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ABSTRACT

Metallic materials that operate under high speed, high temperature and harsh chemical
environments are prone to wear and corrosion degradation. This leads to the failure of
metallic components and results in huge economic loss to industries. The amorphous alloy
or metallic glasses exhibit superior properties like high hardness, good wear, and corrosion
resistance. Metallic glasses eliminate an ordered crystalline structure, hinders plastic
deformation. The Co-based amorphous alloy is the best example of bulk metallic glassy
structure alloy and presence of primary intermetallic laves phase’s exhibits good
mechanical as well as chemical properties. This is mostly employed as coatings because
they are too brittle to be used in bulk form. Co-based metallic glass coating depositing on
metallic materials could positively eliminate the failure of the working component caused

by serious wear and erosion issues.

In the present study, CoMoCrSi superalloy powder (Tribaloy-T400) comprising of a
primary intermetallic laves phase of Co-rich solid solution has shown better mechanical and
tribological properties. Processing of CoMoCrSi feedstock powder is carried out through a
high-energy ball milling (HEBM) technique to obtain a higher volume fraction of
intermetallic laves phases. The hard phases of 30% Cr3C,, WC-CrC-Ni and WC-12Co are
reinforced into milled CoMoCrSi feedstock. The four different feedstock powders
CoMoCrSi, CoMoCrSi+30%Cr;C,, CoMoCrSi+30%WC-CrC-Ni and CoMoCrSi+30%WC-
12Co are sprayed on pure titanium grade-15 substrate using High-Velocity-Oxy-Fuel
(HVOF) and flame spray methods. The as-sprayed coatings are subjected to post heat
treatment to refine their metallurgical and mechanical properties using microwave hybrid
heating technique. Characterization of feedstock, as-sprayed and microwave fused coatings
is done by using Scanning Electron Microscopy (SEM), Energy dispersive spectroscopy
(EDS) and X-ray Diffraction (XRD). Porosity, surface roughness, microhardness, and
adhesion strength of as-sprayed and fused coatings are evaluated. The substrate, as-sprayed
and microwave fused coatings are subjected to elevated temperature sliding wear test
against alumina disc under dry conditions. The test is carried out at 200°C, 400°C, and
600°C temperatures for 10 N and 20 N normal loads. Microwave fused coatings exhibit

higher wear resistance than the as-sprayed coatings and substrate. The hard intermetallic



laves phases which are amorphous (bulk metallic glass) in nature strengthen the coatings at
high temperatures. Co3Mo,Si, CosMog, M03Si, CosMo, and Co,Mog are the intermetallic
laves phases generated in CoMoCrSi feedstock during HEBM process. The coatings
produced from HVOF and flame spray process exhibits heterogeneous structure by showing
cracks and pores, also cohesive strength between splats is low. The microhardness and
adhesion strength of as-sprayed coatings is lower than fused coatings. Microwave fused
coatings exhibit homogeneous structure with less porosity, and surface roughness. The post-
treated coatings reveals the inter-diffusion of atoms near substrate-coating interface region,
these results in formation of metallurgical bonding leads to increase in microhardness and
adhesion strength. The as-sprayed coatings exhibits higher wear rate and coefficient of
friction due to lower microhardness. The worn surface of as-sprayed coatings reveals
detachment of splats with severe deformation results in adhesive wear mechanism.
Microwave fused coatings exhibits lower wear rate and coefficient of friction due to higher
microhardness obtained from intermetallic laves phases and also formation of homogeneous
structure. The fused coatings exhibits tribo-oxide layers during sliding action which is
the main phenomenon for improving the wear resistance of the fused composite
coatings. CoMoCrSi+WC-12Co composite coating showed better mechanical and

tribological properties compared to other types of coatings.

Keywords: Tribaloy; Intermetallic laves phase; High energy ball milling; HVOF; Flame
spray Microwave hybrid heating; Wear.
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CHAPTER 1
INTRODUCTION

In the modern era of industrialization, there is ever increasing demand for research in new
materials for strength and economy of use. The metals and their alloys like Steel, Titanium,
Tungsten and, Inconel are some among the top of that list. Unlike other metals, Titanium has
a remarkable combination of versatile properties (Schneider et al., 2014). The properties, like
high specific strength, good corrosion resistance, non-magnetic properties provide it with a
competitive advantage in many applications. Titanium is almost half as dense as steel and has
equal in strength when put alongside to ship-building or structural steel (Gorynin, 1999). It
has very good corrosion resistance property, the quality that is helpful in bringing down the
recurrent maintenance and cost in spite of the high initial cost. This makes it a plausible
replacement for steel and an obvious choice in marine research and applications (Zhou et al.,
2007).

Titanium finds its applications in aircraft, space industry, chemical field, and ship-building
corporations because of the above properties. It was also proved that when different piping
materials were used for fleet ships, the lifetime has been restricted (Miller and Holladay,
1959). The service life of steel and copper-nickel based alloy piping is 1.2-2 and 6-8 years
respectively, due to corrosion damage (Bemporad et al., 2007).Ttitanium can much better in
marine applications like hulls, pressure vessels, deepwater risers, supply piping, pumps,
filters etc as reported by Bemporad et al., (2008). The researcher Lin et al., (2016) reported
that titanium and its alloys can also be vastly used in steam generators for icebreakers,
structural members in offshore hydrocarbon extraction units, equipment exposed to high
concentration solutions of chlorine and fluorine (offshore extracts).

The surfaces of titanium and most of its alloys have relatively poor wear resistance and also
it is prone to oxidation and oxygen-induced embrittlement at temperatures above 600° C
(Khun et al., 2016). All materials do wear to some extent and usual solution to minimize that
is the proper configuration of mating surfaces or wise choice of lubricants (Peat et al., 2016).

In metals, wear usually occurs by plastic displacement and detachment of the surface



particles. Wear rate is affected by many factors such as, the type of loading, type of motion
and temperature. Loading may be of static, dynamic, impact and motion may be of sliding,
rolling etc., depending on the system different wear types and wear mechanisms can be found
(Bolelli, and Lusvarghi, 2007).

In most of the countries, the cost of material loss caused due to wear accounts for about 4%
of their gross internal product (GIP). For instance, in the United States alone it is seen that
the wear and corrosion of spare parts cost around 22 billion Euros per year. Besides this, an
indirect cost involved in the production stops, scrap management, maintenance, adds up to
the cost of material and thereby increases the cost of the material. To overcome these
tribological problems, the demand for new alternatives has increased in recent times
(Bhupinder et al., 2018).

Modification of the surface is the most cost-effective and potential method in order to
improve the service life of bulk metal components because wear only occurs at the surface.
Some of the surface modification techniques have shown the most productive solutions for
the wear problems. For example, plasma nitriding, chemical vapor deposition, physical vapor
deposition, thermal spraying, laser cladding, and hardening have been developed to improve
the wear resistance of the surface of the component (Ding et al., 2017). Research work till
date has shown that the most effective method of wear reduction is by modification of
surface by deposition of protective metallic or conversion coatings than by alloying (Fang et
al., 2009), (Houdkova et al., 2014). Nowadays, surface modification is mainly done by
depositing the coating materials, usually hard and corrosion resistant materials on the surface
of ductile materials that are prone to corrosion and wear attack. In these surface coating
technologies, the properties of the deposited coatings are quite different from that of the
substrate materials. This approach also enables the use of economical materials for the
components which also results in better properties by modifying the surface of the substrate.
They involve dry and wet processes that can be divided into two groups according to the
thickness of the coating. The coatings with thicknesses below 0.01 to 9 microns are called
thin coatings, while those with thicknesses over 10 to 1000 and above microns are called
thick coatings (Ramesh et al., 2010).

Thermal spray coatings belong to the surface modification techniques, in which the coating

material is applied onto the surface so as to obtain thick wear resistant surfaces. It improves



the service life of materials and enhances the performance of the components, by adding
functionality to the surfaces. The feedstock which is generally a powder or a wire form is
subjected to heat and allowed on to the substrate material with high velocity. The coating is
built upon the substrate surface in multiple layers until the required thickness is obtained,
which usually falls in the range of 50-1000 um. One major advantage with thermal coatings
is that variety of materials, ranging from soft plastics to hard refractory materials can be
easily processed to produce coatings for multiple applications, e.g. corrosion resistant
coatings for offshore applications, wear resistant coatings in mining, thermal barrier coatings
in the aviation industry. This is the reason for its growth around worldwide, accounting for
several billion dollars of investment since its discovery. The versatility of the process makes
it suitable for use against wear, high-temperature environments, corrosion, repair and
restoration of parts. Various spraying methods are categorized on the basis of the source of
energy like plasma arc spray; High-velocity oxy-fuel (HVOF) spray, flame spray, and

electric arc spray (Davies, 2004).

The HVOF and flame spray coating process is one of the basic and conventional methods
among the thermal spray processes have existed from more than 10 decades. It is a low-cost
process, because of hardware simplicity and also has high production rates and process
rapidity in the coating to improve tribological and corrosion properties (Gisario et al., 2015),
(Torres et al., 2013).

However, even using state-of-the-art technology for coating systems, it is not possible to
achieve defect-free thermal spray coatings. When the HVOF process is conducted under
room temperature, the air will easily entrap into the coating region. This creates possible
defects like pores, voids originating from the spraying process that is found at the splat
boundaries through which the coatings are mainly affected by wear and corrosive
environment (KhamenehAsl et al., 2006), (Picas e al., 2015). Unmelted particles or partially
melted particles can be observed in the HVOF-deposited process because of very high-
velocity molten particles which also makes the route to cause residual stresses in the coating
as reported by Pukasiewicz et al., (2017) and Matikainen et al., (2017). In order to produce
quality coatings, thermal spray process should be conducted under vacuum or inert

conditions so that there is no provision of air entering into the coating; this route is very



expensive for production of coatings (Utu and Marginean, 2017). This can be achieved by
using high energy heating sources like electron beam welding, laser processing, or
conventional furnace heat treatment (Wang et al., 2009), (Guo et al., 1995). Laser technique
and electron beam welding process cause several drawbacks, such as high processing cost
and high maintenance cost. Also due to the rapid cooling rate, chances of formation of cracks
during solidification and high thermal distortion of the base material can be observed;
whereas conventional heat-treating methods require less cost but high processing time (Gupta
and Sharma, 2011) and (Srinath et al., 2011). The focus is on an emerging technology called
“Microwave hybrid heating process”. There are fewer publications available on microwave
processing of cladding and joining of materials (Hebbale and Srinath, 2017), (Zafar and
Sharma, 2014) and (Bhattacharya and Basak, 2016).

Microwave energy has been used in various applications for more than four decades,
including communication, food processing, medical therapy, polymers, etc. In recent years,
microwave processing of materials has emerged as one of the advanced and fastest material
processing techniques. Microwaves interact cause heating through the following two

mechanisms:

e Microwaves interact with materials selectively
e Microwave interaction depends on the dielectric properties of the irradiated material,

the higher the dielectric loss factor, higher is the interaction
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Figure 1.1 Microwave material interactions



The above Figure 1.1 demonstrates the microwave interaction with different materials used.
If the material is transparent like Teflon or quartz, microwaves are not getting absorbed by
these materials; it passes through it without heat transfer. On the other hand, if the material is
bulk or made by multiphase materials like PMC, MMC, and CMC, due to its lower die
electric property heat transfer is difficult by microwaves. In order to achieve a proper heat
transfer from microwaves, silicon carbide and charcoal are the best materials in absorbing

microwaves with 99% efficiency (Bhattacharya and Basak, 2016).
The important significances of microwave processing are as follows:

e Potential to heat large sections uniformly
e Improved product quality

e Reduced cycle time

e Precise temperature control

e Environmentally clean

e Selective heating

e Rapid heating

e Reduced power consumption

A wide range of coating materials is available like metals, cermets, and ceramics. Cermets
based HVOF coatings like WC-12Co, Cr3C,-NiCr are the general (established) coating which
is used in practice from many years since they are very hard and tough. Cermet powders are
often more expensive than metallic ones and are difficult to grind and polish. Use of metallic
alloys with good high-temperature strength is advisable in hot environments (Zhang et al.,
2014). The unique combination of cobalt-based CoMoCrSi (Tribaloy) provides high strength,
toughness, hardness, superior wear and corrosion resistance from room temperature up to 800
°C, relating to existing traditional crystalline metallic materials (Bolelli and Lusvarghi,
2006), (Cho et al., 2009). Few studies that explore CoMoCrSi suggest precipitation
strengthening and processing of CoMoCrSi to obtain a higher fraction of hard intermetallic
laves phases. This hard intermetallic laves phases, which are in the form of the amorphous
microstructure (metallic glass nature) that enhances the high-temperature strength of the
CoMoCrSi coating (Bolelli and Lusvarghi, 2007), (Gao et al., 2010). The reinforcement of



hard phase carbides to CoMoCrSi can improve the mechanical properties and provides high-
temperature sliding wear resistance. The major focus in the available literature on hard phase
reinforced NiCrSiB based composite coatings includes phase evolution and tribological
properties. There is a need and great demand to evaluate the performance of CoMoCrSi
composite coatings in elevated temperature sliding wear environment. The present

investigation aims to study the elevated temperature wear behavior of these coatings.
1.1 OBJECTIVES OF THE PRESENT INVESTIGATION

The specific objectives of the present investigation are as follows:
1. To process the CoMoCrSi feedstock to obtain higher fraction of intermetallics laves

phase using High energy ball milling technique.

2. To formulate the CoMoCrSi feedstock by reinforcing chromium carbide, tungsten
carbide-chromium carbide-nickel and tungsten carbide-cobalt with an improving

resistance to wear.

3. To develop CoMoCrSi coatings by using High-velocity oxy-fuel (HVOF) and Flame
spray methods on pure titanium grade-2 substrate.

4. To fusing of as-sprayed coatings and induce carbon into coatings through graphite

sheet using microwave hybrid heating process.

5. To characterize the as-sprayed and microwave fused coatings with respect to

microstructure studies, phase analysis, microhardness, and adhesion strength.

6. To investigate the sliding wear behavior of as-sprayed and microwave fused coatings

at elevated temperature using a pin on disc apparatus.



1.2 THESIS OUTLINE

The whole study has been presented in 6 chapters.

Chapter-1 contains introductory remarks on wear problems, its disastrous consequences and
prevention methods, and the methods used in present research.

Chapter-2 presents a critical review of the published literature relevant to the present study.
A comprehensive review of the existing literature on elevated temperature wear, its
characteristics, and mechanism. Various aspects for the control of this degradation by
protective coatings through HVOF and flame spray process. Post heat treatment of thermally
sprayed coatings and its effect on the wear performance. Also highlights the scope of
processing of feedstock by milling and reinforcement of hard carbides in coatings and
objectives of the present study.

Chapter-3 contains a description of experimental procedures and materials adopted for
feedstock processing, deposition of coatings, fusing of as-sprayed coatings, characterization
methodologies of coatings and wear studies,

Chapter 4 describes the characterization results of feedstock before and after milling and
characterization of different coatings deposited by HVOF and Flame spray techniques. The
post heat treatment of as-sprayed coatings by Microwave hybrid heating has been
characterized. The characterization has been done using SEM/EDS studies, evaluation of
porosity, microhardness, and adhesion strength have been reported and discussed with
respect to the present literature.

Chapter 5 deals with the sliding wear behavior of substrate, HVOF sprayed, flame sprayed
and microwave fused coatings at different temperatures i.e. 200 °C, 400 °C and 600 °C under
dry conditions for 10 N and 20 N normal loads. The coefficient of friction of tested samples
is calculated and also the wear rate is calculated by the volume loss method. The wear out
samples is analyzed using XRD and SEM/EDS techniques. The computed results have been
compiled to provide the comparative performance of the coatings.

Chapter 6 The major conclusions resulting from the current investigations are listed.






CHAPTER 2
LITERATURE REVIEW

This chapter comprises a broad review of the literature related to the thermal spray process
such as HVOF and flame sprayed coatings. The studies related to post-treatment of coatings
have been reviewed. High-temperature sliding wear and role of metallic and composite
coatings in restricting the degradation has been described in detail.

2.1 THERMAL SPRAY PROCESS

In the last decades, technology in coating process has been improved. Thermal spray coating
process is one of the most flexible and versatile techniques for spraying feedstock powders to
improve the substrate surface properties such as wear and corrosion resistance. Thermal
spray process which is used to produce high-quality coating by a combination of high
temperature, high energy heat source, an inert spraying medium, and high-velocity particles.
This spray technique is generally used for spraying of molten material onto a surface so as to
provide a coating. In this, the material in the form of powder is initially heated to a high
temperature by using flame and this hot material impinges on the substrate surface to develop
a coating. In this technique, the substrate temperature can be maintained minimum so as to
avoid metallurgical changes and distortion of the base material. The main advantage of this
technique is that it can be used for spraying very high melting point materials such as
tungsten and ceramics like zirconium (Bunshah, 1994). The principle of thermal spraying

coating is shown in Figure 2.1.

Most commonly used coatings materials are carbides, cermets, and ceramics. Meanwhile,
researchers had been trying to use the polymers as a coating material. Initially, in thermal
methods, the coating materials used are in the form of powder, or wire shape is heated
usually to a molten state and projected onto a receiving surface, known as a substrate. The
use of thermal spraying ranges across many manufacturing processes, from the automotive
industry to the space exploration industry. Any material which, can be thermally sprayed
which includes metallic and non-metallic materials (metals, alloys, ceramics, cermets, and

polymers) can be deposited by thermal spraying techniques (Davis, 2004, Tucker, 2013).



Thermal spraying uses two principal energy sources, the chemical energy of the combusting
gases that power the flame spray torches (e.g. HVOF spraying), and electric currents
providing energy for the plasma (e.g. Atmospheric Plasma spraying). Generally, these
coatings appear to be chosen on the basis of their good high-temperature oxidation resistance
and are mainly alloys containing high quantities of nickel and/or chromium. While it has
been reported that uniformly deposited and coherent metallic coatings can provide wear
protection, only a few systematic experimentations have been undertaken to quantify the
erosion performance of these materials (Miguel 2003 and Hoop et al. 1999).

Energy Feedstock material

N\

Thermal sprayed coating

Gas or other operating media
Relative motion

Figure 2.1 Principle of thermal spray coating (Metco 2014)

2.1.1 High-Velocity Oxy-Fuel Spray Process

HVOF spray technique is one of the best techniques for producing tribological coatings for a
variety of applications, including sliding wear resistance, dry lubrication condition, and wear
resistance at elevated temperatures. A particular coating material is eligible in HVOF
spraying, only when it has a stable liquid phase before decomposition. HVOF employs the
increase of velocity of powder material to various times the speed of sound. Coated is started
once the flame temperature reaches around 3000°C (Thorpe and Richter, 1992). The force of
the flame will be around 1000km/hr. The enormous shock energy coalesces the powder
materials to the surface of the parts to produce a very tough coating (Gartner et al., 2006). It
combines both the thermal and kinetic energies in a much effective fashion, thus they possess
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excellent cohesion between adjacent lamellae, very good adhesion between coating and
substrate materials (Davis, 2004, Tucker, 2013).

2.1.2 Flame Spray Process

Flame spray coating process is one of the basic and conventional methods among the thermal
spray processes that have been existing from more than 10 decades (Sharma, 2014). It is a
process with a low cost because of hardware simplicity and also has high production rates
and process rapidity (Cano et al., 2006), (Li et al., 2002). It is easily adopted and integrated
into both small and large scale industries (Harsha et al., 2007). The flame temperature in the
process is dependent on the oxygen-to-fuel ratio and pressure, which effects particle melting,
porosity and adhesion strength (Gonzalez et al., 2007). As the temperatures produced are low
the powder may be propelled on to substrate in the molten or semi-molten state causing
inclusions in coatings. Regardless of the shortcomings, the flame spray process is extensively
and commercially used the technique for low melting point materials at higher spray rates
(Torres et al., 2013). The temperatures and velocity of particles are low which leads to
porosity, low adhesion strength, and inclusions. The adhesion strength of coating produced
from flame spraying is relatively low with values ranging from 11-23 MPa (Navas et al.,
2006). A coating produced from a typical as-flame spray technique exhibits a porosity of 10-
20% which can be reduced to 0.3-5% by fusing because of conversion of mechanical bonds

to metallurgical bonds due to fusing (Uyulgan et al., 2007), (Soveja et al., 2011).

2.2 POST COATING TREATMENT
Dejun et al., (2017) studied the influence of laser heat treatment of HVOF sprayed WC-12Co

coatings subjected to wear under dry and lubricated conditions. The laser treated coatings
exhibited higher adhesion strength than as-sprayed coating and also obtained lower surface
roughness. The COF of dry and lubricated conditions are 0.069, and 0.052 respectively for 80
N normal load which is lower than as-sprayed coating results. The wear out samples of as-
sprayed coating showed surface crack followed by fatigue failure results in abrasive wear. In
case of laser treated coatings presented irregular cavities due to the spalling effect of hard

surface restricts the further material loss.

Gisario et al., (2015) reported the laser post heat treatment of WC-Co/NiCr coating sprayed
by HVOF process on AA 6082 T6 aluminium substrate. Results showed that laser treated
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coating having a dense structure with higher microhardness, lower porosity, and surface
roughness. This is achieved due to the finer structure of coatings like dendrite-like branches
made by laser processing. Re-precipitation of carbides have been observed during coating

post-treatment, this is the main reason for the improvement in microhardness,

Gonzalez et al., (2007) investigated the NiCrBSi coatings deposited on cast iron by flame
spray and further, it is subsequently remelted by using laser and flame spray techniques. The
as-sprayed coatings showed a poor bond strength, high porosity, and surface roughness. Both
treated coatings are subjected to different characterization methods and sliding wear test.
Results of laser treated coatings exhibited pore-free microstructure, a high adhesion strength
to the substrate. In the case of flame spray, remelted coatings showed similar results but the
values of microhardness are slightly higher than laser due to compressive stresses built. Also
due to the high power of laser substrate distortion have noticed. The treated coatings
significantly enhanced the wear resistance with no significant changes have observed in its

results than as-sprayed coating and substrate.

Kong et al., (2017) examined the high temperature wear resistance of NiCrBSi coatings
sprayed by HVOF on H13 mould steel, and remelted by using laser technology. The results
of sliding wear of laser remelted coatings exhibited lower COF of 0.34, 0.47, and 0.36 under
normal loads of 4 N, 8 N and 12 N respectively. The COF values are significantly decreased
compared to as-sprayed coating due to higher microhardness and homogeneous structure. At
600°C temperature Ni, Cr, Fe subjected to oxidation results in the formation of stable oxides

which improves the wear resistance.

As observed from available literature on post heat treatment of thermally sprayed coatings, it
is proved to more effective to enhance the coating properties, but due to application of high
power like laser process it causes serious distortion of substrate leads to change in its bulk
properties and also optimizing the parameters is necessary to achieve the required output. In
this regard, without optimization of process parameters with rapid processing and no
significant changes of the substrate during processing is done by a technology called
Microwave processing of materials. The major research finding based on microwave heating

is discussed.
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2.2.1 Microwave Processing of Materials

The processing of materials technology has been advanced a lot in recent years with a
reduction in processing cost and time. Microwave heating process is one of the cost-effective
and rapid processing technique. It is easily available, simple to operate, reduces power

consumption.

In microwave processing, energy is supplied by an electromagnetic field directly to the
material. This results in rapid heating throughout the material thickness with reduced thermal
gradients. Volumetric heating can also reduce processing times and save energy. The
microwave field and the dielectric response of a material govern its ability to heat with
microwave energy. Microwave processing technique should be widely acceptable for all
types of materials including metal matrix composites, ceramics, alloys, and fiber reinforced
plastics (Mishra and Sharma, 2016). Microwave materials processing is emerging as a novel
processing technology which is applicable to a wide variety of materials system including
processing of MMC, FRP, alloys, ceramics, metals, powder metallurgy, material joining,

coatings, and claddings (Lingappa et al., 2017).

2.2.2 Difference between Conventional Heating and Microwave Heating
In comparison to the conventional processes, microwave processing of materials offers better
mechanical properties with reduced defects. The graphical representation of the difference

between conventional heating and microwave heating is shown in Figure 2.2.

Conventional heating Microwave heating

o

Figure 2.2 Graphical representation of conventional and microwave heating

13



During conventional heating, outside to inside heat transfer will take place, this leads to layer
by layer heating of the component, which causes thermal gradient formation and results in
the non-uniform microstructure. Whereas in case of microwave heating, inside to outside
heating will take place, this provides the molecular level heating of the component, which

reduces thermal gradients, results in uniform microstructure (Gupta, 2007).

The schematic representation of microwave processing of bulk metallic materials is shown in
Figure 2.3. Microwaves are known to be reflected by metallic materials owing to the lower
skin depth. Skin depth refers to the distance from the surface up to which microwaves
penetrate into the material. Microwaves couple with metallic materials only at an elevated
temperature, depending upon the characteristics of the material being processed. Such
difficulty can be overcome by Microwave Hybrid Heating (MHH) (Srinath et al., 2011).
There are some studies existed on cladding developed by using microwave hybrid heating
and performed different tribological tests. The description of available literature on

microwave processing is discussed as follows.
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Figure 2.3 Microwave processing of bulk metallic materials

Sharma and Gupta, (2010) studied that microwave processing is an advanced novel
technology, where the processing time is very rapid comparable with laser processes, thermal
distortion of substrate is less, formation of residual stresses is low, high deposition rate,

volumetric heating, and microwave clad microstructure exhibits almost zero interfacial
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cracks, with least porosity and excellent metallurgical bonding with base metal and cost-

effective process for present industrial issues with satisfying all the demands.

Gupta and Sharma, (2011) reported the formation of 2 mm thick WC-10Co-2Ni clad by
microwave hybrid heating technique. The substrate metal used was austenitic stainless steel.
The coating powder was treated with 2.45GHz frequency microwave at 900W power, for a
period of 360 seconds. On characterization using SEM, good metallurgical bonding was

noticed and cracks were not found. The developed clad had low porosity and high hardness.

Srinath et al., (2011) successfully investigated the joining of very high thermal conductivity
materials like copper with a thickness of 0.5mm by using domestic microwave applicator.
Results showed that clads have a uniform microstructure with excellent metallurgical

bonding at the joint area having good hardness and least porosity of 0.92 %.

Gupta et al., (2014) reported the developments in the field of microwave processing and

described the industrial applications of microwave processing of materials technique.
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Figure 2.4 Research trends in microwave processing of metal-based materials

e Dielectric loss is the loss of energy, accompanied by heating, from a dielectric
material in a varying electric field. The dielectric loss factor decides if the material is
able to convert electromagnetic energy into heat energy.

e The skin depth of a material is the depth below the surface at which the value of

microwave power becomes approximately 36% of the value at the surface, at a
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particular frequency. This provides an idea as to how much depth of bulk material can
be treated by microwave heating.
Zafar and Sharma, (2014) investigated the WC-12Co microwave clad on AISI 304 stainless
steel and tested for mechanical and metallurgical properties, developed clad shows uniform
distribution, indicates no presence of voids with least porosity of 0.98%. Influence of
microwave hybrid heating developed clad shows very high hardness because of the presence

of various carbides and excellent metallurgical bonding with the substrate.

Hebbale and Srinath, (2016) studied the microstructure of nickel-based clads through
microwave irradiation on SS-304 substrate. Further various complex metal carbides and

intermetallic are formed which could be the reason for the increase in hardness value.

Hebbale and Srinath, (2017) developed the cladding of cobalt on the substrate AISI 420 steel
through microwave irradiation oven and tested for erosive wear behavior. The developed
cladding has better metallurgical bonding with the substrate which confirms diffusion of
elements and enhanced the hardness and wear resistance. Hard facing cobalt base superalloy
powders are used as a material to develop a coating for many functional applications. The
presence of primary intermetallic laves phases in cobalt-rich solid solution provides higher

hardness and exhibits very high wear resistance.

Upadhyaya et al., (2012) have conducted a comparative study by heating W-Ni-Fe alloy in a
conventional furnace as well as in a microwave furnace. The study in the conventional
furnace was conducted at 1500°C while the microwave furnace worked at 2.45GHz. The
authors observed that process time reduced by almost 75%, grain coarsening of W reduced

and less formation of intermetallic phase in the microwave sintered compacts.

Prasad et al., (2015) developed a 500 microns thick cladding of Ni/Li,O3 composite on AISI
1040 steel substrate. They used microwave irradiation at a 2.45GHz frequency and 900W
power. A dense, homogenous cladding was formed, as observed in the images produced by
SEM. Owing to the presence of oxygen, an iron oxide layer was formed, which helps to a
couple of microwaves. The microhardness test showed high hardness, which may be caused

by nickel present in powder.
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There are few significant kinds of literature available on the factors affecting microwave
fusing of thermally sprayed coatings and inducing of carbon into coatings to obtain carbides

for enhancing wear resistance (Prasad et al., 2018).

2.3 SLIDING WEAR

A simple and valuable definition of wear is “damage to a solid surface, generally involving
progressive loss of material, due to relative motion between that surface and a contacting
substance or substances” This definition, purposely, does not mention the mechanisms by
which the wear takes place. This could be purely mechanical involving plastic deformation or
brittle fracture, or it may include important chemical aspects, for instance, oxidation of a
metal or hydration of a ceramic. In many applied cases, both chemical and mechanical

processes play a role (Stachowiak, 2006).

2.3.1 Wear mechanisms and modes

In order to understand the tribological process in contact with solid bodies during relative
motion is very difficult. Since the process combines wear, friction, and material deformation
simultaneously at different working conditions. To achieve the controlled wear and friction
conditions, it is necessary to analyze the properties of two contacting solid parts which
involves different tribological mechanisms. In engineering design, eight different wear
design rules have been introduced for selecting base materials (substrate), coating materials,
and surface treatments approach made by (Matthews et al., 1993), and (Franklin and
Dijkman, 1995).

In the case of coated components, when it is in contact between two surfaces four important
parameters can be defined to restrict the tribological behavior. The influenced parameters are

as follows:

e Coating-to-substrate hardness relationship,

e The thickness of the coating,

e Surface roughness, and

e Size and hardness of any debris in the contact which may originate from external

sources or be produced by the surface wear interactions themselves.
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The combinations of these four parameters result in several contact conditions characterized
by specific tribological contact mechanisms. Figure 2.5 shows, schematically, 12 such very
typical tribological contacts, with different mechanisms influencing friction, when a hard
spherical slider moves on a coated flat surface (Holmberg, 1992). The corresponding wear
mechanisms have been described in a similar way. The coating hardness and its bond with
the substrate is the chief parameter. It is well known to develop soft and hard coating
individually over the substrate. Soft coatings mainly used to decrease the friction owing to
the work of Bowden and Tabor, (1950), whereas some of the soft coatings such as Ag and
Au have subjected to wear, these coatings exhibited cracking in subsurface layer with
forming higher tensile stresses and results in severe wear (Spalvins and Sliney, 1994). A hard
coating on a softer substrate can decrease friction and wear by preventing ploughing both on
a macro scale and a micro scale (Voevodin et al., 1995), (Voevodin et al., 1996). The hard
coatings generally produce residual compressive stresses which avoid tensile forces
occurring. Further decreases in friction and wear can be achieved by improving the load
support that is by increasing the hardness of the substrate to inhibit deflections and ploughing
due to counterpart load.
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Figure 2.5 Macro mechanical contact conditions for different mechanisms which influence

friction when a hard spherical slider moves on a coated flat surface (Holmberg et al., 2000)
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For soft coatings the thickness of the coating influences the ploughing component of friction,
while for rough surfaces it affects the degree of asperity penetration through the coating into
the substrate as shown in (a), (b), (e) and (f) in Figure 2.5 (Sherbiney and Halling, 1977),
(Aubert et al., 1990) and (Holmberg et al., 2000). A thick hard coating can assist a softer
substrate in carrying the load and thus decrease the contact area and the friction. Thin hard
coatings on soft substrates are susceptible to coating fracture because of stresses caused by
substrate deformation. Rough surfaces will reduce the real contact area, although the
asperities may be subject to abrasive or fatigue wear (Hayward et al., 1992), (Guu et al.,
1996) and (Holmberg et al., 2000).
Loose particles or debris are quite often present in sliding contacts. They can either originate
from the surrounding environment or be generated by different wear mechanisms. Their
influence on friction and wear may be considered in some contact conditions, depending on
the particle diameter, coating thickness and surface roughness relationship and the particle,
coating, and substrate hardness relationship. Particle embedding, entrapping, hiding and
crushing represent typical contact conditions involving the influence of debris, as shown
in Figure 2.5 (Holmberg, 1992), (Holmberg et al., 2000).
The wear process is by which material is removed from the contact surface. Common wear
mechanisms are adhesive, abrasive, fatigue and chemical wear. In actual contact, it is very
common that different wear mechanisms are acting at the same time. This depends on the
contact conditions and will result in a specific type of wear. A wear mode is an organization
of contact type, which is characterized by a detailed kind of movement, geometry or
environment. Wear modes are including sliding wear, rolling wear, fretting, erosion, impact
wear and cavitation.

a) Adhesive (sliding) wear
Asperity junctions form when asperities of one surface contact with asperities of the counter
surface and they might adhere to each other. The bulk of the softer asperities are separated
and the material is removed due to the relative tangential motion of the surfaces. In adhesive
(sliding) wear the surface material properties, protecting surface films and contaminants, play
essential roles (Holmberg and Matthews, 2009).
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b) Abrasive wear
In abrasive wear, the plastic deformation takes place during asperity deformation. In contacts
when one of the surfaces is significantly harder than the other, abrasive wear occurs also
when hard particles are introduced between two surfaces. Asperities of the harder surface are
pressed into the softer surface, this results in a plastic flow of the softer material around the
hard one. Ploughing and removal of softer material take place when the harder surface moves
tangentially, resulting in grooves or scratches in the surface. Depending on the degree of
penetration and the geometry of the harder surface, the removal of material can take different

forms, such as ploughing, wedge formation or cutting.

2.3.2 Role of Coatings in Elevated Temperature Wear Environments
The coatings serve important roles at elevated temperature wear operating conditions by

forming oxide films at surface level which protects the underlying part from material loss.

Peat et al., (2016) evaluated the synergistic erosion - corrosion behavior of HVOF sprayed
cermet coatings. The WC-CoCr, Cr;C,-NiCr and Al,O3 coatings selected for erosion-
corrosion testing deposited on EN 10025 S355 JR steel substrate. They found that Al,O3
coatings provide comparably poor protection under erosion-corrosion conditions. Despite
Cr3C,-NiCr providing substantial corrosion resistance and WC-CoCr provides enhanced

wear protection over the uncoated S355 substrate.

Kumar et al., (2016) investigated the erosion behavior of WC-10Co-4Cr coating on 23-8-N
nitronic steel as base metal using HVOF method. It was observed that the coated substrate
was superior to cast substrate and loss of material reduces because that coating has a dense
and well-bonded structure with low porosity.

Susila et al., (2016) studied the effect of optimized HVOF spray parameters on erosion wear
behavior of NiCrSiB/WC-Co deposited on AISI 304 stainless steel. The optimized HVOF
spray parameters were oxygen flow rate, fuel flow rate; powder feed rate and standoff
distance. Results showed that due to optimization of HVOF spray parameters and
NiCrSiB/WC-Co provides better erosion resistance because of the presence of hard phases of
WC-Co.
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Sathiyamoorthy et al., (2014) investigated the dry sliding wear behavior of SiC reinforced
titania coating deposited on titanium substrate using HVOF process. The average thickness
of the coating was 200-250um. The wear tests were carried out as per as ASTM G99-04
using a pin on disc tribometer. After the tests, the microstructural analysis was done and
coated samples exhibit excellent hardness, wear resistance compared to uncoated samples the

reason being low porosity, uniform distribution of splats and no significant microcracks.

Kumari et al., (2010) examined the effect of microstructure on abrasive wear behavior of
thermally sprayed WC-10Co-4Cr coatings were obtained on 4140 steel substrates. The
coating microstructural parameters including WC grain size, volume fraction, and binder
mean free path has been quantitatively measured, and the correlation between abrasive wear
behavior of coated substrates. This study showed that binder means free path of carbides
(which is a function of WC grain size and volume fraction) is a very important parameter
affecting the abrasion resistance of good quality coatings (containing low porosity). The
lower the binder mean free path, the higher is the abrasive wear resistance offered by the

coating.

Yuan et al., (2016) tested the wear behavior of high-velocity oxy-fuel (HVOF) sprayed WC-
Co coatings XRD analyses suggest a small amount of decarburization of the incorporated
WC phase after the composite coating deposition. The SEM microstructure showed an even
distribution of WC particles at the interfaces of WC-Co splats, indicating significantly

enhanced wear resistance of the coatings.

Hou et al., (2011) developed the WC-(W, Cr) 2C-Ni and WC-17Co coatings on 1Cr18Ni9Ti
stainless steel substrate through HVOF method. The as-sprayed coating subjected to the ball
on disk contact type wear test at temperatures of 20°C, 700°C and 800°C. WC-17Co coating
exhibited a higher wear rate at 800°C due to severe oxidation results in lower mechanical
properties. WC-(W, Cr) 2C-Ni coating showed a better wear resistance at all test
temperatures due to the formation of NiWO,, CrWQO, and Cr,WQOg oxides which serves as a

protective shield for as-sprayed coating.
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Bolelli et al., (2014) investigated the comparative wear studies of WC—(W, Cr) 2C-Ni and
WC-10Co-4Cr coatings deposited on stainless steel using the HVOF process. The deposited
coatings subjected to sliding wear at different temperatures of 25 °C, 400 °C, 600 °C, and
750 °C. The NiWO4+CrWQO, oxide is formed at 750 °C which protects the underlying
surface from the counter body and drastically decreased the COF compared to WC-10Co-4Cr
coating. The WC—(W, Cr) 2C-Ni coating reveals better wear resistance at all tested
temperatures, WC-10Co-4Cr coating experienced severe catastrophic oxidation at 750 °C

results in mild wear resistance.

Wood et al., (2010) examined the CoMoCrSi sliding bearing rig at 600 °C between 2 min
and 12 h at a rotation speed of 3ms—1. The stable wear protective oxide layers are formed at
elevated temperatures; an increase in time, wear scars tends to cover the underlying surface
and avoids damage to the surface. Co and Mo oxide films are formed at the surface through
the chromium oxide layer. The formation of oxides significantly improves the wear
resistance of the tested material and it withstands elevated temperatures for a longer duration

hence material provides better service life at higher temperatures.

Karaoglanli et al., (2017) reported the comparative studies of wear behavior of NiCrBSi/WC
(50/50), NiCr (80/20), WC/Co (88/12), WC/CoCr and Cr3Co/NiCr (75/25) coatings sprayed
on stainless steel using HVOF process. The sliding wear test is conducted at 5 N and 15 N
normal loads and varying sliding speed 10 and 20 m/s. The WC/CoCr coatings exhibited
lowest COF and better wear resistance than other coatings. NiCrBSi/WC coating showed a
higher wear rate and COF due to plastic deformation, pull-out of splats results in abrasion

wear.

Zhang et al., (2015) studied the comparative wear behavior of WC—10Co—4Cr and
Cr3C,—25NiCr coatings deposited on H13 steel by HVOF process. Friction test is carried out
by employing a ball on disk equipment at 500 °C and 600 °C. The Cr;C,—25NiCr coating
exhibited higher friction due to the formation of crack during the test, whereas
WC—10Co—4Cr showed lower COF, and wear rate.
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Uyulgan et al., (2007) investigated the wear behavior of FeCr coatings on AISI 303 plain
carbon steel using a flame spray process. The as-sprayed coatings are subjected to sliding
wear test under dry and acidic environments. The friction coefficients of tested coatings
showed high under dry conditions than acidic environments, this is mainly caused by surface
roughness of as-sprayed coatings results in an increase in static and dynamic friction under

dry conditions.

2.4 COBALT BASED COATINGS

The cobalt-based superalloys can be classified into three categories such as carbide-
strengthened alloys (Stellite alloys), intermetallic laves phase alloys (Tribaloy alloys) and
solid solution-strengthened alloys, depending on the chemical composition, mainly the
content of carbon in the alloys. Stellite alloys gain their strength and hardness primarily by
combining solid-solution-strengthening with carbide precipitation. Whereas tribaloy includes
more quantity of tough intermetallic laves phase is dispersed in a eutectic and is mostly
depending on the difficulty of carbides than the presence of intermetallic in the cobalt-rich
solid solution matrix reported by Betteridge, (1982). Halstead and Rawlings, (1984) carbon
percentage in tribaloy are remained less to protect the formation of carbides in preference to
laves phase. The major alloying elements in the alloys are chromium (Cr), molybdenum
(Mo), carbon (C) and silicon (Si). Chromium is used to increase corrosion resistance and
strengthen the solid solution in cobalt-based alloys. Halstead and Rawlings, (1985) stated as
the presence of molybdenum in cobalt-based alloys is to strengthen the solid solution matrix
alloys to impart wear resistance by forming laves phase. Alloys with a low carbon content
offer better corrosion resistance. Silicon is an important element in tribaloy to form laves
phase, thus providing wear resistance of the alloys. Solid solution-strengthened alloys are
primarily designed for resisting erosion-corrosion and galling, which are enriched with Cr
and Mo to provide resistance to various corrosive media. Davis, (2000) reported the major
difference between stellite alloys and tribaloy alloys is that the former gains wear resistance
from carbides and the latter from laves phases. C. B. Cameron et.al (1975) stated the
hardness of the carbides is in the range above Vickers 2000 (Hv) and that of laves phase is
around 1000 - 1300 (Hv). Halstead and Rawlings, (1985) reported laves phase is hard enough

to resist wear and erosion. Therefore CoMoCrSi is mostly used to resist wear under poorly
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lubricated conditions. The processing of the CoMoCrSi can result in abundant laves phases
of about 35 to 70 vol. %

Bolelli and Lusvarghi, (2006) tested the tribological properties of HVOF as-sprayed
conditions and thermal treatments of CoMoCrSi at 200, 400, 600°C for 1 h. Intermetallic like
Co3Mo,Si, Mo,Si, Co;Mog, CozsMo was found. As-sprayed coating possesses low hardness,
undergoes adhesive wear against 100Cr6 steel and displays a high-friction coefficient
causing relevant thermal effects. The 600°C-heat treatment increases microhardness, thus
preventing adhesive wear and reducing friction also enhances the bond strength of the as-

sprayed coatings.

Bolelli et al., (2006) studied the Mechanical and tribological properties of electrolytic hard
chrome (EHC) and HVOF-sprayed coatings. WC-17Co, WC-10Co-4Cr, and Co-28Mo-17Cr-
3Si coatings of EHC and HVOF deposited on AISI 1040 substrate. EHC coatings are very
tough, in fact, no cracks, HVOF-sprayed cermet coatings are harder but less tough than EHC

ones. Therefore HVOF sprayed coatings provide higher wear resistance

J. Y. Cho et al., (2009) investigated the CoMoCrSi coated on Inconel 718 substrate using the
HVOF process; tested the as-sprayed coating for microhardness and porosity exhibits 560-
630 Hv and 1.0-2.7% respectively. Introduction of bonding layer Ni-Cr enhances the
adhesion strength of the T800 coating with the substrate and thermal shock resistance.
Friction and wear behaviors have been investigated by a reciprocating sliding test at both
room temperature and an elevated temperature of 538 °C. Both friction coefficients (FC) and
wear traces of the coating are smaller than those of IN718 substrate at both room temperature
and 538 °C.

Gao et al., (2011) investigated the tribological behavior of a tin/bronze-based reinforced into
CoMoCrSi coating using the HVOF process. The tribological properties such as friction and
wear resistance of the coated bushing are investigated. The testing result reveals that the
bushing coated with the composite exhibits superior tribological properties to the leaded

tin/bronze bushing.
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Lin et al., (2016) deposited the CoMoCrSi coatings deposited on Ti-6Al-4V substrates by
atmospheric plasma spray method. The higher hardness under higher temperature conditions
is attributed to the precipitation of Cr3Si phase and exhibits good wear resistance. Overall,
the coatings obtained in these work showed low porosity, a high hardness, and a good

thermal stability at high temperatures.

Maestracci et al., (2016) deposited the composite coatings by cold spray on alumina
substrates. In these studies two and three composite coatings powders were used to deposit,
i.e. blends of stainless steel 316L, copper and Tribaloy T-700 powders and stainless steel and
copper are considered. Two parts coating exhibits little higher porosity 1.5% whereas three
parts coating provides 0.5% porosity and also a significant improvement in hardness as well

as wear resistance.

Liu et al., (2005) studied the effect of post heat treatment on mechanical and tribological
properties of cobalt-based T400 and T200 Tribaloy alloys sprayed by HVOF. These two
alloys were heat treated in furnace conditions. The heat-treated alloys provide higher
mechanical and tribological properties due to homogenous microstructure and less porosity
of the alloys.

Yao et al., (2006) stated the Tribaloy alloys are considered that microstructure can hardly be
modified by subsequent heat treatment after any process like casting, coating, which makes
homogenous microstructure and increases properties like hardness, wear, corrosion

resistance.

Houdkova et al., (2017) investigated the microstructure and wear properties of HVOF
sprayed, laser re-melted and laser clad stellite 6 coatings. During spraying and laser re-
melting, the FCC-to-HCP phase transformation of the Co-based solid solution is taking place
and precipitation of carbides was observed and measured the mechanical values of laser re-
melting has the highest microhardness than as-sprayed coatings and laser cladding. The

refined microstructure of laser remelted coatings increases hardness and wear resistance.
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2.5 FORMULATION OF PROBLEM

Based on the open literature review, it is found that a lot of experimental work exists in the
research area of post heat treatment of thermally sprayed coatings, but the cost of the post-
treatment process and processing speed, time remains too high for commercial application. In
industrial applications like marine field especially the use of thermal spray coatings is high
for protecting the gas turbine parts, shrouds subjected to severe high temperature and high
vibrations causing of material failure. Therefore a recent and emerging technology in a
surface field called microwave process can be a promising method to resolve the issues
facing in thermally sprayed coatings such as porosity, interfacial cracks, voids, un-melted
particles by fusing it with less time, low cost, no distortion of substrate materials (Prasad et
al., 2018). After surveying a considerable amount of literature, the following gaps in the

research have been identified:

e Processing of CoMoCrSi feedstock to obtain intermetallic: There are few studies
exist on CoMoCrSi powder to obtain intermetallic fractions, which will make their
widespread application financially feasible as reported by Bolelli and Lusvarghi,
(2006), and J. Y. Cho et al., (2009).

e Formulation of CoMoCrSi coating by Thermal spray method: Various
combinations of carbide powders reinforce with CoMoCrSi to enhance surface
properties strategy is yet to be applied to the industrial applications (Gao et al., 2011),
Linetal., (2016).

e Microwave fusing and diffusion of carbon to coatings: There are fewer
publications available on microwave processing of cladding and the joining of
materials. There is no significant literature on the factors affecting microwave fusing
of thermally sprayed coatings and inducing of carbon into coatings (Prasad et al.,
2018).

e Elevated temperature wear behavior of Microwave fused thermally sprayed

coatings: There is no literature exists on wear behavior of microwave fused coatings.
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CHAPTER 3
EXPERIMENTAL PROCEDURES AND MATERIALS

The present chapter describes experimental techniques and materials adopted for the
preparation of feedstock, coatings deposition and post heat treatment, characterization of the

coatings, wear studies at elevated temperature.

3.1 SUBSTRATE MATERIAL

The substrate material selected for this study is commercially available pure Titanium grade-
2, which is currently used in aerospace components, marine parts like heat exchangers and
pipe systems for sea, condensers, and reaction vessels processing in chemical environments,
tubing and tube headers in desalinization plants, and cryogenic vessels and surgical implants.
The material is procured in the plate form from Mishra Dhatu Nigam Ltd. Hyderabad, India.
The as-received substrate plates of size 150 mm x 150 mm x 5 mm are cut into dimensions
of 12 mm x 12 mm x 5 mm using shear cutting machine for the deposition of coatings. The
actual chemical composition of the as-received substrate is analyzed with the help of

spectroscopy is given in Table 3.1.

Table 3.1: Chemical composition (wt %) of substrate Pure Titanium grade-2

Type of substrate Aci-gzﬂ Composition | C O N H Fe | Ti
o Nominal 0.008 | 0.25 | 0.03 | 0.0015 | 0.30 | Bal
Pure Titanium grade
’ B 338
Actual 0.07 | 0.44 | 0.007 | 0.0013 | 0.004 | Bal

3.2 COATING POWDERS

The metallic cobalt based powder like CoMoCrSi (Tribaloy T400) is selected as matrix
coating feedstock. The hard facing carbides such as Cr3C,, WC-CrC-Ni, and WC-12Co are
selected as reinforcement. These coating feedstocks are available commercially and procured

from Hoganas Private Limited, Belgium. The matrix feedstock and reinforcement feedstock
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is mechanically blended as per mass fraction. The chemical composition and particle size of

as supplied coating feedstock are listed in Table 3.2.

Table 3.2: Chemical composition and particle size of coating feedstock

Coating powder Chemical composition (wt %) Particle
Size
CoMoCrSi ] 53 to
) C0-29.5M0-9.5Cr-2.84Si
(Tribaloy T400) 150um
53 1o
CoMoCrSi/ Cr3C; 70 %( C0-29.5M0-9.5Cr-2.84Si) / 30% (Cr3C,) 150pum
20 to 45um
) 53to
CoMoCrSi/WC- _ _
CICN 70 %( Co-29.5M0-9.5Cr-2.84Si) / 30% (WC-27CrC-7Ni) 150pum
rC-Ni
20 to 45um
) 531to
CoMoCrSi/WC- )
c 70 %( C0-29.5M0-9.5Cr-2.84Si) / 30% (WC-12Co) 150pum
0
20 to 45um

3.3 PREPARATION OF COATING FEEDSTOCK

3.3.1 High Energy Ball Milling of CoMoCrSi Feedstock

The as-received CoMoCrSi matrix feedstock with a particle size of 53 to 150 um is milled by
using a HEBM process. The process is carried out at High Tech Ceramics Private Limited
Chennai India. To obtain the higher fraction of intermetallic laves phases and also to reduce
the particle size of CoMoCrSi feedstock by using HEBM process. The experimental set up
used for milling is showing in Figure 3.1. The equipment consists of a milling chamber,
tungsten grinding jar, and tungsten grinding media (milling balls). The jar is connected to
vertical spindle rotated by a high power motor fixed at bottom of the milling chamber. The
jar is having a maximum capacity of 100 grams and milling balls are having a size of 10 mm

diameter. The equipment provides a facility of variable rotating speed and milling time.
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During process 100 grams of CoMoCrSi feedstock is placed into jar consisting of tungsten
balls and ball to powder ratio 10:1 is maintained. The milling speed of 300 rpm kept
constant and varied the milling time to 5 hr. After every one hour of milling time, the
samples are collected for further analysis. The process is conducted under atmospheric

conditions at room temperature.

-J

- o

2R
Tungstengrinding
media

Figure 3.1 High energy ball milling facility

3.3.2 Processing of Composite Feedstock

Prior to deposition of coatings, the as-received hard facing carbides such as Cr;C,, WC-CrC-
Ni, and WC-12Co are reinforced individually into milled CoMoCrSi matrix feedstock and
blended mechanically with a mass ratio of 70%:30%. In this study, four combinations of

feedstock are prepared. The following are the prepared composite feedstock:

CoMoCirSi feedstock

70 % CoMoCrSi/ 30 % CrsC;

70 % CoMoCrSi/ 30 % WC-CrC-Ni
70 % CoMoCrSi/ 30 % WC-12Co

o o T @
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3.4 COATING TECHNIQUES
3.4.1 High-Velocity Oxy-Fuel Spraying

The feedstocks are deposited on titanium substrate through the HVOF spray process by using
HIPOJET-2100 diamond jet gun equipment is shown in Figure 3.2 (Aum Techno Spray Pvt.
Ltd, Bengaluru, India). The consumables used in HVOF spray process for the development
of coatings are hydrogen fuel, oxygen, and nitrogen gas for combustion. These spray
parameters are kept constant throughout the coating process. Substrate top surface is made
rough using alumina grit blasting, cleaned with acetone and dried with high-pressure air

before coating, in order to obtain better bonding between the growing coating and substrate
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Figure 3.2 HVOF spray schematic (Yi Ding, 2009) and Experimental set up

In this study lower feed rate of powder is maintained in the HVOF coating process. The
reasons are, it greatly influences particle velocity, and reduction in powder feed rate leads to
a significant increase in particle velocity which increases the compressive residual stress.
Higher particle velocity also helps in flattening of splats in coatings resulted in improved
splat adhesion. Improved coating adhesion with increasing fuel flow and decreasing powder
feed rate and standoff distance is reported previously. However higher the powder feed rate
leads to the formation of tensile residual stress during cooling due to thicker layer deposition
on each pass. Higher tensile residual stress produces poor splats adhesion and a decrease in
coating hardness (Pukasiewicz et al., 2017), (Wang et al., 2012). Another reason is the

coatings with higher the compressive residual stress leads to an increase in Vickers
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microhardness and exhibits minimum porosity Murugan et al., (2014). Zhang et al., (2014)
reported the effect of HVOF parameters on Fe based metallic glass coatings by maintaining
the constant powder feed rate has 20 g/min. Based on the literature review spray parameters
are listed in Table 3.3

Table 3.3: HVOF process parameters

Parameters values
Oxygen (Oy) 260 Ipm
Hydrogen (Hy) 600 Ipm
Nitrogen (Ny) 40 Ipm
Powder feed rate 17 g/min

Combustion pressure | 9 KPa

Spray distance 300 mm

Thickness/pass 12-15 microns

3.4.2 Flame Spraying

The prepared feedstocks are sprayed through another technique is a flame spray process
using SPRAYTORCH-100 gun equipment is shown in Figure 3.3 (Aum Techno Spray Pvt.
Ltd, Bengaluru, India).

Sprayed
material

Spray
gun

Powder & gas

Fuel gas

Spray stream

Prepared base
metal

Figure 3.3 Flame spray schematic (Tucker, 1994) and Experimental set up

The oxy-acetylene used as a combustible gas which supplies heat energy to melt the
feedstock. The process parameters of the flame spray system are reported in Table 3.4. The

parameters are fixed constant for all the coatings. Prior to deposition of the coating, grit
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blasting is performed for about 5 mins using Al,O3; medium on the substrate surface to create

roughness. This results in enhancing bonding between coating and substrate.

Table 3.4: Flame spray parameters

Parameters values

Oxygen flow rate | 45 Ipm

Fuel — acetylene 55 Ipm

Powder feed rate | 38 g/min

Oxygen pressure | 2.1 kg/cm®

Acetylene pressure | 1.1 kg/cm?

Spray distance 100 mm

3.5 FUSING OF AS-SPRAYED COATINGS

3.5.1 Experimental Setup

The HVOF and flame sprayed coatings are fused through the microwave hybrid heating
process using a domestic microwave oven. The model of microwave equipment employed

for the fusing of as-sprayed coatings (Brand: LG, Solar Dom Model No: ML-3483FRR).

Alumina refractory
blocks

‘%‘ ; Heating chamber

Magnetrons

Figure 3.4 Domestic microwave oven set up
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The equipment mainly consists of the heating chamber which is connected to three
magnetrons supplies a constant power output of 900 W. Alumina refractory blocks, glass
wool, graphite sheet, and silicon carbide susceptor is used for the fusing of as-sprayed
coatings. In this process power and duration for the fusing of as-sprayed coatings are kept

constant. The domestic microwave oven experimental set up is shown in Figure 3.4.

3.5.2 Microwave Hybrid Heating

In order to fuse the HVOF and flame as-sprayed coatings, initially, the coated sample is
positioned properly on the refractory brick; above that 1 mm thick graphite sheet (separator)
having 99 % purity is placed intentionally to induce carbon. Silicon carbide (SiC) used as
susceptor is placed above the graphite sheet and passes heat to coated sample by absorbing
microwaves. The setup is surrounded by alumina box and it is covered with glass wool to
reduce dissipation of heat. Once the setup is ready, the frequency of 2.45 GHz and 900 W of
power is supplied. The SiC susceptor absorbs the high energy microwaves and supplies the
same efficiency of energy to as-sprayed coating sample through a separator, which causes re-
melting of as-sprayed coatings in the duration of 10 min. The remelted coating sample is
allowed to cool down to atmospheric conditions gradually. The graphical representation of

microwave hybrid heating is shown in Figure 3.5.
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Figure 3.5 Graphical representation of microwave hybrid heating
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3.6 CHARACTERISATION OF FEEDSTOCK, AS-SPRAYED
COATINGS, AND FUSED COATINGS

3.6.1 Samples Preparation for Cross-Sectional Analysis

The as-sprayed and fused coating samples are cut along the cross-section with the help of
metallurgical sample saw cutting machine-MS-10 (DUCOM Instruments Pvt. Ltd., Bangalore,
India). The cutting speed is set to 150 rpm. The machined samples are cold mounted using
acrylic powder and resin. Thereafter, the mounted samples are polished up to 2000 grit using
SiC emery papers. In order to obtain a mirror finish, samples are subjected to cloth polishing
by adding 0.5 pum of alumina powder suspensions. Finally, after polishing, samples are
cleaned thoroughly using acetone and dried in hot air to remove any moisture.

3.6.2 Metallographic Studies

The surface morphology of feedstock, as-sprayed coatings, fused coatings and worn out
samples are inspected using a scanning electron microscope. The cross-section morphology
of polished as-sprayed and fused coatings samples are examined through backscattered
micrographs. The elemental distributions of as-sprayed and fused coatings are studied on the
surface as well as along the cross-section of coatings by employing energy dispersive
spectroscopy. The SEM-EDS analysis is performed using (Model- JSM-6380LA, JEOL
Japan) which is having an operating voltage of 30 kV, and maximum magnification range up
to 300000.

3.6.3 X-Ray Diffraction (XRD) Analysis

X-ray diffraction analysis is carried out for feedstocks before and after the milling process, as-
sprayed coatings, fused coatings and after wear tested fused coating samples. The diffraction
spectrums are obtained by RIGAKU MINIFLEX-600 with CuK, radiation and cooper filter at
20 mA under a voltage of 35 kV. The 2 degrees/minute is fixed constant for scanning speed of
samples. The diffraction angle 20 range is used and the intensities are recorded at a chart speed

of 1 cm/min with 1°/min as Goniometer speed.
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3.6.4 Particle Size Analysis

Every one-hour interval of milling time, a small quantity of CoMoCrSi milled powder is
collected to measure nominal particle size distributions by laser diffraction method (Cilas
1064, France) as per ASTM C1070. The density of the powder with respect to milling time is
measured by the method of water immersion in accordance with standard ASTM test method
designation C-135-96.

3.6.5 Measurement of As-sprayed and Fused Coatings Thickness

The thickness of as-sprayed coatings is examined during the HVOF and flame spray process
using Minitest-2000 thin film thickness gauge (Elektro-Physik Koln Company, Germany,
precision £1 um). The backscattered micrographs are obtained along the cross-section of as-
sprayed coatings in order to validate the average thickness of as-sprayed coatings. The
thickness of fused coatings is analyzed through BSE micrographs using SEM.

3.6.6 Porosity Analysis

The porosity of the as-sprayed and fused coatings are estimated along the cross-section
viewed at twenty different locations of 250 X magnification using an optical microscope
supported with abiovis image analyzer (ARTRAY, AT 130, Japan). The average values of

porosity of 20 readings are reported.
3.6.7 Microhardness Measurement

The microhardness is assessed along the polished cross-section of as-sprayed and fused
coatings using Omni-tech Vicker’s tester (MVH-S-AUTO India). The test conditions used is
300 grams load applied for 10 seconds dwell time. The ten indentations are performed in
different areas in a transverse direction. The mean values of measured microhardness of as-

sprayed and fused coatings are reported.
3.6.8 Adhesion Strength Test

The adhesion strength of as-sprayed and fused coatings is conducted by pull off test method
in according to ASTM C-633-13. FM1000 epoxy (bond strength of 10,000 psi) is used as a

bonding agent. Prior to fixing of coated and uncoated counter block samples by applying
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glue, grinding operation is performed on both the sample surfaces to remove any pores or
voids which ensures proper distribution of glue (Cho et al., 2009). The bonded samples are
cured at 150°C in the tubular furnace (Heatron Industrial Heaters, India). The test is
conducted at a strain rate of 0.5 mm/min under tension mode using a Universal Testing
Machine (Shimadzu hydraulic tensile machine, AG-X Plus, Japan). The ratio of maximum
load to the cross-sectional area of tested samples is considered to estimate adhesion strength

and mean value of four similar samples are stated.

3.7 ELEVATED TEMPERATURE SLIDING WEAR STUDIES
3.7.1 Experimental Set up

A dry sliding wear test of as-sprayed and fused coatings is conducted as per ASTM G 99-05
using a pin on disk apparatus (TR-20LE-PHM 400-CHM 600, Ducom instruments Pvt. Ltd.,
India). The test sample dimension of 12 x 12 x 5 mm flat surface is used. The test is
conducted under a normal load of 10 and 20 N, sliding speed of 1.5 m/s and sliding distance
of 3000 m is kept constant.
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Figure 3.6 (a) Pin-on-disc experimental set up (b) graphical representation of wear test setup

The test sample is fixed rigidly in a sample holder with a specific temperature and slide
against alumina counter disc. The test is conducted at temperatures of 200°C, 400°C, and
600°C. The wear debris is collected at the end of each test. Worn surfaces are examined by
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SEM-EDS and phase analysis is carried out. Phase analysis of wear out fused coatings is
performed by XRD technique. The pin on disc experimental setup and graphical
representation of wear test setup is presented in Figure. 3.6 (a and b).

3.7.2 Wear rate Calculations

The wear rate in mm®m of tested samples is computed by the volume loss method using

equation 1.
W=V/(8) i (Eq 1)
Where “V” is the wear volume loss in mm®, S’ is the total sliding distance in m.

Wear volume loss in mm? of each sample is calculated using equation 2.

Where ‘LxB’ is the total cross section area of the tested sample and ‘H’ is the height loss

after the test which is obtained from computer software linked to a sliding tester.

Three tests are repeated for all the coating samples and the mean values of friction and wear
rate are stated. The wear rate coefficient K in mm*/N m of tested samples is calculated using

equation 3.

Where w = wear in mm?, L = sliding length in m, C= normal load in N called Archard model.
This equation is mainly used for constant sliding speed with varying load parameters (E.
Fernandez et al. 2005).
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CHAPTER 4
CHARACTERISATION OF FEEDSTOCK AND COATINGS

In this chapter characterization results of feedstock before and after milling are presented.
The CoMoCrSi, CoMoCrSi+Cr3C,, CoMoCrSi+WC-CrC-Ni and CoMoCrSi+WC-12Co of
HVOF, Flame sprayed coatings and Microwave fused coatings have been characterized.
The characterization has been done using SEM/EDS studies, evaluation of porosity,

microhardness, and adhesion strength.

41 MORPHOLOGY OF COATING POWDERS

The morphologies of as-received coating powders are investigated through SEM are shown
in Figure 4.1. The CoMoCrSi feedstock is manufactured through gas atomization technique
which is having spherically shaped particles with average dimensions of 53-150 um before
HEBM process, its morphology is shown in Figure 4.1 (a). The Cr3C, powder is made by
agglomerated and sintered process appeared in a spherical shape with a mean particles size of
15 to 45 pm, its morphology is shown in Figure 4.1 (b). The cermet coating powders such as
WC-CrC-Ni and WC-12Co are produced by agglomeration and sintered method having a
spherical structure with the average size of 15 to 45 um as shown in Figure 4.1 (c and d). The
flowing characteristics of feedstock powders are relatively good due to most particles of the
nearly spherical shape.

The CoMoCrSi feedstock is subjected to a HEBM process to obtain a higher fraction of
intermetallics and to reduce its particle size. The high impact energy and high milling
temperature occurred during HEBM, results in an inter-diffusion of atoms in the layers of
welded particles in 1 hr to 5 hr of milling time. Figure 4.2 (a-d) shows the typical
morphology of particles which changes under milling operation. It is clearly observed that
during HEBM, powder particle underwent flattening, cold welding, plastic deformation, and
fracture in a sequence, which results in particles size reduction (Cinca et al., 2013 and Manne
et al., 2017). Figure 4.3 (a-d) shows the particle morphology of HEBM CoMoCrSi powders
from 2 hr to 5 hr. It is observed that powder particles changing its shape due to the impact of

balls and decreasing its size with increasing milling time.
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Figure 4.1 SEM morphology of coating powders before HEBM process (a) CoMoCrSi
(b) Cr3C; (c) WC-CrC-Ni (d) WC-12Co
SLIDERCTRN ©

Figure 4.2 (a-d) typical morphology of CoMoCrSi powder subjected to HEBM operation
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Figure 4.3 Morphology of CoMoCrSi powder milled for (a) 2 hr, (b) 3 hr (c) 4 hrand (d) 5 hr

4.2 COATING PARTICLE SIZE ANALYSIS

The particle size of CoMoCrSi milled feedstock is measured after every one hour of milling
time. CoMoCrSi particle size distributions at different milling time and its density are
reported in Table 4.1. Powders subjected to high impact energy for a long time leads to
homogeneous composition due to the reaction between multiple particles distribution. The
particle becomes finer with milling time and offered uniformity in particles size. After 5 hr of
milling time, spherical particles turned into irregular shapes with a reduction in average
particles size of 60.12 pm.

The presence of Mo and Cr decreases stacking fault energy, enhance the plastic deformation
induced FCC to HCP crystal structure transformation in the cobalt base matrix (Kumar et al.,
2006). This allotropic transformation increases the alloy’s work hardening rate, which is the
advantageous property of cobalt base elements for wear behavior of metals (Ozdemir et al.,
2014, Zhao et al. 2014 and Tahari et al., 2014).
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Table 4.1: CoMoCrSi particle size distribution and density at different milling time

Milling time, (hr) Particle size, (um) Density, (g/cm®)
D (0.1) | D(0.5) | D (0.9) | Mean mean

55.09 99.97 | 146.05 | 106.13
46.97 85.84 | 137.22 | 93.73
34.73 7556 | 122.23 | 79.59 5.46
28.20 67.69 | 116.23 | 68.59
19.96 53.93 | 109.23 | 60.12

gl B W N

4.3 XRD STUDIES OF COATING POWDERS

4.3.1 Milled Coating Powder
The phase analysis of CoMoCrSi milled powder is carried out by XRD technique. Figure 4.4
shows the XRD spectrum of CoMoCrSi powder milled at different time durations. The sharp

diffraction peaks characterize the crystalline nature of as received powder.
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Figure 4.4 XRD pattern of milled CoMoCrSi powder at different milling time
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The XRD patterns revealed the amorphous (bulk metallic glasses) structure of milled
powders with respect to increasing in milling time. Broadening of peaks with a reduction in
intensity is observed from 4 hours of milling shown in Figure 4.4 (e) and at 5 hours in Figure
4.4 (f). This is the indication of the formation of the amorphous phase in the milled
feedstock. This can be attributed to the formation of hard intermetallic laves phases of
Co3Mo,Si, Co;Mog, Mo3Si, CozsMo, Co,Mos and Cr3CosSiy, present in higher fraction due to

atomic diffusion of active elements of the coating (Bolelli and Lusvarghi, 2006).

4.3.2 Composite Coating Powders

The milled CoMoCrSi feedstock is blended with different carbides such as Cr;C,, WC-CrC-
Ni, and WC-12Co as per mass ratio. The XRD pattern of CoMoCrSi+Cr3C, composite
feedstock is represented in Figure 4.5. The pattern showed high intensities with reduction of
broadening in peaks, after reinforcement of Cr3C, powder the milled feedstock turned into
crystalline nature with retaining original phases as exhibited by CoMoCrSi feedstock showed

in Figure 4.4.
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Figure 4.5 XRD pattern of CoMoCrSi+Cr;C, composite feedstock

The XRD spectrums of CoMoCrSi+WC-CrC-Ni and CoMoCrSi+WC-12Co composite

feedstock powders are represented in Figure 4.6. After HEBM process, intermetallic laves
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phases are identified. The phases are CogMo0,Si, CosMog, and Co,Moz which are amorphous
in nature (metallic glass structure) shown in Figure 4.4. Whereas due to the addition of WC
powders to processed feedstock it converts into crystalline nature but retained the same
phases as presented in CoMoCrSi processed feedstock. The coating powders
CoMoCrSi+WC-CrC-Ni and CoMoCrSi+WC-12Co exhibit strong carbide phases of Cr3;C,
SiC, CosC, and WC. Ni3C phase is identified in CoMoCrSi+WC-CrC-Ni feedstock which

helps to improve coating hardness.
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Figure 4.6 XRD patterns of (a) CoMoCrSi+WC-CrC-Ni (b) CoMoCrSi+WC-12Co

composite feedstock

4.4 MEASUREMENT OF COATINGS THICKNESS

The thickness of as-deposited coatings by HVOF and flame spray process and fused coatings
are assessed from BSE micrographs along the cross-section of coatings obtained from SEM.
The average thickness of each coating is given in Table 4.2. The result indicates that after
fusing of the thickness of as-sprayed coatings are significantly increased due to inter-
diffusion of atoms at the substrate-interface region. The BSE micrographs of these as-

sprayed and fused samples along the cross-section are presented in further sections.
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Table 4.2: Average coatings thickness

Type of coating Thickness, (um)

HVOF Microwave Flame Microwave fused
sprayed fused HVOF sprayed Flame sprayed
coatings coatings coatings coatings

CoMoCirSi 235 255 270 280
CoMoCrSi+Cr,Cs 250 264 210 225
CoMoCrSi+WC-CrC-Ni 160 185 210 224
CoMoCrSi+WC-12Co 240 260 176 192

45 HVOF SPRAYED AND MICROWAVE FUSED CoMoCrSi
COATINGS

45.1 Surface SEM and EDS Analysis

The surface morphology of HVOF spayed CoMoCrSi coatings and its EDS results are shown
in Figure 4.7 (a and b). The morphology presents the lamellar structure of hard intermetallic
laves phases present in a eutectic cobalt matrix. The presence of unmelted/semi-melted
particles on the surface is observed and also no formation of oxide stringers in Figure 4.7 (a).
This results in the formation of voids in between the two atoms lead to an increase in
porosity of coatings. The surface roughness (Ra) is found to be 6.23 um. The EDS analysis
of as-sprayed CoMoCrSi coating shown in Figure 4.7 (b) reveals the presence of Co-rich
phases and retains the phases of the milled powders. The surface morphology of the fused
CoMOoCrSi coating and corresponding EDS results are presented in Figure 4.8 (a and b). As
observed from Figure 4.8 (a) fused coating surface exhibits uniform melting which
eliminates all partial and unmelted particles presented at as-sprayed coating. Also due to
remelting of as-sprayed coating surface exhibits homogeneous structure. The surface
roughness of the fused coating is 3.15 um. The presence of C and O on the surface as
identified by EDS analysis in Figure 4.8 (b) indicates the formation of oxides and carbides

during microwave remelting. Formation of metallurgical bonding by diffusion of titanium
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element towards coating region is confirmed by EDS analysis. Graphite is used as a separator
in order to introduce carbon on the surface, which acts as a self-lubricating agent as well as

form harder carbides.

60.54 % Co
28.84 % Mo
08.26 % Cr
02.36 % Si

Figure 4.7 HVOF spray CoMoCrSi coating (a) SEM surface morphology and (b) EDS

analysis

36.94 % Co
23.76 % Mo
06.28 % Cr
13.26 % Ti
02.82 % Si
05.01%C
11.93% O

Figure 4.8 Fused CoMoCrSi coating (a) SEM surface morphology and (b) EDS analysis

4.5.2 Cross-Sectional Microstructure and Elemental Mapping
Figure 4.9 (a and b) shows the cross-sectional morphology of HVOF sprayed and fused
coatings. Figure (4.9 a) shows the SEM micrograph of the as-sprayed coating along the

cross-section shows the laminar and uniform structure, bonded well with the substrate. As-
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sprayed coating produces major cracks and voids which is clearly visible from morphology.
The white patches are observed in Figure 4.9 (a) represents the chromium and coexist with

silicon are distributed around cobalt and molybdenum elements.

Coating

Interface

Substrate 50 um  BIERIELS

Figure 4.9 SEM micrographs along the cross-section of CoMoCrSi coatings (a) HVOF

sprayed (b) microwave fused

SEM micrograph along the cross-section of microwave fused coating (Figure 4.9b) shows a
homogeneous structure with fewer defects in the fused region. The remelted coatings display
sound metallurgical bonding by inter-diffusion of elements across the interface of coating
and substrate. The titanium substrate is easily penetrated into the coating region during
diffusion process due to its lightweight compared to coating elements, so cobalt,

molybdenum, chromium, and silicon are the less diffused elements at an interface area.

X-ray elemental mapping of the as-sprayed coating presents in Figure 4.10. It displays the
existence of major constituent elements of cobalt, molybdenum, chromium, and silicon
which is properly distributed throughout the coating. There is no presence of oxides in
coating due to the high deposition rate of coating and solidified rapidly. The X-ray elemental
mapping of the fused coating presents in (Figure 4.11) which confirms the existence of major
constituent elements of cobalt, molybdenum, chromium, silicon along with titanium and
carbon properly distributed throughout the fused coating. The diffusion of Ti into the coating
is clearly observed and coexists with carbon, implies the formation of TiC. It leads to
metallurgical bonding.
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Figure 4.11 Elemental X-ray mapping of microwave fused CoMoCrSi coating

4.5.3 X-Ray Diffraction Studies
XRD pattern of HVOF sprayed CoMoCrSi coating shown in Figure 4.12 (a) confirms the
presence of hard intermetallic laves phases in a eutectic cobalt matrix. The XRD pattern
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indexed to CozMo0,Si, Co;Mos, Mo3Si, and CosC indicate no significant phase changes
occurred during HVOF spraying. The XRD patterns of CoMoCrSi milled powder at 5 hr
(Figure 4.4f) and HVOF sprayed CoMoCrSi coating (Figure 4.12a) are similar. The
broadening of peaks of the as-sprayed coating at 20 values of 38° to 49° indicates the

formation of amorphous laves phases.
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Figure 4.12 XRD patterns of CoMoCrSi coatings (a) HVOF sprayed (b) microwave fused

XRD pattern of the fused coating is shown in Figure 4.12 (b). During microwave remelting,
titanium and carbon are diffused into the coating from the substrate and graphite separator
respectively. Microwave fused coating shows the presence of peaks indexed to Cr;C,, and
Co3C. As the microwave process is carried out in an open atmosphere, minor intensity peak
of SiO;, is identified. The oxides and carbide in the coating microstructure act as
strengtheners. The intermetallic laves phases as identified in the coating powder and as-
sprayed coatings shown in Figure 4.12 (a and b) are retained after microwave remelting. In
the process of microwave remelting, graphite sheet is used as a separator, placed between as-

sprayed coating and susceptor which helps to induce carbon into the as-sprayed coating.
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The chromium present in the coating reacts with carbon to form carbides. According to the
values of Gibbs free energy, the sequence of carbide formation is Cr,3Cg, Cr; Cs, and Cr3Cs.
However, Cr,3Cs and Cr,Cs are not identified in the XRD analysis (Figure 4.12b) and high-
intensity peaks are indexed to CrsC, This may be attributed to the difference in phase
constituent and complicated temperature distribution in the molten pool as investigated by
(Kaiming et al., 2018).

4.6 HVOF SPRAYED AND MICROWAVE FUSED CoMoCrSi+Cr,C;
COMPOSITE COATINGS

4.6.1 Surface SEM and EDS Analysis

The surface micrograph of HVOF sprayed CoMoCrSi+Cr,C3 composite coating and its EDS
results are shown in Figure 4.13 (a and b). The presence of microcracks and unmelted/partial
melted particles on the coating surface are noticed. This represents the formation of a
heterogeneous structure. The surface roughness of the as-sprayed coating is 8.23 um. The
result of the EDS of as-coated shows the presence of all the feedstock elements with a major

percentage of Co and Cr elements as depicted in Figure 4.13(b).

CoMoCrSi+Cr,Cs fused coating surface morphology is shown in Figure 4.14. The rapid
cooling of the microwave process which results in the microstructure of the fused
CoMoCrSi+Cr,Cz composite coating is much finer than that of the conventional post-heat
treatment processes. The carbides and intermetallic compounds are randomly distributed in a
cobalt-rich solid solution, results in a homogeneous structure as shown in Figure 4.14. The
surface roughness of microwave fused coating is 3.14 um. The elemental composition of the
fused coating is done on the same surface area showing in (Figure 4.14) it is evident that the
carbon content is drastically increased compared to an as-sprayed coating which is mainly
from graphite sheet during remelting. Also, titanium and oxide phases with minor

percentages have been detected on the fused coating surface.
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Figure 4.13 HVOF spray CoMoCrSi+Cr,C3; composite coating (a) SEM surface morphology
and (b) EDS analysis
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Figure 4.14 SEM surface micrograph of microwave fused CoMoCrSi+Cr,C3 composite
coating

4.6.2 Cross Sectional Microstructure and Elemental Mapping

The SEM images of as-coated and microwave fused CoMoCrSi+Cr3C, coatings along the
cross-section, shown in Figure 4.15 (a and b) respectively. As observed in Figure 4.15 (a) the
microstructure of the as-sprayed coating through cross-section presents various
characteristics, such as unmelted and partially melted particles, mechanical discontinuities,

interfacial cracks, and porosity. It also indicates that coating microstructural features of light
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gray color reveals the Co-rich element with white patches of Cr present along the grain
boundaries of the matrix constituent element. There are no cracks observed along the

interface indicating strong bonding between coating and substrate.

Substrate

Figure 4.15 SEM micrographs along the cross-section of CoMoCrSi+Cr3C, coatings (a)
HVOF sprayed (b) Microwave fused

Table 4.3 EDS results of microwave fused CoMoCrSi+Cr3C, composite coating for selected

points representing in Figure 4.15 (b)

Positions
Element, wt % A B C
o] 01.12 01.87 02.59
Ti - 12.72 35.746
C 04.88 05.32 05.19
Si 02.82 02.22 01.01
Cr 21.28 19.68 10.94
Mo 23.76 17.25 13.45
Co 46.14 40.94 31.36

The microwave heating process shows a positive effect on the characteristics of the HVOF-
sprayed coating. It can be seen in Figure 4.15 (b) that fusing of the as-sprayed coating has
dense and homogeneous microstructure. In the duration of 10 minutes, microwave re-melts
the unmelted and partially melted particles in the as-sprayed coating. The micro-cracks,
pores, voids, and lamellar structure are removed, and the inter-diffusion of elements of
coating and substrate is observed along the interface region. Metallurgical bonding is formed
between the substrate and coating which leads to the improvement of the adhesion to the
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substrate. The amount of titanium is diffused into the coating region is quantified by EDS
analysis. The EDS analysis of microwave fused coating points marked (Figure 4.15b) is
taken at three different points at a distance of 50 um each, and the readings are listed in Table
4.3. The EDS result confirms the chemical composition of enriched titanium substrate

elements with some amount of oxide due to its diffusion in the fused coating.

Substrate X, S0 um

Figure 4.16 Elemental X-ray mapping of HVOF sprayed CoMoCrSi+Cr3;C, composite

coating

The X-ray elemental mapping of HVOF sprayed and fused CoMoCrSi+Cr;C, composite
coatings along the cross-section are presented in Figure 4.16 and Figure 4.17 respectively.
The as-sprayed coating result confirms the uniform distribution of major feedstock elements
through the coating area as shown in Figure 4.15. It clearly shows distinct splats enriched

with cobalt and molybdenum. Chromium carbide is distributed over the coating uniformly.

The fused coating reveals the uniform distribution of the coating and the diffusion of the
substrate element to the coating region is shown in Figure 4.17. This indicates that titanium is
enriched with cobalt, molybdenum, and chromium. The diffusion region or diffused band is
clearly visible in mapping results. The number of valence electrons of titanium substrate is

more than coating elements so diffusion of titanium is more rapid at interface location.
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Figure 4.17 Elemental X-ray mapping of microwave fused CoMoCrSi+Cr3;C, composite

coating

4.6.3 X-Ray Diffraction Studies

The XRD patterns of CoMoCrSi+CrsC, feedstock and as-sprayed coatings are similarly
presented in Figure 4.18 (a and b). XRD of feedstock confirms the intermetallic laves phases
and exhibits an amorphous structure (bulk metallic glass). After the HEBM process, the
amorphous phases formed in CoMoCrSi feedstock are CozMo,Si, CosMog, CozMo, and
Co,Mos. No changes have been observed in the as-sprayed coating pattern. Some crystalline
phases are identifiable; particularly, the CoMoCrSi+Cr;C, as-sprayed coating containing
Cr3C,. CosC, and a Co—Mo-—Cr solid solution with an FCC lattice. It is also observed that no
oxide phases are formed in as-sprayed coatings (Figure 4.18b). Figure 4.18 (c) demonstrates
the XRD pattern of microwave fused CoMoCrSi+Cr3;C, coating. After microwave fusing, it
is observed that the coating retained intermetallic laves phases as found in as-sprayed
coating. Carbon is induced into the coating from the graphite sheet during the microwave
process, by which a new rich CosC phase is formed. Although the microwave process is
carried out at atmospheric conditions results in SiO, oxide phase is formed. Presence of

carbides and oxides in the coating microstructure act as strengtheners.
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Figure 4.18 XRD patterns of CoMoCrSi+Cr3C, (a) feedstock (b) HVOF sprayed

(c) Microwave fused

4.7 HVOF SPRAYED AND MICROWAVE FUSED CoMoCrSi+WC-
CrC-Ni COMPOSITE COATINGS

4.7.1 Surface SEM and EDS Analysis

Figure 4.19 (a) shows the surface morphology of HVOF sprayed CoMoCrSi+WC-CrC-Ni
composite coating. Presence of unmelted and partially melted particles at the surface leads to
an increase in porosity percentage and surface is uneven. The measured coating roughness is
7 um. Also noticed in (Figure 4.19a) morphology small cracks and tiny shaped pores are
formed at the surface. The EDS results observed on the as-sprayed coating surface shown in
Figure 4.19 (a) with the higher percentage of Co and W which represents the proper
distribution of hard elements in the coating. After fusing, the surface exhibits a smooth and
flat surface as observed in Figure 4.19 (b). The rapid cooling rate of the fused coating leads
to eliminate cracks/pores results in a homogeneous structure. The surface roughness of the

fused composite coating is 4.1 um.
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Figure 4.19 SEM micrograph taken on CoMoCrSi+WC-CrC-Ni composite coating surface
(@) HVOF sprayed (b) Microwave fused the coating

4.7.2 Cross-Sectional Microstructure and Elemental Mapping

Figure 4.20 (a and b) shows the SEM micrograph of HVOF sprayed and fused
CoMoCrSi+WC-CrC-Ni composite coating along the cross-section. It has been observed in
Figure 4.20 (a) that internal defects like porosity, cracks, unmelted or semi-melted particles

in the as-deposited coatings structure.

Substrate

Figure 4.20 SEM micrograph of CoMoCrSi+WC-CrC-Ni composite coating along cross-
section (a) HVOF sprayed (b) Microwave fused coating

The microwave heating process had a positive effect on the characteristics of the as-sprayed
CoMoCrSi+WC-CrC-Ni composite coating. It can be seen from (Figure 4.20 b) fused cross-
section; the remelted as-sprayed coating possesses a hard surface, homogeneous and uniform
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structure. This also exhibits less porosity; no voids/cracks and achieved a titanium diffusion
zone at the interface of the coating-substrate. This results in enhanced adhesion strength to
the substrate. This shows the increase in coating thickness and improvement of surface
roughness after microwave remelting. The EDS analyses of microwave fused composite
coating at the interface and coating area are listed in Table 4.4. The EDS result confirms the
chemical composition of enriched cobalt, molybdenum and tungsten elements at the cross-
section. Presence of titanium and oxide elements in less percentage at the interface is

confirmed.

Figure 4.21 Elemental X-ray mapping of HVOF sprayed CoMoCrSi+WC-CrC-Ni composite

coating

Figure 4.21 depicts the mapping results of the HVOF sprayed CoMoCrSi+WC-CrC-Ni
composite coating. The major constituent elements such as cobalt, molybdenum, chromium,
and tungsten are composed of carbon and silicon. The coating elements are uniformly
dispersed along the thickness of the coating. Presence of nickel also confirms with less

percentage which is dispersed along the coating thickness. Since the coating is deposited with
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high acceleration and cooled quickly, results in no identification of oxides in coating

structure.

The mapping results of fused CoMoCrSi+WC-CrC-Ni composite coating depicts in Figure
4.22. The additional inducement of carbon during microwave heating results in an increase in
the percentage of carbon. The fused coating showed a homogenous structure which results in
a proper distribution of coating constituents and composed of titanium made by sound
metallurgical bonding. The presence of oxide element is less due to rapid solidification of

remelted coatings.

Figure 4.22 Elemental X-ray mapping of microwave fused CoMoCrSi+WC-CrC-Ni

composite coating
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Table 4.4 EDS results of microwave fused CoMoCrSi+WC-CrC-Ni composite coating with
respect to points marked in Figure 4.20 (b)

Element, wt % A B (interface)

@) 01.12 02.97

Ti - 11.13

C 05.44 04.98

Si 02.60 01.12

Cr 13.55 11.45
Mo 20.87 15.23

W 19.29 18.05

Ni 01.41 01.10

Co 35.72 33.97

4.7.3 X-Ray Diffraction Studies

The XRD pattern of HVOF sprayed CoMoCrSi+WC-CrC-Ni composite coating shown in
Figure 4.23 (a) exhibits similar peaks as compared to that of the CoMoCrSi+WC-CrC-Ni
feedstock (Figure 4.6a) after coating on the substrate. This is achieved because of no
decarburization of WC during HVOF spraying due to exposure time of powders to air is
short. The XRD spectra of CoMoCrSi+WC-CrC-Ni composite coating showed Ni3C peaks at
32, 44, 64, 66 and 72° with decreasing broad humps and strong Cr3C, phases at 32, 38, 48,
74 and 78° is observed in Figure 4.23 (a). XRD pattern of fused CoMoCrSi+WC-CrC-Ni
composite coating is depicted in Figure 4.23 (b). After fusing, retains the peaks obtained in
case of as-sprayed coating with an increase in intensities. Inducing of carbon element into
coating results in CozC and SiC phases are formed. The amorphous phases are Co-W-C
recrystallization during heat treatment and form Co Wy C, crystalline phases which are
detected by XRD (Dejuna and Tianyuan, 2014). The Cr3C, phase intensity is remained the
same after fusing and new phases such as CogW¢C, CosWyC, and CosW;C are recorded
denoted by the symbol “w”. Oxide phases C030,4 and SiO, are to be formed due to remelting

process conducted in an open atmosphere.
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Figure 4.23 XRD pattern of CoMoCrSi+WC-CrC-Ni composite coatings (a) HVOF sprayed

(b) Microwave fused

4.8 HVOF SPRAYED AND MICROWAVE FUSED CoMoCrSi+WC-
12Co COMPOSITE COATINGS

4.8.1 Surface SEM and EDS Analysis

The surface morphology of HVOF sprayed and fused CoMoCrSi+WC-12Co composite
coating are shown in Figure 4.24 (a and b). Unmelted particles are clearly visible at the
coating surface shown in Figure 4.24 (a). The morphology displays many characteristics that
presence of lamellar splats, internal porosity, discontinuities and interfacial defects like
oxides. The measured coating roughness 5.5 pum. EDS analysis is conducted on the as-
sprayed coating surface presents the chemical composition of the enriched Co and W
element. Carbides distributed evenly in the coating which improves coating hardness. The
fused coating exhibits unique features such as refinement of unmelted and semi-melted
particles, obtained dense and compact coating microstructure shown in Figure 4.24 (b). The
surface and subsurface defects like interfacial cracks, small pores and voids are decreased.

The fused coating roughness is 2.7 um.
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Figure 4.24 SEM micrograph of CoMoCrSi+WC-12Co composite coating surface
(a) HVOF sprayed (b) Microwave fused coating

4.8.2 Cross-Sectional Microstructure and Elemental Mapping

Figure 4.25 (a and b) shows SEM micrograph of HVOF sprayed and fused CoMoCrSi+WC-
12Co composite coating along the cross-section. The examined as-sprayed coating
microstructure along cross-section presents porosity, uneven structure, and small voids can
be seen in Figure 4.25 (a). The bonding between coating and substrate is good. The cross-
section morphology of microwave fused CoMoCrSi+WC-12Co composite coating shown in
Figure 4.25 (b). It is found that after remelting of as-sprayed composite coating exhibits
uniform thickness, homogeneous structure, no presence of pores, and voids. It results in very
fewer defects in coating structure. The fusing of a coating made diffusion of substrate
element to coating region which provides good metallurgical bonding.

The EDS analysis of microwave fused coating is taken at interface and coating area and
readings are listed in Table 4.5. The EDS result confirms the coating composition of enriched
cobalt, molybdenum, and tungsten distributed evenly over the coating. A small percentage of

oxides also found due to the process carried out under open atmospheric conditions.
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Substrate

Figure 4.25 SEM micrograph of CoMoCrSi+WC-12Co composite coating along cross-
section (a) HVOF sprayed (b) Microwave fused coating

Table 4.5 EDS results of microwave fused CoMoCrSi+WC-12Co composite coating with
respect to points marked in (Figure 4.25b)

Element, wt % A B (interface)
0 02.07 04.80
Ti - 13.25
C 03.10 04.61
Si 02.19 01.86
Cr 07.50 10.17
Mo 19.21 14.59
W 23.74 17.32
Co 42.19 33.40

The mapping results of the HVOF sprayed CoMoCrSi+WC-12Co composite coating shows
in Figure 4.26. It confirms the presence of major coating constituent elements and uniformly
distributed over the coating thickness. The reinforcement tungsten element is dispersed
properly and coexists with the chromium element. The mapping results of the fused
CoMoCrSi+WC-12Co composite coating present in Figure 4.27. It can be noticed that
titanium is formed near the coating-substrate interface after microwave heat treatment, this

results in metallurgical bonding.
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Figure 4.26 Elemental X-ray mapping of HVOF sprayed CoMoCrSi+WC-12Co composite

coating
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Figure 4.27 Elemental X-ray mapping of microwave fused CoMoCrSi+WC-12Co composite

coating

4.8.3 X-Ray Diffraction Studies

The XRD spectrums of HVOF sprayed and fused CoMoCrSi+WC-12Co composite coating
shown in Figure 4.28. The as-sprayed coating pattern displays the existence of peaks as
present in powder phases. The diffraction peak of Co and WC is very strong, the coating is
primarily composed of WC hard phase and hard laves of Co phase. The diffraction peaks of
WC at 31°, 37°, and 42° are very strong, the other diffraction peaks are low. The as-sprayed
coating also exhibits carbide phases like Cr3C, with a strong intensity. In the case of fused
XRD pattern of CoMoCrSi+WC-12Co composite coating (Figure 4.28b) reveals that very
strong intensity with showing similar diffraction positions as identified in as-sprayed coating.
Remelting of as-coated composite coating is carried out in atmospheric conditions, so oxygen

entraps into fused composite coating results in minor oxide peaks like Co30,4, and SiO, are
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formed. New phases CogWsC, CosWyC, and CosW;C are identified denoted by the symbol
“#” during the remelting process due to recrystallize of Cobalt, tungsten and carbon
elements (Dejuna and Tianyuan, 2014). Inducing of carbon element into coating results in

Co3C and SiC phases are to be formed.
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Figure 4.28 XRD pattern of CoMoCrSi+WC-12Co composite coatings (a) HVOF sprayed

(b) Microwave fused
4.9 FLAME SPRAYED AND MICROWAVE FUSED CoMoCrSi

COATINGS
4.9.1 Surface SEM and EDS Analysis
Figure 4.29 (a and b) shows the SEM morphology of flame sprayed CoMoCrSi coating
surface and its EDS report respectively. As-sprayed coating exhibits unmelted particles
present at the surface shown in Figure 4.29 (a). The flame spray is a low-velocity process
carried out in an open atmosphere causes gases entrapped into a coating which results in an
increase in oxides percentage, these results are measured higher coating roughness of 16 um

due to an uneven surface. In (Figure 4.29b) EDS results observed on the as-sprayed coating
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surface shows a higher percentage of Co element which represents proper dispersion through

the coating.

Full Scale 4969 cts Cursor: 0.000

Figure 4.29 Flame sprayed CoMoCrSi coating (a) SEM surface morphology (b) EDS

analysis

Figure 4.30 Microwave fused CoMoCrSi coating (Flame sprayed) (a) SEM surface

morphology (b) EDS analysis

SEM image of microwave fused CoMoCrSi coating surface and its EDS report shown in
Figure 4.30 (a and b). Fused coating reveals the uniform remelting of flame sprayed coating;
there is no presence of partially melted particles in Figure 4.30 (a). After fusing surface
roughness decreased drastically to 7.2 um and became smooth surface. Additional carbon
element from the graphite sheet is induced to the flame sprayed coating during microwave
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heating, leads to becoming hard surface. It is confirmed from EDS results observed on the
fused CoMoCrSi coating surface shown in Figure 4.30 (b). The percentage of oxide is more
in fused coating because of the remelting performed in atmospheric conditions, so oxygen
easily entraps in the coating during solidification.

4.9.2 Cross-Sectional Microstructure and Elemental Mapping

The SEM micrograph of flame sprayed CoMoCrSi and microwave fused coating along cross-
section presents in 4.31 (a and b) respectively. It has been observed in (Figure 4.31a) surface
features such as voids, the existence of unmelted and semi-melted droplets as well as oxide
stringers; this leads to an increase in interfacial porosity. Whereas microwave fused flame
sprayed coating shows a uniform and homogeneous structure in Figure 4.31(b). It is also
observed that splat grains have been elongated due to heat supplied by microwave energy
results in a decrease in porosity of coating. After the microwave treatment process, the
thickness of the coating is slightly increased because of the partial diffusion of substrate
elements. This results in the formation of metallurgical bonding between substrate and

coating.
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Figure 4.31 SEM micrograph of Flame sprayed CoMoCrSi coating along cross-section
(a) As-sprayed (b) Microwave fused coating
The mapping results of flame sprayed CoMoCrSi coating is depicted in Figure 4.32. The
results reveal that coating materials are distributed uniformly with oxide content. However,
due to low velocity, the oxide is induced into coating during spraying. The oxide element

coexists with cobalt, chromium, molybdenum and silicon elements. The mapping results of
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microwave fused CoMoCrSi coating is shown in Figure 4.33. This result demonstrates the
diffusion phenomenon of the fused coating. The Ti element is diffused from the substrate to
coating elements are partially diffused into the substrate, shown in Figure 4.33. The diffused

elements coexist with carbon results in the formation of carbides with sound metallurgical

bonding.
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Figure 4.32 Elemental X-ray mapping of flame sprayed CoMoCrSi coating
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Figure 4.33 Elemental X-ray mapping of microwave fused CoMoCrSi coating

4.9.3 X-Ray Diffraction Studies

XRD spectrums of CoMoCrSi milled feedstock and flame sprayed coatings are presented in
Figure 4.34 (a and b). It is observed that due to the influence of HEBM process the
CoMoCrSi powder (Fig. 5 a) exhibits amorphous structure at 45° to 50° which mainly consist
of Co, Co3sMo,Si, CosMog, and Co,Mogs, along with minor phase of MosSi. It is noticed that
after flame sprayed coating retains the similar phases of intermetallics consists of Co,
CosMo,Si, Co7Mog, Co,Mo3, and Co3z0,4 as a major phase while, MosSi, SiO,, and MoO; as a
minor phase as presented in milled powder and obtained some oxide phases showed in Figure
4.34 (b). Similar phases are identified in the XRD pattern of microwave fused CoMoCrSi
coating as seen in flame sprayed coating except for CosC, Cr3C, and C phases in Figure 4.34
(c). After remelting of the flame sprayed coating and inducing of carbon element results in
formation of carbide phases such as CosC and Cr3C,. Also M0oO,, SiO, and Cosz0,4 oxide

phases have identified (Utu and Marginean, 2017).
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Figure 4.34 XRD patterns of (a) feedstock and flame sprayed CoMoCrSi coatings (b) As-

sprayed (c) Microwave fused

4.10 FLAME SPRAYED AND MICROWAVE FUSED CoMoCrSi+Cr;C,
COMPOSITE COATINGS

4.10.1 Surface SEM and EDS Analysis

The SEM surface morphology of flame sprayed CoMoCrSi+Cr3;C, composite coating and its
EDS report are shown in Figure 4.35 (a) and Figure 4.35 (b) respectively. Partial and
unmelted particles are distinctly visible at the coating surface leads to an increase in coating
roughness to 14.55 um noticed from Figure 4.35(a). The EDS analysis illustrates (Figure
4.35b) the rich Cr element and amount of oxides is more during the spraying of coating
powders. Figure 4.36 (a and b) describes the SEM surface morphology of microwave fused
CoMoCrSi+Cr3C, composite coating and its EDS report. Microwave energy provides proper
remelting of flame sprayed coating which eliminates partial and unmelted particles. This is
the reason for the reduction in porosity and filling up of cracks presented in as-sprayed
coatings noticed in Figure 4.35 (a). EDS report in Figure 4.36 (b) shows that percentage

increase in oxides not found but the percentage of carbon element is increased due to
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inducing after post-treatment. It leads to becoming harder surface than flame sprayed coating

and results in reduced coating surface roughness to 6.20 um.

Figure 4.35 Flame sprayed CoMoCrSi+Cr3;C, composite coating (a) SEM surface
morphology (b) EDS analysis
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Figure 4.36 Microwave fused CoMoCrSi+Cr3C, composite coating (a) SEM surface

morphology (b) EDS analysis

4.10.2 Cross-Sectional Microstructure and Elemental Mapping

Figure 4.37 (a and b) shows the SEM micrograph along the cross-section of flame sprayed
and microwave fused CoMoCrSi+Crs;C, composite coating respectively. The examined

microstructure (Figure 4.37a) of flame sprayed coating along thickness shows the existence
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of an uneven structure and large voids. These defects are caused due to the low acceleration
of flame spray during deposition of the coating. On the other hand, microwave fused flame
sprayed CoMoCrSi+Cr3C, composite coating shows a uniform and homogeneous structure in
Figure 4.37(b). After fusing, process splats size is elongated and compacted rigidly. The
white patches in Figure 4.37 (b) indicate Cr3C, reinforcement distributed uniformly with
matrix elements over the coating region. Increase in thickness ensures diffusion of substrate

elements, results in metallurgical bonding.
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Figure 4.37 SEM micrograph of CoMoCrSi+Cr3C, composite coating along cross-section

(a) Flame sprayed (b) Microwave fused coating

X-ray elemental mapping result of flame sprayed CoMoCrSi+Cr;C, composite coating
confirms the uniform distribution of major feedstock elements through the coating area as
shown in Figure 4.38. It clearly shows the distinct splats enriched with cobalt and

molybdenum. Carbon and oxides are distributed over the coating uniformly.

Elemental mapping of microwave fused CoMoCrSi+CrsC, composite coating reveals the
proper distribution of coating and diffusion of coating-substrate elements at the interface is
shown in Figure 4.39. It indicates that titanium co-exists with rich molybdenum, cobalt, and
chromium. The volumetric heating effect of microwave results in heterogeneous structure

and provides the equal distribution of properties over the coating thickness.
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Figure 4.38 Elemental X-ray mapping of flame sprayed CoMoCrSi+Cr3;C, composite

coating

73



Substrate S0 um —(o

Figure 4.39 Elemental X-ray mapping of microwave fused CoMoCrSi+Cr3;C, composite

coating

4.10.3 X-Ray Diffraction Studies

XRD spectrum of CoMoCrSi+CrsC, feedstock and flame sprayed composite coatings are
presented in Figure 4.40 (a and b). There is significant changes in XRD pattern of
CoMOoCrSi+Cr3C, powder comparing with XRD pattern of CoMoCrSi powder (Figure 4.4).
The existence of intermetallic laves phases is confirmed with the addition phase of Cr;C,
showing as a sharp diffraction peak. XRD pattern of flame sprayed CoMoCrSi+Cr;C;
composite coating (Figure 4.40b) consists of Co, CrsC, and CozMo0,Si as major phases at an
angle range of 30 to 38°, along with Co;Mog, CosMo, Co,Mo3, Co304, CosC and MoO; as
minor phases. Similar phases are detected in the XRD pattern of the CoMoCrSi+Cr3C,
microwave fused composite coating as noticed in flame sprayed coating (Figure 4.40 c).
Presence of major phases such as Co, Cr;C,, CosMo0,Si, Co304, CosC, and MoO, at angles of
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32°, 40° and 60 °confirms the retaining of original phases identified in the as-sprayed

coating.
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Figure 4.40 XRD patterns of CoMoCrSi+Cr3C, composite coating (a) feedstock (b) flame

sprayed (c) Microwave fused

4.11 FLAME SPRAYED AND MICROWAVE FUSED CoMoCrSi+WC-
CrC-Ni COMPOSITE COATINGS

4.11.1 Surface SEM and EDS Analysis

The surface morphology of the flame sprayed CoMoCrSi+WC-CrC-Ni composite coating
and its EDS analysis are presented in Figure 4.41 (a and b). The unmelted and semi-melted
particles can be observed in the surface of as-sprayed coating (Figure 4.41a). The spray
process employed in this work produces less velocity hence coating particles remains partial
melted on the surface of the substrate. This leads to more roughness of the as-sprayed coating
surface of 14.45 um. The EDS analysis of the flame sprayed coating describes the presence
of cobalt-rich element along with reinforced carbides and also confirms the presence of
oxides on the coating surface in Figure 4.41(b). The surface morphology of the fused

CoMoCrSi+WC-CrC-Ni composite coating and its EDS analysis are depicted in Figure 4.42

75



(a and b). The surface shows uniform remelting of flame sprayed coating with refining the
unmelted and partially melted particles result in the smooth surface of 6.28 um in Figure
4.42(a). The remelted coating surface has oxide stringers due to the process carried out under
atmospheric conditions so the oxygen is entrapped into the fused coating. The substrate
element titanium is identified by EDS analysis of fused coating due to the diffusion
mechanism. Also, the percentage of oxide element is increased and observed no significant

changes in the percentage of other major coating elements.
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Figure 4.41 Flame sprayed CoMoCrSi+WC-CrC-Ni composite coating (a) SEM surface
morphology (b) EDS analysis
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Figure 4.42 Microwave fused CoMoCrSi+WC-CrC-Ni composite coating (a) SEM surface
morphology (b) EDS analysis
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4.11.2 Cross-Sectional Microstructure and Elemental Mapping

The cross-section morphologies of flame sprayed and microwave fused CoMoCrSi+WC-
CrC-Ni composite coatings are shown in Figure 4.43. The as-sprayed coating reveals the
presence of cracks and pores throughout the thickness of the coating Figure 4.43(a). There is
no such cracks have found near-interface region, results in a sound bonding between coating
and substrate. The coating shows a uniform structure in terms of thickness. The post-treated
coating exhibits significant changes in terms of microstructural features such as reduced
cracks and pores results in a homogeneous structure in Figure 4.43(b). The influence of heat
on as-sprayed coatings results in the formation of metallurgical bonding. This is caused due

to inter-diffusion of coating elements near the interface region.
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Figure 4.43 SEM micrograph of CoMoCrSi+WC-CrC-Ni composite coating along
cross-section (a) Flame sprayed (b) Microwave fused the coating
The mapping of flame sprayed CoMoCrSi+WC-CrC-Ni composite coating along the cross-
section is shown in Figure 4.44. The mapping results demonstrate the proper distribution of
coating elements throughout the thickness during spraying. The carbides coexist with cobalt,
molybdenum, chromium and silicon elements. The existence of oxide element in the coating
is confirmed by mapping and also noticed Ni element which is less in percentage. The
mapping result of fused CoMoCrSi+WC-CrC-Ni composite coating is presented in Figure
4.45. The inter-diffusion phenomenon caused by post-treatment is confirmed by mapping
results. After heat treatment, the coating materials are dispersed uniformly. The percentage of
oxide is more infused coating because of the remelting performed in atmospheric conditions,

so oxygen easily entraps in the coating during solidification.
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Figure 4.44 Elemental X-ray mapping of flame sprayed CoMoCrSi+WC-CrC-Ni composite

coating
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Figure 4.45 Elemental X-ray mapping of microwave fused CoMoCrSi+WC-CrC-Ni

composite coating

4.11.3 X-Ray Diffraction Studies

The XRD patterns of flame sprayed and microwave fused CoMoCrSi+WC-CrC-Ni
composite coatings depicts in Figure 4.46 (a and b). The flame sprayed coating spectrum has
a sharp crystalline structure with lower intensity. The pattern exhibits intermetallic phases
such as CosMo,Si, CosMog and Co,Mos. At 38°, 48° and 72° showed WC peaks, whereas
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Cr3C, peaks are observed at 38°, 42°, 45°, and 47°. The new phases such as CogWsC,
Co3W,C, and CozWs;C are recorded which is represented by the symbol “#” in Figure 4.46 (a
and b). These phases strongly influence the coating properties reported by several researchers
(Bolelli et al., 2014; Dejuna, and Tianyuan, 2017). The low velocity of the flame spray
process results in the formation of oxide phases has been detected in its XRD pattern. The
microwave fused CoMoCrSi+WC-CrC-Ni composite coating XRD spectrum is shown in
Figure 4.46 (b). After post heat treatment significant changes in pattern and also a slight
broadening of peaks has been noticed see in Figure 4.46 (b). The fused coating retains the
similar phases as observed at flame sprayed coating. The inducing of carbon to the as-
sprayed coating leads to formation of additional new carbide phases such as CozC and SiC.

Also SiO, and Co30,4 oxide phases have found due to oxidation of fused coating.
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Figure 4.46 XRD patterns of CoMoCrSi+WC-CrC-Ni composite coatings (a) flame sprayed

(b) Microwave fused
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4.12 FLAME SPRAYED AND MICROWAVE FUSED CoMoCrSi+WC-
12Co COMPOSITE COATINGS

4.12.1 Surface SEM and EDS Analysis

The surface micrograph of flame sprayed CoMoCrSi+WC-12Co and the EDS report is
shown in Figure 4.47 (a and b). The surface structure of the as-sprayed coating exhibits
unmelted particles with large voids in Figure 4.47 (a). The presence of lamellar splats on the
surface increases coating roughness to 11.32 um, results in the variation of surface
properties. The cobalt and tungsten are the dominant elements present in the as-sprayed
coating revealed by the EDS report in Figure 4.47(b). The presence of oxide and carbides
acts as a strengthener in the coating.

The effect of microwave volumetric heating leads to complete remelting of flame sprayed
coating and its surface reveals least defects with no existence of unmelted/semi-melted
particles. The surface roughness of the coating reduced to 5.50 um Figure 4.48(a). The EDS
of fused coating presents an increase in the percentage of oxide and carbon elements due to
oxidation and graphite sheet effect respectively. The presence of the titanium element is
confirmed along with major coating elements in the EDS report Figure 4.48 (b).

Full Scale 4446 cts Cursor: 0.000

Figure 4.47 Flame sprayed CoMoCrSi+WC-12Co composite coating (a) SEM surface
morphology (b) EDS analysis
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Figure 4.48 Microwave fused CoMoCrSi+WC-12Co composite coating (a) SEM surface
morphology (b) EDS analysis

4.12.2 Cross-Sectional Microstructure and Elemental Mapping

The SEM cross-section morphology of flame sprayed and microwave fused CoMoCrSi+WC-
12Co composite coatings are shown in Figure 4.49 (a and b). The as-sprayed coating cross-
section has many defects such as large voids in between splats, semi-melted particles, and
large cracks inhomogeneous coating structure in Figure 4.49 (a). The white patches in the as-
sprayed coating (Figure 4.49a) represents the chromium element is surrounded by other
major coating constituent elements.

Coating
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Figure 4.49 SEM micrograph of CoMoCrSi+WC-12Co composite coating along cross-

section (a) Flame sprayed (b) Microwave fused coating
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However, the cross-section of microwave fused CoMoCrSi/WC-12Co composite coatings
shows the homogeneous structure. After remelting, the discontinuities and voids caused
during spraying are filled results in a reduction of porosity. The atomic diffusion near the
interface zone (Figure 4.49b) is observed due to remelting effect made by the microwave

heating process.
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Figure 4.50 Elemental X-ray mapping of flame sprayed CoMoCrSi+WC-12Co composite

coating

The mapping results of flame sprayed and microwave fused CoMoCrSi+WC-12Co
composite coatings are shown in Figure 4.50 and Figure 4.51 respectively. The as-sprayed
coating shows carbon and tungsten is co-existed with cobalt, molybdenum, chromium and
silicon elements (Figure 4.50). The sprayed coating has an oxide phase which is distributed

over the coating thickness leads to an increase in porosity percentage. The mapping results of
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the fused coating describe the inter-diffusion mechanism at the interface zone. The diffusion
of tungsten element is more than cobalt and molybdenum; this is due to the valence of
elements. The tungsten has more electrons than other coating elements results in a high
diffusion rate. The mapping results of the fused coating are evident for even distribution of

coating materials after remelting.

S0 um  Co

Figure 4.51 Elemental X-ray mapping of microwave fused CoMoCrSi+WC-12Co composite

coating

4.12.3 X-Ray Diffraction Studies

The XRD patterns of flame sprayed and microwave fused CoMoCrSi+WC-12Co composite
coatings are presented in Figure 4.52 (a and b). The XRD spectrum of the as-sprayed coating

has broadening peaks due to the amorphous structure of cobalt solid solution. This confirms

84



the presence of intermetallic laves phase. The WC phase is identified at 38°, 42°, 54°, the
Cr3C, peak is observed at 28°, 34°, 38°, 45°, and 54°. The other carbides such as CosC and
SiC are existed and also oxide phases Co3z04 and SiO; are found. The addition of cermets
produces new phases which are denoted by the symbol “#” in Figure 4.52 (a and b). The
existence of these phases strengthens the coating properties. The fused coating has changed
in its pattern structure due to volumetric heating effect by microwave process. The fused

coating retains all the phases identified at as-sprayed coating and spectrum having higher

intensities.
3y @Co #Co,Mo,Si ® Co,Mo, X Co,Mo,

v *Cr,C, o Co,C * WC O'SiC M Co,0,

1Si0, ¥ (Co,W.C, Co,W,C and Co,W.C)
=
82
=
=
o
Q
N
ey
R
o
2
h=

(a) As-sprayed
T T T T T 1

20 30 40 50 60 70 80
20

Figure 4.52 XRD patterns of CoMoCrSi+WC-12Co composite coatings (a) flame sprayed

(b) Microwave fused

4.13 POROSITY OF AS-SPRAYED AND FUSED COATINGS
4.13.1 HVOF Sprayed and Microwave Fused Coatings
Porosity is a chief physical characteristic that mainly affects the properties of coatings. The

porous coatings deposited by various thermal spray processes provide less resistance to wear

and corrosion. This can be improved by post-treatment of as-sprayed coatings to obtain dense
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and homogeneous coatings. The porosity of HVOF sprayed and microwave fused coatings
are measured and average values are reported in Table 4.6. The porosity of HVOF sprayed
CoMoCrSi showed the highest porosity compared with CoMoCrSi+ Cr;C,, CoMoCrSi+WC-
CrC-Ni, CoMoCrSi+WC-12Co composite coatings. The higher the porosity and pore size
increases with a higher particle size of sprayed coatings. The presence of higher particle size
on coatings creates space in between splats results in the formation of pores. The milled
CoMoCrSi feedstock particles are having higher size than hard phase carbides feedstock
particles. The porosity and pore size influence on the feedstock particle size. The HVOF
sprayed CoMoCrSi+WC-12Co composite coating exhibits lower porosity due to much finer
in feedstock particles. Once after homogenizing the HVOF sprayed coatings through
microwave hybrid heating, the porosity of all four types of coatings reduced to less than 1 %
is given in Table 4.6. This is mainly due to resolving the surface defects of inclusions or

voids and unmelted/partial melted particles present in as-sprayed coatings.

Table 4.6: Average porosity of the coatings

Type of coating Porosity, (% age)

HVOF Microwave Flame Microwave fused
sprayed fused HVOF sprayed Flame sprayed
coatings coatings coatings coatings

CoMoCrSi 152 +0.15 0.78 £0.15 13.60 £ 1.51 4.87 £0.75
CoMoCrSi+CrsC, 1.44 +0.10 0.95+0.12 11.35+1.15 510+ 1.15
CoMoCrSi+WC-CrC-Ni | 1.31+£0.30 0.64 £0.10 11.10+£1.12 3.42£0.92
CoMoCrSi+WC-12Co | 1.12+0.20 0.25+0.10 | 10.05+1.05 3.10+£0.75

4.13.2 Flame Sprayed and Microwave Fused Coatings

The porosity results of flame sprayed and microwave fused coatings are listed in Table 4.6.
Compared to HVOF spray coatings, flame spray process has a low velocity of spraying of
feedstock particles, these results in the formation of porosity during in-flight particle duration
and same as deposited on the substrate surface. The CoMoCrSi+Cr3;C,, CoMoCrSi+WC-
CrC-Ni, CoMoCrSi+WC-12Co composite coatings reveal lower porosity than flame sprayed
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CoMOoCrSi coatings. Post heat treatment of flame sprayed coatings; the porosity has been
decreased drastically due to homogeneous effect by microwave heating. CoMoCrSi+WC-
12Co composite coatings deposited by flame spray and microwave fused showed lower
porosity compared with the other three types of coatings.

4.14 MICROHARDNESS OF COATINGS

4.14.1 HVOF Sprayed and Microwave Fused Coatings

The microhardness of HVOF sprayed and microwave fused four types of coatings is
measured along the cross-section of coatings. The measured microhardness of each coating is
showed by bar chart along with an error bar in order to represent the standard deviation in
Figure 4.53. The measured average microhardness values of HVOF sprayed and microwave

fused coatings are tabulated in Table 4.7. The average microhardness of substrate is 185 + 15

Hy. The HVOF sprayed CoMoCrSi+WC-12Co composite coating showed the highest
hardness of 1290 * 35 Hy, than other sprayed coating, whereas CoMoCrSi coating exhibits a

lower hardness of 705 * 35 Hy,. The HVOF sprayed coatings possess heterogeneous structure

results in variation of hardness. In the case of as-sprayed coating interface substrate,
hardness is increased due to the work hardening effect from sandblasting of the substrate
prior to the coating process. The hardness is significantly increased from the interface coating
region due to high compressive stress achieved by higher particle velocity of coating with a
decrease in powder feed rate (Murugan et al., 2014). The as-sprayed coating has a certain
characteristic features such as voids, cracks and unmelted/semi-melted particles which
affects the coating hardness near surface region. Microhardness of the four types of fused
coatings increased drastically because of the homogeneous structure as well as metallurgical
bonding caused due to inter-diffusion of elements. Also the addition of carbon into as-
sprayed coatings during microwave heating results in the formation of the hard surface layer.
The percentage increase in microhardness of as-sprayed coatings after fusing is given in
Table 4.7. The hardness of the fused CoMoCrSi+Cr3C, composite coating is increased by
26.40 % than as-sprayed coating which is the highest percentage increase of hardness
compared to other coatings. Another reason for improving microhardness is due to the rapid
solidification of fused coatings which strengthens the grains. Also, the presence of hard
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carbides such as CrsC,;, CosC WC, and intermetallic laves phases leads to increase the

hardness of the fused coating (Kaiming et al., 2018), (Bolelli and Lusvarghi, 2006).
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Figure 4.53 Bar chart showing average microhardness of HVOF sprayed and Microwave

fused coatings

Table 4.7: Average Microhardness of HVOF sprayed and Microwave fused coatings

Type of coating Microhardness (Hv)
HVOF sprayed | Microwave fused | Percentage of increase
coatings HVOF coatings | in microhardness after
fusing
CoMoCrSi 705 + 35 875+ 25 24.11 %
CoMoCrSi+Cr3C, 890 + 52 1125 + 40 26.40 %
CoMoCrSi+WC-CrC-Ni 1050 £ 30 1245 + 85 18.57 %
CoMoCrSi+WC-12Co 1290 £ 35 1410+ 70 09.30 %
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4.14.2 Flame Sprayed and Microwave Fused Coatings

The microhardness of flame sprayed and microwave fused four types of coatings is measured
along the cross-section of coatings. The computed microhardness of all four types of coatings
is represented by bar chart along with an error bar in order to denote the standard deviation in
Figure 4.54. As discussed in section 4.13.2 porosity of flame spray coatings is strongly
influence on the microhardness property. The measured average microhardness values of
flame sprayed and microwave fused coatings are listed in Table 4.8. In case of flame sprayed
the all four types of coatings, near interface zone hardness is slightly increased due to
treatment with abrasive particles prior to coating. The hardness is varying with corresponding
to thickness and hardness is started decreasing near-surface region of coatings. This is
because of compressive stresses acting in between splats at the interface zone enhances
hardness at interface zone whereas hardness is decreasing in between coating layers due to
tensile stresses. CoMoCrSi+WC-12Co flame sprayed coating produced the highest hardness
than other coatings. Similarly in the case of fused coatings experienced fluctuations in
hardness values due to compressive and tensile stresses phenomenon. However, the hardness
of fused coatings at the interface is high due to metallurgical bonding. Since the coating
comprises of cobalt-rich solid solution intermetallics embedded into hard face carbides,
CoMoCrSi+WC-12Co fused coating exhibits 1387 + 25 Hv by increasing 32.09 % of
hardness than other three coatings.

Table 4.8: Average Microhardness of Flame sprayed and Microwave fused coatings

Type of coating Microhardness (Hv)
Flame sprayed | Microwave fused | Percentage of increase
coatings flame sprayed in microhardness after
coatings fusing
CoMoCrSi 610 + 30 745 + 15 22.13 %
CoMoCrSi+Cr3C; 650 + 10 836 + 15 28.61 %
CoMoCrSi+WC-CrC-Ni 915+ 30 1156 + 15 26.33 %
CoMoCrSi+WC-12Co 1050 £ 10 1387 £ 25 32.09 %
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Figure 4.54 Bar chart showing average microhardness of flame sprayed and Microwave
fused coatings

4.15 ADHESION STRENGTH OF COATINGS

4.15.1 HVOF Sprayed Coatings

It is important to assess the adhesion strength of the coatings which correlates the bonding
between coating and substrate. The estimated adhesion strength values of HVOF sprayed
coatings are listed in Table 4.9. CoMoCrSi+WC-12Co as-sprayed coating exhibits the
highest adhesion strength of 64.22 MPa compared to other three coatings, this is because of
least porosity and higher hardness obtained. Figure 4.55 represents the macrograph of the
fracture surface of HVOF sprayed coating subjected to bond strength test. It is observed that
adhesive failure occurred between the coating and substrate interface. Such failure indicates
that the coating cohesive strength is superior to the coating adhesive strength. The bond
strength between individual structure parts (splats and phases) is higher than the bond
strength of the coating to the substrate. Cho et al., (2009) reported similar test values of

HVOF-sprayed cobalt-based coatings.
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Figure 4.55 Macrograph of fractured surface of HVOF sprayed coatings during adhesion test
samples (a) CoMoCrSi (b) CoMoCrSi+Cr3;C; (¢) CoMoCrSi+WC-CrC-Ni (d)
CoMoCrSi+WC-12Co

4.15.2 Microwave Fused HVOF Coatings

Figure 4.56 depicts the macrographs of the fractured surface of microwave fused HVOF
coatings. The average value of adhesion strength of microwave fused HVOF coatings is
given in Table 4.9. It is clearly noticed after post heat treatment due to eliminating of surface
defects like voids, pores, unmelted or semi-melted particles, the surface results in a
homogeneous structure. This enhanced the adhesion strength of fused coatings.
CoMoCrSi+WC-12Co fused HVOF coating exhibits the highest adhesion strength of 79.45
MPa. But CoMoCrSi+CrsC, composite fused coating showed the highest increase in
adhesion strength from 58.31 MPa to 75.46 MPa with increased 29.41 % due to sound
metallurgical bonding. The fractured surface of the fused coating clearly reveals that the
failure is caused due to the adhesive between the substrate and fused coatings shown in
Figure 4.56.
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Figure 4.56 Macrograph of fractured surface of microwave fused HVOF sprayed coatings
subjected to adhesion test (a) CoMoCrSi (b) CoMoCrSi+Cr3C, (¢) CoMoCrSi+WC-CrC-Ni
(d) CoMoCrSi+WC-12Co

Table 4.9: Adhesion strength of HVOF sprayed and Microwave fused coatings

Type of coating

Adhesion strength, (MPa)

HVOF Microwave fused % age of increase of
sprayed HVOF coatings adhesion strength after
coatings fusing of HVOF coatings

CoMoCrSi 61.31 72.65 18.34 %
CoMoCrSi+Cr3C, 58.31 75.46 29.41 %
CoMoCrSi+WC-CrC-Ni 60.81 77.60 27.60 %
CoMoCrSi+WC-12Co 64.22 79.45 23.71 %
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4.15.3 Flame Sprayed Coatings

The average adhesion strength of flame sprayed coatings are tabulated in Table 4.10 and
fractured macrographs of all four types of coatings are demonstrated in Figure 4.57. It is
clear evidence that flame sprayed coatings exhibit lower adhesion strength compared with
HVOF coatings. It is because of higher porosity and lower hardness attributed in to flame
sprayed coatings due to the low velocity of spraying feedstock particles. The defects such as
voids, cracks generated during solidification between splats lead to the formation of stress
concentration. The CoMoCrSi+WC-12Co flame sprayed coating reveals higher adhesion
strength of 35.49 MPa compared to the other three types of coatings. The failure of coatings

caused due to adhesive between coating and substrate can be observed in Figure 4.57.

(a) (b)

(© (d)

Figure 4.57 Macrograph of fractured surface of flame sprayed coatings subjected to adhesion
test (a) CoMoCrSi (b) CoMoCrSi+Cr3C; () CoMoCrSi+WC-CrC-Ni
(d) CoMoCrSi+WC-12Co
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Table 4.10: Adhesion strength of Flame sprayed and Microwave fused coatings

Type of coating Adhesion strength, (MPa)

Flame Microwave fused | % age of increase of adhesion
sprayed Flame sprayed strength after fusing of Flame
coatings coatings sprayed coatings

CoMoCrSi 28.12 46.53 65.46 %
CoMoCrSi+CrsC, 31.02 51.74 66.79 %
CoMoCrSi+WC-CrC-Ni 32.18 49.74 54.56 %
CoMoCrSi+WC-12Co 35.49 54.04 52.26 %

4.15.4 Microwave Fused Flame Sprayed Coatings
Figure 4.58 presents the fractured macrographs of microwave fused flame sprayed coatings.
After fusing, the adhesion strength of all coatings is drastically increased. The fused coatings

exhibit greater than 50 % increase in its adhesion compared to flame sprayed coatings.

(a) (b)

(©) (d)

Figure 4.58 Macrograph of fractured surface of microwave fused flame sprayed coatings
subjected to adhesion test (a) CoMoCrSi (b) CoMoCrSi+Cr3;C; (¢) CoMoCrSi+WC-CrC-Ni
(d) CoMoCrSi+WC-12Co
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The average value and its percentage of increase in adhesion strength are listed in Table 4.10.
CoMoCrSi+WC-12Co fused coating produced the highest bond strength of 54.04 MPa. The
CoMoCrSi and CoMoCrSi+Cr3C, fused coatings showed the highest percentage of increase
in its adhesion strength 65.46 % and 66.79 % respectively. This is mainly due to elongation
of grains during remelting results in penetration of material which eliminates the voids and
cracks present in between splats. Also, inter-diffusion of elements improves the bond
strength of coating and substrate. The fractured surface of the fused coating clearly reveals
that the failure is caused due to the adhesive between the substrate and fused coatings shown
in Figure 4.58

4.16 SUMMARY

The HEBM process is successfully used to obtain a higher fraction of intermetallic laves
phases as well as to decrease in particle size of CoMoCrSi feedstock. The CoMoCrSi
feedstock during milling changed its particle morphology due to high impact energy, and the
process ends with the plastic deformation of CoMoCrSi particles shown in Figure 4.2 and
Figure 4.3. The milled feedstock at 5 hr confirms the reduction in its particle size to 60.12
pm given in Table 4.1. The formation of intermetallic laves phases amorphous structure
(bulk metallic glass structure) is confirmed with respect to milling time at 5 hr shown by
XRD analysis (Figure 4.4). Also, hard carbides such as Cr;C,, WC-CrC-Ni, and WC-12Co
are successfully reinforced into milled CoMoCrSi feedstock with a mass fraction of 70:30
using HEBM process. In the present work, four types of coatings such as CoMoCrSi,
CoMoCrSi+Cr3C,, CoMoCrSi+WC-CrC-Ni, and CoMoCrSi+WC-12Co are successfully
deposited on pure titanium grade-15 substrate by using HVOF and Flame spray process. To
refine the metallurgical and mechanical properties of coatings deposited by HVOF and Flame
spray process are successfully fused by microwave hybrid heating technique. The HVOF
spray system with hydrogen fuel is used to deposit the coatings. The hydrogen fuel helps in
the formation of quality coatings with a high acceleration rate. The powder with a lower feed
rate of 17 g/min is used to develop coatings, this parameter strongly influenced coatings

microhardness and porosity.

The coatings deposited by HVOF system shows a typical splat surface with dense
microstructure also exhibits lower porosity. All four types of HVOF coatings having a highly
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lamellar structure with distinct splat regions and splats with long axis are oriented parallel to
the surface of the substrate. The cross-section of all as-sprayed coatings exhibits some
defects such as unmelted/semi-melted particles, oxide stringers along the grain boundaries
and small pores have been observed. The HVOF CoMoCrSi+WC-CrC-Ni composite coating
(Figure 4.20) exhibits less thickness than the other three types of coatings is given in Table
4.2. The surface roughness of HVOF sprayed coatings is slightly higher due to the existence
of unmelted or partially particles. Higher the surface roughness of the coating part would
lead to higher wear rate (Kamal, 2010). The CoMoCrSi+WC-12Co HVOF coating produces
less surface roughness of 5.5 um as discussed in section 4.8.1. Microwave fusing of HVOF
sprayed coatings reveals that the presence of unmelted particles with defects like voids, pores
have been eliminated by forming a homogeneous structure. The effect of post heat treatment
leads to the inter-diffusion of elements at the substrate interface region, results in a sound
metallurgical bonding between coating and substrate. This also reduces the surface roughness
of HVOF sprayed coatings. After fusing CoMoCrSi+WC-12Co composite coating reveals
better surface roughness of 2.7 um compared to other coatings. The EDS analysis of HVOF
sprayed CoMoCrSi coating shown rich in Co and Mo elements which is near to coating
composition without presence of carbon and oxide elements (Figure 4.7b), after fusing due to
inducing of carbon from graphite sheet CoMoCrSi fused coating exhibits carbon and oxide
element is found due to process carried out under atmospheric conditions (Figure 4.8b). Its
elemental mapping confirms the uniform distribution of coating elements before and after
fusing. Also, the diffusion phenomenon can be clearly observed through X-ray mapping
results (Figure 4.10 and Figure 4.11). The other three types of coatings such as
CoMoCrSi+CrsC,, CoMoCrSi+WC-CrC-Ni, and CoMoCrSi+WC-12Co before and after
fusing show rich in Co element along with reinforced elements which confirm the required
coating composition from its EDS analysis. The titanium element is found in the EDS
analysis of all fused coatings due to diffusion. The elemental mapping of fused coatings

confirms the presence of substrate traces in the fused coatings.

As observed from XRD patterns of feedstock powders and HVOF coatings, slight changes
with higher intensities in the structure of XRD patterns have been noticed for HVOF sprayed
coatings. The HVOF sprayed and fused coatings retain the phases as obtained at feedstock,

whereas fused coatings showed TiC, TiO, phases due to diffusion of the substrate towards
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coatings. The formation of oxides in fused coatings due to the process conducted under
atmospheric conditions. The XRD pattern of CoMoCrSi+WC-CrC-Ni and CoMoCrSi+WC-
12Co as-sprayed and fused coatings exhibit new phases such as CogWsC, CosWsC, and
CosW3C (Figure 4.23 and Figure 4.28) during the remelting process due to recrystallization
of cobalt, tungsten and carbon elements (Dejuna and Tianyuan, 2014). The presence of

carbides and oxides acts as strengtheners to enhance microhardness and wear resistance.

The porosity results of HVOF sprayed and microwave fused coatings shown that
CoMoCrSi+WC-12Co coating before and after fusing exhibits least porosity compared to
other types of coatings. The HVOF sprayed coatings reveals the porosity of less than 2 %,
whereas after the treatment of coatings by microwave the porosity of all coatings reduced to
less than 1 % is given in Table 4.6. The reason is remelting of coatings which eliminates the

unmelted particles and decreases the size of pores results in a reduction of porosity.

The measured substrate hardness is 185 = 15 Hy which is too lower hardness to resist high
vibrations at elevated temperature working conditions. The CoMoCrSi+WC-12Co HVOF
sprayed and microwave fused coating reveals the highest microhardness among other types
of coatings. The HVOF sprayed coatings produced heterogeneous structure due to this reason
variation in microhardness is noticed (Prasad et al., 2018). The homogeneous structure of
fused coatings significantly improves its microhardness. The estimated microhardness values
of HVOF sprayed and fused coatings are listed in Table 4.7. The adhesion strength of
coatings confirms that CoMoCrSi+WC-12Co coatings before and after microwave fusing
have highest bond strength. The CoMoCrSi+Cr3;C, composite coating after fusing increased
its bond strength percentage by 29.41 % due to better metallurgical bonding compared to
other coatings. The HVOF sprayed and fused coatings clearly disclose that the failure of
adhesive results in fracturing of coatings. The measured values of adhesion strength of

coatings are given in Table 4.9.

In this study, the flame sprayed coatings are having significant variations in terms of the
quality of coatings produced comparing with the HVOF process. The flame spray process is
a low-velocity technique in which the deposited coatings exhibit high surface roughness and
porosity, moderate hardness and adhesion strength. The cross-section microstructure of flame

sprayed coatings reveals the lamellar structure; larger splats are formed surrounded by oxide
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stringers and bonded well with the substrate. The presence of unmelted or semi-melted
particles is higher than coatings deposited by HVOF process. The CoMoCrSi flame sprayed
coating has a higher thickness of 270 um than other three types of coatings. The
CoMoCrSi+Cr,C; and CoMoCrSi+WC-CrC-Ni as-sprayed coatings are having similar
thickness whereas CoMoCrSi+WC-12Co as-sprayed coating exhibit a lower thickness of 176
um is given in Table 4.2. The coatings deposited by flame spray are having more surface
roughness, CoMoCrSi coating reveals the higher value of 16 um (Figure 4.29), whereas
CoMoCrSi+WC-12Co coating is the lower value of 11.32 um (Figure 4.47). In CoMoCrSi
coating presence of unmelted or partially melted particles are more than the CoMoCrSi+WC-
12Co coating results in higher surface roughness. From CoMoCrSi+Cr,C; and
CoMoCrSi+WC-CrC-Ni as-sprayed coatings observed marginal difference in its surface
roughness values. After microwave fusing of flame sprayed coatings, the coating surface
roughness has been decreased drastically due to homogeneous structure results in smooth
layer formation at the surface. The CoMoCrSi+WC-12Co fused coating shown better
roughness value of 5.50 um (Figure 4.48). The EDS results of flame sprayed CoMoCrSi
coating shown rich in Co and Mo elements and also oxide phase has been identified (Figure
4.34). The post heat treatment provides a carbon element from the graphite sheet into
CoMoCrSi coating leads to the formation of carbides, the presence of carbon is confirmed by
EDS analysis of fused CoMoCrSi coatings (Figure 4.30). The EDS and elemental mapping
results of flame sprayed coatings shown the presence of major coating constituent elements
such as Co, Mo, Cr, Si, and reinforced elements like WC, Ni. The elemental mapping results
had shown the proper distribution of coating elements over the thickness. After fusing,
titanium is diffused towards coating region results in the formation of metallurgical bonding.
The elemental mapping results of flame sprayed fused coatings shown the diffused layer of
the substrate near the coating interface and it is extended further (Figure 4.33, Figure 4.39,
Figure 4.45 and Figure 4.51).

The XRD results of flame sprayed coatings present significant changes in its pattern structure
compared to feedstock due to the formation of oxides during spraying. The coatings before
and after fusing retain the original phases as found at feedstock, but fused coatings showed
the TiC and TiO; phases due to substrate diffusion. The XRD pattern of CoMoCrSi+WC-
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CrC-Ni and CoMoCrSi+WC-12Co flame sprayed and fused coatings exhibits new phases
such as CogWsC, CosWyC, and CozW3C (Figure 4.46 and Figure 4.52) during the remelting
process due to recrystallize of cobalt, tungsten and carbon elements (Dejuna and Tianyuan,
2014).

The porosity results of flame sprayed and microwave fused coatings shown that
CoMoCrSi+WC-12Co coating before and after fusing exhibits least porosity compared to
other types of coatings. The flame sprayed coatings reveals that the porosity is more than 10
%, whereas after the treatment of coatings by microwave the porosity of all coatings reduced
to less than 6 % is given in Table 4.6. The reason is remelting of coatings which eliminates
the unmelted particles and decreases the size of voids or pores results in a reduction of

porosity.

The CoMoCrSi+WC-12Co flame sprayed and microwave fused coating reveals the highest
microhardness among other types of coatings. The flame sprayed coatings produced
heterogeneous structure due to this reason significant variations in hardness has been noticed
(Prasad et al. 2018B) The homogeneous structure of fused coatings significantly improves its
microhardness. The computed microhardness values of flame sprayed and fused coatings are
listed in Table 4.8. The flame sprayed and fused CoMoCrSi+WC-12Co composite coating
exhibits the highest bond strength compared to other coatings. On the other hand, the bond
strength of fused coatings increased more than 50 % in its value compared to flame sprayed
coatings. However the CoMoCrSi+Cr;C, composite coating after fusing increased its bond
strength percentage by 66.79 % due to better metallurgical bonding compared to other
coatings. The all flame sprayed and fused coatings fractured due to the failure of adhesive.
The measured values of adhesion strength of flame sprayed and fused coatings are given in
Table 4.10.
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CHAPTER 5
WEAR STUDIES

This chapter deals with the sliding wear behavior of substrate, HVOF sprayed coatings,
flame sprayed coatings, and microwave fused coatings at different temperatures i.e. 200 °C,
400 °C and 600 °C under dry conditions for 10 N and 20 N normal loads. The coefficient of
friction is determined and the wear rate calculated by the volume loss method. The wear out
samples is analyzed using XRD and SEM/EDS techniques. The computed results have been

compiled to provide the comparative performance of the coatings.

5.1 WEAR STUDIES ON HVOF SPRAYED AND MICROWAVE
FUSED CoMoCrSi COATINGS

5.1.1 Volume loss and Wear rate of Coatings

Figure 5.1 (a and b) and Figure 5.2 (a and b) depicts the wear volume loss and wear rate plots
of HVOF sprayed and microwave fused CoMoCrSi coatings. These plots represent the
volume loss and wear rate of coatings corresponding to varying temperature. It is noted that
volume loss and wear rate of as-sprayed coatings increases with a rise in temperature at both
10 N and 20 N normal load. Whereas microwave fused coating shows less volume loss and
wear rate for both test loads Figure 5.1 (a and b) and Figure 5.2 (a and b). The wear rate of
fused coating at 200°C, 400°C, and 600°C is reduced by 6, 8 and 10 times respectively than
that of as-sprayed coatings. The dry sliding wear behavior of fused CoMoCrSi coating
reveals lower volume loss and lower wear rate than HVOF sprayed coatings. This is mainly
attributed to laves phases mostly amorphous (bulk metallic glass) present in hyper-eutectic
cobalt matrix of fused CoMoCrSi coating which provides high-temperature strength,
hardness and wear stability (Prasad et al., 2018).

Finally, the Archard Model (W/LC =k, W= wear in mm®, L = sliding length in m, C= normal
load in N) used to calculate the wear rate coefficient k in mm®*N m (Fernandez et al., 2005).
The graph in Figure 5.3 relates the average wear rate of HVOF sprayed and fused coating.

The linear regression’s slope gives the average value of the wear rate coefficient k. The value
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of k for the HVOF sprayed coating is 2 X 10-6 mm®/N m and the fused coating is 1 X 10-6

mm?N m. Hence the fused coating has better wear resistance than an as-sprayed coating.
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Figure 5.3 Wear rate coefficient k plot of HVOF sprayed and fused CoMoCrSi coating

5.1.2 Coefficient of Friction

Figure 5.4 (a and b) shows the coefficient of friction (COF) plots of HVOF sprayed and
microwave fused CoMoCrSi coatings corresponding to the sliding distance. The results
revealed that the COF of microwave fused coating at 200°C, 400°C and 600°C is reduced by
25 %, 38.14 %, and 41.76 % respectively compared to as-sprayed coatings. The friction
coefficient is measured for each test and the average value of the as-sprayed coating is 0.76,
which are significantly higher than the average values of fused coatings (0.48-0.54) measured
at high temperature. In the case of as-sprayed coatings rapid loss of material by the adhesive
phenomenon and increase in a flash-temperature is the reasons to increase friction coefficient
(Figure 5.4 (a and b)). Whereas in fused coatings due to the fast oxidation process, it is
observed that increasing trend up to 300 m, after that friction trend remains constant (Figure
5.4 (a and b)). This indicates that oxidized regions on the coating wear scar are finer and
more numerous when compared to the coarser ones produced by as-sprayed coatings.
However there is no sign of adhesive wear, it eliminates the increase in repeated periodic
friction due to the rapid formation of oxides reported by Bolelli and Lusvarghi (2006). This is
due to the effect of microwave heating the fused coatings experienced lower values than the
CoMoCrSi heat treated coatings as reported by Prasad et al. (2018). Hence it is clearly

noticed that fused coatings exhibit less friction as compared with as-sprayed coatings.
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5.1.3 X-Ray Diffraction analysis of Fused Coatings

X-ray diffraction pattern of worn surfaces of microwave fused CoMoCrSi coating are shown
in Figure 5.5. At the high temperature of sliding test, oxides are actively formed on the
sliding surface heavily at the asperities by oxidation of reactive metallic Co-alloy have
reported by some researchers Gao et al., (2010), Cho et al., (2009), and Lin and Chen,
(2006). Co30, is observed to be formed at 200°C, whereas the CoO phase is formed at
400°C. Also, MoO, is formed at 400°C and MoOg is formed at 600°C. During the sliding
test, oxides are formed due to rise in temperature at the interface. Active elements of the
coatings are oxidized with the rise in temperature, but the oxides of cobalt and molybdenum
are stable on the surface. The experiments are conducted under atmospheric conditions where
oxygen entraps into sliding surfaces and generally, these oxides are brittle in nature stated by
some authors Matikainena et al., (2017), Zhou et al., (2017), Hong et al., (2017). Wear rate
and friction coefficient is less in case of the fused coating due to the rapid formation of

oxides at the surface which eliminates the adhesive phenomenon results in less material loss.
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Figure 5.5 XRD pattern of CoMoCrSi fused coating worn surfaces at all test temperatures
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5.1.4 Worn Surface SEM and EDS analysis

The damaged surfaces of HVOF sprayed CoMoCrSi coating during sliding wear test at high
temperature are presented in Figure 5.6 (a-f). A smooth oxide tribo-layer at 200°C is formed
on the wear track of the as-sprayed coatings. The layer probably forms at the start of the test
as a result of breaking and dispersal of the oxide scale developed on the coating surface can
be seen in Figure 5.6 (a). Wear scars at 400°C observed in Figure 5.6 (b) typical ploughing
marks is observed with local plastic deformation. The smooth tribo-layer breaks out into
small flakes exposing new coating surface to the oxidation environment. However, at 600°C
(Figure 5.6 c) the plastic flow is observed to a great extent, some areas show material

removed in bulk from the surface as wear scars.

As applied load increased to 20 N, larger plastic deformation with the partial breakup of the
tribo-layer at 200°C can be seen in (Figure 5.6 d), where minor cracks have formed on the
coating surface. As observed in Figure 5.6 (e) at 400°C, more loss of material occurs by splat
detachment indicates abrasion (ploughing and cutting) stated by Cho et al., (2009). On the
coating wear scar, individual splats (surrounded by thin oxide inclusions) are recognizable.
At 600°C, it seems that some poorly bonded splats are detached and voids are filled by
oxides formed during the sliding contact (Figure 5.6 f). In as-sprayed coatings, the wear scar
is roughened by material removal due to adhesive wear. The wear rate of as-sprayed coatings
is more in case of 20 N load due to severe adhesive wear caused cracks to be formed in the
coating which results in the removal of material. With the progress of sliding action at
elevated temperatures, cracks are developed and result in brittle fracture of coating, leading

to high wear rate as observed in the micrograph Figure 5.6 (a-f).

An EDS result with respect to points selected on worn coating surface showing in (Figure 5.6
a-f) is reported in Table. 5.1. In fact, besides adhesive wear, a significant degree of oxidation
exists, as above mentioned, on as-sprayed coatings. The coating mostly contributes to
oxidation. For 10 N load, the percentage of O at point A is started increasing, as a rise in
temperature the percentage of O also increased at point B and point C respectively. Similarly,
for 20 N load at same test temperatures, the oxide scale at points D, E, and F is drastically
increased compared to points A, B and C. This indicates an oxide inclusion is more at higher

loads and rise in temperature.
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Figure 5.7 Morphology of microwave fused CoMoCrSi coating worn surface (a-c) under 10
N and (d-f) under 20 N at temperatures of 200 °C, 400°C, 600°C
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In case of microwave fused CoMoCrSi coating, at 200°C, the tribo-layer is eventually
reformed by the combination of rubbing of the debris and oxidation of the exposed surface
seen in Figure 5.7 (a). As observed in (Figure 5.7 b) at 400°C the wear traces of fused
coatings are much smaller than as-sprayed coatings due to the lubricant effect of attired oxide
debris. SEM micrographs see in (Figure 5.7 c¢) at 600°C reveal that wear scar phenomenon is
restricted by showing a much smoother and increased in width traces. This indicates the
formation of tribo-layer oxides which covers the hard particles of coating results in no effect
of adhesive material removal. However in (Figure 5.7 b and c) seen that the fused coating
exhibits small cracks at the weak positions, where most of the cracks existed only on the

coating surface, which had little effect on the coating performance (Fernandez et al., 2005).

As the increase in load to 20 N, no sign of material detachment by adhesion processes is
observed in Figure 5.7 (d-f). At 200°C, cracks have found on the surface due to the oxide
layer disintegrate leading to three body abrasion mechanism observed in Figure 5.7 (d). As
the increase in temperatures to 400°C and 600°C see in (Figure 5.7 e and f) under dry
conditions hard particles of coating experienced a fatigue spalling due to high friction
compared to the morphology of fused coatings underl0 N load (Dejun and Tianyuan, 2017).
This indicates that under 20 N loads there is a slight increase in wear rate of fused coatings
than 10 N load.

EDS results with respect to points selected on worn fused coating surface shown in Figure
5.7 (a-f) is reported in Table. 5.2. Compared to HVOF sprayed CoMoCrSi coating, EDS of
fused coating indicates that the percentage of O is less at points A, B, and C for 10 N load
and in case of 20 N load oxide percentage is increased slightly at points D, F, and E
respectively. As the rise in load and temperature wear phenomenon is limited by oxidation of

the active elements of the fused coating.
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Table 5.1: EDS results of HVOF sprayed CoMoCrSi coating worn surfaces at selected points

shown in Figure 5.6

Element EDS analysis at designated regions in the microstructure
(wt %) 10 N load 20 N load
A B C D E F

O 11.93 17.77 25.85 34.03 40.02 4241
Al 03.01 06.28 07.33 04.55 08.21 12.40
Si 02.82 02.73 02.82 01.42 00.76 01.11
Cr 06.28 05.68 05.94 05.20 04.51 06.23
Mo 23.76 19.25 18.45 16.52 18.95 13.97
Co 52.19 48.28 39.61 38.28 27.55 23.88

Table 5.2: EDS results of fused CoMoCrSi coating worn surfaces at selected points shown

n

Figure 5.7
Element EDS analysis at designated regions in the microstructure
(wt %0) 10 N load 20 N load
A B C D E F

O 06.71 13.40 22.31 08.20 16.14 26.59
Al 04.23 08.62 12.45 05.45 11.10 15.68
Si 01.12 01.20 01.80 01.04 01.48 01.33
Cr 07.42 06.02 05.44 08.07 06.14 04.10
Mo 18.34 15.20 14.27 16.35 14.11 11.23
Ti 09.88 07.05 10.25 07.31 10.22 09.20
Co 52.30 48.51 33.48 53.58 40.81 31.87
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5.2 WEAR STUDIES ON HVOF SPRAYED AND MICROWAVE FUSED
CoMoCrSi+Cr;C, COMPOSITE COATINGS

5.2.1 Volume loss and Wear rate of Coatings

The wear volume loss and wear rate of HVOF sprayed and microwave fused
CoMOoCrSi+Cr3C, composite coatings shown in Figure 5.8 (a and b) and Figure 5.9 (a and b).
The volume loss and wear rate increase with an increase in the test temperature and applied
load. The HVOF sprayed coating shows an increase in the volume loss and wear rate with
increase in load and temperature as compared to fused coating. The effect of temperature
indicates that the wear resistance of the as-sprayed coating is decreased dramatically at the
high temperatures of 400°C and 600°C Figure 5.8 (a and b) and Figure 5.9 (a and b)).
Generally, at elevated temperatures, most of the metallic materials decrease their bulk
strength. This results in an increased wear rate at higher temperatures due to their reduced
hardness as stated by Bolelli and Lusvarghi, (2007).

Though the applied load is increased, there is a continuous disruption of the protective trib-
oxidation layer; this allows more metallic interaction and adhesion results in higher wear rate
(Yao et al., 2006). The higher volume loss Figure 5.8 (a and b) and higher wear rate Figure
5.9 (a and b) of the as-sprayed coating are observed at 400°C and 600°C.

The microwave fused coating shows less volume loss and wear rate as compared to the as-
sprayed coating. This is due to higher coating hardness with sound metallurgical bonding and
also homogeneous microstructure leads to decrease in loss of material during sliding

operation.

Wear rate coefficient k plot of HVOF sprayed and fused CoMoCrSi+CrsC, composite
coatings in Figure 5.10. The linear regression’s slope gives the average value of the wear
rate coefficient k, of the HVOF, sprayed and fused CoMoCrSi+Cr3C, composite coatings are
3% 10-6 mm%¥N m, and 9% 10-7 mm®N m, respectively. This result clearly confirms the
effect of post heat treatment significantly improved the wear resistance of CoMoCrSi+Cr3C,

composite coatings.
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Figure 5.9 Wear rate plots of HVOF sprayed and microwave fused CoMoCrSi+Cr;C,
composite coatings (a) 10 N, (b) 20 N

114



0.003
y = 3E-06x + 0.001 —4+—HVOF
0.0025 RZ =1
5 —li—Fused
£ 0.002
I
E
£ 0.0015
.g y =9E-07x + 0.001
- 2 =
£ 0001 R?=0.9997
@
]
0.0005
0 - - "
0 200 400 600 800
Temperature (degrees)

Figure 5.10 Wear rate coefficient k plot of HVOF sprayed and fused CoMoCrSi+Cr3C,
composite coating

5.2.2 Coefficient of Friction

The COF curves of coatings before and after fusing are shown in Figure 5.11 (a and b). The
COF is not constant for as-sprayed and fused coatings but instead decreases as the load and
temperature are increased (Prasad et al., 2018). The average value of the friction coefficient

of the as-sprayed coating is 0.71. This value is very high as compared to the fused coating
values (0.38-0.46).

The friction coefficient of the fused coating at an elevated temperature of 400°C and 600°C
is lower compared to 200°C temperature(Figure 5.11 a and b). However, the results clearly
reveal that microwave fused coating causes very less friction as compared to as-sprayed
coatings. This indicates that CoMoCrSi+Cr3;C, microwave fused coating is highly suggested
for high-speed spindle machine components which are weak to frictional heat and require
coating (Cho et al., 2009).
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5.2.3 X-Ray Diffraction analysis of Fused Coatings

The XRD spectrum of the fused coating has worn surfaces at all test temperatures shown in
Figure 5.12. During the sliding action, oxides are actively formed by oxidation of reactive
metallic Co, Mo, and Cr elements on the sliding surface at elevated temperatures (Cho et al.,
2009). At 200°C test temperature, the Co3O,4 phase is formed, whereas at 400°C and 600°C,
MoO3; and MoO, phases are formed, respectively. The CoO phase is formed at elevated
temperatures of 400°C and 600°C. Co;Mog and Cr,O3 phases are to be formed at all test
temperatures (Khameneh et al., 2006). Cobalt, molybdenum, and chromium elements are rich
in coating; hence, the increment in temperatures forms oxide layers. During the sliding test,
rises in temperature oxides phases are easily formed. The test is carried out under
atmospheric conditions, so the oxygen is being easily entrapped into sample surfaces during
testing (Wood et al., 2010). At elevated temperatures, the sliding action wear debris
continuously contacting the counter disc and sample creates heat because of the friction. It

leads to the melting of small particles which results in the formation of lubricants at the

coating surface.
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Figure 5.12 XRD pattern of fused CoMoCrSi+Cr3;C, composite coating worn surfaces at all

test temperatures
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5.2.4 Worn Surface SEM and EDS analysis

The worn surface morphology of HVOF sprayed CoMoCrSi+CrsC, composite coating is
shown in Figure 5.13 (a-f). At 200°C, the wear traces are small since the applied load is 10 N
(Figure 5.13 a) and due to friction, heat oxidation of the alloy surface is identified because of
the dark spots that are observed. In Figure 5.13 (b) shows that as temperature increases to
400°C, typical groove marks with splat detachment results in brittle fracture of the coating.
The oxide layer prevents the coating surface from further oxidation. Though the oxide layers
are brittle in nature, it is certainly broken down under constant sliding action during the wear
operation and spalled off from the coating surface which results in a material loss. The rise in
test temperature to 600°C Figure 5.13 (c) causes severe ploughing marks with large cracks
and some regions show material removal in bulk from the coating surface as wear grooves
travel deep. When there is an increase in the temperature, promoted oxidation of the coating
surface produces an oxide layer. This oxide layer is disrupted, and the fresh surface of the
coating is exposed to the oxidation conditions leading to the cyclic process. However, at a

high temperature of 600°C, the material removal is increased.

At 20 N normal load (see in Figure 5.13 d) there is a more severe deformation of the coating
layer by disruption of oxide layers at 200°C. Subsurface cracking of as-sprayed coatings
during the sliding test is one of the reasons for the increase in material loss in the 400°C test.
The cracking of the top layer and splat detachment of coating is shown in Figure 5.13 (e).
The cracks formed in coating structure might be due to brittle fractures caused due to the
increase in the applied load during the wear process. This cracking in subsurface leads to
removal of oxide layer and subjects the underlying coating material to oxidation and wear.
As observed in (Figure 5.13 f), rough and more wear scars with lesser width are observed,;
this indicates large deformation of materials at 600°C. The regenerated oxide film is broken
and more amount of material from the coating surface is removed which results in severe

adhesive wear (Matikainen et al., 2017).

The EDS results of as-sprayed coatings are tabulated in Table. 5.3. The results are analyzed
based on the points selected on worn surfaces which are marked in Figure 5.13 (a—f). During
the test, an increase in test temperatures leads to increase in oxide percentage which is

observed at points A, B, and C. This reveals that as-sprayed coating is subjected to severe
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oxidation and adhesive phenomenon at elevated temperatures. The presence of a higher
amount of oxygen and aluminium under 20 N normal load; confirms that as an increase in
test load, the coating will be subjected to severe adhesive wear mechanism with increasing
oxide percentage.

The worn surfaces of microwave fused CoMoCrSi+Crs;C, composite coating during sliding
wear test at elevated temperatures is shown in Figure 5.14 (a—f). The mechanism of wear is
changed from adhesive wear to tribo-oxidative wear. As seen in (Figure 5.14 a), the
morphology is quite typical and lose oxide particles are present on the coating surface. Lower
scars with no presence of cracks are observed to result in less wear loss. This type of
typically worn surface with a tribo-oxidative wear mechanism is reported by Fernandez et al.,
(2005) and Kato and Adachi, (2001).

During an increment in temperature to 400°C (Figure 5.14 b), wear traces are observed and
the increased width and tribo-oxide layer are reformed which reduces the adhesion between
the contacting surfaces. This results in a decrease in the chemical affinity between mating
surfaces and Co and Mo elements which are known to possess self-lubricating properties
(Bolelli and Lusvarghi, 2006). Figure 5.14 (c) shows results at 600°C, there are very large
oxide inclusions which mainly consist of oxidized particles stuck together. The white patches
observed in the morphology indicate that the chromium carbides strengthen the alloy surface
from ploughing action (Gao et al., 2010). Small cracks are formed at weak positions since it

exists only on the surface which causes a higher amount of material loss.

The fused coating under 20 N normal load also exhibits similar phenomenon as observed
under 10 N. The worm morphology presents smooth and large wear scars at all test
temperatures shown in Figure 5.14 (d-f). At test temperatures 200°C, 400°C, and 600°C,
(Figure 5.14 d-f) it is observed that the fused coating surface is very hard and results in
fatigue spalling and exhibits less damage on the surface. On the other hand, tribo-oxide layer
phenomenon is more under 20 N normal load. This layer protects the hard particles and
results in a decrease in loss of coating material. At 400°C and 600°C Figure 5.14 (e—f), some

areas show little damages caused due to the effect of an increase in normal load to 20 N.
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Figure 5.13 Morphology of HVOF sprayed CoMoCrSi+Cr3;C, composite coating worn
surfaces (a-c) under 10 N and (d-f) under 20 N at temperatures of 200 °C, 400°C, 600°C
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Figure 5.14 Morphology of microwave fused CoMoCrSi+Cr;C, composite coating worn
surface (a-c) under 10 N and (d-f) under 20 N at temperatures of 200 °C, 400°C, 600°C
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Table 5.3 EDS results of HVOF sprayed CoMoCrSi+Cr3;C, composite coating worn surfaces

at selected points shown in Figure 5.13

Element EDS results at selected points in the microstructure
(wt %) 10 N load 20 N load
A B C D E F

O 07.93 12.77 25.85 19.23 32.05 42.20
Al 03.01 06.28 07.33 09.01 12.01 14.25
Si 02.82 02.73 02.82 01.60 01.10 01.02
C 04.11 03.45 03.04 02.28 03.89 02.14
Cr 21.28 19.68 16.72 22.43 18.36 15.48
Mo 17.76 13.12 10.03 14.10 09.22 07.89
Co 43.09 41.97 34.21 31.35 23.37 17.02

Table 5.4 EDS results of fused CoMoCrSi+Cr;C, composite coating worn surfaces

selected points shown in Figure 5.14

at

Element EDS results at selected points in the microstructure
(wt %) 10 N load 20 N load
A B C D E F

O 04.59 11.44 22.20 10.17 16.13 28.48
Al 04.66 10.32 16.48 07.40 15.27 17.10
Si 02.14 02.17 02.55 01.65 01.04 01.20
Ti 08.28 12.79 13.52 05.84 10.90 10.11
C 05.41 05.09 04.99 03.33 05.98 07.18
Cr 20.12 16.13 15.43 24.59 17.51 13.50
Mo 16.88 10.40 09.22 15.22 11.04 07.43
Co 37.92 31.66 15.61 31.80 22.13 15.00
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5.3. WEAR STUDIES ON HVOF SPRAYED AND MICROWAVE
FUSED CoMoCrSi+WC-CrC-Ni COMPOSITE COATINGS

5.3.1. Volume loss and Wear rate of Coatings

The wear volume loss and wear rate of HVOF sprayed and microwave fused
CoMoCrSi+WC-CrC-Ni is shown in Figure 5.15 (a and b) and Figure 5.16 (a and b). The
lowest wear volume is obtained with the fused composite coating compared to HVOF as-
sprayed coatings at 10 N and 20 N normal loads with respect to test temperatures. This is
mainly due to low friction, high hardness and least surface defects compared to as-sprayed
CoMoCrSi+WC-CrC-Ni composite coating. The CoMoCrSi+WC-CrC-Ni as-sprayed coating
increases volume loss as a rise in temperature and showed the highest material loss at 600°C
for both normal loads compared to fused CoMoCrSi+WC-CrC-Ni composite coating. The
main reasons are decreased in surface roughness, increased hardness, and refining of the as-
sprayed coating microstructure leads to less rupture of the coating surface (Bolelli et al.,

2014). Moreover, low friction leads to easy sliding which avoids the failure of the material.

The wear rate of as-sprayed and fused coatings gradually increases with respect to test
temperatures. The wear rate of CoMoCrSi+WC-CrC-Ni as-sprayed coating is 2.5-3.5 times
higher than fused CoMoCrSi+WC-CrC-Ni composite coating present in Figure 5.16 (a and
b). This is because of surface defects such as cracks, voids and also lower microhardness.
This indicates that CoMoCrSi+WC-CrC-Ni fused coating is having higher wear resistance
than CoMoCrSi+WC-CrC-Ni as-sprayed composite coating.

The microwave treated coating exhibits very less wear rate with respect to test temperature.
The reason is improved hardness by metallurgical bonding and phases such as TiC, CogWsC,
Co3WqC, and Co3W3C and CrsC, are formed shown in Figure 4.23. The wear rate coefficient
k in mm®N m is estimated by employing Archard model. The mean wear rate of coatings
before and after microwave fusing is shown in Figure 5.17. The wear rate of coatings before
and after fusing of CoMoCrSi+WC-CrC-Ni composite coating is 3 X 10-6 mm®N m and 9 X
107 mm®N m respectively. Based on the comparison of tested composite coatings it is

observed that the microwave fused CoMoCrSi+WC-CrC-Ni composite coating is having

better wear resistance and lower friction at high temperatures.

123



HVOF sprayed CoMoCrSi+WC-CrC-Ni coating (a) Load=10N
2.5 - | [ Microwave fused CoMoCrSi+WC-CrC-Ni coating | T
2.0 1
g
E 154
A
=
©
.S. 1.0 1 T
=) 1
-
0.5 1
- W _
200 400 600
Temperature (degrees)
4.5
| HVOF sprayed CoMoCrSi+WC-CrC-Ni coating (b) Load=20N
4.0 - [N Microwave fused CoMoCrSi+WC-CrC-Ni coating | |
3.5 4 -
— 3.0 L
E p
E 25-
e
= 20- -
©
g <
= 1.5 4
- . _
1.0 1
0.5 1
0.0 I T T
200 400 600

Temperature (degrees)

Figure 5.15 Wear volume loss of HVOF sprayed and microwave fused CoMoCrSi+WC-
CrC-Ni composite coatings with respect to temperature at loads of (a) 10 N, (b) 20 N
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Figure 5.17 Wear rate coefficient k plot of HVOF sprayed and fused CoMoCrSi+WC-CrC-

Ni composite coating

5.3.2. Coefficient of Friction

The COF curves of HVOF sprayed and fused CoMoCrSi+WC-CrC-Ni composite coatings
are shown in Figure 5.18 (a and b). The friction coefficient of as-sprayed and fused coatings
shows a decreasing trend as a rise in temperature. The as-sprayed coating under both normal
loads at all test temperatures revealed an average friction coefficient of 0.74, which is
significantly high value than fused coating value (0.38-0.56). The coefficient of friction of
as-sprayed and fused coating fluctuates greatly during sliding action. The friction of the as-
sprayed coating is slowly raised from 0.4 to 0.79 increased by 86% in the running cycle (0-10
min) this is due to improper contact between the counter disc and test sample. However,
during a stable cycle (10-35 min), the coefficient of friction of the as-sprayed coating

becomes smooth, floating around a fixed value (Wood et al., 2010).

In the case of the fused coating coefficient of friction increased from 0.2 to 0.55 nearly
increased by 65% in the running cycle (0—10 min) which is better than an as-sprayed coating.
The coefficient of friction of fused coating in the stable cycle (10-30 min) becomes steady
and floating around a fixed value. Compared to the as-sprayed coating, the fixed value is
small, this result in the effect of microwave-treated coating hardness influenced to reduce the
coefficient of friction.
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5.3.3. X-Ray Diffraction analysis of Fused Coatings

The X-ray spectrum of microwave fused CoMoCrSi+WC-CrC-Ni worn coating is shown in
Figure 5.19. Since the test is carried out at elevated temperatures obviously, Co alloy is
subjected to oxidation at elevated temperatures and easily oxides are formed at coating
surfaces (Bemporad et al., 2008); (Yao et al., 2006). As observed in (Figure 5.19) Co;Mog
phase is to be formed at all test temperatures. At 200°C Co30O,4 phase is identified and CoO,
Cr,03 phases are formed at 400°C and 600°C on the other hand MoO, and CoWo,, is formed
at 600°C. The NiCr,04 phase is identified at 600°C in Figure 5.19. The fused coating exhibits
less wear rate and friction coefficient because oxides are actively formed which leads to

cover the exposed coating surface from adhesive wear mechanism.
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Figure 5.19 XRD pattern of fused CoMoCrSi+WC-CrC-Ni composite coating worn surfaces

at all test temperatures
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5.3.4. Worn Surface SEM and EDS analysis

Worn morphology of as-sprayed CoMoCrSi+WC-CrC-Ni composite coating is shown in
Figure 5.20 (a-f). It is observed that, the Co matrix is very soft and ductile between the WC
particles are found to deform and extrude out of the coatings (Gisario et al., 2015). In Figure
5.20 (a) at 200°C coating produces microcracking which is existed in weaker splats resulting
in detachment of coating is observed. However, at 400°C and 600°C, (Figure 5.20 b and c)
coating experienced shallower grooves and brittle fracture are produced on the surface which
affects the coating performance. The formation of protective oxide layers on the surface is
observed leads to decrease in a material loss at elevated temperatures. In Figure 5.20 (d-f)
wear scar reveals cracking of WC particle and fragmentation is observed as test load
increased at 20 N. However, under 20 N normal load test, noticed severe cobalt matrix
deformation (Honga et al., 2017). In addition, brittle fracture and small pits are formed
results in rapid detachment of coatings splats. As the rise in temperatures, the amount of
oxide films is increased on coating sliding face. As the increase in temperatures and test
load, hard particles in coating subjected to more brittle fracture due to high friction observed
in Figure 5.20 (e-f). Based on the worn morphologies of coatings, it is clear evident that the

wear rate is more under 20 N normal load due to rapid rupture of splats.

The EDS results (wt%) corresponding to chosen points on the surface of a worn as-sprayed
coating presented in (Figure 5.20 a-f) the values are listed in Table. 5.5. The result reveals
that the regions A, B, and C in dark regions have O, W and surrounded by Co, showing oxide
formation. The coatings also exhibit roughened surface due to clusters of oxides, when rising
in test load to 20 N. The elements Al, W, and Co are composed of oxides and drastically
percentage of oxide content is raised under 20 N normal as observed at points D, F, and E

respectively.
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Figure 5.20 Morphology of HVOF sprayed CoMoCrSi+WC-CrC-Ni composite coating
worn surfaces (a-c) under 10 N and (d-f) under 20 N at temperatures of 200 °C, 400°C,
600°C
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Table 5.5: EDS analysis of HVOF sprayed CoMoCrSi+WC-CrC-Ni composite coating worn

surfaces on points marked in Figure 5.20

Element EDS results at selected points
(wt %) 10 N load 20 N load
A B C D E F

O 06.12 12.31 17.88 16.22 25.10 33.15
C 04.30 03.81 03.02 04.10 04.56 03.44
Al 02.38 05.22 07.33 04.55 08.21 09.40
Si 01.62 01.23 02.82 01.42 00.76 01.11
Cr 14.59 12.03 13.26 11.20 12.51 11.23
Ni 01.14 01.10 01.19 01.66 00.89 00.73
W 19.20 18.56 17.73 15.11 14.60 15.49
Mo 16.71 14.32 13.05 12.98 10.07 08.17
Co 33.94 31.42 23.27 32.76 23.30 17.28

Figure 5.21 (a-f) shows the typical morphologies of wear tracks produced on fused
CoMoCrSi+WC-CrC-Ni composite coatings. From Figure 5.21 (a) it is observed that the
worn surface of the fused coating is relatively smooth under 10 N after sliding at 200°C
temperature for 34 min. It is also observed that pits and small grooves like the breaking of a
layer on the fused coating surface. At elevated temperatures (Figure 5.21 b and c) it is
evident that the formations of a tribo-oxide layer on coating surface results in increasing of
wear trace width. This oxide layer acts as a protective shield leads to a decrease in material
loss, some of the researchers have reported the similar wear mechanisms by Prasad et al.,
(2018), Bolelli et al., (2014) and Dejuna and Tianyuan, (2017). At 20 N normal load, it is
observed that similar morphologies as obtained under 10 N load. Figure 5.21 (d-f) the wear
scars under 20 N normal load at 200°C 400°C and 600°C presents no transfer of materials
(adhesive) but noticed fatigue spelling due to the presence of new hard carbide phases seen in
Figure 5.21 (d). During sliding action at high temperatures severe oxidation is caused results
in less removal of materials as described by Asgari et al., (2017), Xu et al., (2007) and Zhang
et al., (2009).

131




The EDS analysis corresponding to chosen points on the surface of worn fused coatings
presenting in Figure 5.21 (a-f), the values are listed in Table. 5.6. The fused coatings show an
increase in oxide percentages for both test loads. The oxide content under 10 N normal load
is showing increasing trend at points A, B, and C, whereas similar tendency, is observed
under 20 N normal load at points D, E, and F.
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Figure 5.21 Morphology of microwave fused CoMoCrSi+WC-CrC-Ni composite coating
worn surfaces (a-c) under 10 N and (d-f) under 20 N at temperatures of 200 °C, 400°C,
600°C
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Table 5.6: EDS analysis of fused CoMoCrSi+WC-CrC-Ni composite coating worn surfaces

on points marked in Figure 5.21

Element EDS results at selected points
(wt %) 10 N load 20 N load
A B C D E F

O 08.71 15.40 22.31 20.28 29.11 37.27
C 02.15 03.46 03.88 03.31 04.02 03.11
Al 01.53 02.14 03.45 02.45 03.10 05.68
Si 01.12 01.20 01.80 01.04 01.48 01.33
Cr 15.19 14.05 12.10 12.28 09.66 07.41
Ni 01.18 01.23 01.72 00.69 00.81 00.72
W 17.01 16.52 14.82 14.89 11.30 10.75
Mo 15.51 13.39 11.90 12.31 07.26 06.02
Ti 09.88 07.05 06.12 07.31 10.22 09.20
Co 21.72 25.56 21.90 25.44 23.04 18.51

54. WEAR STUDIES ON HVOF SPRAYED AND MICROWAVE
FUSED CoMoCrSi+WC-12Co COMPOSITE COATINGS

5.4.1. Volume loss and Wear rate of Coatings

The wear volume loss and wear rate of HVOF sprayed and microwave fused
CoMoCrSi+WC-12Co composite coatings are shown in Figure 5.22 (a and b) and Figure
5.23 (aand b). The CoMoCrSi+WC-12Co composite coatings exhibit a marginal difference
in its volume loss and wear rate compared to CoMoCrSi+WC-CrC-Ni composite coatings
since both coatings produced similar microhardness. The CoMoCrSi+WC-12Co as-sprayed
coating shown higher volume loss and wear rate for test loads at all test temperatures. Fused
coating shown marginal variations in its volume loss and wear rate at 200°C and 400°C
temperatures as shown in Figure 5.22 (a and b) and Figure 5.23 (a and b). At 600°C fused
coating exhibits a slight increase in its volume loss and wear rate. The effect of microwave
heating provides a significant decrease in the wear volume loss of coating. The main reasons

are decreased in surface roughness, increased hardness, and refining of the as-sprayed
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coating microstructure leads to less rupture of the coating surface. The volume loss of
CoMOoCrSi/WC-12Co as-sprayed coating is 2.5-3 times higher than CoMoCrSi+WC-12Co
fused coating Figure 5.22 (a and b).
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Figure 5.22 Wear volume loss of HVOF sprayed and microwave fused CoMoCrSi+WC-
12Co composite coatings with respect to temperature (a) 10 N, (b) 20 N
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The wear rate of CoMoCrSi+WC-12Co as-sprayed coating is 3.5-4.5 times higher than
CoMoCrSi+WC-12Co fused coating is observed in Figure 5.23 (a and b). This indicates that
CoMoCrSi+WC-12Co fused coating is having superior wear resistance than
CoMoCrSi+WC-12Co as-sprayed coating. The post heat treatment of as-sprayed coatings
results in an increase in microhardness and formation of metallurgical bonding, eliminating
surface defects such as pores, cracks, and unmelted particles. These are the reasons for the
improvement of wear resistance of fused coatings in comparing with as-sprayed coatings.
Also, hard phases have been formed such as TiC, CosWsC, CosWyC and Co3W5C CrsCs

which provides substantial strength to the surface to resist material loss during sliding action.

The wear rate coefficient plot of the CoMoCrSi+WC-12Co before and after the fused
composite coating is shown in Figure 5.24. The average wear rate coefficient values of as-
sprayed and fused coatings are 1x10-6 mm*/N m and 4 x 10-7 mm*/N m respectively.
Based on the comparison of tested composite coatings it is observed that the best wear

resistance coating is microwave fused CoMoCrSi+WC-12Co.
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Figure 5.24 Wear rate coefficient k plot of HVOF sprayed and fused CoMoCrSi+WC-12Co

composite coating
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5.4.2. Coefficient of Friction

The COF plots of CoMoCrSi+WC-12Co as-sprayed and fused composite coating are shown
in Figure 5.25 (a and b). At 200 °C temperature as-sprayed and fused coating exhibit slight
higher friction. The rise in flash temperatures to 400 °C and 600 °C the COF of as-sprayed

and fused coatings is shown a decreasing trend.

The COF of the as-sprayed coating reported an average value under both normal loads is
0.68. Whereas the average values of fused coatings are (0.2-0.4) measured at high
temperature. The as-sprayed coating produced more variation in friction coefficient due to
the presence of uneven coating surface which leads to poor contact during the sliding test
(Liang Hou et al., 2011).

The COF of fused coating exhibits decreasing trend due to the smooth contact between two
mating surfaces. This is achieved because of homogeneous structure of the coating. Friction
of as-sprayed coating is increased from 0.38 to 0.72 in the running cycle (0-10 min) which is
increased by 80% and once it reaches stable cycle (10-35 min), friction becomes linear and
floating around a fixed value. Fused coating reveals steady and smooth sliding action, it
increased from 0.15 to 0.4 in the running cycle (0-10 min) which is better than an as-sprayed
coating. The COF of the fused coating in the stable cycle (10-30 min) becomes steady and
floating around a fixed value. The quick formation of oxides leads to decrease in repeated
periodic friction (Peat et al., 2016), (Karaoglanli et al., 2017). Fused coating obtains low
COF comparing to as-sprayed coating, the fixed value is very small, and this result in

microwave fused coating exhibits better wear resistance.
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5.4.3. X-Ray Diffraction analysis of Fused Coatings

The XRD pattern of microwave fused CoMoCrSi+WC-12Co worn coating is present in
Figure 5.26. As observed in (Figure 5.26) Co;Mog phase is to be formed at all test
temperatures. At 200°C Co304 phase is found, whereas CoO, Cr,0O3; phases are formed at
400°C and 600°C. The MoO, and CoWo, is detected at 600°C. During sliding action, the
coating elements subjected to oxidation due to frictional heat generated between two contact
surfaces under atmospheric conditions. These results in Co element subjected to severe
oxidation at all test temperatures, whereas Mo element oxidized at elevated temperature due
to its higher melting point compared to other coatings elements. This tribo-film protects the

fused coating surface during sliding action.
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Figure 5.26 XRD pattern of fused CoMoCrSi+WC-12Co composite coating worn surfaces at

all test temperatures

5.4.4. Worn Surface SEM and EDS analysis
The typical morphologies of wear tracks produced on as-sprayed CoMoCrSi+WC-12Co
composite coating are shown in Figure 5.27. At 200°C it is observed from Figure 5.27 (a)

wear scar is rough and width of the trace is decreased, results in adhesive wear of coating
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material. As the rise in test temperature at 400 °C and 600 °C (Figure 5.27 b and c), brittle
fracture observed with minor cracks are present on the sliding coating surface. Also, dark
grey spots show oxidation of coating which prevents further loss of coating. With the
increase in test load to 20 N, the width of wear trace is further decreased. This indicates the
removal of material by splat detachment process is more and there are many severe brittle
fractures of CoMoCrSi+WC-12Co as-sprayed coating at all test temperatures seen in Figure
5.27 (d-f). Coating experienced more amount of oxide layers are formed under 20 N than 10
N normal, these confirm that slightly higher friction as well as wear rate at higher

temperatures.

The corresponding points chosen on the worn surface of the CoMoCrSi+WC-12Co as-
sprayed coating shown in Figure 5.27 (a-f) are used for EDS analysis and values are
tabulated in Table. 5.7. From the EDS analysis, it reveals that the formation of oxides at high
temperatures is an important phenomenon to restrict material loss during sliding action. The
damaged as-sprayed coatings exhibits rise in oxide percentage with respect to rise in load and
temperatures. At points A, B and C under 10 N normal load showed growth of oxides,

similar characteristic results are obtained for 20 N normal load at points D, E, and F.

Figure 5.28 (a-f) shows the wear out surface morphologies produced on CoMoCrSi+WC-
12Co fused composite coatings. As observed in Figure 5.28 (a-c) exhibits smooth wear traces
with small pits is present on the surface. A tribo-oxide layer is initiated at beginning of the
test and continues to form as test proceeds which act as a protective layer for fused coating.
The presence of WC hard phase leads to brittle coating and also due to tangential stresses
coating yields only less depth (Fang et al., 2009). Presence of addition carbides due to
microwave effect produces a very hard surface which results in fatigue spalling at 400°C and
600°C test temperatures. Similar kind of morphologies is obtained for 20 N normal load test,
(Figure 5.28 d-f) some microcracking and fatigue spalling wear mechanism are observed for
CoMoCrSi+WC-12Co fused coating for both test loads. Another interesting fact is noticed
that fused coating experienced less adhesive wear. This is confirmed by EDS results by

showing less percentage of alumina inclusions compared to as-sprayed coating results.

EDS analysis corresponding to chosen points on the surface of a worn fused coating

presented in Figure 5.28 (a-f) the values are listed in Table. 5.8. Rapid oxidation layer is
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formed as for an increase in test temperatures and more in 20 N normal load tests.
Comparing with points A, B, and C, oxides scale is higher at points D, E and F also
aluminium element is slightly increased for 20 N load. Due to an increase in carbon content
allowed forming new carbide phases which strengthen the fused coating during sliding
action.

Figure 5.27 Morphology of HVOF sprayed CoMoCrSi+WC-12Co composite coating worn
surfaces (a-c) under 10 N and (d-f) under 20 N at temperatures of 200 °C, 400°C, 600°C
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Figure 5.28 Morphology of microwave fused CoMoCrSi+WC-12Co composite coating worn
surfaces (a-c) under 10 N and (d-f) under 20 N at temperatures of 200 °C, 400°C, 600°C
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Table 5.7: EDS analysis of HVOF sprayed CoMoCrSi+WC-12Co composite coating worn

surfaces on points marked in Figure 5.27

Element EDS results at selected points
(wt %) 10 N load 20 N load
A B C D E F

O 09.15 12.20 19.10 17.05 26.44 39.59
C 02.19 03.39 02.54 02.20 02.86 03.61
Al 04.61 04.11 06.65 05.35 08.14 12.47
Si 00.95 01.42 01.70 01.13 01.01 00.63
Cr 07.55 06.02 07.21 08.52 06.38 06.94
W 25.33 22.81 23.17 19.09 17.74 11.82
Mo 14.75 15.20 12.42 13.87 12.03 10.31
Co 35.47 34.85 27.21 32.79 25.40 14.63

Table 5.8: EDS analysis of fused CoMoCrSi+WC-12Co composite coating worn surfaces on
points marked in Figure 5.28

Element EDS results at selected points
(wt %0) 10 N load 20 N load
A B C D E F

O 11.13 16.45 24.59 19.33 31.58 40.08
C 04.25 05.42 05.10 05.76 06.02 05.69
Al 01.08 02.74 03.17 02.45 03.10 04.68
Si 01.28 01.32 01.51 00.83 00.49 01.16
Cr 08.56 07.20 06.09 07.45 06.19 05.56
W 24.12 20.51 19.34 20.39 15.22 13.38
Mo 16.20 11.10 08.47 12.04 09.87 07.30
Ti 07.02 09.95 09.55 08.14 07.36 06.77
Co 26.36 25.31 22.18 23.61 20.17 15.38
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5.5. COMPARATIVE DISCUSSION OF HVOF SPRAYED AND FUSED
COATINGS SUBJECTED TO WEAR

The loss of volume and wear rate of HVOF sprayed and microwave fused of four different
coatings are shown in Figure 5.29 (a and b) and Figure 5.30 (a and b). Based on the
experimental results, it is observed that HVOF sprayed coatings in terms of volume loss,
wear rate and wear rate coefficient in the ascending sequence are CoMoCrSi+WC-12Co,
CoMoCrSi+WC-CrC-Ni, CoMoCrSi+Cr3;C, and CoMoCrSi.

The HVOF sprayed CoMoCrSi and CoMoCrSi+Cr3C, coatings under both normal loads
exhibit higher volume loss and wear rate compared to CoMoCrSi+WC-12Co,
CoMoCrSi+WC-CrC-Ni HVOF sprayed coatings. The loss of volume of CoMoCrSi and
CoMoCrSi+Cr3C, coatings are increased with respect to rising in temperature. This is mainly
due to lower hardness produced by CoMoCrSi and CoMoCrSi+Cr3C, as-sprayed coatings
(Prasad et al., 2018). These coatings also showed the higher value of COF during the test and
worn surface morphologies of CoMoCrSi and CoMoCrSi+CrsC, as-sprayed coatings
demonstrates short wear tracks with rough layer results in detachment of splats, brittle

fracture, and adhesive wear phenomenon as stated by Bolelli and Lusvarghi, (2007).

The CoMoCrSi+WC-12Co and CoMoCrSi+WC-CrC-Ni as-sprayed coatings produced lower
volume loss and wear rate since the microhardness of these coatings are significantly higher
and COF values also decreased at elevated temperature. The presence of intermetallic laves
phases with additional hard carbides possess higher hardness and protects the coating surface
from counter sliding disc at high speed and temperatures (Prasad et al., 2018). The worn
surface morphologies of these coatings confirm that very few regions of coating surfaces
cause damage and rapid formation of oxide films protects the further loss of material by acts
as lubricants (Matikainen et al., 2017).

In the case of 20 N normal load, the as-sprayed coatings produced a similar trend in loss of
volume (Figure 5.29 b). The effect of the rise in normal load from 10 N to 20 N produced
higher loss of volume and wear rate (Figure 5.29 b) and (Figure 5.30 b). This effect also
made to produce higher COF profiles and coating surfaces results in the formation of large
pits with localized plastic deformation is observed at 400°C and 600°C temperatures. After
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microwave fusing of as-sprayed coatings, the loss of volume and wear has been reduced
drastically. As noticed in (Figure 5.29) and (Figure 5.30), the ascending order of volume loss
of fused coatings are CoMoCrSi+WC-12Co, CoMoCrSi+WC-CrC-Ni, CoMoCrSi+Cr3C, and
CoMoCrSi. The homogeneous structure of fused coatings is the main reason for reducing the
loss of volume and wear rate compared to as-sprayed coatings. The penetration of substrate
element into coatings and minimizing of surface defects results in lower wear rate of fused
coatings. Also, additional inducing of carbon to the as-sprayed coating during remelting
results in the formation of hard surface. After fusing, noticed that all coatings exhibit a
marginal difference in its volume loss and wear, this confirms the positive effect of
microwave hybrid heating. The fused coatings reveal lower COF profiles and due to the
formation of tribo-oxide films restrict the loss of materials by allowing the coating surface to
slide smoothly with exhibiting large wear scars (Fernandez et al., 2005). The hard surface of
fused coatings produced a fatigue spalling effect by forming irregular cavities and grooves
(Dejun and Tianyuan, 2017). As the increase in normal load to 20 N, all fused coatings
produced a very marginal increase in its volume loss and wear rate. EDS analysis confirms
the higher percentage of oxides at elevated temperatures also these stable oxides near the
coating surface, serves as lubricants as described by Asgari et al., (2017), Xu et al., (2007)
and Zhang et al., (2009). The percentage of alumina transformation is less compared to the

as-sprayed coating.

Based on the comparison results of HVOF sprayed coating results, the CoMoCrSi + WC-
12Co composite coating exhibits superior wear and friction resistance than other three as-
sprayed coatings. The as-sprayed CoMoCrSi+WC-CrC-Ni composite coating reveals better
wear resistance than CoMoCrSi+Cr;C, and CoMoCrSi coatings. In the present study after
fusing improves the wear resistance of four HVOF sprayed coatings among in that,
CoMoCrSi + WC-12Co composite coating presents the superior wear resistance, it reveals
least volume loss and wear rate as well as lower COF profile compared to other HVOF
sprayed and fused coatings. The fused CoMoCrSi+WC-CrC-Ni composite coating had
shown the good wear resistance than HVOF sprayed and fused CoMoCrSi+CrsC, and

CoMoCirSi coatings.
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5.6. WEAR STUDIES ON FLAME SPRAYED AND MICROWAVE
FUSED CoMoCrSi COATINGS

5.6.1. Volume loss and Wear rate of Coatings

The wear volume loss and wear rate plots of flame sprayed and microwave fused CoMoCrSi
coatings are shown in Figure 5.31 (a and b) and Figure 5.32 (a and b). As the increase in
normal load and test temperatures, increases the amount of wear volume loss of as-sprayed
coating Figure 5.31 (a and b). The volume loss of CoMoCrSi as-sprayed coating increases as
a rise in temperature and showed the highest material loss at 600°C for both normal loads
compared to fused coating Figure 5.31 (a and b). It is due to lower microhardness, presence
pores, voids, unmelted particles; rough surface results in higher volume loss during in contact

with a sliding disc.

The effect of microwave heating provides a significant decrease in the wear volume loss of
both coatings. The main reasons are decreased in surface roughness, increased hardness, and
refining of the as-sprayed coating microstructure leads to less rupture of the coating surface
obtained from metallurgical bonding by diffusion of elements from the substrate to coating
(Utua and Marginean, 2017). Another reason is the presence of a higher fraction of
intermetallic laves phases in CoMoCrSi microwave fused coating. The CoMoCrSi as-sprayed
exhibits wear rate of 4-4.5 times higher than CoMoCrSi fused coating under both test loads
shown in Figure 5.32 (a and b). This is caused due to brittle fracture of unmelted particles
which is loosely bonded in the form of splats. This issue has been resolved by fused coatings

producing homogeneous structure results in lower volume loss and wear rate.

The calculated wear rate coefficient K in mm®N m of flame sprayed and fused CoMoCrSi
coatings is shown in Figure 5.33. The K value of flame sprayed and fused CoMoCrSi coating
is 3% 10-6 mm%*N m and 1 x 10-6 mm®N m respectively. Based on the comparison results

of tested coatings it is observed that the flame sprayed fused CoMoCrSi coating improved its

wear resistance.
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Figure 5.33 Wear rate coefficient k plot of flame sprayed and fused CoMoCrSi coating

5.6.2. Coefficient of Friction

The COF plots of flame sprayed and fused CoMoCrSi coatings are shown in Figure 5.34 (a
and b). The COF of as-sprayed and fused coatings tends to show a decreasing trend as a rise
in temperature. The COF of the as-sprayed coating under both normal loads experienced
average values of 0.67; this is more than the mean values of fused coatings (0.22-0.36)
computed at elevated temperatures. The COF of as-sprayed and fused coatings fluctuates
greatly during sliding action. The friction of the as-sprayed coating is increased slowly from
0.36 to 0.79 increased by 86% in the running cycle (0-10 min) because of weak contact
between the counter disc and coating sample. However, during the stable cycle (10-35 min),
the COF of the as-sprayed coating becomes smooth, floating around a fixed value. This is
because of the existence of laves phases in coating restricts occurring of friction during
sliding action (Khameneh et al., 2006), (Wood et al., 2010). In the case of fused coating,
COF increased from 0.2 to 0.38 nearly increased by 63% in the running cycle (0—10 min)
which is better than an as-sprayed coating. The COF of the fused coating in the stable cycle
(10-30 min) becomes steady and floating around a fixed value. Compared to as-sprayed
coating, the fixed value is small, this result in effect of fused coating hardness on the COF is

low, and hence microwave treated coating played a significant role in reducing COF.
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5.6.3. X-Ray Diffraction analysis of Fused Coatings

The XRD spectrum of microwave fused flame sprayed CoMoCrSi worn surface coating is
shown in Figure 5.35. Since the test is carried out at elevated temperatures obviously, the
cobalt is prone to oxidation severely during the sliding action (Cho et al., 2009), (Sharma,
2014). As observed in (Figure 5.35) CoMoCrSi fused coating exhibits Co;Mog and Cr;C,
phases are to be formed at all test temperatures. At test temperatures of 200°C, the Co304
phase is identified. Whereas MoO3 phase is identified at 400°C and also CoO and Cr,0O3
phases are formed at 400°C and 600°C on the other hand MoO; is formed at 600°C. These
oxides are formed on the fused coating surface acts as a protective film during sliding action.

This results in smooth sliding of fused coatings and no sign of adhesive wear mechanism is

observed.
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Figure 5.35 XRD pattern of microwave fused flame sprayed CoMoCrSi coating worn

surfaces at all test temperatures
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5.6.4. Worn Surface SEM and EDS analysis

The worn surface morphologies and EDS analysis of flame sprayed CoMoCrSi coating is
presented in Figure 5.36 (a-f). It can be seen that (Figure 5.36 a-c) the worn surfaces of the
as-sprayed coating under 10 N normal load is characterized by a groove, brittle fracture, and
detachment of splats. Though at all the test temperatures observed rough wear scars showing
large width traces and flaking pits. As the increase in normal load to 20 N the wear of flame
as-sprayed coating is influenced by intersplat cohesion seen in Figure 26 (d-f). Also observed
during sliding action, results in massive loss of coating material is caused by the pulling out
of maximum splats infers severe wear. This may be due to the presence of unmelted/semi-
melted cobalt, molybdenum elements (Yu et al., 2016). As the rise in flash temperature the
oxide layer of coating active elements to be formed between coating and counterpart surface.
These prevent further loss of coating material at higher loads, leading to lower wear loss
subsequently. EDS results (wt %) on CoMoCrSi as-sprayed coating worn surfaces shown in
Figure 5.36 (a-f). The result reveals that the dark grey regions contain primarily Co, Mo, and
O, indicating that oxides are formed. It is noticed that the worn surface is roughened with
oxidized clusters as the test load increased to 20 N, the dark clusters are confirmed the
presence of mixed oxides of Co, Mo, Cr, and Al. The oxidation of coating is influenced on
wear phenomenon and also coating exhibits severe adhesive wear mechanism which is

confirmed by an increase in aluminum percentage from EDS results (Bergant et al., 2014).

The damaged surfaces of flame sprayed CoMoCrSi fused coating under 10 and 20 N normal
at 200°C, 400°C and 600°C temperatures are shown in Figure 5.37 (a-f). In the case of
microwave fused coating, the remelting increases the intersplat cohesion strength results in
less material loss. As observed in (Figure 5.37 a-c) under 10 N normal load, the worn surface
is smooth on several areas, very small parts of coating material are pulled out and also
noticed some small flaking pits on worn surfaces. A tribo-oxide layer is initiated at beginning
of the test and continues to form as test proceeds which act as a protective layer for fused
coating (Kim et al., 2003). Presence of addition carbide like CosC due to microwave effect
produces a very hard surface which results in fatigue spalling at 400°C and 600°C test
temperatures. Similar kind of morphologies is obtained for 20 N normal load test, observed
in Figure 5.37 (d-f) Another interesting fact is noticed that fused coating experienced less

adhesive wear. This is confirmed by EDS results (Figure 5.37 a-f) by showing less
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percentage of alumina inclusions compared to as-sprayed coating, results in less friction and
high wear resistance due to improved hardness by microwave effect. Rapid oxidation layer is
formed as for an increase in test temperatures and more in 20 N normal load tests. Higher

percentages of oxides are responsible for less wear rate and low friction (Prasad et al., 2018).
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Figure 5.36 Morphology of flame sprayed CoMoCrSi coating worn surfaces (a-c) under 10
N and (d-f) under 20 N at temperatures of 200 °C, 400°C, 600°C
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5.7. WEAR STUDIES ON FLAME SPRAYED AND MICROWAVE
FUSED CoMoCrSi+Cr;C, COMPOSITE COATINGS

5.7.1. Volume loss and Wear rate of Coatings

The wear volume loss and wear rate of flame sprayed and microwave fused
CoMoCrSi+Cr3C, composite coatings shown in Figure 5.38 (a and b) and Figure 5.39 (a and
b). The wear volume loss of as-sprayed coating had shown increasing corresponding to
temperatures and load. At 20 N normal load as-sprayed coating exhibits higher volume loss
compared to 10 N normal load Figure 5.38 (a and b). This reveals that as a rise in a normal
load, leads to an increase in the deformation of the as-sprayed coating. It is mainly due to the
breaking of splats during the sliding test.

After fusing due to homogeneous and enhanced microhardness of fused coating exhibits
lower volume loss in comparison with as-sprayed coating Figure 5.38 (a and b). Whereas
CoMOoCrSi+Cr3C, composite coatings exhibit higher hardness due to the presence of CosC
and Cr3C, phases result in improved wear resistance compared to CoMoCrSi coatings. The
CoMOoCrSi+Cr3C, as-sprayed exhibits wear rate of 3-3.5 times higher than CoMoCrSi+Cr3C,
fused coating Figure 5.39 (a and b).

The (Figure 5.40) depicts the average wear rate of flame sprayed and fused composite
coatings. The K value as-sprayed and fused CoMoCrSi+Cr3;C, composite coatings are 3 X 10
—6 mm*/N m and 9 x 10-7 mm*N m respectively. From these results, it is clearly evidence

that fused CoMoCrSi+CrsC, composite coating has better wear resistance than an
CoMoCrSi+Cr3C, as-sprayed coating.
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5.7.2. Coefficient of Friction

The COF plots of flame sprayed and fused CoMoCrSi+Cr3;C, composite coatings are shown
in Figure 5.41 (a and b). At 200°C temperature coatings before and after fusing shows higher
friction. When the temperatures at 400 °C and 600 °C the COF of as-sprayed and microwave
fused coatings is showed a decreasing trend. The COF of the as-sprayed coating reported an
average value under both normal loads is 0.59. Whereas the average values of fused coatings
measured at high temperature are (0.25-0.48). The as-sprayed coating produced more
variation in COF due to the presence of uneven coating surface which leads to poor contact
during the sliding test (Li et al., 2002). In case of fused coating, observed variation in COF
due to poor contact of the coating. During wear test observed friction of as-sprayed coating is
increased from 0.35 to 0.68 in the running cycle (0-10 min) which is increased by 74% and
once it reaches stable cycle (10-35 min), friction becomes linear and floating around a fixed
value. Fused coating reveals steady and smooth sliding action, it increased from 0.25 to 0.49
in the running cycle (0—10 min) which is better than an as-sprayed coating. The COF fused
coating in the stable cycle (10-30 min) becomes steady and floating around a fixed value.
This decreases friction periodically due to the rapid formation of oxides (Gonzalez et al.,

007). Fused coating obtains low COF comparing to as-sprayed coating, the fixed value is
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very small, and this result in microwave fused coating exhibits better wear resistance by

showing less friction and wear rate.
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Figure 5.41 Friction coefficient of flame sprayed and microwave fused CoMoCrSi+Cr;C,
composite coatings with respect to sliding distance (a) 10 N, (b) 20 N
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5.7.3. X-Ray Diffraction analysis of Fused Coatings

Figure 5.42 demonstrates the X-ray diffraction pattern of microwave fused CoMoCrSi+Cr3C,
composite coating. It reveals the similar phases as identified in CoMoCrSi fused coating as
shown in Figure 5.35. At all test temperatures, Co;Mog and CrsC, phases are formed,
whereas, the Co30,4 phase is found at 200°C. At 400°C MoO3 phase is detected and CoO and
Cr,03 phases are produced at 400°C and 600°C on the other hand MoO, is formed at 600°C.
During the sliding test, these oxides are formed due to the rise in temperature at the interface.
Since the test is performed under atmospheric conditions, where oxygen is formed at the
surface of the test sample and forming a protective layer, it leads to a decrease in material
loss under high speeds with high temperatures. The fewer alumina inclusions are also
identified on the worn surface by EDS analysis this is due to the effect of fatigue spalling

observed during the sliding test.
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Figure 5.42 XRD pattern of microwave fused flame sprayed CoMoCrSi+Cr3;C, composite

coatings worn surfaces at all test temperatures
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5.7.4. Worn Surface SEM and EDS analysis

The wear out surface morphologies of flame sprayed CoMoCrSi+Cr3;C, composite coating is
shown in Figure 5.43 (a-f). The wear out surfaces of CoMoCrSi+Cr;C, flame sprayed
composite coating reveals similar morphologies as observed on worn samples of flame
sprayed CoMoCrSi coating shown in Figure 5.36 (a-f). The presence of CosC and Cr3C,
phases in the as-sprayed CoMoCrSi+Cr3C, coating which possesses much higher hardness
than CoMoCrSi flame sprayed coating, results in reduced plastic deformation during wear
test. The wear scars with shorter width have been observed at 400°C and 600°C under both
test loads. It encounters the loose splats on the coating surface which is in the form of
unmelted or semi-melted particles are detached as shown in Figure 5.43 (a-f). The uneven
surface and large humps have been observed, this is formed due to deformation of material
through rough wear tracks. When the normal load raised to 20 N observed massive loss of
coating material is caused by the pulling out of maximum splats infers severe wear shown in
Figure 5.43 (e-f). The EDS results are obtained for worn surfaces of flame sprayed
CoMOoCrSi+CrsC, composite coatings shown in Figure 5.43 (a-f). Presence of carbon is
confirmed on the worn coating surface. Both as-sprayed coating worn surface EDS results
reveals that increases in oxide percentage as a rise in load and temperature. The oxidation of
coatings is influenced by wear phenomenon and also coating exhibits adhesive wear

mechanism due to an increase in aluminum percentage (Prasad et al., 2018).

The worn surfaces of the fused CoMoCrSi+Cr3C, composite coating are shown in Figure
5.44 (a-f) The fused coating worn surface produced smooth wear scars, no observation of
brittle fracture of splats since the surface has been homogenized. At higher temperatures
400°C and 600°C under both test loads, observed fatigue spalling effect caused due to the
hard surface of the fused coating. Some regions of fused coating surface have slightly
damaged under 20 N normal load is noticed in Figure 5.44 (e-f). When the fused coating
surface had a contact with a sliding disc, the coating elements are subjected to severe
oxidation, results in a tribo-oxide layer have been formed which decreases the further loss of
coating material. The significant increase in oxide percentage compared to the as-sprayed
coating is confirmed by EDS analysis. Also, the percentage of aluminium has been reduced

which shown no sign of adhesive wear mechanism during sliding action. EDS results of
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fused CoMoCrSi+Cr3C, coating on worn surfaces are shown in Figure 5.44 (e-f). Rapid
oxidation layer is formed as for an increase in test temperatures and more in 20 N normal
load tests. The higher the percentage of oxides has formed which decreases the material
deformation and friction during sliding against the hard counter disc.
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Figure 5.43 Morphology of flame sprayed CoMoCrSi+Cr3;C, composite coating worn
surfaces (a-c) under 10 N and (d-f) under 20 N at temperatures of 200°C, 400°C, 600°C
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5.8. WEAR STUDIES ON FLAME SPRAYED AND MICROWAVE
FUSED CoMoCrSi+WC-CrC-Ni COMPOSITE COATINGS

5.8.1. Volume loss and Wear rate of Coatings

The wear volume loss and wear rate graphs of flame sprayed and microwave fused
CoMoCrSi+WC-CrC-Ni composite coatings are presented in Figure 5.45 (a and b) and
Figure 5.46 (a and b). The as-sprayed coating exhibits an increasing trend in loss of volume
due to rough surface and presence of unmelted or semi-melted particles leads to easy
deformation during sliding action under both test loads Figure 5.45 (a and b). However, the
presence of intermetallics and formation of metallurgical bonding infused coating results in

less volume loss for both test loads compared to as-sprayed coating.

The wear rate of coatings is calculated using volume loss and sliding distance. As observed
in (Figure 5.46 a and b) the CoMoCrSi+WC-CrC-Ni as-sprayed coating exhibits wear rate of
2-2.5 times higher than CoMoCrSi+WC-CrC-Ni fused coating under both test loads. This is
due to the heterogeneous structure of the as-sprayed coating which has more pores and
cracks. The post-treated coating has a lower wear rate due to enhanced hardness by diffusion
mechanism and obtained phases such as TiC, TiO,, CosWsC, CosWyoC, and CozW3C CrsC,
are formed. Also, the presences of intermetallic amorphous phases like (bulk metallic glass
structure) and oxide phases formed during the sliding test play a role in reducing the wear

rate of the treated coating.

The estimated wear rate coefficient K in mm*N-m of flame sprayed and fused
CoMoCrSi+WC-CrC-Ni composite coatings is shown in Figure 5.47. The assessed K values

of COMoCrSi+WC-CrC-Ni as-sprayed and fused composite coatings are 4 X 10-6 mm*/N-m

and 1 X 10-6 mm>/N-m respectively.
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Figure 5.45 Wear volume loss of flame sprayed and microwave fused CoMoCrSi+WC-CrC-

Ni composite coatings with respect to temperature (a) 10 N, (b) 20 N
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Figure 5.47 Wear rate coefficient k plot of flame sprayed and fused CoMoCrSi+WC-CrC-Ni

composite coatings

5.8.2. Coefficient of Friction

The COF of flame sprayed and fused CoMoCrSi+WC-CrC-Ni composite coatings are shown
in Figure 5.48 (a and b). The COF of the as-sprayed coating is significantly varying
corresponding to the sliding distance. This is maybe due to contacted between coating sample
and counter disc during sliding operation and presence uneven surface of the coating. The
average COF of the as-sprayed coating under both test loads exhibits 0.65. The COF of the
as-sprayed coating at 400 °C and 600 °C temperatures showed less value than 200°C
temperature. This is due to the formation of oxides near the coating surface at elevated
temperatures leads to a decrease in friction (Khameneh et al., 2006), (Hou et al., 2011). The
fused coating tends to show lower COF of 0.51 which is better than as-sprayed coatings.
Also, the fused coating displays steady friction at all test temperatures. The homogeneous
structure and presence of intermetallics result in the smooth flow of friction. But under 20 N
normal load (Figure 5.48b) both as-sprayed and fused coatings indicates more fluctuations of
COF due to more applied force. Though at elevated temperatures fused coating subjected to
severe oxidation results in a reduction in COF. The oxides films are formed at elevated

temperatures cover the fused coating surface from breaking of material.
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5.8.3. X-Ray Diffraction analysis of Fused Coatings

The X-ray spectrum of microwave fused CoMoCrSi+WC-CrC-Ni worn coating is shown in
Figure 5.49. The Co alloy is subjected to oxidation at elevated temperatures during siding test
and oxides are easily formed at coating surfaces. In (Figure 5.49), observed Co;Mogs and
Co30,4 phases to be formed at 200°C and 400°C temperatures. At 400°C and 600°C test
temperatures CoO, Cr,03 phases to be found. The CoWo, and MoO, phases are noticed at
600°C. Nickel oxide and chromium oxide combined to form spinal NiCr,O, phase is
identified at 600°C shown in Figure 5.49. The fused coating exhibits less wear rate and COF
because of oxides are actively formed leads to cover the exposed coating surface from
adhesive wear mechanism.
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Figure 5.49 XRD pattern of microwave fused flame sprayed CoMoCrSi+WC-CrC-Ni

composite coatings worn surfaces at all test temperatures

5.8.4. Worn Surface SEM and EDS analysis
The worn surfaces of flame sprayed CoMoCrSi+WC-CrC-Ni composite coating is
investigated by SEM, to understand the wear phenomenon is shown in Figure 5.50 (a-f). The

wear surfaces of as-sprayed coating samples at test temperatures under both test loads exhibit
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short width wear tracks associated with the breaking of splats, the formation of large pits and
underlying surface subjected to mild oxidation at elevated temperatures (Peat et al., 2016),
(Karaoglanli et al., 2017). The presence of deep and short width wear tracks confirms
transferring of counter disc material to wear surface. As noticed in (Figure 5.50 b and c) as-
sprayed coating at 400°C and 600°C temperatures undergone more brittle fracture, this is
caused due to the breaking of the oxide layer formed at these temperatures and allowed the
surface to plough hardly. Also under 20 N normal load at 400°C and 600°C temperatures
(Figure 5.50 e and f) produced large pits and more deformation has observed. This results in
the as-sprayed coating produced adhesive wear mechanism. The EDS results of
corresponding morphologies of the as-sprayed coating (Figure 5.50 a-f) indicates the
presence of oxide and alumina content and its percentage is significantly increasing as a rise
in test load and temperatures. These results depend on the increase in wear rate and higher
friction, also other researchers have reported that indication of higher the surface roughness
and lower microhardness results in a higher material loss (Asgari et al., 2017), (Xu et al.,
2007).

The wear out surface morphology of fused CoMoCrSi+WC-CrC-Ni composite coating is
shown in Figure 5.51 (a-f). There is no indication of the uneven surface of worn
morphologies which is less rough and promotes to smoother sliding action. The
homogeneous structure of fused coatings leads to protection of coating surfaces and these
surfaces are subjected to the severe oxidational phenomenon (Zhang et al., 2009), (Fang et
al., 2009). The higher microhardness of fused coating undergone fatigue spalling effect on
wear tested samples. The fused coating at 200°C and 400°C temperatures under both test
loads shown in (Figure 5.51 (a-b) and (d-e)) produced similar morphologies which are also
confirmed by volume loss and wear rate plots shown similar values. At 600°C temperature
under both test loads (Figure 5.51 (c) and (f)) due to more fatigue spalling effect, seen the
few regions of coating surface are fractured. The percentage of alumina is less compared to
as-sprayed coating and an increase in oxide content with an increase in test temperatures as
noticed in EDS results of the respective fused coating shown in Figure 5.51 (a-f). The
formation of tribo-oxide films on fused coating surfaces eliminates the adhesive wear
mechanism and improves its wear and frictional resistance. The darker regions on fused

coatings describe the protective shield of oxides to the underlying surface, which acts as
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lubricants during sliding action (Kong and Zhao, 2017). Also no sign of detaching material
and tearing of layers. The fused coating has the lower loss of volume, wear rate and COF,

these results clearly understands that due to the change in microstructural features, enhances

its tribological properties.
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Figure 5.50 Morphology of flame sprayed CoMoCrSi+WC-CrC-Ni composite coating worn
surfaces (a-c) under 10 N and (d-f) under 20 N at temperatures of 200°C, 400°C, 600°C
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5.9. WEAR STUDIES ON FLAME SPRAYED AND MICROWAVE
FUSED CoMoCrSi+WC-12Co COMPOSITE COATINGS

5.9.1. Volume loss and Wear rate of Coatings

The loss of volume and wear rate of flame sprayed and microwave fused CoMoCrSi+WC-
12Co composite coatings are shown in Figure 5.52 (a and b) and Figure 5.53 (a and b). The
both as-sprayed and fused CoMoCrSi+WC-12Co composite coatings exhibit very lower
volume loss and wear rate compared to the other three coatings. Since the CoMoCrSi+WC-
12Co composite coating produced higher hardness and toughness leads to decreasing of
material loss during wear test Figure 5.52 (a and b). The as-sprayed coating exhibits slight
higher volume loss at 600 °C under both normal loads compared to fused coating Figure 5.52
(a and b). The fused coating shown the lower volume loss at all test temperatures under both

loads, this is the clear evidence of the effect of microwave hybrid heating on coatings.

In CoMoCrSi+WC-12Co as-sprayed coating presents approximately 1-1.5 times higher wear
rate than a fused coating for both applied loads shown in Figure 5.53 (a and b). Since the
microhardness of CoMoCrSi+WC-12Co as-sprayed coating is higher than other coatings
deposited by flame spray results in less rupture of material. The fused coating shown lower
wear rate due to no significant loss of material and various oxide phases has generated which
forms as a lubricant layer for coating surface. Some of the new hard phases CogWsC,
Co3WqC, and CosW;C generated in both as-sprayed and fused coatings this restricts the
ploughing and plastic deformation of coating material. The post-treatment coating has a
lower wear rate due to enhanced hardness by diffusion mechanism and obtained phases such
as TiC, TiO,, are formed.

The plot of wear rate coefficient K value of flame sprayed and fused CoMoCrSi+WC-12Co
composite coating is shown in Figure 5.54. The estimated values of flame sprayed and fused
coatings are 3 X 10-6 mm®N-m and 8 x 10-7 mm?®/N-m respectively. After obtaining the K
values of tested coatings, it is confirmed that the fused coating produced a lower wear rate

than an as-sprayed coating.
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Figure 5.52 Wear volume loss of flame sprayed and microwave fused CoMoCrSi+WC-12Co

composite coatings with respect to temperature (a) 10 N, (b) 20 N
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Figure 5.53 Wear rate plots of flame sprayed and microwave fused CoMoCrSi+WC-12Co
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Figure 5.54 Wear rate coefficient k plot of flame sprayed and fused CoMoCrSi+WC-12Co

composite coatings

5.9.2. Coefficient of Friction

The (Figure 5.55 (a and b)) presents the COF of flame sprayed and fused CoMoCrSi+WC-
12Co composite coatings. The COF of the as-sprayed coating is unstable throughout the
sliding action. The mean COF value of as-sprayed coating is 0.58, whereas fused coating
exhibits a stable friction curve having an average COF is 0.42, this is lower than COF of as-

sprayed coating.

During initial stage of test at 200°C temperature, the friction in as-sprayed and fused coatings
showed slight higher value, later as test proceeds to 400°C and 600°C temperatures,
produced lower COF. This is mainly due to the role of oxide layers formed near coating
surface at 400 °C and 600 °C temperatures act as lubricants. Also noticed that compared to
10 N normal load, the COF of as-sprayed and fused coatings are varying significantly under
20 N normal load in Figure 5.55 (b). The increase in the contact force between sample and
counter disc leads unstable in COF profiles.
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Figure 5.55 Friction coefficient of flame sprayed and microwave fused CoMoCrSi+WC-

12Co composite coatings with respect to sliding distance (a) 10 N, (b) 20 N
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5.9.3. X-Ray Diffraction analysis of Fused Coating

The oxide phases shown in (Figure 5.56) observed for fused CoMoCrSi+WC-12Co
composite coating are similar phases obtained in CoMoCrSi+WC-CrC-Ni fused coating
except for NiCr,O,4 phase (Figure 5.49). The Co;Mos and Co304 phases have found at 200°C
and 400°C temperatures respectively. At 400°C and 600°C CoO, and Cr,O3; phases are
found. The CoWo, and MoO; phases are noticed at 600°C. These oxides performed a key

role in decreasing the wear rate of fused coatings.
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Figure 5.56 XRD pattern of microwave fused flame sprayed CoMoCrSi+WC-12Co
composite coatings worn surfaces at all test temperatures

5.9.4. Worn Surface SEM and EDS analysis

The worn surface morphologies of flame sprayed CoMoCrSi+WC-12Co composite coating
is shown in Figure 5.57 (a-f). At 200°C under 10 N and 20 N normal loads (Figure 5.57 (a
and d)), observed microcracks, as well as the unmelted particles, are deformed plastically. As
the rise in flash temperature to 400°C and 600°C under 10 N and 20 N normal loads, noticed
delamination of coating surface due to constant heat supply and applied force Figure 5.57 (b-

c¢) and (e-f). It results in detachment of splats in a higher rate and also surface is subjected to
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oxidation. The wear track caused by adhesive phenomenon is observed at 600°C under 20 N

normal load in Figure 5.57 (f).

The EDS results of as-sprayed coating (Figure 5.57 a-f) confirms the alumina content and
oxide percentage also increased at 400°C and 600°C temperatures. As the increase in load
and temperature, the alumina percentage also increased this indicates that the as-sprayed
coating is severely exhibited adhesive wear mechanism by showing rough and shorter width

wear scars.

The worn surface micrographs of fused CoMoCrSi+WC-12Co composite coating is shown in
Figure 5.58 (a-f). After microwave fusing, the surface exhibits a homogeneous structure, it
eliminates all the unmelted and semi-melted particles. This results in easy sliding of coating
surface without causing damage. As observed in (Figure 5.58 a-c), fused worn surface
reveals similar micrographs at 200°C, 400°C, and 600°C temperatures. The surface is very
hard and also allows the counter disc to slide freely. During this operation, a tribo-oxide is
initiated and as a rise in temperature, the oxide layers are covered by the fused coating
surface which serves as lubricants. In the case of 20 N normal load at 400°, C and 600°C
temperatures observed slight breaking of the surface due to fatigue spalling effect and also

the formation of oxides is more show in Figure 5.58 (e-f).

The EDS analysis shown in (Figure 5.58 a-f), the alumina content is lower for fused coating
compared to the as-sprayed coating. The oxide percentage is significantly higher at elevated
temperatures of 400°C and 600°C. The formation of tribo oxide films on fused coating
surfaces eliminates the adhesive wear mechanism and improves its wear and frictional

resistance.

181



1231%0  |[AE
. 15.08% 0

06.27% C

01.09% Si ol 05.23%C
08.56 % Al 00.49 % Si
06.33 % Cr \ 10.21 % Al
16.22 % Mo 05.76 % Cr
20.87% W 1743 % Mo
28.45% Co q 18.52% W

il 27.28 % Co

»

(168 100mm B0BO 11 58 SEI

17.28% 0 i 20.16% 0
05.12%C 04.19% C
00.94 % Si 00.71% Si
12.10% Al 15.43% Al
05.78 % Cr 04.27% Cr
14.20 % Mo 13.10% Mo
19.61% W 18.74% W
24.97% Co 23.40% Co

8 11 58 SEI

26.77%0

21.02%0 3

0444%C |8 D G ATy 8 04.72%C
01.13%Si  EEREERE RN b O s 4 00.62% Si
1745%Al @ : ] i v & PR PR 1840 % Al
05.79% Cr [ 05.02% Cr
12.08% Mo [ 8 12.30% Mo
1520% W | 8 15.13%W

2289%Co | B 17.04% Co

186 186mum G006 11 SO S 28k\L 156 186mm BBBB 11 S8 S

Figure 5.57 Morphology of flame sprayed CoMoCrSi+WC-12Co composite coating worn
surfaces (a-c) under 10 N and (d-f) under 20 N at temperatures of 200°C, 400°C, 600°C
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5.10. COMPARATIVE DISCUSSION OF FLAME SPRAYED AND
FUSED COATINGS SUBJECTED TO WEAR

The loss of volume and wear rate of flame sprayed and microwave fused four types of
composite coatings are shown in Figure 5.59 (a and b) and Figure 5.60 (a and b). The flame
sprayed coatings are having many unmelted and semi-melted particles which create brittle
fracture of material by splats detachments have observed. This results in a significant
increase in its loss of volume and wear rate under both test loads (Figure 5.59 a and b) and
(Figure 5.60 a and b). Based on the tested results, the ascending order of volume loss and
wear rate of flame sprayed coatings CoMoCrSi+WC-12Co, CoMoCrSi+WC-CrC-Ni,
CoMoCrSi+Cr3C, and CoMoCrSi. The CoMoCrSi and CoMoCrSi+Cr3C, coatings possess
higher porosity and exhibit many surface defects lead to the heterogeneous structure. The
coatings with heterogeneous structure are responsible for severe material degradation. The
volume loss of CoMoCrSi and CoMoCrSi+CrsC, coatings are increased with respect to
increases in temperature. These coatings also show the higher value of COF values with
significant variations. The worn surface morphologies of CoMoCrSi and CoMoCrSi+Cr3C,
flame sprayed coatings (Figure 5.36 and Figure 5.43) present the large pitting of surface due
to subsurface defects and also inclusions of oxides along the grain boundaries which reduces
its strength with increase in temperature and loads. The EDS analysis of worn samples
confirms the percentage of alumina increases due to increase in load to 20 N at all test
temperatures; this is the clear evidence of adhesive wear mechanism experienced by as-

sprayed coatings.

The fused coatings have a significant reduction in the volume loss and wear rate due to the
presence of a homogeneous structure, higher microhardness and stable oxides act as
lubricants at 400°C and 600°C temperatures under both test loads. The fused
CoMoCrSi+WC-12Co and CoMoCrSi+WC-CrC-Ni composite coatings produced lower
volume loss, less than 1 mm?® and wear rate less than 0.01 mm®m compared to fused
CoMoCrSi  and CoMoCrSi+CrzC, coatings. The fused CoMoCrSi+WC-12Co and
CoMoCrSi+WC-CrC-Ni composite coatings exhibit new hard phases CosWsC, CosWyC, and
Co3Ws3C, these carbides produces high strength to withstand the higher loads at high
temperatures and significantly reduces the coating deformation during sliding action. Fused
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coatings experienced fatigue spalling effect results in irregular cavities have observed on
worn surface morphologies. EDS results show a higher percentage of oxides as an increase in

test temperature.
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5.11. WEAR STUDIES ON SUBSTRATE

5.11.1. Volume loss and Wear rate Substrate

The loss of volume and wear rate of the substrate is shown in Figure 5.61 and Figure 5.62.
The volume loss and wear rate increase with an increase in the test temperature and applied
load. It is observed that the substrate volume loss and wear rate is higher than all four
coatings. High volume loss and wear rate of the substrate is observed at 600°C under 20 N as
seen in Figure 5.61 and Figure 5.62. Generally, the bulk hardness of titanium is less with the
increase in temperature leads to excessive loss of material. At elevated temperatures, the
oxide film is formed on the substrate it lacks combat sliding action which leads to the
splitting of the oxide film (delamination). This results in the increase in volume loss and wear
rate with increment in test temperatures. The computed wear rate coefficient k of the

substrate is 9 X 10-6 mm®/N-m.
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Figure 5.61 Wear volume loss of substrate with respect to temperature (a) 10 N, (b) 20 N
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Figure 5.62 Wear rate plots of substrate with respect to temperature (a) 10 N, (b) 20 N

5.11.2. Coefficient of Friction

The COF profiles of the substrate under 10 N and 20 N is shown in Figure 5.63 (a and b).
The COF of the substrate shows an increasing trend as an increase in test temperatures. As
observed in Figure 5.63 (a), the COF of the substrate at 200°C is initiated at 0.55 and risen to
0.76 later it remains constant at particular COF value, also significant variations in COF is
noticed by curves. At 400°C and 600°C temperatures, the COF is increased drastically to
0.85-0.90 range; this is caused due to lower microhardness of the substrate at a higher
temperature.

The average COF value of substrate under 10 N is 0.76. Similarly, the substrate under 20 N
experienced a higher COF value, as observed in Figure 5.63 (b). The substrate experienced
rough and deep scars leads to adhesive wear, it results in a higher COF of 0.88 to 0.96 at
400°C and 600°C temperatures. The average COF value of substrate under 20 N is 0.85.
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5.11.3. Worn Surface SEM Micrographs

The worn surface morphologies of the substrate corresponding to all test temperatures and
the load are depicted in Figure 5.64 (a-f). The worn surface of the substrate has ploughing
features such as rough and breaking oxide layer leads to local plastic deformation is observed
in Figure 5.64 (a-b) and (d-e). However, the substrate exhibits severe deformation with large
pits and deep grooves at 600 °C under both test loads. This is mainly due to the low hardness
and strength of titanium results in severe adhesive wear and also a large amount of material

removal at 600 °C is observed in Figure 5.64 (c and f).

10N 20N
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Plastic deformation

Ploughing

\
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Figure 5.64 Morphology of substrate worn surfaces (a-c) under 10 N and (d-f) under 20 N at
temperatures of 200°C, 400°C, 600°C
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5.12. SUMMARY

The HVOF and flame sprayed CoMoCrSi coatings exhibited higher volume loss and wear
rate compared to other three CoMoCrSi+WC-12Co, CoMoCrSi+WC-CrC-Ni, and
CoMoCrSi+Cr3C, as-sprayed composite coatings. Since the CoMoCrSi as-sprayed coatings
registered lower microhardness due to the absence of carbides results in lower wear

resistance.

The hard phase reinforced CoMoCrSi+WC-12Co, CoMoCrSi+WC-CrC-Ni and
CoMoCrSi+CrsC, composite coatings shown excellent wear resistance because of the
presence of intermetallic laves phases and carbides which imparts high strength to the
underlying surface during sliding action. In the present investigation of sliding wear, all four
coatings deposited by HVOF process exhibited lower loss of volume, wear rate compared
with substrate and flame sprayed coatings is shown in Figure 5.29 and Figure 5.30. The
coatings deposited by flame spray process reveal lower density, leads to lower cohesive
strength in between splats and also the presence of porosity in coatings is almost 10 times
higher than all HVOF sprayed coatings, these results in a decrease in microhardness of flame
sprayed coatings. The worn morphologies of flame sprayed coatings clearly shown that the
material loss occurred due to brittle fracture and splats detachment. Its EDS results confirm
the presence of alumina and oxides is more at higher temperatures under 20 N normal load.

The higher density of coatings deposited by HVOF process exhibited higher microhardness
results in higher wear resistance. The worn morphologies of all HVOF sprayed coatings
confirm the material removed by nucleation of crack, propagation in the surface, and splats
detachment. Both HVOF and flame sprayed coatings reveal that, the surface damage caused

by adhesive wear phenomenon.

The post-treated coatings by microwave hybrid heating technique exhibited lower volume
loss, wear rate and COF compared to the substrate, HVOF sprayed and flame sprayed
coatings is shown in Figure 5.29, Figure 5.30, Figure 5.59 and Figure 5.60. This lower wear
rate and COF is mainly influenced by higher microhardness of all fused coatings. The worn
morphologies of all the fused coatings presented smooth wear scars and a tribo-oxide layer is
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formed which protects the underlying surface from the counter disc at high temperature and
high speed. Also at higher temperatures, fused coatings exhibited some stable oxides like
CoO, Co0304, M00O;, M00O3, and Cr,O3. These oxide phases act as lubricants at higher
temperature conditions by protecting the underlying surface.

All the as-sprayed and fused coatings showed lower volume loss, wear rate and COF,
compared with pure titanium grade-2 substrate. The lower microhardness of substrate is the
main reason for the significant loss of volume and wear rate at all test temperatures and
normal loads are shown in Figure 5.61 and Figure 5.62. Its SEM micrographs confirm the

material loss caused by plastic deformation is presented in Figure 5.63.

Based on the wear rate data, the relative wear resistance of the pure titanium grade-2
substrate and coatings under dry sliding conditions are arranged in the following sequence:
(CoMoCrSi+WC-12Co) > (CoMoCrSi+WC-CrC-Ni) > (CoMoCrSi+CrsC,) > (CoMoCrSi) >
(Pure titanium grade-2 substrate).

Higher wear resistance of CoMoCrSi+WC-12Co coatings is attributed to the higher hardness

of CoMoCrSi obtained by intermetallic laves phases.
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CHAPTER 6

CONCLUSIONS

The salient conclusions from the experimental results are summarized as follows:

1.

CoMoCrSi feedstock has been successfully processed using HEBM method.
Co3Mo,Si, Co;Mog, Mo3Si, CosMo, Co,Mos, are the intermetallic laves phases
generated in feedstock with an average particle size of 60.12 um. The XRD pattern of
CoMoCrSi milled powder at 5 hr confirms the formation of the amorphous structure
by showing a broadening of peaks.

The hard phase carbides such as Cr3C,, WC-CrC-Ni, and WC-12Co are successfully
reinforced into milled CoMoCrSi feedstock with a mass fraction of 70%:30% using
HEBM process. The composite feedstock reveals the retaining of its original phases

after blending.

All the HVOF sprayed coatings exhibited flat lamellar structure with a uniform
thickness in the range of 150-250 pum having lesser than 2% porosity and flame
sprayed coatings exhibited elongated splats with a uniform thickness in the range of

170-270 pm having more than 10% porosity.

Microwave fused HVOF coatings exhibited less than 1% porosity and microwave
fused flame sprayed coatings having less than 5% porosity. The 50% reduction in

porosity is observed in fused coatings.

The HVOF and Flame sprayed coatings exhibits heterogeneous structure with higher
surface roughness and microwave fused coatings exhibits homogeneous structure

with lower surface roughness.

All the HVOF sprayed and flame sprayed coatings have almost retained their phases

as observed in powders with minor oxidation of Co and decarburization of WC and
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10.

11.

12.

Cr3C, carbides at high processing temperature. The oxidized and carburized phase
have been observed and indexed to minor peaks. Fused coatings retain the similar

phases as obtained by as-sprayed coatings and also few oxide phases have formed.

All the coatings exhibited higher hardness as compared to pure titanium grade-2
substrate due to the intermetallic laves phases. CoMoCrSi+WC-12Co coatings
deposited by HVOF and Flame spray displayed higher hardness of 1290 + 35 and
1050 = 10 respectively.

All the HVOF sprayed coatings exhibited the higher adhesion strength in the range of
55 to 75 MPa, and the coatings deposited by flame spray shows the adhesion strength
range of 25 to 35 Mpa. CoMoCrSi+WC-12Co coating deposited by HVOF and Flame
spray displayed higher adhesion strength of 64.22 MPa and 35.49 MPa respectively.

Fractured surface of HVOF sprayed coatings reveals the adhesive failure of the
coatings, whereas flame sprayed coatings reveals the cohesive failure of coatings
which is due to lower impact force of low-density coatings formed during deposition

of particles.

All the fused coatings reveal the formation of metallurgical bonding due to inter-
diffusion of substrate elements towards the coating which is confirmed by elemental

X-ray mapping results.

Microwave fused coatings represent less volume loss, wear rate and COF compare to
the substrate and as-sprayed coatings for all test temperatures and normal loads. This
is due to higher microhardness and higher cohesive strength between splats of the

coatings.

At all test temperatures, the HVOF sprayed coatings exhibited nucleation of crack,

propagation into surface and breaking of splats have observed, whereas all the flame
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13.

14.

15.

16.

sprayed coatings exhibited plastic deformation and brittle fracture of splats is

observed under 20 N normal load.

All the HVOF sprayed coatings registered lower volume loss, wear rate and COF as
compared to all the flame sprayed coatings. This is due to lower porosity, higher

microhardness, and density of coatings.

At higher temperatures, fused coating produces some stable oxides like CoO, C030y,
MoO,, MoOQ3, and Cr,03. These oxide phases act as lubricants at higher temperature
conditions by protecting the underlying surface. Fused coating exhibits increased

width and smooth wear scars due to fatigue spalling mechanism.

The relative wear resistances of the coatings under dry sliding conditions are arranged
from minimum to maximum value in the following sequence: (CoMoCrSi+WC-
12Co) > (CoMoCrSi+WC-CrC-Ni) > (CoMoCrSi+Cr3C2) > (CoMoCrSi).

Higher wear resistance of CoMoCrSi+WC-12Co coatings is attributed to the presence

of intermetallic laves phases and carbides, which imparts high strength to underlying

surface during sliding action.
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SCOPE OF FUTURE WORK

In the current studies, intermetallic laves phases and microwave hybrid heating have
influenced significantly on coatings for improving sliding wear resistance. Some of the

recommendations for future work are as follows:

1. Coatings with hard phase carbides exhibited higher microhardness, adhesion strength
and wear resistance, this can be further improved by developing coatings with a
combination of hard phase carbides and solid lubricants in different tribological
environments like erosion and abrasion.

2. These coatings having chromium content should be explored in tribo-corrosion
conditions where components are operating in a combination of wear and corrosive
environments.

3. The different hard phase carbides with varying its percentage for sliding wear
resistance may also be studied.

4. High-temperature oxidation and hot corrosion behavior of these coatings may also be
studied.

5. Attempts can be made to predict the useful life of these coated materials by
extrapolation of the laboratory data by mathematical modeling.

6. The cladding can be developed for these powder combinations using microwave

cladding in order to understand the wear behavior compare to coatings.
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