of electroforming is the ease of forming complex shapes. The mandrel and 
electroform bear the same geometric relationship that exists between a mold and a cast metal.

3.1.2 Electroless Chemical Plating

Electroless plating which is also a chemical and autocatalytic plating, involve a non-galvanic plating 
method. It involves several synchronized reactions in an aqueous solution, without the use of external 
electrical power (Montazer & Harifi, 2018). It is the plating of metals such as silver, aluminum, cop-
per, nickel, and iron with a uniform coating of metallic layer on the surface of fibers through chemical 
reduction of metal ions in an aqueous solution and the subsequent deposition of metal without the use 
of electrical energy. In this process electrons are supplied by a chemical reducing agent in solution or 
from the material itself. It is quite advantageous than electroplating for complex shapes for anticorrosive 

Figure 1. Electroplating of a metal (M) with copper in a copper sulfate bath
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coating (Chen et al., 1998). Another advantage is second-phase particle co-deposition during the plating 
process which improve some properties such as wear resistance, hardness or abrasion, and also good for 
soldering and brazing applications (Chen et al., 1998; Innes, 1974; Montazer & Harifi, 2018; Sharma 
et al., 1997). The term electroless plating was first described by Von Liebig in 1835 with the reduction 
of silver salts by reducing aldehydes. Then the technique was followed by several scientists in coming 
years. Wurtz, in 1988, used this technique with metallic nickel deposition in an aqueous solution in the 
existence of hypophosphite (reducing agent) followed by Breteau in 1911. Development in this field 
not received much sponsorship until World War II. After initiation of electroless nickel deposit, rest of 
electroless coatings was followed. In 1970, semiconductors and circuit boards were plated with pure gold, 
at Bell Laboratories (Ali & Christie, 1984). Narcus first reported the electroless copper deposition, and 
its profitable application was explained by Cahill and Zeblisky et al. (Zeblisky et al., 1963). Baum et al. 
developed the technique for selective deposition of copper (Cu) by using palladium (Pd) seeds in 1986. 
Palladium and alloys of palladium been acknowledged as an economic alternative to applications involv-
ing gold plating. Electroless cobalt discovered along with nickel deposition by Brenner and Riddell. The 
commercial application of electroless plating of silver (Ag), aluminum (Al), platinum (Pt), ruthenium 
(Ru), and rhodium (Rh) were developed. The field of electroless coating chemistry has materialized as 
one of the promising fields of the surface engineered metal finishing technique in 1984 onwards, when 
materials like plastics, ceramics, polymers and other non-conducting materials coated with electroless 
technique before even being subjected to electroplating (Sudagar et al., 2017).

3.2 Conversion Coatings

Conversion coating is a special type used on metal body in which the metal surface is turned into a coat-
ing with chemical or electrochemical processes. In addition to anticorrosive property, conversion coating 
also tenders improved surface hardness. It also can be used as a decorative primer. Some of the best 
examples of this coating include chromate and phosphate coating as well as black oxide. It is normally 
applied on alloys like aluminum through chromate conversion or anodizing. The process is widely used 
due to low-cost involvement. By this process metal substrate is coated by insulating protective barrier 
in the form of metal oxides such as chromate, vanadate, between the metal surface and the environment 
which prevent from corrosion.

3.2.1 Chromate/chromate-free Conversion Coating

It is one of the most common coating processes and applied to get better corrosion protection perfor-
mance of many metals and their alloys. It is widely used due to its self-healing nature of the coating, 
user friendly application with low cost, the high efficiency and electric conductivity. Additionally, it 
provides a great under-film corrosion resistance which facilitates further finishing treatment. However, 
hexavalent chromate is ban for coating processes due to its carcinogenic effect.

There is another method chrome-free conversion coating where non-chromate salts such as cerate, 
stannate, vanadate, zirconate etc. have been developed. It has strong coating adhesion and can act as a 
barrier by covalent bonding for coating, limiting (Chen et al., 1998; Hamdy, 2008; Hamdy & Butt, 2007; 
Hamdy & Farahat, 2010).
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3.2.2 Anodizing

Anodizing is in reverse of electroplating. To make a thick oxide layer on the metals and alloys surface, 
an electrolytic process namely anodizing process is employed to improve corrosion resistance and paint 
adhesion to the substrate (Mittal, 1995). In anodizing (electrochemical conversion coating), the surface 
of certain aluminum, magnesium, titanium, and zinc alloys convert to an oxide of the metal. This process 
involves immersion of a component in an acid solution and passing electricity through the component, 
with the component being the anode in the electrical circuit with an acid electrolyte and a cathode (Pb is 
used in general). The temperature of the solution is controlled to give the desired properties. The process 
is illustrated in Figure-2. This process also includes the mechanical treatment; degreasing, cleaning and 
pickling; electropolishing; anodizing using AC or DC current; dyeing or post-treatment; and sealing 
(Mittal, 1995). By this process with a thin barrier layer at the metal–coating interface, a relatively thick 
layer of a cellular structure also added. Each cell contains a pore the size of which is determined by the. 
The quality of the anodized film depends on pore size of cell, type of electrolyte and the experimental 
conditions (Hamdy & Butt, 2007). The anodized film are formed by a brittle ceramic material, so ap-
propriate mechanical properties does not fulfill the requirements of some industrial applications.

Figure 2. Annodizing of metal body (M = Al) in acid electrolyte (H2SO4) bath
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3.3 Chemical and Physical Vapor Deposition (CVD and PVD)

3.3.1 Chemical Vapor Deposition

The most commonly used coating process is chemical vapor deposition (CVD). In 1993, CVD technique 
was first reported by Endo and his research group. Three years later in 1996, Smalley’s group successfully 
adapted Carbon monoxide-based CVD technique. It is applicable to any metallic or ceramic compound, 
including elements, metals and their alloys and intermetallic compounds. The CVD processes have been 
done by the deposition of a gaseous phase onto solid material. The phenomena of this deposition involve 
a chemical reaction between volatile precursors and hot materials surface to be coated. So the temperature 
of the material surface is most crucial and can persuade different reactions. Example of different types of 
CVD are atmospheric pressure chemical vapor deposition, metal-organic chemical vapor deposition, low 
pressure chemical vapor deposition, laser chemical vapor deposition, photochemical vapor deposition, 
chemical vapor infiltration etc. (Dai et al., 1996; Endo et al., 1993).The process is illustrated in Figure-3

3.3.2 Physical Vapor Deposition

The process is similar to CVD, except the deposited start out in solid form. It is the technique where 
transfer of material on an atomic level under vacuum conditions. At first, atoms from the surface (which 
is chosen for coating purpose) evaporate by an electron beam or ions (high energy source) and it coated 
at the substrate surface. Advantages of PVD are enhancing the properties of original material, environ-
mentally friendly. But main drawback is the expensive process but low output and complicated process.

Figure 3. Schematic diagram of the chemical vapor deposition apparatus.
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3.4 Spray Coating

Spray coating process involves molten / soften particles, coated onto a substrate. It is mainly used in 
industry. Some common spray coating techniques are explained below.

3.4.1 Thermal Spraying

In the thermal spraying process, particles of 1–50 μm are partially melted coating materials are sprayed 
on the substrate in accelerated high velocities by a flame or an arc. The quality of coating is determined 
by the oxide content, porosity and adhesion to the substrate. The main advantages of this technique is 
thick coatings ranging from 15 μm to a few mm. (Kasten et al., 2001). Another modified version of the 
thermal spray technique is High-velocity oxy-fuel spraying (HVOF). In this technique, a mixture of gas-
eous fuel such as hydrogen, natural gas, methane, propane, or liquid fuels such as kerosene in presence 
of oxygen is fed into a combustion chamber for reaction under ignition (Gadow et al., 2010; Paulussen 
et al., 2005). Cold spraying coating is similar to the HVOF spraying technique, but particles are acceler-
ated to very high speeds by the carrier gas through a nozzle by which solid particles deform plastically 
and bound mechanically to the substrate. The velocity depends on the properties of the material, powder 
size and temperature. The advantage of this technique is the possibility to use of soft material for coat-
ing and disadvantage is low deposition efficiency (Paulussen et al., 2005). Again, warm spraying is the 
modification of HVOF where temperature of the combustion gas is lowered by mixing it with nitrogen, 
which is similar to the principle behind the cold spraying technique.

3.4.2 Plasma Spraying

In this process powder of the coating materials are fed into the plasma jet at around 10000 K, and melted 
materials and are sprayed over the substrate to be coated (Emran et al., 2018). It depends on several 
factors such as the nature of the coating powders, plasma gas composition, gas flow rate, energy input, 
distance between substrate and source of spray and final cooling parameters (Kuroda et al., 2008).
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3.4.3 Vacuum Plasma Spraying

It is similar to plasma spray technique except relatively low operating temperatures (40–120°C). So, 
thermal damage can be avoided. The main advantage is conduction of non-thermally-activated surface 
reactions, which is not possible in molecular chemistries at atmospheric pressure.

4.5 Other Coating Techniques

Beside these well-known techniques there are several other techniques which are also advantageous as 
like other. These are discussed below.

4.5.1 Sol–gel Coatings

This is chemical tailorable, environmentally friendly methods which form long lasting coating for many 
ferrous and nonferrous alloys (Makhlouf & Gajarla, 2019). Poor adhesion performance and lack of 
high-performance are the main drawback of this coating method. But use of silica, ceria, vanadia and 
molybdate can improve the coating by making covalent bond. This can make strong coating adhesion 
and limiting water transport-induced attack on the surface (Hamdy, 2006a; Hamdy, 2006b; Hamdy, 
2006c; Hamdy, 2009; Hamdy, 2010; Hamdy & Butt, 2006a; Hamdy & Butt, 2006b; Hamdy & Butt, 
2007; Plasma Spraying Process, 2010).

Figure 4. Schematic diagram of Plasma spraying
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4.5.2 Spin Coating

This process is known for last several decades for thin films coating. In this process, at first a small drop 
of the coating material is dropped on the centre of a substrate and spun around an axis perpendicular to 
the coating area, at a controlled high speed. Due to high spin the coating material spreads over substrate 
surface to form thin film of coating. The thickness and other properties will depend on the nature of the 
coating and spinning speed (Ching, 2015).

4.5.3 Roll-to-roll Coating

Roll-to-roll coating is performed to a flat substrate by passing it between two (or more) rollers. At first 
the coating material passes through one or more auxiliary rolls where the gap adjusted between the up-
per roller and the second roller. After final coating, substrate is then shaped to the final form without 
affecting the properties of the coating. It consist two techniques; direct and reverse roll coating. In first 
case, the rotation direction of roll and substrate are same whereas the second case is just opposite (Malik 
et al., 2009).

4.5.4 Slot/die and slot/extrusion Coating

In this process, the surface of substrate coating is compressed by gravity or external applied pressure 
through a slot. The process can be termed as ‘extrusion’ if the composed coating is entirely of solids. 
The speeds of the extrusion can control the thickness of coating (Malik et al., 2009).

4.5.5 Dip Coating

In this process, the substrate is dipped into a coating material bath of known viscosity. The speed and 
dipping time are carefully controlled at last the substrate take out from the bath and allowed to drain. 
The quality and thickness of coating is dependent on the viscosity of the coating and it kept always 
constant during whole process.

5. NEW LIGHTWEIGHT MATERIALS

Interest in lightweight materials is increasing both in industry and in research circles in course of time, 
as they can be used to reduce weight and save energy. Light metals such as aluminum (Al) titanium (Ti) 
have also been generally used to manufacture hard coatings materials such as physically vapor deposited 
(PVD) TiN or AlN, and chemically vapor deposited (CVD) Al2O3 (Korhonen & Harju, 2012). Combina-
tion of plasma-aided coating and diffusion processes developed a new term ‘duplex treatment’, consist-
ing of plasma nitriding and subsequent hard coating. To reduce the degassing and make the cleaning 
of the surfaces easier inside vacuum pump, another intriguing innovation is TiN coating on aluminum 
parts. Including many profitable side of light alloys, their surface properties sometimes cause problems. 
(Korhonen & Harju, 2012) For example, galling or annoying may be a severe problem with titanium 
parts, and plasma nitriding is an immediate and solution to combat it, though due to adherent oxide 
scale, plasma nitriding of aluminum is a difficult procedure (Technical Coating International Inc, 2010). 
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Magnesium alloys are other example lightweight materials to replace heavy alloys. It is now widely 
used in the automotive and aerospace industries. Main benefit is ensuing reduction of fuel consumption 
as well as CO2 emissions. These alloys have an admirable property such as - a high strength-to-weight 
(S/W) ratio, low density, dimensional stability and castability. In spite of their outstanding mechanical 
properties, magnesium alloys remain very vulnerable to corrosion, but several coating schemes have 
been developed to improve the corrosion resistance (Korhonen & Harju, 2012).

5.1 Environmentally Friendly Coatings

Chrome plating or chromium plating), is a technique of electroplating can be decorative, provide cor-
rosion resistance, ease cleaning procedures, or increase surface hardness. Industrial uses of chromium 
(VI) compounds include chromate pigments in dyes, paints, inks, and plastics. But, the workplace 
exposure to may cause; lung cancer, irritation or damage to the nose, throat, respiratory tract, irritation 
or damage to the eyes and skin if hexavalent chromium contacts these organs in high concentrations 
(Makhlouf, 2011). These health hazard problems influenced the demand for more environmentally 
friendly coatings. Researcher are in a continual investigation to find out chrome-free, and low in sol-
vent or solvent-free coating materials resulting both properties, in terms of protection and acceptable 
appearance. Though the coating industry has a bad reputation for causing environmental damage dur-
ing the manufacture, application and uses of products, but the collective efforts of global regulatory 
agencies and researchers have significantly improved the environmental paw marks for the industry 
over the last couple of decades. Significant reductions in hazardous air pollutants, releases of volatile 
organic compounds (VOCs) and hazardous waste have been realized. Issues of air pollution in China 
have prompted Chinese government to impose a VOC tax on all coatings that have more than 420 g/L 
VOC (OSHA, n.d.). Concerning cobalt driers in alkyd paints has impelled a hunt for environmentally 
alternatives (China Slaps VOC Tax on Coatings, n.d.). Bisphenol-A (BPA) has been banned in coatings 
for baby food and beverage and food containers or cans. N-methyl pyrrolidone (NMP) solvent has been 
aloof from coatings to certain automotive customers. Isothiazolone which is used as a preservative in 
coatings are under scrutiny. Even TiO2 safety has been called into question (CEPE Guidance on Label-
ling Decorative Paint with Skin Sensitizing Biocides, n.d.; CEPE Information Bulletin About Cobalt 
Driers, n.d.; EU Directive Restricting the Use of Nonylphenol Ethoxylate and Nonylphenol Products, 
n.d.; Lydecker, 2015). Having a wonder for the coating industry; ‘what could be the next !!’ continued 
the drive for an alteration in coating chemistry. Environmental concerns have increased the requirement 
and attention to develop alternative sources for chemical feedstock. Chemistry plays a leading role in 
this context. The development of environmentally friendly coatings can be grouped into seven general 
categories: (i) Solvent content reduction; (ii) Elimination of toxic raw materials; (iii) Reducing curing 
temperature; (iv) Simplifying paint processes; (v) Increasing coating efficiency; (vi) Increasing lifetime 
(from corrosion, photo-oxidation etc.) of coating-enabled asset; (vii) Coating-enabled energy savings 
(lightweight substrates, drag reduction, heat dissipation, heat reflection)etc. Many coatings industries 
have forcefully been developing solutions away from the exemplary petrochemical feedstock. Bio-based 
technologies are flowering more and more for the coating industry. Resins and additives can be based 
on renewable resources and formulated into paints with regulations compliances. New binder resins 
with tailor-made properties and well-defined molecular structures, is a solution for molecular weight 
distribution to get excellent viscosity of the coating solution. More attention is paid to the calculated 
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design of functionality in polymers to ensure greater uniformity of cross linking during curing, and to 
optimize film performance (Brock, 2005).

5.2 Self-assembling Molecules

Replacement of organic solvent-based coatings by water-based latex polymer coatings has significantly 
renovated the coating industry (Brock, 2005). It wiped out a huge environmental and health hazard. 
Considering the continuing demand for higher efficiency and lower costs, the coating industry has to 
uphold a sustainability standard (Kamp et al., 2020). To address the standard, polymer latex binders 
with diverse particle morphologies have been industrialized to improve coating performance. Colloidal 
self-assembly has been incorporated to help manufacturers to produce low cost best paint (Brock, 2005). 
Self-assembling molecules can organize themselves in a closely regular arrangement on a metal surface, 
and then polymerize. This strongly-affixed, flexible coating layer improves coating adhesion, corrosion 
protection, mechanical and chemical resistance. In this process biochemical gene modified natural raw 
materials are used paint binders, instead of oils or resins. Natural polymers such as cellulose or chitin 
can be modified to make them more acceptable in paint binders (Brock, 2005; Jiang et al., 2017; Kamp 
et al., 2020; Murata, 1996).

5.3 Self-cleaning Coatings

A new fascinating innovation is the self-cleaning coatings which are resistant to dirt, water and oil when 
applied to a surface. Micro-patterns on surfaces are known to resist water and dirt penetration, and this 
so-called ‘lotus effect’ is already used in self-cleaning roof tiles and sanitary ware. Bright surfaces on 
car bodies, however, do not seem to be a realistic goal: artificial lotus surfaces are not self-renewing, so 
their sensitivity to cleaning and other mechanical treatments presents a problem. Other surface effects 
such as shark skin and fur-like films might find outlets in the coating of plastics (EU Directive Restrict-
ing the Use of Nonylphenol Ethoxylate and Nonylphenol Products, n.d.). Because of the wide-ranging 
applications, starting from textile industry (self cleaning clothing) to automobile industry (self-cleaning 
wind shield glass, car bodies and mirrors), optical industry (cameras, sensors, lenses, telescopes) to 
aerospace industry (non sticky surfaces), solar modules (self-cleaning solar modules) to exterior paints 
with self-cleaning properties; this technology arriving a great deal of attention in late 20th century; and 
now copious research works are going on in this field to produce high proficient and long-lasting self-
cleaning coating surfaces with enhanced optical qualities (Thakur, 2019). This technology offers a wide 
range of benefits, including low maintenance cost, elimination of tiresome manual effort, and above all 
reduction in cleaning time. This technology is mostly classified into two major categories; hydrophilic 
and hydrophobic and both related to the action of water. In a hydrophilic self-cleaning coating, the water 
is spread over the surfaces, which carries away the dirt and other impurities (sheeting), and in hydrophobic 
process, the water droplets skate-and-roll over the surface thereby cleaning it. Sometimes in hydrophilic 
coatings, suitable metal oxides are used to chemically destroy the complex-dirt by sunlight-assisted 
cleaning mechanism (Wang et al., 2002).
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5.4 Composite Coatings

A composite coating is the combination of two or more substances that offer protection against corrosion. 
This special type of coating is mostly based on epoxy and polyurethane as well as resin. It is produced 
through a high-tech resin technology according to a particular sequence to meet the requirements of 
industries. It offers excellent corrosion protection and waterproofing, making it one of the top coating 
materials used by industries. Composite coating with refractory ceramic particles can result in good 
wear resistant properties, similar to CVD or PVD coatings. It can be done by four different techniques; 
(i) by Laser cladding, (ii) by Laser melt injection, (iii) brazing and (iv) coating from aqueous solutions 
by electrochemical and electroless methods. Laser cladding has been developed for its potentiality of 
introducing hard particles such as WC, TiC, SiC and Cr3C2 etc. as reinforcements. Each of these coposite 
have very high hardness and high wear resistance. Intensive research on Ni alloys is mode of interest in 
recent years due to its excellent resistance against abrasion and corrosion at higher temperatures. In Laser 
Melt Injection (LMI) technology. the surface of the substrate can be melted by laser beam (the depth of 
the pool is approximately 1 mm), and the solid particles (particle size 10 to 100 μm) can be delivered 
into this pool by inert gas. In the brazing process, high vacuum or an inert gas atmosphere is used and 
the whole sample is heated up. In laser technologies there are some difficulties in the preparing of the 
composite coating. One is the poor wettability between the melted metal and the reinforcing particles and 
another is the chemical reaction between the two phases. Both the poor wettability and chemical reaction 
can decrease the mechanical properties of the composite coatings. These problems can be overcome by 
reinforcing particles formation in-situ during the cooling of the melted metal. Because of rapid cooling 
of the melted part and the non-uniform temperature in laser method, mechanical stress may occur in the 

Figure 5. Schematic diagram of Self-cleaning coating
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sample. In order to avoid that, the brazing technique is used where whole sample is heated up during the 
brazing process. A brazing belt or brazing paste is prepared from the mixture of brazing alloy powder 
and the reinforcing material using a large volume of organic binder. The brazing technique is applicable 
for the coating on the complex surface of engineering machinery. The electrochemical and electroless 
methods are also suitable for preparing wear-resistant compounds or composite coatings on complex 
surfaces, but it grant a weaker bonding between substrate and coating than brazing. Electroless plating 
may yield higher hardness than electrochemical plating (Azzawi & Baumli, 2015; Ganesh et al., 2011; 
Karimzadeh et al., 2019).

5.5 Powder Coatings

The powder coating process was invented around 1945 by Daniel Gustin. In this technique coating that 
is applied as a free-flowing, dry powder, where coating is typically applied electrostatically and then 
cured under heat. The powder may be a thermosetting or thermoplastic polymer, usually used to create 
a hard finish that is tougher than conventional paint. This coating is mostly used in coating of household 
appliances, aluminium extrusions, drum hardware, automobile, motorcycle, bicycle parts and MDF 
(medium-density fibre board) etc. As powder coating does not have a liquid vehicle, it can produce 
thicker coatings than conventional liquid coatings without running or wilting. It produces very negligible 
appearance differences; between horizontally coated surface and vertically coated surface. As no carrier 
fluid evaporates away, the process emits hardly any VOC. Curing time is significantly faster in powder 
coating technique than liquid coating.

6 TRENDS IN NANOCOATINGS

The present scientific research and technology highly concern to the nanotechnology due to easy synthetic 
methods, materials with unique physical, (Ünal et al., 2019) chemical and mechanical properties. In the 
surface coatings technology, nano size effects can significantly enhanced coating properties by tailor-
made coatings (Zhang, Sun, Fu et al, 2003). The assembly of hierarchical systems in nanostructures may 
determine the strength of coating area. The design models for nanocoatings are nanocomposite coatings, 
nanoscale multilayer coatings, super lattice coatings, etc. (Baer et al., 2003).

6.1 Micro- and Nanocapsule-based Coatings

Micro- and nanocapsules are of emerging interest to the research community for their extensive ap-
plications in many research fields such as molecular biology, medical imaging, electronic materials 
etc. Moreover, they have also been increasingly used as fillers, coatings, capsule agents, etc. Generally 
nanocapsules/containers were synthesized by polymerization in suspension using charged polystyrene 
nanospheres and then its lattices were coated by a layer of inorganic oxide(s) using the sol–gel method. 
The final products were burn in air to form polystyrene latex (Zhang, Sun, Fu et al, 2003). Nevertheless 
a thorough research is required to improve the quality of coating thickness. In this regards, researchers 
started to make self-repairing coatings by encapsulation of a catalyst into spheres (diameter <100 μm) 
or an inhibitor or a healing agent into similar sized microcapsules. These microcapsules are acting as 
coating material (Multiprotect Newsletter, 2009). During corrosion or scratching, inhibitor contents 
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leaking out by breaking the capsules at the damaged region. At this time healing agent exposed to air 
and reacts with the environment to form a protective oxide leading the repair of damage.

6.2 Nanocomposite Coatings

These types of coating compose several techniques, among which reactive magnetron sputtering is most 
commonly used of a nanocrystalline phase and an amorphous phase. It offers superior hardness to the 
substrate. Thus a thorough study and extensive experiments carried out to optimize the hardness for 
industrial applications. The research considers both hardness and roughness of substrate with respect to 
corrosion behavior. It involves prevention of dislocations in the nanocrystalline phase; blocking of the 
grain-boundary and natures; lattice parameter; crystal size; and effects of impurities and intermediate 
phases (Brock, 2005).

7 ADVANCED POLYMERS AND FILLERS

A continuous research for the developments for coatings using advanced polymers represents a future 
trend in coating technology.

7.1 Hyperbranched Polymers

Hyperbranched polymers can be prepared by controlled radical polymerization with low melt viscosities. 
This type of coating is highly applicable to a high solid content and for powder coatings with low film 
thickness and low temperature. It produces solvent-free binders with narrow melting ranges (Multiprotect 
Newsletter, 2009; Zhang, Yu, Chen et al, 2003).

7.2 Organic–Inorganic hybrid Polymers

The development of future coating systems is highly interested on hybrid polymers which are the com-
binations of organic polymers and inorganic silicates to improve the overall coating qualities. The com-
bination of inorganic networks with organic polymers may improve the stability and scratch resistance 
with elasticity. The sol–gel method has been successfully used for the synthesis of hybrid polymers 
(Multiprotect Newsletter, 2009). An improved translucent quality of polymers was prepared and reported 
by Brock, where he construct a block and comb polymers with intramolecular incompatibility which 
was then phase separated in the nano field (Murata, 1996). Further developments in phase separation 
will guide to improved adhesion to the surface without degrading the coating qualities.

7.3 Conductive Polymers

For the improved corrosion resistance coating of non-metallic substrates a newly developed coating material 
i.e., conductive polymers were introduced. These are mainly constructing polyanilines and polythiophens 
moiety and synthesized by electrostatic and electrochemical method. The main advantage of this coat-
ing is the presence of heat conductive layers, for which highly acceptable to electrically heat surfaces.
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7.4 Water soluble Paint

In architectural paint industries, water soluble paint is the strongest competitive, recently-developed 
future trends due to it is less expensive, lower in odor without toxic waste production. In the coatings 
and paints industries, water-soluble paints have met with superior resins with unique characteristics.

7.5 Fillers

Even though fillers don’t have direct implementation rather negative effect to the coating quality, yet 
these are extensively used in every coatings industry to reduce costs. Further research on the fillers may 
reveals with high mechanical strength or improving the coating quality and decorative effects and also 
improves corrosion resistance. Nowadays with the help of nanotechnology, it is easy to design ultra-thin 
films by using nanolayers of special fillers or additives which can improve the matrix of the polymer. This 
technique is used for thermal and electrical insulation, and especially for fire protection (Multiprotect 
Newsletter, 2009; Zhang, Yu, Chen et al, 2003).

8. DEVELOPMENTS IN COATING PROCESSES

Starting from typical methods, the surface coating engineering enters into a new era, namely nanocoat-
ings. Scientists and researchers are highly interested to nanocoating due to the superior hardness and 
strength. So, they are trying to improve the coating processing by which nanopowders will be available. 
But the requirement of sophisticated instruments and multistep processes oppose fast development for 
large-scale synthesis of nanoparticles.

For thermal spray processes especially plasma spraying or HVOF spraying, the main feedstock 
materials are nanopowders. In thermal spraying, use of nanopowders which is synthesized from vapor, 
liquid and solid provide a big advantage of moderate to high rate throughput and the formation of coat 
target materials having complex shapes, better wear resistance (Murata, 1996; Tjong & Chen, 2004). 
The research on HVOF is most attractive to the next generation of nanocoatings as it can deposite in 
dense nanocrystalline ceramic coatings with superior wear properties, with low porosity, high strength 
at low spraying temperature.

9. FUTURE RESEARCH DIRECTION

The genesis of surface engineered coating lie in ancient times. In ancient Greece and China with the 
practice of hardening, tempering and the crude forms of case hardening using solid organic materials, the 
cultivation of surface engineering started. In 20th century, with the introduction of electrical phenomena, 
the extensive assortment of modern surface technology emerged. This includes laser, plasma, and ion 
beam techniques to develop the technology day by day. In recent years, there has been a paradigm shift 
in surface engineering from age-old electroplating to modern techniques like vapor phase deposition, 
diffusion, thermal spray, plasma spray, laser, ion, electron, microwave, solar beams, pulsed arc, pulsed 
combustion, spark, friction and induction etc. But still there are some issues to address. The future im-
provements in coating processes must consider the thinnest layer of coating, complete automated coat-
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ing, and use of module method to control the color of end product. Novel nano-composites and hybrids 
for high-temperature lubricating coating applications is an emerging field to develop. Self-assembled 
nano-phase particle coating, surface-coated pH-responsive membranes, modifications of electrode sur-
faces, energy efficient windows, surface coated fabrics, coating for building temperature control are the 
emerging field of future research. Anti-icing and anti-fouling coatings in aerospace sector, improved bulk 
materials for aircraft leading edges, thermally resistant coatings and advanced composite materials for 
aircraft pipelines etc. are the time demanded technology to be developed. The construction industry is 
always seeking improved ways to repel moisture, limit the impact of fouling and preserve dimensional 
stability, appearance and insulation performance. The wind sector also needs fire-retardant composites 
and advanced bulk materials, developed through nano-enabled resins, for applications such as lightweight 
blades. In the solar sector, easy-clean anti-reflective coatings can significantly improve the efficiency of 
current photovoltaic systems. Another focus is to protect the offshore wind turbine used in marine energy 
generation, from tidal wave, corrosion and marine bio-fouling. So, the potential application for coatings 
and surface engineering is vast. If we want to work on it, there is enough scope to further research and 
to play with this surface engineering for coating techniques.

9. CONCLUSION

Surface engineering is strongly connected with coating. For successful coating deposition on a substrate, 
several parameters can affect the quality, such as both the deposition and substrate materials, feedstock 
form (powder, wire, rods, precursors, etc.), and deposition methods. Among all the parameters deposi-
tion processes is the most important as it is connected with chemical alteration of materials. The most 
commonly used techniques and successful methods are deposition means are physical/chemical vapor 
deposition (PVD/CVD), electrodeposition (i.e., Electro- and electroless chemical plating, electrochemi-
cal plating, electroless chemical plating etc.), sol–gel, and different types of thermal spraying processes 
(i.e., HVOF, plasma, cold, warm, and vacuum plasma spraying).

Surface engineering provides one of the most important means of engineering product differentiation 
in terms of quality, performance and life-cycle cost. The surface characteristics of engineering materi-
als have a significant effect on the serviceability and life of a component, thus it cannot be neglected 
in design. Engineering environments are severe. They are normally complex, combining loading with 
chemical and physical degradation to the component surface. Surface engineering can help deal with 
these circumstances to improve the service life, and to enhance the overall performance of the compo-
nents. In a word, Surface Engineering technology provides effective solutions to extreme applications. 
Surface engineering will provide many applications to the sports industry of the future.
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