
Chapter 14
Study of Development of Various
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Abstract Thermal spray coating techniques have been widely used for improving
the surface properties of the specimen like corrosion resistance, hardness, friction
resistance, wear resistance, erosion resistance etc. All these properties not only
depend on the type of coating material but also on the surface morphology. The
work material during thermal spray came across critical operating conditions like
high temperature, pressure. Moreover, the coating morphology also depends on the
size, type and shape of the coating material. This showed a noticeable effect on
the performance of the coated surface. The different characterization techniques are
available to study the morphological properties of the coated samples. In this review,
the effect of various parameters on the surface morphology of thermal spray coating
has been studied.
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14.1 Introduction

Coating techniques for protecting the substrate material form atmosphere have been
used from ancient times. The advanced coatingmethods not only protect the substrate
but enhancing the performance of the substrate. The advanced coating techniques
enable multiple effects like protection from corrosion and erosion, reduction in
wear, achieve desired friction by inducing desired hardness, atmospheric inertness,
depositing desired material over the substrate and reinforcing the substrate material
etc. [1–5]. There are various coating methods like PVD, CVD, Sol–gel, Electro-
plating and Thermal Spray each having its advantages and drawback in the field
of application [6]. Some of the coatings are easy to achieve and cost-effective but
the purpose is to provide a layer of desired material for atmospheric protection or

S. Dangi (B) · R. S. Walia · N. M. Suri
Production and Industrial Engineering Department, PEC, Chandigarh, India

S. Chaudhary
Mechanical Engineering Department, Thapar Institute of Engineering & Technology, Patiala, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
R. Pratap Singh et al. (eds.), Proceedings of the International Conference on Industrial
and Manufacturing Systems (CIMS-2020), Lecture Notes on Multidisciplinary Industrial
Engineering, https://doi.org/10.1007/978-3-030-73495-4_14

201

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-73495-4_14&domain=pdf
https://doi.org/10.1007/978-3-030-73495-4_14


202 S. Dangi et al.

aesthetics. The material subjected to dynamic load, erosion, wear and friction has
to be coated such that the coating should service the adverse working conditions
[7–10].

Thermal spray coating emerged as one such coating techniques in which the
coating material has been sprayed over the substrate material at high temperature
(upto 15,000 °C), the flow of particles is assisted by high velocity gas/air. Classi-
fication of various thermal spray coating techniques is depending on heat source
i.e. plasma spray coating, high velocity oxyfuel coating (HVOF), arc spray coating
[11–15].

The most common thermal spray coating method is Plasma spray coating, in
this method the temperature of the heat source is more than 15,000 °C. The molten
accelerated particles of coating material move towards the substrate and strike the
substrate with a governed speed. The continuous bombardment of the particles on the
substrate resulted in the formation of a dense layer of coating [16–18]. The coating
density in the case ofHVOF and arc spray coating is less as compared to plasma spray
coating. High heat in the case of plasma spray coating resulted in stress induced to the
specimen. The thermal spray coating can be applied to a wide variety of substrate and
coating material such as metals, ceramics, polymers, composites etc. The multilayer
coating of the same or different compositions can also be achieved via thermal spray
coating [19, 20].

The mechanical, thermal, tribological, electrical and chemical performance and
properties of the coated specimen depend on the coating parameters, coatingmaterial
and another important parameter is the coating morphology [21–23]. Most of the
major properties and performance of the coating depends on the morphology. In this
review article the impact of coating morphology on the various properties of the
coated specimen has been discussed. The review focuses on the different thermal
spray coating methods applied for coating the variety of substrate materials.

14.2 Mechanism of Coating Build-Up

The principle of material deposition is quite similar for all the coating methods.
The heat source in the form of arc or flame has been used for depositing the desired
coatingmaterial over the substrate surface. The temperature of the flamemay go upto
15,000 °C and the high velocity of carrier gas assists the impact of coating material
over the substrate [24, 25]. The flame generatedmoved towards the substratematerial
through the nozzle. The coating material is supplied to the heated flame and forced
towards the substrate. The coatingmaterial having thermal energy due to heat transfer
from the flame and kinetic energy due to the momentum transfer by the carrier gas
strikes the substrate in solid, semi-solid or molten state and gets deposited over the
surface of the substrate [26–29].

In the case of cold spray coating, the coating material doesn’t melt so the coating
is achieved by plastic deformation due to the impact velocity of heated material.
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Whereas, in the case of thermal spray coating, the coating material gets melted and
the molten material gets deposited due over the substrate surface [6, 30].

The substrate surface should be clean from physical and chemical impurities
as the coating material and the substrate may have mechanical interlocking and
metallurgical bonding. The first layer of material deposited on the substrate governs
the thermo-physical properties of the coating. The multiple passes of the flame result
in multilayer coating over the surface [31–33].

14.3 Morphological Development for Thermal Spray
Coatings

The coating material has a very vital role and it affects the quality of the coated
specimen largely. The mechanical and chemical properties of the coating material
affect the coating but it has been observed morphology of coating material before
coating plays a very important role the determining the properties of coated speci-
mens. Themorphological development of coating dependsmainly on substratemate-
rial, coating material, gas dynamics and coating process. Figure 14.1 shows all the
major parameters affecting the coating process. Moreover, the morphology of the

Fig. 14.1 Parameters affecting coating morphology
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coating deposited on the specimen also affects the mechanical, chemical, thermal
and tribological performance of the coated specimen.

14.3.1 Morphology of Coating Material

The morphology of coating material is one of the very crucial parameters which
affects the performance of the coating. The coating material having the same particle
size and chemical composition reported different mechanical, chemical, thermal,
tribological, electrical behavior as therewas somemorphological difference observed
among the coating materials used. The particles which are deposited by complete
melting are least affected by their initial morphology [28]. Still, the effect of initial
morphology for those particles has also been reported by the researches. There might
be a possibility that the particles don’t get melted completely and deposited by
the mechanical action, in that case, the initial morphology of particles governs the
morphology of coating and the performance of the coating. The particle morphology
may provide the solidification front for the coating. The solid particles assist the
grain growth and directional solidification of the molten material [34, 35].

The particle morphology may affect the direction of motion, the velocity of parti-
cles through the feedmechanismor spray gun. The particles having non-aerodynamic
morphologymay create an obstacle in themovement, the actual mass flow rate in this
case decrease and cause clogging of the spray gun. The particles having spherical
morphology move smoothly without many obstacles whereas the annular particles
experience large drag created by the carrier gas. The hard coating material having
annular morphology causes the wearing of spray gun as the sharp edges present on
the annular morphology to strike the spray gun and plough the material of gun due to
the high drag force created by the carrier gas. This affects the accuracy of the process
which is minimum in the case of spherical morphology [36–38].

The annular morphology coating material has a larger surface area as compared
to spherical morphology. These materials show a higher heat transfer rate i.e. it gets
heated in cold quickly. The peak temperature obtained in case of annular morphology
maybe higher than the sphericalmorphologybut these particles lose heat very swiftly,
as a result, the solidification rate is very high which results in smaller grains [28]. The
bigger size coatingmaterials can’tmelt completely, the grain growth in such cases has
been governed by the initial morphology of the particles. The annular morphology
assists the heat transfer rate as the morphology of coatingmaterial becomes spherical
the heat transfer rate decreased. The slower heat transfer rate may be responsible for
the bigger grain size but the presence of voids on the coated samples resulted in
decreased elastic modulus and toughness [39–41].

The density of coating also depends on the plastic deformation of the under-
melted coating material. The coating material having higher plastic deformation,
the coating produced might be more closely packed and the voids eliminated. This
results in a very dense coating. The substrate initial temperature also governs the
morphology of the coating. If the substrate initial temperature is less than 200 °C,
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the bonding of coating on the substrate would not be strong due to the poor wetting
of the substrate surface and the morphology produced would be irregular [42, 43].
The partial melting of coating material may result in decreased efficiency as there is
a possibility of rebounding of particles from the substrate surface (Fig. 14.2).

14.3.2 Morphology of Coated Material

The thermal spray coating over the substrate surface is generally obtained by either
spherical, elliptical, or any other annular splats combing together to create a lamellar
microstructure. The molten or semi-molten droplets of coating material strike the
substrate with high velocity. The molten droplets may be micro or nano in size which
strikes the substrate and the cohesion between the substrate and coating material
assists the formation of a stable layer of coating over the surface. The morphology
of coated material primarily has deposited material, voids, porosity, semi-melted
material. Each having a different effect on the performance and properties of the
coating. The lamellar microstructure is governed by the process parameters such as
morphology and size of coating material, the velocity of particles, flame tempera-
ture, angle on impingement etc. The molten coating material has a huge affinity for
agglomeration, such agglomeration result in the enhanced size of the coatingmaterial
over the surface. The morphological characteristics observed in the thermal spray
coated specimen shown in Figs. 14.3 and 14.4 are voids, porosity, delamination,
spalling, interface contamination, cracks, unmelted particles, pull-outs, oxidation,
metal inclusion [26, 44–48].

14.3.2.1 Porosity

The porosity in thermal spray coating may go upto 8–10% depending upon the type
of process, solidification rate, initial morphology of particles. Porosity in the case
of plasma spray coated was observed more than HVOF thermal spray coating. In
the case of plasma spray coating, there might be a lesser impact of coating material
on the substrate or splashing of the molten material from the surface due to a high
melting point, which resulted in higher porosity [49].

As the deposition in case of thermal spray coating is lamellar i.e. the deposition
is such that one layer gets deposited over the other. Due to the impact of accel-
erated coating material, the previous layer of deposition gets flattened over the
surface and the porosity present in the previously coated layer disappears, hence
the density of coating increases. The deposition of more and more layers over the
surface enhances the density of the coating [50–54]. There have been some crakes
and porosity observed on the interface of the respective layers that is generally termed
as voids. These voids affect the mechanical, chemical, thermal, and electrical prop-
erties of the coated material. The globular voids present at the parting line may be
carried to the upper surface of the coating and form open pores. These voids act as
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Fig. 14.2 SEM micrographs of the various coating material (left) and obtained thermal sprayed
coatings (right): Cr3C2–50NiCrMoNb (a, b), Cr3C2–25NiCr (c, d), Cr3C2–25NiCr (e, f), Cr3C2–
37WC–18NiCoCr (g, h) and WC–10Co4Cr (i, j) [66]
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Fig. 14.3 Typical ceramic coating microstructure (1) delamination (2) spalling (3) interface
contamination (4) transverse crack (5) inter-lamellar pores (6) inter-lamellar cracks (7) unmelted
particles [44]

Fig. 14.4 Schematic illustration ofmetallic coatingmicrostructure (a) unmelted particles (b) oxides
(c) debris (d) fine particles (e) porosity [26]

launchpad oxidation of the material. The vapours from the chemical reaction formed
and produce porosity in the coating. the dirt and inclusion of foreign material is also
responsible for voids generation. The inter-lamellar pores due to rapid solidifica-
tion resulting in micro-cavities. These pores may act as a crack propagation site and
the rate of reaction at these sites increases drastically when working under elevated
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temperature and pressure. The pores provide a site for air hence decrease the thermal
and electrical conductivity of the coating [55–57].

14.3.2.2 Cracks

The cracks can be commonly observed in the thermal spray coating. The cracks
may be present on the interface of substrate and coating are known as delamination.
Such types of cracks are produced due to less impact of coating material striking on
the substrate so the cohesive forces become weak and result in delamination. The
transverse cracks may also be observed in the coating which is perpendicular to the
substrate surface. The coating obtained is in the form of lamellar i.e. deposition of
one layer of coating over the other. There might be a possibility of cracking at the
inter-lamellar site. Such cracks are very critical as they reduce the fatigue life of the
coating [58, 59]. These cracks get widen heat treated as observed by Lui et al. shown
in Fig. 14.5 [60].

The cracks reduce the fatigue life of the coating and the coated specimen. These
cracks widen and propagate to the surface resulting in sudden failure of the coating.
These cracks may also act as the site for the accumulation of internal stresses in

Fig. 14.5 Morphological investigation of LZO thermal spray coating a, b as sprayed c, d thermal
exposer at 1300 °C for 2 h [43]
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Fig. 14.6 Microstructure of coated Babbitt alloy [65]

the coating. The voids formed due to cracking may be responsible for accelerated
oxidation of the specimen [61].

14.3.2.3 Unmelted Coating Material

The highmelting pointmaterial or large size coatingmaterial doesn’tmelt completely
and gets deposited on the substrate surface. Another reason may be the refractoriness
of the material which reduces the heat transfer from the source to the material or the
low-temperature heat source [62–64]. These unmelted particles cause stress concen-
tration in the coating. The localized oxidation had also been observed at the site of
unmelted particles shown in Fig. 14.6. The unmelted particles strike the lamellar
with a high impact compared to the fully molten material. This results in increased
microhardness and density of the coating [65].

14.3.2.4 Oxidation

The atmospheric contamination observed mainly in a metallic coating known as
oxidation. The oxidation of substrate or coating may occur at different stages of
thermal spray coating. The uncleaned substrate may prove to a carrier for the initial
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oxidation at the interface of the substrate and coating. The coating material came
across an elevated temperature which increases the rate of oxidation. The coating
material sprayed over the substratemay reactwith the carrier gas and cause oxidation.
The lamellar sites proved to be one of the very common locations for oxidation [67–
69]. The oxidation of particles continues thereafter at the sites such as pores or
cracks, where the atmospheric gasses could react with the substrate material. The
mechanical, chemical, electrical, thermal properties etc. had been hugely affected by
oxidation [70, 71].

14.4 Conclusions

The thermal spray coating has very wide applications right frommechanical compo-
nents to aerospace applications, automobile,medial equipments, electronics and elec-
trical etc. The effectiveness of coating not only depend on the substrate or coating
material alone, but also on the microfeatures like morphological characteristics of
coating material and coating obtained.

The morphology of coating material affects its followability through the nozzle,
heat transfer rate, melting of the particle, impact velocity, mass flow rate etc. All
these have some impact on some splat formation and other properties of the coating.
The splat formation and shape have a major impact on the solidification and lamellar
formation.

The coating gets deposited over the surface in the form of multi-layer lamellar
and the density of coating enhances when the depositing layer strikes the previously
deposited lamellar. There are some characteristics like voids, porosity, delamination,
spalling, interface contamination, cracks, unmelted particles, pull-outs, oxidation,
metal inclusion observed in the thermal spray coating, each having an impact on the
various properties of the thermal spray coating.
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