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Abstract

The problem of cavitation in hydropower plant components is the majdierie
Surface modification is the most economical method to enhance ahagsistance for

the cavitation prone components. However, poor adhesion, cracks, and porosity of
cladding/coating deposited on the substrate material is the nmaitation of the
commonly used surface modification techniques. Cladding via microwave i®w
potential surface modification technique to mitigate these defiectee present study,

the composite clads of Ni-based/48Cx and Ni-based/20@€>-20Mo were
successfully developed on SS-316 substrate via microwave cladding adtetr
optimizing the processing parameters at 2.45 GHz frequency antvVoddwer in a

domestic microwave oven.

The prepared clads were examined for microstructure, phasdygaati quantity,
porosity, microhardness, flexural strength (bonding strength) andatani erosion
resistance at different parametric conditions. Whereas, thestrigctural examination
of the developed clads has been carried out by using scanningreleitroscopy, the
phase investigation has been carried by using X-ray diffractiéRD}, the
microhardness measurement has been performed using Vicker's nucrede tester.
Whereas the porosity analysis, flexure strength test andattamiterosion study have
been performed as pASTM-B276-05, ASTM-C1161-13 and ASTM-G32-16 standards,

respectively.

The microstructure analysis reveals that the composite ola@860 um and 750 pum
thicknesses were developed and the developed clads are free Ifriypeabf visible
cracks and pores. The stripe-likesCy and rib-like or net-like Mo precipitate were
found through microstructural investigation. The results of porositysisashow that
the developed Ni-based/4QCs and Ni-based/20G@C>-20Mo composite clads
possesses only 1.67 % and 0.26 %, which is significantly less as cdmioare
conventionally used cladding/coatings processes. The XRD analysisnworthe
presence of various possible intermetallicssQ¥i, NisFe, FeCr, FeMoCr, MolYj and
hard carbide (GeCs, CNIi2SIC, SiC, NiMaC, MaC) phases in the clad region. The
formation of various carbides, silicides and intermetallics durmgrowave hybrid

heating led to higher microhardness of the developed composite clads. The




microhardness of the developed Ni-based/40€rand Ni-based/20GC>-20Mo
composite clad is come out to be 605+800H¥Nnd 681+30 HY/3, respectively, which

is 3 and 3.5 times higher than that of the substrate (SS-316)treslyed he presence

of high strength carbides and intermetallics in the microwaveepsed composite clads
resulted in the higher flexural strength of these clads. The \ad flexural strength in
case of Ni-based/40€2, composite clad was 813.229 MPa. On the other hand, in case
of Ni-based/20GC>-20Mo, the flexural strength was 708.76 MPa.

The functional characterization (in terms of vibratory cavitatswosion testing at
varying test parameters) results revealed that cavitatasioer resistance (CER) of the
developed composite clads is higher than the SS-304 substrate.-baeddi20GC,-
20Mo composite exhibited better CER than all other developed cladsovidrall
results led to the conclusions that the microwave energy wassstdbe utilized to
develop the CER clads of various materials. The microwave peatessposite clads

can be successfully used in hydropower plant applications.

Keywords: Microwave Cladding; Characterization; ASTM-G32; Cavitation Erosion

Resistance; Flexure Srength; Fractographic Analysis.
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Chapter 1

| ntroduction

1.1 Origin of the Research Problem

In the 2% Century, Energy plays a vital role in the process of growtrgldpment, and
survival of the Economy. Inconsistency in its supply can affecfuhetionality of a
country; specifically, it has an adverse effect on the develomingtges. Majority of
developing countries like China, India, Indonesia, Brazil, AfghanistarglBaesh, and
Srilanka are currently facing a shortage of energy becausegrofrang population and
technological advancemenis|, their fossil fuels have been rapidly depleting due to
rising demand for electricity due to the growing population. Thesstee use of non-
renewable resources should be immediately stopped not only becaysear¢he
depleting, yet in addition, the burning of fossil fuels (non-renewasdeurces) causes

environmental pollution.

In 2018, the World Energy Outlook yearly edition, published by the latiemal
Energy Agency (IEA) estimated that global energy-relatecc @@issions would
increase by around 50% by 20390. In reaction to these, global warming and threats to
climate change have forced industries to use energy more rtfjcierhile greenhouse
gasses emissions have become the most attractive topic of owled@deerefore,
research and development efforts, in the field of renewable eremigydiogies, are of
great importance for finding solutions to these ecological aigele by offering clean
and reliable energy sources. The share of renewable enaugyes, in other world
energy sources, has increased in the last few years and eskpe increase in the
near future. In 2007, 1000 GW of renewable energy was installed, and gweftotal
global capacity of renewable energy sources has reached 2012|GWie Figure 1.1
presents a total of six of the largest countries capacitynewable electricity. As it is
shown, the leading countries, in terms of total installed capadityon-renewable
energy, are China, U.S.A, and Germany, followed by Japan, India, anhdMitaeover,
it can be seen that hydro energy has been extensively utiizéte top six countries
as it has the enormous potential to be a sustainable systenedheés emissions

and becomes an essential asset for the global supply of renewable energy.
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India is the seventh-largest hydropower producer in the world andrérmagndous
potential for generating hydropowgi|. The hydropower is the second-largest energy

source in the Indian energy sector.
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990 9 B Solar PV

] [ 1Wind Power
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China U.S.A Germany India Japan Ttlay

Figure 1.1: Six leading countries with a total installed renewable engpggitd

The values in Figure 1.2, 1.3 confirms the importance of hydroelgcvwer versus all
other non-renewable and renewable energy production methods, sucbtlasrmal,
marine, solar, wind, coal, diesel, nuclear and biomass. A hydroelgt&mt may,
however, be subjected to various design, operational, and maintenance priblaiems

may reduce the capacity of the power plant.

In addition, a hydropower plant can suffer tremendous revenue lossd¢e deeeral
teething problems that ultimately prolong the downtime of the powent.plThe
performance and workability of the plant highly depend upon the azttsy working
of the hydro turbine and its associated componentddydraulic turbines are severely

damaged due to the some following main reasons:

i. Cavitation
ii. Erosion
iii.  Fatigue

iv.  Material defect
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Figure 1.2: Percentage contribution of all energy sources in total installezitgapa
India as on 31/05/18 (Statistics by Ministry of PoweT)
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Figure 1.3: Percentage contribution of different renewable energy souroéa in t
installed renewable capacity in India as on 28/02/16 (Statistics by Mioistry
Renewable Energy}|
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Cavitation: Water flowing into the hydraulic turbines, undesgopressure, and
velocity variation. Such variation can change iowl characteristics with
consequences for turbine efficiency and serviee Ifavitation failure can be results
of such changes affecting turbine in-service lifde repetitive formation and
disintegration of these vapor bubbles during thedfflow aggravate the surface of
the turbine parts by pitting actigf|. The area of cavitation erosion of the Kaplan
turbine blade is as shown in Figure 1.4. The sgvefithe cavitation is explained in
most famous Research article titledny Bubble Challenges Giant Turbines: Three
Gorges PuzzZe” [10] of case study on hydraulic turbines failure in veext year
after its commission of world largest hydropowearnl Three Gorges due to
cavitation. Whereas the hydraulic turbines of et were manufactured by world

top manufacturing companies Alstom, GE, and Siemens

Figure 1.4: The damaged surface of the Kaplanrnerdue to cavitation & its pitting

action| 9|

Erosion: The Erosive wear of the hydraulic turbine andccasmponents is occurring
due to the presence of the silt and sedimentscpestin the water. When the hard
abrasive sediments impinge on the surface of thene blades with a high velocity
that causes instantaneous destruction of the tempoxkide film and the formation
of surface irregularities on surfaces that direetflow and generate cavitation type
effects to the turbine componentl]. Besides, to this, the sediment erosion also
causes noise and vibration in the hydraulic turbioemponents, and that increases

the probability of the failure on the component asdlirectly proportional to the
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size of the sediment. However, the erosion rate depends on the vaopestips
like size, shape, and concentration of the sediments.

However, Sediment erosion is a severe problem, especially in theieswitSouth
Asia belonging to the Himalayan regions (such as China, India, and)Nepa of

the main reasons is the presence of large amounts of quartzsitt (RexOs, Al2O3,
SiO,, CaO, and MgO), especially during the monsoon seasons. The quantalmate
is known, because of its extremely high hardness (On Moh’'s Bcakrsus
Diamond on Moh’s Scale 10), can quickly wear out the components of theuhigdr
turbine during operation Therefore, it is crucial that countries such as India,
Nepal, and China focus on cavitation and sediment-assisted erosion,lasfrthe
water-energy in these countries is extracted from the Hymal&Rivers which

contain an excessive amount of sediment.

Fatigue: Fatigue of the material is another form of failure oftiimbine. The hydro
turbine components, which are repeatedly subjected to cyclic loading ataierial
yield stress, may gradually fail due to cracks development anddgieirth rate.
Hydraulic turbines are made up of multiple interconnected elenasngsresult of
the vibrations of one element being transferred to another, that dafesmation of
all linked component§13]. Also, the additional load on the affected parts can lead
to a sudden onset element failure. Few of the analysis of thetllmugh the
turbine blades$14] showed that the eddy current formation is the leading cause for

vibrations as well as stress generation.

Materials Defects: The studies available on turbine failure mechanisms and of
damaged turbine components in hydropower plants concluded that thesasong

for turbine failure are combined effect of sediment erosion, dmntaand
corrosion. The turbine parts failures due to material defectsotitaur during the
installation phase are infrequent in the literatlt@|. The disadvantages are
generally controlled during the production phase of the turbine andntpanents;

so that the turbine parts to be manufactured and also they meetatitards
required by a hydroelectric plant. One of the common defedtticarred during

the production phase is sensitization of stainless steel.
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1.2 Cavitation Phenomena

Cavitation erosion is the most common type of sfdegradation process occurs in
the components of the hydropower plahts|. However, it happens due to sudden
fluctuation in the pressure in the flowing liquisk the boundaries when the pressure of
the flowing liquid falls below its vapor pressutiee formation of empty cavities known
as bubbles takes plac&s|. Further, when the pressure starts rising, the tiraf the
bubbles start reversing, and at high pressurepliagses. This collapsing process
generates the shock waves and micro jets repeatstlgh exert tremendous stresses
on the surface of the components. This ultimately to surface fatigue, material
removal, and pit formation. In the end, the funcélity of the component is completely
lost [16]. The steps involved in pit formation on hydraulichine component due to

cavitation are illustrated in Figure 1.5.

A e

(D

CAVITATION PRESSURE MICRO JET PIT
CLOUD WAVE FORMATION FORMATION
COLLAPSE EMISSION

Figure 1.5: Pit formation due to cavitation phename

The parts of the hydro turbine, which are pronedégrade due to the cavitation

phenomenon, are listed in Table 1.1:
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Table 1.1: Various components of hydraulic turbiwsgch are prone to cavitation|

Classification of Hydraulic Type of Parts Proneto Cavitation
Turbines turbine Damage
Reaction Francis 1.The Trailing edge of the blade

2. The leading edge of the blade
3.Wicket gates guide vanes
4. Draft tubes

Kaplan Guide vanes, Blades
Impulse Pelton Bucket
Bulb Blades

1.3 Cavitation and Sediment Erosion Prevention M ethods

A review of the literature revealed that the pheanon of cavitation might not be
removed entirely from all turbines. The cavitatipmoblem in the hydroelectric power
plant could be minimized by keeping the load flatton to a minimum. However, in
some of the cases, the cavitation could be avoalamjether. If: the draft tube is
designed to operate in the forward whirl, presslistribution at the back side of the
turbine is improved, and computational fluid dynesnstudies of the fluid flow along
the surface of the hydraulic component carried inuddvance/17]. However, at the
operational level, the vulnerable effects of cdiota and sediment erosion can be
minimized by using some of the following methods| as illustrated in Figure 1.6 and
Figure 1.7, respectively. According to the literatureview, the bulk material
modification and surface modification are most asieely used methods to enhance
cavitation and sediment erosion resistance of thmponents/11]. The latter i.e.,

surface modification was found as a better optrmh@more economical.

Cavitation Prevention

Methods

|
v v
Use of Cavitation

Resistant Materials Injection of Air into

the Draft Tube

or
Coatings/Cladding

Figure 1.6: The methods to prevent cavitation erosi
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onstructing Civil Structure

md such as Dam and De-silting
Chambers.

Monitoring the
=d Concentration of Sediment
Flow to the Powerhouse.
Coating/Cladding to
sdlmprove Resistance Against
Erosion

Figure 1.7: The methods to minimize sediment erosio
1.4 Surface Engineering

The deterioration of engineering components masttiates from the surface because,
in most of the applications, surfaces are in dioecttact, resulting in maximum stress at
the surface. Hence, the surface improvement isnibet primary concern in most of the
engineering applications. Surface engineering feeé as a method or tool which is

designed to alter/tailored the properties of theathe and non-metallic surface of

constituents to be used for functional or decoeatpurposes/19]. The surface

engineering can provide the solution for the vasiptoblems mentioned below:

I.  Wear Resistance
ii.  Corrosion Resistance
iii.  Frictional energy loses
iv.  High-temperature oxidation resistance
v. Aesthetic appearance
vi.  Electrical Properties improvement

vii.  Thermal Properties improvement

This is important in terms of components in-sendite and frequent interruption of
plant performanceé20|. The area of surface engineering is broadly diviged three
categories, which are surface chemistry; surfactalinegy and surface coatings &

associated various processes that come under ttegsgories are illustrated in
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Figure 1.8. A brief comparison based on some esdeparameters of different
coating/cladding processes is shown in Table 1.2.

Cladding
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Figure 1.8: Types of the surface engineering p®ces

Table 1.2: Comparison of various surface coatirgdfting on multiple parameters9)

Gaseous State Solution Molten or Semi-Molten State Processes
Process Processes Process
Characteristics . Laser Thermal .
PVD CVD Electroplating Cladding Spraying Welding
. Upto Uptol
Deposition Rate  g'per per  0.1-0.5 0.1 0.1-10 3.0-50
(Kg/h)
Source Source
Coating 0.1- 0.5-

Thickness (um) 1000 2000 10-500 50-2000 50-1000  1000-100000
Substrate

Deposition or 150-

Treatment  50-500 25-100 200-2000 100-800 500-1200
12000
Temperature
(°C)

Uniformity of Very . : . .
Coating Good . ,q Fair/Good Fair Variable Variable
Bonding . . . . .

Mechanism Atomic Atomic - Metallurgical Mechanical Metallurgical
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Thermal spraying (HVOF-High Velocity Oxy-Fuel), arc sprwelding, and laser
cladding are the most commonly used techniques to produce composite
coatings/cladding on the metallic substrate. Spraying techniqubgahg efficient, but
they don't provide metallurgical bonding between the substrate atigpadicles
Because of weak metallurgical bonding and high porosity in these matey have
weak flexural strength (peel of strength) and fracture toughmésreover, due to low
flexural strength and fracture toughness of coatings produced ththspraying
technique are don't withstand against cavitation impact energy ltorg time. This is
due to the fact that during cavitation phenomena, the loosely bondepanacte easily
detaches from the substrat Whereas in the case of conventional welding
processes, the dilution of clad materials is very high, the substied gets severely
deformed and solidification cracking problems. Moreover, due to thoskscaad high
dissolution of materials, there is comprehensively reduction in nieehanical
properties and Cavitation Erosion Resistance (CER) of the cladaing

In summary, during coating/cladding formation, the problems ariséadtiee heating
source (laser beam in laser cladding, flame/arc in spragmwelding). The heat
energy transferred from heating source to material through otomal mode
(radiation, conduction, and convection) and developed coating/cladding sdlidifie
rapidly solidified with a high thermal gradient. The significambifations of the
frequently used surface modification processes to improve CERuarmaized in
Table 1.3. Where, the kinetics of heat transfer mainly depends @icghproperties
(thermal conductivity, specific heat, convective heat transtesfficient, thermal

diffusivity) of materials which governed the quality of cladding.

10
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Table 1.3: The limitations of the frequently used surface modification prodesses

CER

S.no SurfaceCoating Limitations

Techniques

1 CVD and PVD 1. PVD and CVD processes operate at high vacuums and

2.

temperatures, which requires skilled operators.

The rate at which the coating is deposited is usually quite

slowing in addition to these appropriate cooling systems

is also required as the process involves a large amount of
heat.

2 Electroless 1. Coating thickness limits up to 1-100 pm.
deposition
3 Electrolytic 1. A conducting substrate is required.
deposition 2. DC power supply is generally required.
4 Thermal 1. It does not produce metallurgically bonded coatings.
spraying 2. There are various hard spots left in a coating layer which
leads to high abrasion.
3. Defects like porosity are high in this process.
5 Laser surface 1. High initial setup cost and high power requirements.
treatment 2. Thermal distortion, residual stress, and thermal gradient

on the substrate due to a highly intense heat source.
Crack formation at the clad top surface and interface due
to high cooling rate.

1.5 Factorsfor Efficient Material Processing

The first and foremost concern of the industries, researchersegemibtogists is the

effectiveness and efficiency of the material processing methsdthe demand for

energy is growing at an alarming rate, cleaner, more sustajnabld greener

technologies need to be developed. Some of the critical factorsféotived material

processing are shown in Figure 1.9. All of these factors contribué@ tefficient and

sustainable process. Therefore, these factors could get the attestion while

developing a new production process, so that all the limitatiommadifibnal processes

can be overcome.

11



Chapter 1: Introduction

Initial Setup
Cost
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Cost
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Processing =
ower

Requirements

Processing

Figure 1.9: Factor affecting an efficient matepedcessing method

Recently, the processing of materials with microgegaproved to be an innovative
technique of surface treatment to develop a coaimgnetallic surfaces?7-30|. The

microwave coating/cladding covers almost all theititions of conventional surface
coating/cladding techniques. This leads to unifdmeating of the volume, thereby
reducing residual stresses, heat gradient, anchieteformation in the target material
and helps to obtain a metallurgically bonded s@flager without cracking. Therefore,
this new technique has a promising future, becauséfers many advantages over

conventional surface coating/cladding techniques.
1.6 Microwave Irradiation as an Unconventional Energy Source

Microwaves are consisting of magnetic and electwaves which propagate
perpendicular to each other and having wavelengdinging from 1 m to 1 mm in the
air, as shown in Figure 1.10. These wavelength®ngelto the electromagnetic
spectrum, having a frequency range of 300MHz to G898 [31]. Before 1945,

microwave radiations applications were limited menunications systems, including

12
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satellite, radio, and television communications. 1845, American physicist and
inventor, Percy SpenceB?| investigated the thermal effects of microwave raoia
and patented the microwave technology used foirgeptrposes, which is known as a
microwave oven. In India, the microwave frequenayge of 2.45 GHz is allocated for
domestic microwave oven. However, in microwave ingatfurnaces, different

frequencies range of 915 MHz to 18 GHz are Uséd

Microwaves are used in many applications, includilogpd processing, medical

purposes, communication systems, industrial headimgy material processing due to

these ranges of frequencies

o ° H——Mlcrowave——-{
k: =
B 5 -
a @ [ 2}
3 5 B 583  0915[Fi 28 53 60 84 100-GHz 8 =
g 2 S_%E z 2
@ > ofpSop 330 122107575036 30-mm S o
= 2 38%=8% 5%
< 7 SESuSS5 T >
T T LI rT T T 11
1 10 100 100 300 10"1014 10'%

(f) = MH2z MHz MHz GHz GHz GHz GHz
MF HF VHF UHF SHF EHF
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1000 m 100 m 10m im 10 cm 1cm 1mm fum

Figure 1.10: An electromagnetic spectrum of wavgilerand frequencies for

microwave processing

Microwave applications in the field of heating wamngestigated by scientists in

the field of material processing, such as rubbelcanization, steel production,

processing of ceramic and metallic materials, ai#teve sources of energy recovery
The main features of the microwave material pranggsS| are shown in Figure

1.11.

13
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Figurel.11: Favourable characteristics of microwaaterials processing

In microwave absorbent (which start absorbing mienges at room temperature)
materials, direct microwave absorption at the atolewvel results in volumetric heating
of the material. This further provides rapid hegtmates with a lower thermal gradient
in the material to be processed. The volumetridihgdunction causes a fast heating
rate to reduce processing time, resulting in lowewer consumption compared to
conventional heating39-41]. During microwave treatment, substantial energy regwi

and processing time were achieved.
1.7 Historical Development of Microwave Processing

The historical or chronological progress in thddfief microwave heating & metallic
material processing illustrated in Figure 1.12 antl3 respectively, which shows the
chronological order of the numerous developmenkingaplace in this filed42].
Microwave applications used to be based on low-tFatpre applications until 1960,
which were further explored for high-temperaturelamations such as ceramic material
processing. Mostly ceramics materials are readilypted with microwave radiations of

frequency 2.45 GHz.
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Figure 1.12: Historical developments of microwaadiations in the various fields

A

Metal Ceramic Based FGM;2017
Casting of Bulk Metal ; 2013

Drilling of Metal Sheet; 2012 t

Joining of Similar & Dissimilar Bulk Metal;

2009
Ceramic and Metal Coating on Bulk
Metal;2008
Heating and Melting of Bulk Metals in
SiC Crucibles; 2006

Brazing of Low Melting Point Metals ;
2006

Cladding With Brazed Materials; 2005

Chronological Development

Enhanced Heating Rate by Electrically
Conducting Powders; 1979

Microwaves Material Processing

Figure 1.13: Chronological developments in microgvavocessing of metallic materials

However, bulk metallic materials reflect the incognimicrowave radiation of low

frequency of 2.45 GHz at room temperature, as @trewhich the processing of such
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materials was complicated, and further scientists conducted nuneeeisments, and

in 1999, Roy et al| reported the successful sintering of metallic powders, which
further explored the possibility of coupling microwaves with niietahaterials in the
form of fine powders. These studies prompted scientists to considpratessing of
metallic powders utilizing microwaveg which were later successfully achieved.
In the year 2009, Srinath et all7|] successfully joined the bulk copper with copper
powder using a domestic microwave oven. These works have led tastheof
microwaves in the field of high-temperature applications. In 2010, usiocgowave
hybrid heating (MHH) Gupta and Sharma patented the method of claddirthe
metallic substrate of metallic and non-metallic powdét|. In which they have
successfully deposited the layer of copper powder on a staindetssbstratée In
recent years, applications of microwaves at high temperatakesbeen evolved, and
many works have been carried out in the field of coating matgoaiang, casting, and
in-situ casting Recently, Kaushal et al. in 201%4| reported the development
of functionally graded materials (FGM) using the MHH technique.ddeer, Singh et

al. in 2019 developed the natural fibers reinforced composites with microwaves

assisted compression moulding.
1.8 Basics of Microwave Material Processing

1.8.1 Microwave Material I nteraction

The material interaction with any electromagnetic (EM)atoin depends upon the EM
radiation properties like phase angle, amplitude, electric and etiagtield
components, ability to propagate & transfer energy from one point theanmbint and
electrical & magnetic properties like dielectric constamigémt loss, resistivity etc. of
material under radiation exposur&s|. The interaction of microwave irradiation with

the material is categorized into three types:

Transparent: The material which transmits all the microwave energy without
absorbing any energy component. Materials have low dielectricfdotsr come
under this category. Few examples are aluminaQ#] quartz, and thermosetting
plastics The behaviour of the transparent material in response to incident

microwave irradiation is illustrated in Figure 1.14 (a).
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Opaque: The material which reflects the incident microwageergy without
absorbing any energy component or negligible patietr into the material. Most of
the conductors are opague to microwave irradiatiSasnetime in opaque material
accumulation of extra negative charge cause spadinhe surface. Few examples
are Steel, carbon nanotubes, and alumin[G&i. The behaviour of the opaque
material in response to incident microwave irrdadrats illustrated in Figure 1.14
(b).

Absorbent: The material which absorbed some component ofl@mti microwave
energy and converts into heat and help in incrgasie material temperature.
Materials with high dielectric loss factor are kmowor suitable microwave
absorbent materials. Few examples are charcoalcewnaanics 59|. The behaviour
of the absorbent material in response to incidantawave irradiation is illustrated
in Figure 1.14 (c).

Input MW Output MW Input MW Input MW

Output MW Output MW

Figure 1.14: Representation material responsecident microwave radiation

(a) Transparent (b) Opaque (c) Absorbent
1.8.2 Microwave Heating Mechanisms

During microwave material interaction, the microwaadiations alternate its direction
billion times in a minute. There are various kirafsmicrowave absorbing materials.
The physical mechanism of converting microwave atoin energy into heat was
different for different materials. Scientists refgal the four types of mechanism to date.

The microwave heating mechanisms are dielectridifggaelectromagnetic heating,
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resistive heating, and bipolar rotationt|. Brief details of the microwave heating

mechanism in different materials are mentioned below:

Bipolar Rotation: It occurs when positive and negative charges of polar molecules
are separated. In the microwave field, in the direction of incrgasnplitude, these
dipoles rotate. As a result of this rotation, friction between mtdscoccurs
uniformly and generates heat throughout the material.

Resistive Heating: It occurs in the materials having a large number of free electr

or high ability to receive ions so that current can be generatede Tiegerials are
conductors or semiconductors with high electrical conductivity.

Electromagnetic Heating: This type of heating may be referred to as the rotation of
the magnetic pole to analogous material for the rotation of potdecumles in
oscillating electric fieldsit occurs in materials with magnetic properties like high
susceptible to external electromagnetic fields as induced by micronwdiagama.
Dielectric Heating: This mechanism is predominant in the case of ceramics
materials. Moreover, its combination of both resistive and bipolationtaResistive
heating due to the presence of free electrons and ions and bipotemratathe

present dipoles.
1.8.3 Conventional, Microwave and Microwave Hybrid Heating

In case of conventional heating, heat is supplied via conduction, conveatidn,
radiation modes from the outer surface and transferred to theiahateer core, while
processing material with microwave heating, the heatiodile is inverted i.e., and
heating starts from the core of material and moves towards wbtiraction. However,
In the case of microwave heating, the heating of materiat tpleee at the molecular
level. Also, In the case of conventional heating, there is a mignifthermal gradient at
the surfaces lead to poor microstructures of the suffége However, in the case of
microwave heating, the presence of thermal runways in theeamie to microstructure
distortion and crackingsl]. To overcome this differential heating phenomenon at cores
and surface, the theory of microwave hybrid heating has been probpseatrious
researchers. In the case of MHH, a combination of both conventionahdeatd
microwave heating are used so that both directional heating catizedub reduce the
temperature gradient between the core and the surface. Metallerials are opaque

(reflect microwaves) to microwave radiations under normal conditidn®.45 GHz
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frequency. However, at an elevated temperaturesethmaterials start absorbing
microwaves. In the case of MHH, a suitable suscadji® charcoal powder is placed on
the metallic powder separated by the separatot siiegaphite as shown in Figure 1.15
(a). As the susceptor absorbs microwaves at roanpdeature, when it has been
exposed to microwaves, the temperature startsascrg. As shown in Figure 1.15 (b).
As the metallic powder is in contact with the syog its temperature rises, and it
starts absorbing microwaves at high temperattré Thus microwave heating starts

within the materiglas shown in Figure 1.15 (c).

Material to be Incident MW Radiations
Processed (Low Susceptor (High
Dielectric Loss at D1electrlc Loss at
Room Temperature) Room Temperature)
Material and Susceptor Before Susceptor Absorbs MW Radiation,
Exposure to MW radiation Heats Up, begins to Heat the

Material to be Sintered

Bidirectional Heating

(c)

The Material Reaches Temperature
Threshold and is able to Absorb
MW Radiation by Itself. Heating

Occurs in Both Directions

Figure 1.15: Steps involved in bidirectional or hgltheating (a) Material and susceptor
before MW exposure (b) Heating of susceptor by MWdiation (c) Material

temperature reaches threshold and MW radiationrpbsn by itself begins
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The microstructures produced are better in cas®idH due to uniform and rapid
heating results into considerable savings in therggnconsumptions and processing
times|42]. The comparisons of the different heating phenomerenshown in figure
1.16.

Conventional Heating

@® Microwave Heating
@ Theoretical Bidirectional (Hybrid) Heating

—)

TEMPERATURE ———>

DEPTH FROM SURFACE =~——>

Figure 1.16: Temperature distribution in variouativeg mechanism?|

1.8.4 Properties Affecting Microwave Materials Processing

Microwave radiations don’t similarly penetrate ihraaterial. Many physical properties
of the materials are a noteworthy part of the mi@ee material processing. Some of
the properties are essential to be known beforerom@ve material processing.
Complex relative permittivity and loss tangent &ee of them|[42]. Loss tangent can

be calculated from Equation (1.1):

tand= = (1.1)

-
Whereéd'is dielectric loss factor (F/m), it is known as #iality of a material to convert

microwave energy into heat. Moreover,is an electrical permittivity in the medium

(F/m). Complex relative permittivity{(F/m)) gives more exact information about the
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microwave interaction with the materigi3|. That can be calculated from equation
(1.2):

E=&(e-)e") =& & (1-] tand)--------=-=-=-mmmmmmmmmmmmmmme- (1.2)

& = Electrical permittivity in space (F/m)

j = Electrical Polarization

The interaction of the material with microwave is further dbsdr by the significant
parameter known as Depth of Penetratiop) (& mm, in case of non-metallic materials
and Skin Depth (F) in mm, in case of metallic materials. Depth of penetrat®n i
function of angular frequency of electromagnetic radiatian-s¥), Magnetic
Permeability or Absolute Permeability of(H/m)), Magnetic Constant (f(H/m)),
permittivity in Air (€o-(F/m)), Dielectric Constan€'-(F/m)) and Dielectric Loss Factor
(€¢"-(F/m)). Whereas skin depth can be computed form two equations, agsdait i
function of Resistivity of material p((Q2-m)), Frequency of Microwavesf-GHz),
Magnetic Permeability (u-(H/m)), and Relative Permeabilit) The theoretical
calculations of the depth of penetration and skin depth can be done by qastgpas
(1.3) and Equation (1.4) respectively.

Dp e (13)

. { o] <1+(@)2>_1U

\

_ P _ 0.5
Ds= / = 0.029(pAy) Y —==-mmmmmmmmmm e 1.4
s 2F Ut (A0) (1.4)

1.9 Advantages of Microwave Processing of Materials

The main advantages of material processing with microwavessaoeiated with its
characteristics of a higher heating rate of target mé&egambined with lower energy
consumption and shorter processing time. As compared with conventionaigheat
microwave heating produces better microstructures, higheiegifly with less energy

consumption, fewer defects, and lower heating costs.
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1.9.1 Properties and Microstructure Enhancement by Microwave Processing

The properties and microstructure of metallic/non-metallic canebleanced by
microwave processing. The sintering process requires unifommahgradient, higher
heating rates, high temperatures, and uniform thermal distributioheirsgecimen.
These properties cannot be achieved by using conventional sinpathgays that,

limits scientists to remain compact for longer processingdiand higher temperatures.
The low heating rates, along with longer processing timex] te heterogeneous
microstructures with several inhomogeneities and defectstdaks and porosity

These problems can be reduced by the microwave sintering efiafgtwhich ensures

a homogeneous microstructure with reduced energy consumption and improved

properties.
1.9.2 Improved Densification Parameter

It has been reported that 100% of dense processed materialecabtdined by
microwave processing, allowing better material propertiesur€i@.17 shows the work

of Mondel et al. in the densification of tungsten alloys, which clearly shows that
higher densities are obtained in microwave processing than in convéptioocessing.

The density of the W-10Cu composite was increased by about 13% and, during
microwave processing; almost completely dense composites wbtaned in

comparison with conventional processing

1o

4 B Conventional
100 B Microwave

90 4

80:
70—-
60:
50 ]

40+

Sintered density ( Density )

304
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104

W-10Cu W-20Cu W-30Cu
Cu Content (wt % )

Figure 1.17: Comparison between the theoretical sintered density of W-Cu ca@®posit

by conventional and microwave sinteririg
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1.9.3 Power Consumptionsin Microwave Processing

Due to higher processing times, higher energy consumption, and poastehstias of
process components, the traditional methods of material manufacamihgrocessing
become obsolete or modernized by new or new hybrid processes. These lintiaiens
forced scientists to find alternative and new material and produatietmods for
processing advanced materials such as ceramics, functioredlgdgmaterials, cermet,
and metal matrix composites, and so on. Microwave material giogeBas emerged
over the years as one of the new materials processing methdts, production of a
better product at a lower cost and processing time. Mondel/&bain their work, they
reported that sintering W-Cu alloys using microwaves téd®s time compared to the
conventional muffle furnaces method. Figure 1.18 shows a comparison of$gngce
times, which shows a reduction in processing time by a factox.oPanda et al.
described in his article that microwave processing consumes 10 tor230dss energy

and 10 to 100 times less energy than conventional routes.

1400

Microwave Conventional
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Figure 1.18: Comparison of processing times for microwave and conventionagjheatin

for W-Cu alloys
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1.10 Limitation of the Microwave Heating

Microwave material processing method has gained importance leezonventional
material processing methods in the last few years. This praxesii under research
phase. Although microwave material processing has many advantagesate some
limitations also which make this process a challenging fakk. most widely found
limitations are:

i. Poor interaction of metallic material with microwave irraidias at room

temperature.

ii.  The uncontrollable temperature inside the microwave cauvity.

iii.  Difficulties in the processing of complex geometries.

iv.  Microwave radiation leakage is harmful to the human body whichdlitstuse

in industries yet.
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Chapter 2

Literature Review

2.1 Introduction to Chapter

In this chapter, the broad literature survey related to diffesarface modification
methods that have been evolved and more emphasis has been given to theusethods
for coating/cladding (specifically stainless steels sabefrfor improving cavitation
erosion-resistant (CER) has been enlisted. The various welkedatechniques are in
use to increase the resistance to cavitation erosion, like, HNiGH \(elocity oxy-fuel),
double glow discharge plasma sputtering, filtered arc deposition, dtesdaling, arc
spraying, plasma spraying, physical vapour deposition (PVD), catheabour
deposition (CVD), conventional welding processes like shielded naetalwelding
(SMAW), friction stir processing (FSP), and hard facing. Thigpter also contains the
literature summary of post-processing or heat treatment meibed to enhance the
cavitation erosion resistance of prepared coating/claddingedhycing the processing
defects of prepared coating/claddings. In the last, literatumsists of breakthrough and
development in the field of cladding with microwave hybrid heating ha® la¢so

discussed

2.2 Literature Survey of at Present Available Methds for

Improvement of Cavitation Erosion Resistance

2.2.1 Cavitation Erosion Resistance Coatings by Using Arc Spraying Technique

Lin et al. (2019) have evaluated the CER of coatings based on amorphous/
nanocrystalline iron, deposited on austenitic stainless steel 22%lby using arc
spraying technique. The X-ray diffraction (XRD) examinationhaf tleposited coating
exhibits the co-existence of the nanocrystalline & amorphous piviiseh is further
confirmed by transmission electron microscopy (TEM) analyBie Figure 2.1 (a)
shows the scanning electron microscopy (SEM) micrograph of congaeatag cross-
section and Figure 2.1 (b) reveals the defects like pores, mmcks;r un-melted
particles, and an oxides layer in developed coating. It was fixadhese defects have

a negative effect on the corrosion and cavitation erosion behaviour detetoped
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coatings. FeNiCrBSINbW coating exhibited better CER in 3.5% Neggdium
chloride) solution as compared to 316L coating. Brittle mode of éaikas observed in
FeNiCrBSiNbW coating during cavitation testing. The cumulative weligéd in the

coating was increased with the increase of cavitation erosion testing time

_ Un-melted particle
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Figure 2.1: SEM micrograph of a cross-sectional view arc sprayed cehtmgng

(a) Transverse section (b) Enlarged viéw|

Lin et al. (2014) [68] have successfully developed the FeNiCrBSiNbW and 316L
amorphous coating by using twin-wire arc spraying technology. Tdaenrhardness of
FeNiCrBSiNbW coatings was 919+49 I\ approximately five times much harder
than 316L coating239+19 HW.1). The developed coatings were investigated for
cavitation erosion behaviour in distilled water using vibratory a#igit test equipment

at peak amplitude of 60£5 pm and immersion depth of 3 mm. The FeNNbBSi
coating was superior to the 316L coating, in both terms the higésstance to
cavitation erosion and higher hardness. Fractographic analysis avh-out
FeNiCrBSiNbW coating reveals that during cavitation erosiorksra@s initiated from

the location of pores and area near to un-melted particles.
2.2.2 Cavitation Erosion Resistance Coatings by Using Cathodic Arc Evaporation

Krella et al. (2013)[69] have deposited TiN and CrN coating of varying thickness from
3.9 um to 7.8 pum on X39Crl13 and X6CrNiTi 18-10 steel via cathodic arc etiapora

technique. Whereas all the substrates were heat treated rirghpat various
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temperatures (400°C and 600°C) to achieve the different mechanicaiedaliurgical
properties. All coatings were deposited at a bias voltage of -1@hd/at 350°C.
Developed coatings were tested for adhesion with the substrateebsr and young
modulus. For the adhesion evaluation, scratch adhesion test was perfdnmiedh of
the coatings materials, a significant increase in hardnesshgasved with the increase
in coating thickness. TiN and CrN Coating with 7.8 um thickness Haéhighest
hardness and best adhesion with the substrate. The cavitation testicgrwed out for
600 min in cavitation tunnel apparatus, an inlet pressure of 1000 kPa agtdpoegkure
of 130 kPa. The deposited coating has high CER than the substrate tesghickness
of the coating. The coatings with the highest thickness have b&stTPEE deterioration

of the coating was in the form of spalling.

Krella et al. (2011) have developed TiN coating on X6CrNiTi 18-10 steel via
cathodic arc deposition method at varying deposition parametersulbstrate bias
voltage (-300 V, -100 V, and O V) and substrate temperature (200°C, 350°C, and
500°C) both were varied at three levels. TiN-12 Coating (-100 ¥ \méage & 350°C
substrate temperature) have highest hardness (27.4 GPa), lyiginegtmodulus (525
GPa), lowest H/E ratio (0.052) and best adhesion (30 N) with the@igbas compared
to a coating deposited at other deposition parameters. The developemycoatie
examined for cavitation resistance with cavitation tunnel appanmatbard tap water.
The author concluded that till the incubation period, the whole cavitatipacinenergy
was utilized in phase transformation after then the materialdegins. The mass loss
due to cavitation erosion is an active function of adhesion and ducfiliheaoating.
The microscopic observations showed that the first micro-cracksaiegzpen top of

microfilm and at delamination spot.

2.2.3 Cavitation Erosion Resistance Coatings by Using by Using Filtered Arc
Deposition

Yang et al. (2009) have investigated the cavitation performance of NiTi thin films
deposited on SS-316 by filtered arc deposition. The coating deposition was pdr&brme
a different substrate surface temperature of 130°C, 300°C, 430°C and 60@&8C. T
coating thickness of 1.88 um was achieved at 125 A deposition currebiasheltage

of 80 V in 7 minutes. The films deposited at 300°C showed very broad sp&rum,

i.e. considered to be amorphous. Whereas coating deposited at 430°C showed the
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preferred order crystalline phase and monoclinicrtensitic phase in the XRD

spectrum, which was further confirmed by TEM analy3he substrate temperature
during coating deposition has a significant effect~FADP coatings microstructure. The
crystalline NiTi films deposited at 600°C showe®& &mes higher cavitation erosion
resistance as a result of faster phase transfamatind higher thermo elastic
reversibility.

2.2.4 Surface Modification for CER by Using Friction Stir Processing

Hajjan et al. (2014)[72] have worked on the FSP of the stainless steel 3i@lace.
The specimens were processed at a constant lirre@ speed of 30 mm/min and two
different rotational speeds of 200 rpm and 315 rphre initial grain size of SS-316L
was 14.8 um, SEM images as shown in Figure 2.2whagreas after friction stir
processing the very fine grain structure of 4.6 aimd 1.7 um is achieved as shown in
Figure 2.2 (b) and (c) respectively. The cavitatiesting on vibratory cavitation test
apparatus is carried out for 20 hours at 50 um imdea, 20 kHz frequency and the
specimen is placed at 0.5 mm distance from theftthe horn. The cavitation resistance
of friction stir processed material was improved3®§ times. It was observed that the
deterioration of fine grain structure takes placerenhomogenously than coarse grain
structure. The EBDS results show that the cavitaiamage is governed by several

mechanism grain boundary destruction, micro craghkind fatigue crack propagation.

"y

oy Yo
O

Figure 2.2: SEM images showing grain structureadfJS316L before FSP (b) SS316L
after FSP at 200 rpm (c) SS316L after FSP at 35| 12|
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Grewal et al. (2012) have worked on the FSP of the CA6NM hydro turbine steels.
The processing was carried out at table feed of 20 mm/min, 0.3 mm tool pressure, -20°C
cooling temperature, and 2500 rpm spindle speed. The XRD examination gleows
formation of hard GrC; phase. Microstructure examination reveals that unprocessed
samples have an average grain size of 30 um, whereas aftexaFfpie the average
grain size reduced was to 2.5 um. The EBDS analysis showf¢hptdcessed sample

has nearly 15% of grains in the nano range. After FSP, the hardhdéise substrate
surface was increased by 160%. The cavitation erosion resisthtiee FSP specimen

was found 60% higher than the unprocessed sample. The increase in hafdhess
substrate was responsible for higher CER. The similar erosiohanism was observed

in both of the specimens, but the severity of damage is very different.

2.2.5 Cavitation Erosion Resistance Coatings by Using High-Velocity Oxy-Fuel
Spraying Technique

Ding et al. (2018) have studied the effect of different size WC particles on GER
HVOF deposited WC-Co Coatings. NC-Nanostructured (50-500 nm), MC-nodléin
and CC-conventional (10-45 pm) WC-12Co coatings were developed on SS304. The
Spray parameters used for coating process were horizontaltyed0® mm/s, spray
distance 380 mm, oxygen flow 53.2%m and fuel flow 0.20 dth. The coating
thickness of the 400£20 um has been achieved. The microhardness of pcepéres

IS 1541+80 H\{.2for NC, 1523+157 HY.for MC and 1034+ 77.5 Hy,for CC. The
porosity in the prepared coatings is 1.76£0.27% with CC, 1.18+0.21% with MIC, an
0.63+0.11% in NC. The nanostructured WC-12Co particles allow sufficiemitigrfor
denser structure coatings and decreasing porosity. The XRD analysleposited
coating shows that serious decarburization occurred in the nanostruobatetdy, free
metallic W was observed. All the developed coatings showed higloturgaoughness.
The CER of nanostructured coating is 65% more than conventional ceaiihg0%
more than multimodal coating. Densification and strong, cohesiwngskr were

reported as the main factor in CER improvement.

Amarendra et al. (2018) have studied the combined slurry and CER of thermal
sprayed 70Ni-Cr coatings deposited on SS-410. The surface hardnessrexeified
specimen was 220 HV, and the modified specimen was 264 HV. The thicknies
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developed coating was approximately 67 pum. The peel-off test vVBIAVAC633 has
confirmed that deposited coatings have good adhesion strength. The comlictede
of slurry and cavitation erosion was investigated by slurry mtertecoupled with ClI
(cavitation inducers). The slurry erosion testing was performigd a slurry of two
different sand particles sizes of 200 um and 300 um. Moreover, witindresase in
sand particle size, the increase in mass loss was observed. The thermabapngyhas
increased the slurry erosion, cavitation erosion, and combined slurigreresistance
of SS-410.

Ding et al. (2017) have deposited the micro-nano structure WC-10Co4Cr coating
on SS-316 using HVOF technology. Mechanical, metallurgical anctretdhemical
characterisations of developed coatings were carried out. The thickness of thpateve
coating was approximately 450+20 um. The fracture toughness of MG6%smore
than that of CC. There was no large difference between the midnasarof the micro-
nano coatings (1345+136 HV) and conventional coatings (1322+181 HV). The porosity
in MC (micro-nano) coating was 0.26+0.077%, whereas in CC (conventioathg)

was 0.43+0.12%. The XRD patterns of both coatings show similar restkseas the
intensity of the crystalline phase was more in MC and no seriaislieization was
observed in WC. Moreover, MC possesses higher corrosion resistance durin
electrochemical testing. The cavitation erosion testing ofeldped coatings was
carried out in 3.5 wt% NaCl for 18 hours. The results show that d@ing has 50%
more CER than SS-316 and 12.5% more CER than CC.

Qiao et al. (2017) have prepared Fe-based amorphous/nanocrystalline coatings on
stainless steel 321 substrate by using HVOF technique. Tagaichtray was utilised to
optimise the spray parameters (carrier gas flow ratefliwelrate, and nozzle stand-off
distance). The ANOVA was employed to identify the significantepray parameters

on performance characteristics (porosity, hardness and cavitatisiore resistance).

The flow of fuel (kerosene) in HVOF coating process came ouhesnost crucial
process parameter, followed by nozzle stand-off distance (sprayab$ and carrier

gas flow rate (oxygen). The Fe-based coating deposited at sgdirapray parameters
(Kerosene flow rate - 28 I/h, spray distance-300 mm and oxygend%3 I/min) was

very dense and excellent adhesion with the substrate. The avhrelgeess of the

developed coating was 300 um. The hardness and porosity of the besty @vati
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1121453 H\b2 and 1.21+0.71%. The deposited coating consisted of an amorphous
phase with few amounts of hard.Be FeB, CrB and CiB. CER of the coatings
increases with the increase in hardness and decreases wiitrease in porosity. The
CER of the Fe-based thermal sprayed coatings was significantly higineAk8l 321.

Lavigne et al. (2017) 78] have investigated the CER of Fe-based cavitec coating, Co-
based stellite-6 coating and WC based WC-CoCr coating deposited ©f k¢hnique
on SS-304. Four different variations were used for cavitec coatimgsate UM-LV
(unmilled-low velocity), UM-HV (UM-LV (unmilled-high velocity), M-LV (milled 6
hours-low velocity), and M6-HV (milled 6 hours-high velocity). Theckness and
hardness of the developed coatings were in the range of 85 pm to 3&0du4v6 to
121 GPa respectively. The cavitec M6-HV coating has the best bomdihgthe
substrate due to higher deposition velocity. XRD examination showshthatter ball
milling the cavitec powder underwent a phase transformation frorausienitic phase
to the martensitic phase. However, the maximum phase of thenaestas recovered
after deposition of the coating. The vibratory cavitation testiag warried out for 8
hours in distilled water at 50 um amplitude and 20 kHz frequencyspbeimen was
placed at 0.5 mm distance from the horn tip. The UM—-LV ultimatelgdafter 2 hours
of cavitation exposure. The best HVOF coating was M6-HV, it havalgmt CER to
the well-known stellite 6 and WC-CoCr Coatings. The comparisonosiar rate and

incubation time various coatings are shown in Figure 2.3.

B Erosion rate [mg/h] Incubation time [h]
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1.50
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0.50 -+
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==
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UM-LV UM-HV Me-LV M6-HV  Stellite-6 WC-CoCr

Figure 2.3: Cavitation erosion characteristics of HVOF coafings
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Kumar et al. (2016) have investigated the effect of spray particle velocity on the
CER of HVAF (high-velocity air-fuel), and HVOF processed 86WC-10Caztatings

on SS-410. The coatings of 410 um thicknesses were deposited at dpciyeseof
680 m/s for HVOF, 865 m/s (AF-1), 960 m/s (AF-2) and 1010 m/s (Aler3HVAF.
The properties such as microhardness, fracture toughness, and povesdy
investigated. The HVAF coatings exhibit higher hardness, lower ipprasd better
resistance to nanoindentation than HVOF coatings at same sptialeparelocity. The
best HVAF coating was AF1 having hardness 1473+40 HV and porosity 0.52¢0.13
Whereas, the scratch test shows that the scratch depth in Ed&iiRgs was 35% less
than HVOF. Cavitation erosion testing reveals that AF1 coatinghines times higher
CER than of HVOF coating. The erosion mechanism of the HVOF ngpahiring
cavitation comprises of microcracking of matrix phase, propagaticracks along the
WC grain boundaries, further pulling of WC particles from the matnd at the end
delamination of the coatings. The author concluded that the CoCr mphastse formed

in the HVAF provides higher crack-resistant to the matrix. Akbe higher WC

cohesiveness further increases the CER of HVAF coatings by manifolds.

Hong et al. (2015) have examined the CER of nanostructured WC-10Co-4Cr
coatings in 3.5% NaCl solution deposited via HVOF technique on 1Cr18Ni€dli s
The prepared coatings were analysed in various aspects lik®sticture and
tribological. The microstructural analysis reveals that highlysdeand 200 um thick
coating was deposited and porosity in the coating was less than 1%. TEM images s
in Figure 2.4 (a) confirms the presence of nanostructured WC haexraggbnal
structure in SAED (selected area electron diffraction) as shiowFigure 2.4 (b)
surrounded by the amorphous matrix visible in Figure 2.4 (c) andeF&ydr(d), shows
the SAED pattern of the amorphous phase. The cavitation test hasdreed out as
per ASTM G32-10 standards for 10 hours; the specimen was attaclhedfteet end of
the ultrasonic horn and immersed 3 mm below in the test liquid. THeRHxbating
exhibits 1.27 times CER as compared to steel. The reasons fargceaperior CER
were good fracture toughness, high hardness and presence of amorplssusThka
coating failure mechanism was micro cracking in soft binder phasematrix,

ploughing of hard phases and formation pits due to corrosion.
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Figure 2.4 TEM images of (a) Nanostructured WC pha®vered by amorphous phase
(b) WC phase SAED pattern (c) Amorphous matrixAdjorphous phase SAED
pattern/80]

Kekes et al. (2014)81] have deposited the WC-Co/Cr and NiCrFeBSiC comeosit
Coatings on stainless steel 304 by using the HV@éhrtique. The five coating
combinations (0% WC-Co/Cr, 25% WC-Co/Cr, 50% WC-Q0/75% WC-Co/Cr and
100% WC-Co/Cr) were used. The microhardness otldweloped coatings was varied
in the range 800 Hj~ to 1400 H\b», depending upon the percentage of the
reinforcement. The developed coatings were tesiecER for 10 hours on vibratory
cavitation apparatus, schematic as shown in Figlfeand the testing has been carried
out in distilled water at 30 um amplitude, 20 kheguency, 50 mm immersion depth
and the specimen was placed at the distance of lfroormthe horn tip. The average
roughness of 0.5+0.1 um was maintained on evergisea before testing, due to the
high initial surface roughness of the depositedtinga. The coating with 50% WC-
Cr/Co has higher CER and coating with 100% WC-Cit¥@s worst CER. In the case of
100% metallic coating, the failure of coating idyodue to plastic deformation without
being fractured. However, in 100% cermet coatihg,éntire coating detaches from the
substrate due to poor cohesion during cavitatictirtg. Whereas, the erosion in the
composite coating, due to the local stress, whegults in micro-cracks initiation in

carbide, propagation of cracks in weak boundamekad the end material loss.
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Figure 2.5: Schematic of vibratory cavitation agbas

Santa et al. (2009)

nickel-2, chromium oxide, tungsten carbide, chramiwcarbide and Ni-WC/Co

studied the cavitation and slurry erosion of sixcKal-1,

composite) HVOF deposited coatings and comparett Wie uncoated martensitic
stainless steel. Nickel-1 coating was composeddd®#11.2% AbOs, Nickel-2 coating
was composed of Ni-Fe-Mo-W-Si, and Ni-WC/Co coatmgs consisting of a 46£2%
Ni-Fe-Cr. The average thickness of the depositedings was 40 um. The hardness,
porosity, average thickness and other essentiailslaif the deposited coatings were

summarized in Table 2.1.

Table 2.1: Properties of the developed HVOF coatifig

Hardness Hardness Average
, in in Porosity Coating .
S:no Coating Metallic ~ Ceramics (%) Thickness Other Details
Region Region (um)
. 191 1533 Non-crystalline
- +
1 Ni-l HV 3005, 155 HV 25t 166 2.9+1.2 650 phases
. 385 701 Non-crystalline
- +
2 Ni-2 HVsogt 155 HVsogt 155 4.4+1.5 760 phases
i CoW2C partially
3 \|<|\€C/ co- B9 o 13.743.8 820  crystalline phase
300g, 15s 300g, 15s was found
1853 Surface cracks,
4 CrOs - 30 450 poor cohesion
HV 300g, 15s

with the substrate
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Number of

5 WC/Co - - 2 85 :
crystalline phases

Heterogeneous
coating thickness,
XRD spectrum
shows substrate
6 CrC - - - 40 related peaks due
to less thickness
of the coating and
high x-ray
penetration

The CER of all the HVOF coatings was lower than the uncoatedsi8udfless steel,
because of low cohesion, high porosity and initial cracks. However,Mid-Hoatings
possess higher slurry erosion resistance as compare to 13-A'keblkest coating was
WC/Co-Ni composite coating. The brittle failure of hard phase and fatigiine afuctile
region in HVOF coatings during cavitation was observed. In slugsi@n, the primary
wear mechanism was the detachment of the hard phase and micrg-and micro-
ploughing of matrix phases.

2.2.6 Cavitation Erosion Resistance Coatings by Using Double Glow Discharge

Plasma Technique

Jiang et al. (2016) have developed the nanocrystalline&itfilm by using double
glow discharge plasma technology on SS-304 specimen. The coatingotiickness
was achieved in 3 hours at an electrode bias voltage of —900 Vuls&rade bias
voltage of -300 V, working pressure 35 Pa, substrate temperature 8068 @te 35
cc/s and distance between substrate and electrode 15 mm. The iSiEgraph reveals
that deposited coating is free from pores and microcracks andllydrbnded with the
substrate as shown in Figure 2.6, which was further confirmed hyclctest. The
bonding strength of the developed nanocrystallingSICfilm was 80 N. The XRD
analysis of deposited coating exhibits the presence of singl @rases. The hardness
of the deposited coating was 26 GPa, i.e. 10 times higher than of SE&irkate. After
vibratory cavitation testing of 30 hours, the weight loss of the deposoating was
60% lesser than SS-304 substrate. The cause’s erosion of the defilositeas poor
bonding strength of the film with the substrate and brittle cbariatics of the silicide’s
present in deposited coatings.
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Figure 2.6: SEM micrograph of nanocrystalling&iifilm deposited via a double

cathode glow discharge technidaé

2.2.7 Cavitation Erosion Resistance Coatings by Using Physical vapour deposition
(PVD)

Momeni et al. (2016) have developed the single layer NiTi coating, helay
NiTi/TiCN composite coatings of varying thicknessrh 3 to 4 um on X38CrMoV51
hot work tool steel. The various combination of toogs was in the ratio of
(NITI/TICN)2, (NIiTi/TiCN)1, and (NIiTi/TICN»s. The sputtering process parameters
were 300°C substrate temperature and 9.5 KW poWese. mechanical properties of
deposited coatings like hardness, young moduluscatidal load sustained by coatings
during the scratch test are tabulated in Table P& XRD patterns exhibit that the
intensity of the crystalline TiCN phase increasethwhe decrease of NiTi layer
thickness. The coatings were tested for CER omsgtric vibratory cavitation apparatus
for 12 hours at 40 um amplitude in distilled wafEne (NiTi/TiCN)s coating has the
highest cavitation erosion resistance, followedNy i/TICN) 1, (NiTiI/TiCN)2and NiTi.
The adhesion strength between the coating andratdstas the critical factor for the

superior CER.
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Table 2.2: Mechanical properties of the PVD coatings

Young Critical

S.no Coating H?éd;:)SS Modulus load
(GPa) (N)

1  NiTi 5 30 25
2 (NIiTi/TICN)> 13 58 50

3 (NITI/TICN)1 12.5 54 30
4  (NiTi/TiCN)os 15 50 20

2.2.8 Cavitation Erosion Resistance Cladding by Using Submerged Arc Welding
(SMAW)

Romo et al. (2012) have investigated the slurry erosion and cavitation erosion of
the stellite6 claddings developed on 13-4 steel by using submergeeldincg. Before
the cladding steel specimens were homogenized at 1050°C for 1 heuthaftcooled
in room temperature and then tempered at 620°C for 1 hour. The weldarggters
selected for the coating process were 90-120 A welding current, 1@a¥6F angle and
90° work angle. The average hardness of the developed coating5&aslV. The
specimens were tested for cavitation erosion resistance ASIHigl-G32 standards and
slurry erosion resistance using jet erosion tester at diffemegies (15°,30°, 45°, 60°
and 90°) with slurry of Si@mixed with tap water. The CER of SMAW deposited
stellite6 was 7.8 times higher than that of 13-4 steel. Also,yséwasion resistance of
the developed claddings was 50% more than 13-4 steel at 15° impingemgént a
whereas only 18 to 23% better for impingement angles between 30 to 9Qsrifmhaey
failure mechanism of cladding during cavitation was reported,ifédigue due to the
impact of shock waves, whereas during slurry erosion micro-cutimgy micro

ploughing was observed.

2.2.9 Cavitation Erosion Resistance Claddings by Using Tungsten Inert Gas (TIG)
Welding

Cheng et al. (2003)36] has deposited the NiTi cladding on stainless steel 316 by using
the TIG welding process. The developed cladding has good adistsingth, was
verified by nanoindentation tester. The microhardness of the develtguting was

700 HV, which was approximately 3.5 times higher than the substrate (200 H\f)gDuri
SEM analysis, few pores of size, less 20 um was observed. Thsitpoof the

developed claddings was less than 1%. The XRD examination rekegisesence of
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following phases NiTiFeCr, (Ni,Fe)Ti. The NiTiFeCr phase cordgirthe interfacial
bonding between the substrate and the cladding. The vibratory cavitatsionetesting
was carried out at 100 pum amplitude and 20 kHz frequency in 3.5% Na@bsolThe
specimen was placed at a distance of 0.5 mm for the horn tip. HReoCthe NiTI-TIG
cladding was 9 times higher than the AISI316 steel. The reasobutad to the
cavitation erosion resistance was the higher hardness of the cladding anel astjmty
of the NiTi phase.

2.2.10 Surface Madification for CER by Using Hard Facing

Sreedhar et al. (2015)87] have evaluated the effect cavitation erosion on hard-faced
Ni-based colmonoy5 and Co-based stellite6 coatings deposited on 31@nitaust
stainless steel in liquid sodium at varying temperature (200°C, 25afG@0°C) for 2
hours. The average deposit thickness was 1.5 mm for both coatigsaitiness of the
developed coatings was 369 HV and 393 HV for stellite6 and colmonepgatevely.

The fracture toughness of the developed coatings was 35.6+2.§mIRad 15.9+3

MPa/m for stellite6 and colmonoy5, respectively. The CER of both of #weldped
coatings was higher than 316L in sodium liquid. However, the Co-l=istite6 have
better CER than Ni-based colmonoy5 because cobalt has lowers&iekir{g fault
energy) as compared to nickel. Also, the fracture toughness obthaged coating was
higher than Ni-based coatings. It was concluded that the cavitdioage in SS316L
was uniform over the entire surface. However, in hard facedngsatamage begin

from the matrix phase as well as from other intermetallic phases.
2.2.11 Enhancement of CER of Bulk material with Addition to Casting

Li et al. (2017) have investigated the effect of adding molybdenum in SS-316L
casting on CER in 3.5% NacCl solution. The four combination of casting prepared
with varying percentage of molybdenum (2.5% - specimen-1, 4% - spe@n&do-
specimen-3 and 8%-specimen). The specimengl6f mm were tested for CER by
using vibratory cavitation test apparatus for 120 min. The elecfotintial of all
specimens was measured after that data was utilized for atteSghottky plot. From

the Mott-Schottky Plot, it was found that the specimen with 8% Mwotha highest
negative flat band potential. The micro particles present in thelitgsd, which

increases the severity of the cavitation damage. However, whesullstrate has a
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negative charge layer, during the micro-bubbles explosion micrdjghwearrying a
negative charge micro particles start moving towards the stéostreace, but that was
repelled by the highly accumulated negative charge of the substregtee. Also,
molybdenum has a high negative potential, therefore with an increas®%o, the
repelling by the substrate surface will increases. Hencespdsemen with 8% Mo has
the highest CER.

2.2.12 Cavitation Erosion Resistance Coatings by Using Plasma Spray Technique

Bitzer et al. (2015) have deposited NiTi coatings on 42CrMo4 steel by using LPPS
(low-pressure plasma spraying). The coatings were depositea atifferent sets (Set

A & Set B) of process parameters. The CER was investigdhed relation was
developed between the LPPS process parameters, coating thickméssurface
treatment like electrolytically polishing (for reduction of swé roughness). The
comparison of NiTi coating with Fe based alloy UTP730 wasezhout. The coatings

of thickness 60 um, 360 pum, 800 um, and 1000 um were deposited. The coatiegs w
also characterized for of the microstructure, surface roughreess phase
transformation. The roughness of LPPS coatings at set A andveas B4 um and 13
pum respectively. The one specimen from each set of preparethgsoavas
electrolytically polished before the cavitation erosion testiige electrolytically
polished coatings developed at parameters set B have highBstTOE increase of
CER was observed with increase in coatings thickness. The mictosal study of the
coatings after cavitation exposure reveals that pores and highaces roughness
influence material removal. Whereas the XRD examination eghithat phase
transformation of NiTi coatings from austenite to martensis the cause of weight

loss in later stages.

2.2.13 Cavitation Erosion Resistance Coatings by Using Plasma Transferred Arc
(PTA) Welding

Zhang et al. (2017) has deposited the NiCrBSiW (colomonoy88) and 41WC-
36Ni7.5CrSiB (colomonoy75) alloy coatings on the 316L substrat€ ¥ (plasma
tungsten arc) welding. The PTA welding selected parametkresravas 140 A of main
arc current, 27 V main arc voltage, 10 g/min powder feed rate, 12 $imelding gas
flow rate, shielding gas flow rate, 40 mm/min travel speed, 40osuttiation width, 1.5
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I/min arc gas flow rate. The study of CE and corrosion-erosionvimehaas carried out

by using vibratory cavitation and jet erosion apparatus respectineB/5% NaCl
solution. The microstructural study via SEM reveals that depostatings have non-
uniform grain size and cellular dendritic structure. The XRD yaiglexhibits that
deposited coatings were composedydfli, Cr23Cs, WC, WoC, FeNi, and FeWsB
phases. The microhardness of the colomonoy88 (1519 HV) was 7.5 timeshaore
SS316L (200 HV). However, the microhardness of the colomonoy88 washbass
colomonoy75 due to smaller WC particle size. The PTA welded allugtings
colomonoy75, and colomonoy88 have 3 times and 12 times CER & 8 times and 31

times erosion-corrosion resistance, respectively.
2.2.14 Surface Modification for CER by Using Laser Cladding

Singh et al. (2014) have studied the cavitation erosion and solid particle erosion
(SPE) performance of the stellite6 claddings deposited on 13Cr stéhli by laser
cladding process at varied laser energy densities (32, 37, 46 adfing®). The
cavitation erosion and solid particle erosion study was carriedsoper ASTM-G32-07
and ASTM-G76-07, respectively. The effect of laser energy tilesnsin microstructure,
dilution, microhardness and cladding geometry was investigated vig EBS, XRD
and Vickers microhardness. The cladding of an average thicknedsnmin was
deposited at all laser energy density. The microhardness ofogedetladdings was
705 HV at 32 J/mr) 630 HV at 37 J/mA) 641 HV at 46 J/mi and 615 at 52 J/nfn
The minimum dilution (4.48%) of stellite6 was observed in the specimeichwvas
prepared at an energy density of 32 Jfptilution percentage increase sharply with the
increase in energy density. The increase in Ni and Fe and deane&s, W and Co
were observed with the increment in laser energy densityclatdding developed at 32
Jimn? exhibits highest cavitation erosion and SPE resistance. Theo€EBCr-4Ni
steel in 3.5% NaCl was increased more than 90% with stelkis®r Icladding. The
surface topography of specimens after cavitation testing for 4@ lahown in Figure
2.7. The reason attributed to the CER was the higher elasticengcof the stellite6

clads.

Paul et al. (2014)92] have developed Mecto41C (iron base alloy), stellite6 (Co-based
alloy), and Colmonoy5 (nickel base alloy) claddings on AISI 316Labysing laser
cladding process. The four process parameters (laser powerspmazah powder feed
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rate and gas flow rate) was varied at four levelsheto find the optimum processing
conditions. Developed claddings were characterinedising SEM, XRD and Vickers
microhardness tester.

Figure 2.7: Surface topography of specimens a#ettation testing for 40 houfs1]

Both single layer and double layer clads were tatbed. The microhardness with both
single and double layer cladding was the same. Mewyé¢he dilution and bonding with
a single layer were inadequate. The final expertmevere carried out at optimized
process parameters (laser power- 1.6 kW, powder ffate- 8 g/min, and scan speed-
0.6 m/min). The microstructure investigation regdlat a very fine columnar dendritic
structure was formed at optimized process paraseidany types of carbide, borides
and silicide phases were found through XRD analgbisolmonoy-5 clads, wheregs
Fe and FeO phases were found in XRD analysis ot®4¢1C clad and Co, CgGnd
W:2C were found through XRD analysis of stellite6 sladhe microhardness of the
developed claddings of Metco-41C, stellite6 anadnarloy5 were found in the range of
225-250 HV, 475-500 HV and 500-550 HV, respectivélyser cladding with stellite-6,
Metco-41C, and colmonoy-5 on stainless steel 3I@iiaaces the CER by 4.1, 3.7, and
1.6 times, respectively as compared to AISI 316hssate. The higher hardness of
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stellite6 and Metco41C claddings during the later stages wasaken for higher CER.
The mode of failure during cavitation of SS316L was plastic defowmmahowever, the
mechanism of failure in claddings was surface fatigue, micagkorg, and brittle

fracture.

Duraiselvamet al. (2006) have studied the cavitation erosion behaviour of nickel
aluminide intermetallic composite, and TiC reinforced matrix coltggscoatings
deposited on AISI 420 stainless steel by laser cladding processavVit&ion erosion
of three different coatings was compared with heat-treatechpg@ring at 65@)
stainless steel specimen. The Ni-Al clad was prepared at 1.8 power, whereas
Ni-Al-TiC claddings were developed at 1.5 kW and 2 kW laser powérs developed
claddings were examined for microstructure, surface roughnessiamhandness. The
average microhardness of the developed claddings was 385and 649 H\ > for Ni-
Al and Ni-Al-TiC claddings respectively. The microstructure gsial reveals that the
partially melted clads were formed with parameters comloinatf low powder feed
rate, low scanning speed and low power. The cladding with homogeneitgoand
metallurgical bonding was achieved at higher laser poweeil,NNiAl and FeAl
intermetallic phase were found through XRD analysis of Nelld, whereas MAI,
NiAl and TiC phases were found while XRD examination of Ni-AGTlads. The CER
of NiAl and NIAITIC were 3.3 and 3.6 times that of the procurectispen and only 2.4
and 2.6 times more than of heat-treated specimen. There was natimorr@as found
between hardness and CER, but it was reported that high work hardgnhdi
significantly improved CER.

Chiu et al. (2005) have developed NiTi cladding on the AISI 316 stainless steel
with the laser cladding process. The NiTi strip of thickness @m2was preplaced over
the specimen before cladding. The cladding process was pedfdaynesing a higher
power Nd: YAG laser. Both single and double layer specimensfaeneated, but due

to the higher dilution in the range of 13-30% in single layer sanipdedouble layer
(dilution below 10%) specimens were selected for the final exatron. The hardness

of the developed double-layer claddings was 700 HV, which was approkir@dimes
higher than the substrate. The reason for higher hardness attribuiessdlution of
elements like Cr, Fe, and N in the matrix confirmed via ED8lysis. The doubly

cladded specimen possesses the highest elastic recovery whiledeatation testing
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and doubly cladded specimen have highest CER. The high hardness,|dstih e
recovery and cracks & porosity free claddings were assigndtieaseason for the

enchantment of CER.

Cheng et al. (2002) have fabricated WC reinforced metal matrix composite
(MMC) - cobalt and nickel claddings by laser cladding prooes§$S31603. The effect

of laser power (0.5, 0.7, 0.9, and 1.1 kW), the volume fraction of WC (by varkadg
thickness - 0.15 and 0.25 mm), and different matrix materials on CER wer
investigated. The average hardness in matrix region was ranfge of 200-320 HV, in
case of both the matrix materials (Co and Ni), whereas the lssrdfe/NC particles
was found in the range of 1500-1600 HV. The cavitation erosion testing of the
developed claddings was carried out as per ASTM-G32-92 standaitus &bratory
frequency of 20 kHz and peak to peak amplitude of 60 pm for 4 hours eaple s@dhe
CER was increased about 45 times by laser cladding of Co-WC p@ndgS31603.
The CER of the Co-WC cladding was more than Ni-WC because of kiaeking fault

energy of the Co matrix.
2.2.15 Surface Modification for CER by Laser Surface Alloying

Wu et al. (2017) has studied the effect of laser surface alloying with liginopy
alloys (HEA) FeCoCRAINITx on cavitation erosion-corrosion resistance of SS304
substrate. The combinations of coatings were prepared by vahgnmolar ratio of
titanium in the range 0.5 to 2. The laser surface alloyingp@esrmed at constant laser
parameters (laser power = 2 kW, overlapping ratio = 50%, scanning speed = 5whm/s a
spot diameter = 3 mm). The microhardness of the prepared atorgases with an
increase in the percentage of titanium, the microhardness HEg®@as found in the
range of 615-730 HV, approximately 3.6 harder than of substrate.eBiserr for the
increase in hardness was attributed to transformation to a two-$thasteire composed

of FCC and BCC phase into three-phase structure compose of FCGKBCC
(intermetallic compounds like ANl and NiAl). The HEA coatings showed the better
cavitation then SS-304 in distilled water because of higher defimmand fracture
resistance due to the presence of intermetallic (IC’s). Whetha presence of IC’s
reduced the corrosion resistance of the HEA coatings becauseadCas cathodic
phases and that can reduce microcell corrosion in HEA coating$iHAgo0ssess poor
CER in 3.5% NacCl solution. The comparison of CER of all the faledceiEA coatings
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in distilled water and NaCl solution are shown in Figure 2.8. Th&enmahremoval
mechanism during cavitation testing was surface fatigue laenl the propagation of
cracks. While testing the specimen in NaCl solution, the corrosays @n important
role. The corrosion effect weekend the grain boundaries and formattioarious
corrosion products, further that corrosion products were quickly washay layvthe

cavitation impact force.

I TiOS (distilled water)
B Ti0S (3.5% NacCl)
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Figure 2.8: Comparison of CER of the HEA coating in distilled water and 3.5% NacCl

solution

Girenet al. (2005) have investigated the effect of alloying the surface of straictur
carbon steel and chromium steel with Mn, Ni, Cr, Nb, Co, Si, Mo, TiBaoth CER.
The total of six experiments was performed by varying theposition elements
mentioned above. The surface alloying process was carried oargoa laser. The
experimental conditions were laser beam power of 6000 W, laser theameter-2.5
cm, focal length-20 cm, gas velocity-60 m/s, and sample velOciy0.8 cm/s. The
thickness of the developed coatings was in the range of 0.4-0.6 mm.efiiedr
microstructures were formed enriched with alloying elem@rts.microhardness of the
developed coatings was in the range of 300-750 HV. The produced coating laye
exhibit higher CER, but the developed microstructure of the coatweys not
susceptible to plastic deformations, only confined to brittle dractin a few cases, the

austenitic and ferrite matrix structures of the developed c@asihgwed superior CER
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than of martensite structure. Whereas the hardness of the ntarsnscture is more,
but higher hardness is also accompanied by higher brittleness dimg diee ability to
absorb energy. Hence, it was concluded that CER mainly dependemiomn

hardenability of material.

Lo et al. (2003) have deposited fine WC powder (particle size 1um) cladding on
AISI 316 stainless steel substrate by high power Nd:YAG |aBee. paste of WC
powder was preplaced on the substrate. The five experiments wdoemeel at
different laser processing parameters. The laser poweravesl between 1.5 to 2.10

kW and scanning speed between 20 to 35 m/s. The overlapping ratio andaepetedi

were kept constant. The average thickness and microhardness of the dakvelope
claddings were 0.3 mm and 900-1200 HV. The maximum hardness of 1200 HV was
achieved at laser power 1.5 kW and scanning speed 25 mm/s. However, the clads of 900
HV and 1000 HV hardness were formed at other parametric sets. lath@ing
developed at laser power 1.75 kW and scanning speed 20 mm/s, and having 1000 HV
was reported as most favourable and that possesses 30 timasCigh than AIS 316

in 3.5% NaCl solution. The XRD spectrum of most favourable claddingale the
presence of hard metal carbides phasesydrelCrNiW phases. It was concluded that
higher hardness promotes the brittleness in the cladding layecaasg premature
failure of cladding during cavitation. The presence of fine prextgd tungsten carbides

in microstructure was attributed for excellent CER.

Cheng et al. (2001) has fabricated ceramics (WC, SiC, TiC,@g, CrB, and
Cr3() reinforced coatings on UNS 31603 using a laser cladding technigaesidrry

of powders was applied on the surface of the stainless steel, ddlloylaser heating.
The Co laser of 3.5 kW power was used for experimentation purpose. Tée las
scanning speed was varied at two levels (15 and 25 mm/s), whereapartaeters
were kept constant (laser beam power- 1100 W, argon gas flow2@témin and
overlapping ratio- 50%). The average thickness of the depositethgoatas in the
range of 0.1-0.2 mm. The details of metallurgical and mechanroglegies of all

developed coatings were summarized in Table 2.3.
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Table 2.3: Mechanical and metallurgical properties of the developed coatings

Specimen Microhardness Dilution
Sno P Phases Percentage
Name (HV)
(%)
1 SS-316 200 y-FeNiCr -
> WC 1800 y-FeNiCr, WC,WC, M23Cs and 5
M~7Cs
3 TiC 1600 y-FeNiCr, Mp3Cs 5
4 CrB; 1400 y-FeNiCr, CrB, CrB, and FeB 20
5 sic 800-1000 y-FeNiCr, FgSi,CrCz, M23Cs and 5
M7Cs
6 CCa 900 y-FeNiCr, CgCs, M23Cs and 5
M7Cs
7 CrO3 600 Cr203, FeCpO4, andy-FeNiCr 0

The CrBcoatings have 9.4 times more CER than steel, highest amonitydegedoped
coatings, followed by WC (8.5 times CER),3C¢ (4.8 times CER) and SiC (2 times
CER). The higher microhardness and high volume fraction was re#sintad for

enhancement of CER.
2.2.16 Surface Modification for CER by Laser Surface Melting

Kwok et al. (2000) has modified the surface of UNS S42000 martensitic stainless
steel by melting the surface of steel with a-d&3er. The experiments were performed
at five sets of parameters. The laser power and scanning spexdanied in the range

of 1.1 to 1.7 kW and 5 to 25 mm/s respectively. The experiment caiedt laser
power 1.7 kW and 25 mm/s scanning speed possess a maximum percenetae axd
austenite (around 89.2%) after laser melting. Whereas, the spgmiepamned at 5 mm/s
scanning speed at the same laser power possess maximum $afédesHV).
However, the maximum hardness of the specimen prepared at 25 msnésiywal50

HV. The all the prepared specimen was tested for CER anulogleemical corrosion.
The cavitation testing was performed for 4 hours on vibratory cavritapparatus at 20
kHz vibratory frequency and 30 pm amplitude in 3.5% NaCl solution at pFhé.
specimen prepared at laser power 1.7 kW and 25 mm/s scanning speed exhibits 70 times
higher CER then of UNS S42000 martensitic stainless steel. Howaeesignificant
increase in CER was observed in specimen prepared at otherepensaanit was also

concluded that the pitting potential of the steel increases witledase in austenite

46



Chapter 2: Literature Review

volume fraction. Also, the volume fraction has a significant nolthe enhancement of
CER than hardness.

2.2.17 Post Processing or Heat Treatment Methods for CER Enhancement

Peng et al. (2018)101] has investigated the effect of age hardening on CER of
SUS630 stainless steel. The specimens were annealed at 1040°Qrfior [3€fore age
hardening at different temperatures (480°C, 550°C, 580°C and 620°C). The yield
strength and hardness of SUS630 improved by 20.6% and 41.1% with age haatlening
480°C, respectively. However, with age hardening at 620°C, the yiekigtrand
hardness was lowered by 14.7% and 2.7%, respectively. The cavitatioon eésssing

was carried out as per G-134 standards, on cavitation jet apparatus, speciméepivere
at a standoff distance of 19 mm from a nozzle head, the inlet presfsBr= 30 MPa,

and outlet pressure ok R 0.42 MPa was maintained so that the cavitation number of
0.014 was achieved. It was found that the CER decrease continuouséyaamealing
temperature increases. It was reported that CER is the furadticgrious mechanical

properties like elastic work ratio, hardness, and yield strength.

Wang et al. (2016) has investigated the effect of heat treatment on developed
atmospheric plasma spray (APS) coatings. The CoMoCrSi coatiageposited on
carbon steel at constant process parameters of APS ehlctcurrent- 620 A, electric
arc current- 60 V, plasma gas flow rate (Ar) 35 NI/min, plages flow rate (k) 10
NI/min, spray velocity- 300 mm/s, and standoff distance- 110 mm). pfepared
sprayed coating was heat-treated at 800°C and 1000°C. The microhastitlessas-
sprayed coating was 498+22 bl whereas, after heat treatment at 800°C and 1000°C,
the microhardness was increased to 685+21 Hahd 755+35 HY3, respectively.
After the heat treatment of developed coatings, the porositijeotoating decreased
from 0.4% to 0.2%. The XRD analysis of the reveals that the peaksity of laves
phase of CrSiincreased after heat treatment. The CER of the hedetreoating was
found more than as-sprayed coatings. The surface roughnessf {Ra)coating before
and after cavitation testing was 0.45 and 4.31 um. The formation & pdsse and

improved metallurgical bonding was found helpful in the enhancement of CER.

Zheng et al. (2015) has explored the effect of heat treatment on cavitation-
corrosion behaviour of HVOF sprayed Fe-based amorphous coatingsHVQ&
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coatings were deposited at constant parameters (sprayingceditd0 mm, travel
velocity- 800 mm/s, feed rate- 20 g/mm, kerosene flow- 72 I/min, oxfigen 252
I/min and air flow-399 I/min) on austenitic stainless steel 304.deweloped coatings
were annealed in a tubular furnace for 1 hour at 500°C, 650°C, and 750°@&€rhge
thickness and average hardness of the developed coatings was 44t ts0 HV,
respectively. The microhardness of the developed coatingsigraicantly improved
after the annealing process. The HVOF coating heat-tredaté(BC possesses a
maximum hardness about 1000 HV. The XRD analysis exhibits that tbeplaous
phase of the developed coating was transformed into crystalline pifteseheat
treatment. The coatings heat-treated at 750°C and 650°C mainlyncdfias, FeB,
and martensite, € & M23(C,B)s phase, respectively. The presence of those phase
results in higher hardness. The coating heat-treated at 750°GseEs$egher CER in
distilled water, while deteriorate quickly in 3.5% NaCl solution. Yéhe the coating
heat-treated at 650°C was not recommended because of poor adhesion beatiagn
and substrate. Also, the coatings heat-treated at 550°C, showed mimpnavement
in CER.

Lin et al. (2015) has investigated the effect of post-annealing on mechanical,
metallurgical, and cavitation erosion behaviour of the Fe-basegrayes coating. The
coating was deposited on a Stainless steel 1Cr18Ni9Ti substnateeposited coatings
were annealed at 450, 550, and 650°C. The XRD analysis reveals tlaatdhghous
phase was transformed into a fine crystalline phase, andrkaahént promoted the
formation of borides and oxides phases. The SEM microstructure corthiahghe
porosity of the arc sprayed coating was reduced to 1% form 1.8&¥opaft-annealing.
The hardness of the deposited coatings was increased from 89846 70HMN45+109
HVo.1. The maximum hardness was reported after annealing at 650°C for 1 heur. T
fracture toughness of the deposited coatings decreased wrgmsecin annealing
temperature, because of the reduction in grain size. It was foah@HER of as- arc
sprayed coatings was higher than heat-treated coatings, duaydo dmain size and

higher fracture toughness.

Kishor et al. (2015) has explored the effect of thermomechanical processing
(TMP) on CER of 13/4 martensitic stainless steel (MSS). $hecimens were
processed at 1000 & 1100°C temperature and™Odrsl 0.01$ strain rates. The
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prepared specimens were examined via SEM, XRD, and Vickershaicdness. The
SEM micrographs reveal that 13/4 steel, (1100°C, ¢)Ql=nd (1000°C, 0.013 the
average austenitic grains TMP specimens was 458 um, 61 um, ang Pdspectively.
The XRD investigation reveals that the volume percentage of the ferrite ploasaseel
after TMP; the soft ferrite phase was converted into a hanmtensitic phase. The
increase of average microhardness confirms the presence ofhardrgphases in the
processed steel. The microhardness of the 13/4 MSS, (1000°C;%)0.(1800°C,
0.1sh), (1100°C, 0.01%), and (1100°C, 0.19 was 300+2 HV, 400+15 HV, 433+3 HV,
and 404+16 HV, respectively. The TMP specimens were tested RRraSker ASTM-
G32. It was found that the CER of TMP at 1000°C, ®:ias 52% higher as compared

to 13/4 MSS. The reason for higher CER was finer grain structure and higher hardness

2.3 Statistical Analysis of Work Reported on Convetional Techniques
Used

The researchers and academicians are very much concerned ladocavitation
problem, and much has been carried out in the field of improving CERirfgcs
engineering. As wear is a surface phenomenon, to utilize the hydro resefficestly,

the researchers of many countries of the world are giviremtaih to tackling this
problem by using appropriate surface engineering method. The cdlimtig is more
concerned about this problem and leads in terms of publicationsrilaotheer country
in the world. Almost 47.5% publications are from China, followed by Ifdiia5%),

Germany (7.5%), Poland (7.5%), Columbia (5%), and other countries @H%)own
in Figure 2.9 (a). The many processing techniques have been devatapeded for
coating/, to improve CER. The widely used technique for surface emgige since
2000, are Thermal spraying (30%), followed by Laser cladding (2586});d?ocessing
technique (15%), Sputtering (12.5%), conventional welding (7.5%), Surfacéumggta
(7.5%), Casting (2.5%) as shown in Figure 2.9 (b).
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Figure 2.9: (a) Pie chart of percentage contrilbutd various countries in the field of
cavitation resistance coatings/cladding & materia)sPie chart showing the percentage

of research carried out by using various surfaggnering techniques

2.4 Breakthrough and Development in the Field of Gldding Process
through Microwave Hybrid Heating Technique

As mentioned in Chapter-1, the cladding processutin microwave hybrid heating on
the metallic substrate of metallic and non-metatliadding materials is patented by
Gupta and Sharma in 201403]. Many authors revealed that microwave cladding with

hybrid heating has yield better properties thareogrocessing methods. The authors
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have worked on microwave cladding on different steel grade (SS-3@B1&and SS-
420) with different metal matrix base (Ni-based and Co-based)hichwnany metal
ceramics were reinforced like tungsten carbide, silicon carbidmina, and chromium
carbide to enhance the hardness of the clad. Further, Investigati®ts developed
clads, showed, enhanced sliding wear resistance, more resist&uairy erosion, high
abrasive wear resistance and have less solid particle efoSio:? Thefew of the

latest developments in the field of microwave claddings are discussed below:

Singh et al. (2019) have developed Ni+ 20% 323 cladding of C6AMN substrate
through microwave hybrid heating technique in multimode microwave.48 GHz
frequency and 1.1 kW power. The influence of microwave exposure dimée
microstructure, fracture toughness, hardness and slurry erosicstames was
investigated. The four experiments were performed at an expasweof 15 min
(sample-1), 25 min (sample-2), 35 min (sample-3), and 45 min (samplaet)ayer of
1.2 mm thickness of mixed clad powder was preplaced on the substiatliy. The
clad of average thickness 1.15 mm, 1.01 mm, 0.92 mm and 0.76 mm was aefteved
an exposure time of 15 min, 25 min, 35 min and 45 min, respectively. TherSadés

of microstructure reveal that proper clad formation took place d@Bemin, whereas
after 35 min the molten clad powder starts to move to the sidbs stibstrate, then the
thickness of the clad layer reduces. The developed sample 4 texthibi highest
nanohardness (19.3-21 GPa) due to the presence of fine carbide pattaleser, the
nanohardness of sample 3 was 17-19.5 GPa. The fracture toughness of kbygedeve
clad was 11.2+0.56 and 9.8+0.49 Mira for sample 3 and sample 4, respectively.
Sample 3 and sample 4 possess 29% and 45% higher slurry erosigancesis
respectively, in a slurry made up of silica sand. The erosion meamani CAGMN
steel was plastic deformation. Whereas, the material lossow@sred due to ductile
erosion of matrix, severe pull out of carbides, brittle fractareample 3. However,
negligible plastic deformation was reported in case of samlecduse of little matrix

material at the top surface.

Babu et al. (2019) has developed Ni-SiC composite claddings on SS316L
through microwave hybrid heating technique. Total seven combinationsddirgs
were developed using different particles sizes (nano, micro and H)madd

reinforcement weight percentage. The microstructure analysis dhibatclads of the
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average thickness of 600 um was developed. The microhardness (259 kN
fracture toughness (12.2 M#a) of the bimodal coating with 10% SiC (B10-5% nano-
SiC & 5% micro SiC) was found highest among all other prepematings. The XRD
analysis exhibits the presence of Ni, NiSi and SiC phases. &h@ton testing was
carried as per ASTM-G32 with vibratory cavitation test apparatuan ultrasonic
frequency of 20 kHz with an amplitude of 50 pm and specimens weredpdd 0.5 mm
away from the tip of the ultrasonic horn. The CER of the developeltlinigs was
compared with thermal sprayed stellite6 and WC10Co4Cr coatings aBNNTAteel.
The B10 showed 5 times higher CER than SS316L. Also, the microwatigesized
claddings have outperformed the thermal sprayed stellite6 and WC10Codtihgs.
The surface topography of the fractured specimen was examiae®EW!. The brittle
mode of fracture was observed in thermal sprayed coatings. Howeeemixed

(ductile and brittle) mode fracture has occurred in bimodal claddings.

2.5 Statistical Analysis of Work Reported on Microwae Cladding

Microwave cladding has gained popularity in recent years; mamanas groups in
different parts of the country (India) are exploring this clagdiechnique. In Figure
2.10 (a) all of the active research groups in India have been shovearétess in IIT-

Roorkee and TIET- Patiala are exploring this novel technique muchthrgesearch
groups of other organizations. Clads produced by this technique areftstedious

applications as shown in Figure 2.10 (b). The tribological propeofiehe various
metallic substrate have been investigated by developing complasisetbrough MHH

by various authors from India as shown in Figure 2.10 (c). The usktk mmeaterials

and different reinforced materials for composite cladding through MHH by authoe

been presented in Figure 2.10 (c) and Figure 2.10 (d) respectively.
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Figure 2.10: The bar chart showing (a) Active reseg@roups exploring the microwave
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used
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Chapter 3

Research Gap & Problem Formulation

3.1 Introduction to Chapter

This chapter presents the literature gaps found during its surveedBan these
surveys, the research gaps were found and the formulation of the npreds
developed. Further, based on problem formulation, the work plan was estalbdished

achieve the objectives of the present work.

3.2Gapsin Literature

3.2.1 Conventional Coatings/Claddings and Microwave Cladding Technique

The extensive literature survey has been carried out on theedifferethods used for
the development of coating/ claddings by using conventional sourdesatihg and
microwave heating. The literature survey allowed the understantiieghnologies and
their mechanisms of processing with their limitations. A nalestwas established in
the year 1999, in the field of microwave processing of metabiiterials. Since, a lot of
research has been carried in multiple domains like joining of butélsneladdings of
hard facing metallic powders on metallic substrate and sintefipgwders, casting of
metallic materials etc. Although, only sintering of powders @gecthrough this route
has been commercialized. However, other processes are dtdl inviestigation phase.
The following research gaps are identified from the literasurgey and these are as

follows:

The thermal spray and laser cladding are mainly the customary techniques
preferred for surface modification of the substrate, which comitls many
limitations.

The researchers/academicians have developed clads/castsolipes of metallic
materials through hybrid heating roufi MHH route and their tribological
investigations have been carried out for sliding wear, dry erogear, abrasive
wear and slurry erosion microwavéhe literature review depicted that very less
amount of work has been carried out in the field of cavitation @rasisistant
(CER) claddings through MHH.
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A limited amount of literature reveals parametric optim@atimicrowave exposure
time, magnetron power and preheating temperature) of the MHH priddes and
monitoring of online temperatuté 14| variation during microwave processing has
been reported.

Modelling of the transient process (Microwaves material pracgsss not focused
on by the researché&i

The most of the real-life applications of developed cladding/coasiregocused on

complicated geometries like hydropower plant components, biomedicahntapl

and automobile components. Whereas no work has reported till date on such

complicated geometrie§4| by microwave technique.

3.2.2 Cavitation Testing Apparatus

Researchers extensively use the two methods for the cavitatigioretesting that are
vibratory apparatus, and cavitation liquid jets appargtus|. Whereas, the vibratory
apparatus (Also known as acoustic cavitation apparatus) and caviidnet system
are standardized by the American society of testing meth®8$M) in the ASTM
G-32-16 (its earlier version is known as G-32-10) and G-134-17 @i® rprevious
version is known as G134-95), respectivély

In the case of materials and surface coatings/cladding cotiveastudies, ASTM
G-32-16 is the most preferred in literati@e Because the standard diameter &
thickness of the sample, vibratory amplitude, specimen vibration frequistyiquid,
and its container dimensions are specified in standards documg&iitdn this method,
the sample is attached to the ultrasonic horn with the screadkrwhich must be the

integrated part of the sample.

However, in some hard composite coating/cladding technique, it's chiafjeig
develop a screw thread type of specimens. So, the researchémtrodsiced the
amendment in G-32-16 (Indirect Method). Instead of attaching the speetie the
horn, the specimen is placed opposite to the tip of the [lidra Whereas it has
been reported that in the direct method, bubbles cloud collapse®mispherical way

however, during the indirect method, bubbles cloud collapses in a cghdry
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Due to more simplicity, the G-32-16 with the amendment is freques#d in the field
of cavitation resistance coatings/claddings. As the reseanchetioned, cavitation is
not only single phenomena, even pH level of water (corrosion) armbsient in water
also responsible for enhancing the cavitation effect by makingéterial more prone
to cavitation damagé Also, ASTM G-32-16 (Indirect Method) gives that more
provision of testing the combined result of cavitation, corrosion, aneregton by just
adding acid or base and silt particle to the test liquid However, the limitation
of the indirect method is that the additions of other mandatory teampters, i.e.,
stand-off distance and immersion depth of specimen. Also, indirecaeritmethod
gaining importance recently, the pressure sensors are alsg biized by some
authors to investigate the effect of different input conditions sushaasl-off distance,
amplitude, immersion depth of the horn inside the liquid and pulse ornwéf af
acoustic vibrations on pressure and impact force generated duringeduxdplosion
Whereas no study was reported in the literature on the effeat stdnd of
distance (SOD), vibration amplitude, vibration frequency and immersipith den
cumulative mass loss & incubation time during cavitation performahtee prepared

clads.

3.3 Resear ch Objectives

Based on research gaps identified through the available literstuvey, the proposed
research plan was developed, and the various research objectivéebawastablished,

which are given below:

1. To develop and investigate the cavitation erosion-resistant claddioggh MHH
on austenitic stainless steel (SS-316) by using multimode domastiowave oven
of 2.45 GHz frequency.

2. To Characterize the so developed clads in various aspects likdlukigtal,
Mechanical, Tribological and Fractographic analysis of worn material.

3. To study the effect of cavitation test parameters like thelitude of vibration,
Stand-off distance and immersion depth on cumulative mass loss andtimtuba

time.
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3.4 Proposed Plan

To achieve the proposed research objective on time, the stepwesrate plan was
developed. The flow chart of the anticipated plan for the reseanck is as shown in

Figure 3.1. The work to be accomplished was divided into three phases:

Phase 1. Selection of cladding powder so as the desired properties would be
successfully achieved.

Phase 2. Development of metal-ceramic composite cladding on the substiate
microwave hybrid heating technique and process parameters optimization.

Phase 3: Metallurgical, mechanical and tribological characterization etbiged clads

by using various toolings like SEM, OM, EDS, XRD, Vickers micronass tester,
UTM and Probe Sonicator.
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Cavitation Resistant Cladding through Microwave Hybrid Heating
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Figure 3.1: Flow chart of the work plan
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Materials Selection & Characterization

4.1 Introduction to Chapter

The selection of material itself is a very challengingktdor tailoring the surface

properties of poor CER substrate material. In this chapter, trexiatdtas been selected
after considering the characteristics of the material andtibbaviour with microwave

radiations of low frequency. The characterization of the selentgdrials for current

work has been presented in.

4.2 Material Selection

4.2.1 Selection of Substrate Material

The current work is mainly focused on the cavitation problem of hydrapplaat
components. The austenitic and martensitic stainless steel efediffgrades are
extensively used materials in hydropower plant componéhts Hence, the
austenitic stainless steel (SS-316) has been selected adratsuinsterial for present
work. The austenitic stainless steel (SS-316) contains 2.0 to 3%hitb wan provide
excellent resistance to pitting corrosion, when components of #itisrial used in gas
turbine plant and hydropower planit?3]. Consequently, turbine parts such as nozzles,
buckets, seal rings of a Pelton turbine are fabricated or castthrese stainless steels
and further, they heat-treated (hardened) to resist cavitation and sediose|€f

4.2.2 Selection of Cladding Material

In 1987, Bhagat et al. reported that the cavitation incubation time increases
logarithmically along with the microhardness of the matetiadir findings are shown

in Figure 4.1. The resistance to cavitation also depends on the haaddedsctility of

the materials, so that they can absorb the energy during thaticaviphenomenon.
Therefore, the material must be less susceptible to cawitatamage. However,
properties such as ductility and toughness generally have an edféest on the
hardness of the material. Therefore, a combination of good dudiiliy,hardness and

toughness could be achieved with composite materials, with a suitalte of matrix
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and reinforcing materia/6]. As indicated, the composite can be more cavitation

resistant if both the matrix and the hard reinforcement are selected to be:

I. Low strain-rate sensitivity (no ductile-to-brittle phase transfoiona

ii. Work hardenability (low stacking fault energy) materials.

lii. Good interfacial bonding to allow subsurface micro-buckling of hard reinforcement.

iv. Moderate reinforcement volume fraction to allow larger inter partictants.

v. Relatively large diameter reinforcement which may undergstiplaleformation
without fracturing.

vi. Reinforcement normal to the surface.
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Figure 4.1: Dependence of cavitation resistance of several metals@andrall

their microhardness
4.2.2.1 Selection of Matrix Material

The Fe-based alloy amorphous material is most attractivernmstmatrix material for
cavitation resistance due to the combination of excellent propékeegood glass-
forming ability (amorphous to crystalline phase transformation upodingp

high hardness and relatively low material cost. However, Fedbakboy exhibits poor
corrosion resistancg but the Co and Ni-based alloy coatings can prove to be
excellent against the corrosive environmgnts|. However, Cobalt has a carcinogenic

effect on humans, if it is inhaled, also have radioactive isotépesand expensive as
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compared to Fe-based materials. Also, if the comparison were lmagdd on stacking
fault energy, all three coating materials possess almodatie stacking fault energy

During earlier days, metals were difficult to handle with micaves because
their poor microwave absorption capacity, whereas in the curramiaso, the
processing of metallic material with a hybrid heating tegbaiis not an impractical

Therefore, after analyzing the entire pro and cons a commgraiadilable Ni-
based alloy powder (EWAC-1004) was chosen as the matrix nistexikel and
nickel-based alloys have been found to be resistive against weawsion, high-
temperature oxidation and they are commonly used in power generatdnge rand
aviation applications.

4.2.2.2 Selection of Hard Reinforcement

The function of reinforcement material is to provide better pragsewhen added to the
metal matrix. It is used to increase the hardness, toughness,trandtls of the
composite material. However, the refractory carbides, nitridesbanides possess
required characteristics of the hard reinforcement. Also, in tha af microwave
material processing some ceramics was known for its mic@sveadiation absorption
Although, as per literature review the tungsten carbide (WCyosilicarbide
(SiC), titanium carbide (TiC), chromium boride (GyBtitanium nitride (TiN), and
Chromium nitride (CrN) are extensively used as hard reinfozogsrin development of
cavitation erosion resistance -claddings/coatings Whereas chromium
carbide (interstitial carbide) was utilized only in a fewdsts and boron carbide

(covalent carbide) is yet to explore.

Since most of the ceramics materials are known for theinit@f heat absorption
capacity and poor thermal conductivity. However, interstitial carlfiegsten carbide,
chromium carbide and molybdenum carbide) exhibit the highest theonductivity
among the various types of carbides, and those properties makesuitabie
candidate as a hard reinforcement, for the development of metak roamposite
(MMC) cladding with  MHH technique. Therefore, keeping all thinggdn the
commercially available G€, powder was chosen as one of the hard reinforcement for
current work. The chromium carbide also has good corrosion and oxidatistamee
up to 900°C
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In general coating/cladding and surface modification method<tiet#éy increase
resistance to cavitation erosion by suitable selection of coatetgrials. However,
modified surface treatments or claddings/coatings may suatdilgh and repeated
micro jet. Sometimes the protective layer of the modified serfdissatisfied with
delamination, due to the presence of negative charge micro pamiclesar (ultrapure,
distilled or tap water) Hence, the typical way of improving resistance to cavitation
erosion means changing the inherent physical and chemical prepeftibe solid-
liquid interface. Since the passive or oxide layer formation ig wsual on the surface
of the metals. The passive layer formation takes place in the presencge oxyd act
as a barrier for ions to inhibit the diffusion of cations and aniaside the passive film,
and then the substrate is protected from further corrosion. In astiedes, the
formation of passive film was found useful in enchantment in CER. iwelu et al.
reported that Inconel 625 alloy possesses higher CER than Ir@@halloy in
tap water because of the denseness of the passive layervétiphieet al. have
investigated the effect of passive film formation on the CER@titanium. Also, Li et
al. in their other study reported that with the increase in molybdgraroentage in
the casting of SS316L the accumulation negative charge incrieathes passive layer,
due to the higher electronegativity of molybdenum. Hence, duringatiawvit the micro
jet carrying high-velocity negative charge micro particles sepgllike poles stern layer
that ultimately helps in increasing CER. Molybdenum is also knawnt$ excellent
corrosion resistance, high melting point and hardness. Therefore, conpaleaspects
commercially available, Mo powder was chosen as other hard @nfent for current

work.
4.3 Characterization of Raw Material

Characterization of material is essential for understandingehaviour of the material
to be processed. In the present investigation, the charattarezaf bulk materials
were carried out using relevant techniques such as X-raydiiffina(XRD), scanning
electron microscopy (SEM), optical microscope (OM), spectroscapyg energy
dispersive spectroscopy (EDS).
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4.3.1 Characterization of Bulk Austenitic Stainless Stedl

As in received condition, the austenitic stainlet=el (SS-316) was characterized to
determine its purity. From the optical micrograph Rigure 4.2 (a), it is clear that
procured material has a grain structure of pureeait& stainless steel. The austenitic
grains have a greyish appearance, and ferrite g tannish in colour. The average
grain size was measured by using Micro Cam @Microstructure Image Analyzing
Software, Make: Radical Scientific, India) as per ISO 643 standard (Equivalent to
ASTM E112-13[130]), as shown in Figure 4.2 (b). The average grae sf the SS-
316 came out to be approximately 12 (@nain Sze No.10). The spectrometer (Make:
Foundry Master) and microhardness te¢idake: Meta-Tech, Dwell time: 20 s, Load:
300 g) were utilized to evaluate the chemical composiaod Vickers microhardness,
respectively of SS-316. The results are presemtd@ble 4.1 and 4.2. Also, some other
important physical and mechanical properties of336-are tabulated in Table 4.2.

d ! 3 | g ' N e 'j g o
N i 1\ > A RRE (111 ) D e v
r . Lk, w p G, v 88 ‘m 1S ALY o
5 P ki A P Y b e S W

Figure 4.2: Microstructure of austenitic stainlet=el (a) Optical micrograph at 100X
(b) Grain size measurement of SS316 in Micro C&in 4.

Table 4.1: Chemical composition of SS-316 substrate

Chemical Elements
C P S Co Si Mn Mo Ni Cr Fe

0.0235 0.0510 0.0069 0.1370.282 1.21 1.99 9.82 17.1 Bal.

The value of skin depth @for SS-316, in the temperature range of 1 K toQLEB was
calculated by using equation (1.4). The resistiaity wavelength are input variables,
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the value of resistivity for concerned temperatarege was collected from the literature
and wavelength4g) of incident microwave radiation at 2.45 GHz frequay )

was calculated by using Equation (4.1), which wase out to be 0.122 m.

Ao =; (4.1)

Where,cis speed of light = 3.0*Fan/s. From the calculated values, the temperatisre v/
skin depth plot has been prepared as shown in4E8y.The prepared line plot of the
graph has been divided into three regions, as showrigure 4.3 (a). In region-1
temperature of the material is below room tempeeaid-293 K), in region-2 the
temperature of material is in the range of 293-1K87hd in region-3 the temperature is
in the range of 1672-1727 K. From the plot, itlsac that in region-2, the skin depth of
SS-316 increases exponentially with the rise inperature. However, with the increase
in temperature, the skin depth exhibits logarithimebaviour in the region-1 and linear

response in the region-3 as shown in the zoomeasvia Figure 4.3 (b) & 4.3 (c¢),
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Figure 4.3: Temperature v/s skin depth plot for&88-showing (a) Behaviour (skin
depth) of material in the temperature range of Q01K (b) Enlarged view of region-1

(c) Enlarge view of region-3
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4.3.2 Characterization of Ni-based EWAC Powder

A commercially available nickel-based (EWAC 1004Eddwder was procured form
EWAC alloy limited(Make: Larson & Toubro). The received powder was characterized
by using SEM, EDS and XRD to determine its puritize typical morphology of Ni-
based EWAC powder is illustrated in Figure 4.4 (ajich reveals the spherical

morphology of Ni powder particles and approxima#d¢10 pum particle size.
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9000 - Ni 02-49.3043° Si 02-73.2392°
o 8000 Ni 03-76.4742° Cr01-38.3385°
g 7000 Ni 04-93.3203° Cr 62-56.9592°
3 6000 R R
i 05-98.5322° C 02-46.9278
< so00] - Ni 05-98 C 02-46.9278
Z 000 Ni ¢ 01-42.6436°
ol
£ 0] \i
2000 - Ni
1000 - | Ni
. Cr¢)\Csi| Cr Si‘ ‘ \
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Electron Image 1

Figure 4.4: (a) SEM micrographs of EWAC powderXkjay diffraction pattern of
EWAC powder (c) SEM micrographs of the marked probé&WAC powder (d) EDS
of EWAC powder

Figure 4.4 (b) shows the typical X-ray diffractispectrum of EWAC powder, which
shows the presence of Ni as a dominant phase il draces of Cr, Si and C
elements. The chemical composition of raw Ni-base@#AC powder was also
measured using an electron probe micro-analfideker: JEOL 8600M) device having
15 kV accelerating voltage, the marked probe isnsho Figure 4.4 (c), and EDS
(electron dispersive spectrum) and chemical coniposof EWAC powder are shown
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in Figure 4.4 (d). Some other important physical and mechanical pegpeftEWAC
powder are tabulated in Table 4.2.

As discussed in section 4.3.1 for calculation of skin depth for SS-31ériahat
similarly, the value of skin depth @pfor pure Ni-based powder, in the temperature
range of 293 K to 1393 K was calculated by using Equation (IlH. value of
resistivity for different temperature range was collectedanfthe literature and
wavelength of incident microwave radiation was kept as 0.122 m. Fropaltidated
values of the skin depth, the temperature v/s skin depth plot has beeregrépiee
prepared line plot is shown in Figure 4.5. From the plot, it is thedy the skin depth of

Ni increases exponentially with the rise in temperature.
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Figure 4.5: Temperature v/s skin depth plot for nickel material, showing the behavi
of skin depth in the temperature range of 293-1323 K

4.3.3 Characterization of Chromium Carbide Powder

A commercially available chromium carbide-based ceramic powdsrprocured from
Ms. Shankar Pvt. Ltd. New Delhi. The SEM micrographs of powder have simown
Figure 4.6 (a). The powder exhibits the typical sharp edgehotrgy and the average
particle size of 50 um. The XRD spectrum of chromium carbide poisder shown in

Figure 4.6 (b), which reveals the presence of a dominas@. @hase. The chemical
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composition of powder has been examined by EDShemtarked area on the patrticle,
which is as shown in Figure 4.6 (c¢) and Figure (@) Some important physical and

mechanical properties of chromium carbide powdersammarized in Table 4.2.
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Figure 4.6: (a) SEM micrographs ofzCp powder (b) X-ray diffraction pattern of &3>
powder (c) SEM micrographs of marked probe ogCepowder (d) EDS of GE»

powder
4.3.4 Characterization of Molybdenum Powder

A commercially available molybdenum powder was pred from Otto Kemi Pvt. Ltd.
Mumbai. The SEM micrographs have shown in Figuré @) exhibits the typical
blocky rough morphology of molybdenum powder and #iverage particle size of 15
um. An XRD spectrum of molybdenum powder is shownFigure 4.7 (b), which
reveals the presence of a dominant Mo phase. Témichl composition of powder has
been examined by EDS on the marked area on thielpavthich is as shown in Figure
4.7 (c) and Figure 4.7 (d). The few physical andmaaical properties of molybdenum
powder are also tabulated in Table 4.2.
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Figure 4.7: (a) SEM micrographs of Mo powder (bjax-diffraction pattern of Mo
powder (c) SEM micrographs of the marked probe anpdwder (d) EDS of Mo
powder

As discussed in section 4.3.1 for calculation oinslepth for SS-316 material,
similarly, the value of skin depth @gpfor pure molybdenum, in the temperature range
of 1 K to 2894 K was calculated by using Equatiard). The value of resistivity for
different temperature range was collected fromlitieeature|[133], and wavelength of
incident microwave radiation was kept as 0.122 nonfthe calculated values of the
skin depth, the temperature v/s skin depth plotdess prepared. The prepared line plot
has been divided into three regions, as showngnrEi4.8 (a). In region-1 temperature
of the material is below room temperature (1-293 Mhereas in region-2 the
temperature of material is in the range of 293-2RQhd in region-3 the temperature is
in the range of 2600-2894 K. From the plot, itlsac that in region-2, the skin depth of
Mo increases exponentially with the rise in tempae However, with the increase in
temperature the skin depth exhibits logarithmicawebur in the region-1 and linear
response in the region-3 as shown in the zoomedsvia Figure 4.8 (b) & 4.8 (c),

respectively.
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Figure 4.8: Temperature v/s skin depth plot for 8howing (a) Behaviour (skin depth)
of material in the temperature range of 1-293 KEb)arged view of region-1
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Table 4.2: Physical properties of bulk material aad powders

Properties Materials
EWAC CrsC2 Mo
5S-316 Powder Powder Powder
Vickers Hardness (HV)  190+15 757] 16‘;7(162'7] 140-280
. - 1375-

Melting Point (°C) 1400131 1455135] 1810127] 2617137]
T“&LTQL?Z?S‘;;“,{'W 13.31131] 901134] 19127]  138137]
Heat Capacity (JkgK) 50013/ 461137 181127 2775137

Destiny (kg/n?) 7960 891013 6740127 10220137
Fracture Toughness
(Mpa\/m) 112136] 10027 5.127] 40137]
Elastic Modulus (GPa) 1901136 15027] , zﬁ:{'g_?] 330137
Appearance Grey Silver With a Grey Dark Grey

Gold Tinge crystals
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Experimental Procedure

5.1 Introduction to Chapter

This chapter includes a detailed of the experimental proceduogvéal in the current
research work to achieve the proposed objectives. In the beginning chaipéer,
prerequisite requires for the microwave cladding process has ssskd in detail.
The initial trial has been carried to optimize the process pessfor the development
of composite cladding through MHH process. The information and workingigdaac
of the equipment's or apparatus utilized for the metallurgical, hamgécal and
tribological characterization of the so developed clads aredidsoissed. In the last
section, the experimental design for the cavitation erosion tesitisg developed clad
at varying test parameters has been explained.

5.2 Initial Preparation

Some mandatory preparation is required before performing the cladding procegh throu

microwave heating route is discussed as follows.

5.2.1 Powder Mixing and Preheating

Prior to the cladding process, the metal matrix powder and hafdrceement powders
must be mixed by using a suitable mixing process, so that, honmgepeoperties

of the developed cladsan be achieved and, the clad powder must be free from
any moisture content, so that defect-free clads can be achieliedprésence of
moisture in the clad region increases the probability of deliéetporosity, hydrogen
embrittlement . So, in the present study, the mixing of the powder has beerdcarrie
out via ball milling apparatugMode: SS-165 Make: U-Tech) at 80 rpm, the actual
setup is shown in Figure 5.1 (a). Further, the mixed powder was placg@phite
coated crucible as shown in Figure 5.2 (b), the whole setup is preheaatbmestic
microwave oven at 18C using convection mode to avoid any possibility of the

presence of any moisture content in the powder.
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Figure 5.1 (a) Ball milling apparat@Bhoto Courtesy: FPM Lab, Chemical Engineering
Department, TIET, Patiala) (b) Graphite crucible placed in the microwave cavit
(Photo Courtesy: Surface Engineering & Tribology Research Lab, Mechanical
Engineering Department, TIET, Patiala)

5.2.2 Charcoal Grinding or Crushing

As discussed in the chapter-1, the charcoal is aseaxlsusceptor material in microwave
material processing for the hybrid heating modendée for the present study, the high-
grade hard coke was crushed manually in a mortaislng pestle and wedge rammer as
shown in Figure 5.3 (a), until the hard coke is ptetely turned into appropriate fine
mesh charcoal powder. The condition or shape af bake before and after crushing or
grinding is as shown in Figure 5.3 (b) and (c) eespely. The large particle sizes of
the charcoal are not appropriate for the low freqye (2.45 GHz) microwave
application. However, the skin depth of the char¢oarbon) is greater than 35 pm at
2.45 GHZz/63]. So, due to higher skin depth, the fine charcoalger will work as very

efficient susceptor in microwave material procegsin
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Figure 5.2: (a) The mortar and wedge rammer fod lsake grindingPhoto Courtesy:
Central Workshop, TIET, Patiala); The condition or shape of hard coke or charcoal
(b) Before grinding (c) After grinding

5.2.3 Specimen Preparation

As received SS-316 material was in the form of 50féh cross-section flat. The
specimen of three different sizes (10 x 10 x 6 ranmiietallurgical characterization, 15
x 15 x 6 mm for vibratory cavitation testing as p8TM-G32-17, and 40 x 12 x 6 mm
for flexural strength testing as per ASTM-C1161-h3y been prepared from the initial
flat with the help of hand abrasive cutter as shawirigure 5.3. After the abrasive
cutting process, the burr has been removed fromsgiecimen grinding. Prior to
cladding, the top surface of the specimen has peamnded with the emery paper of
grade 220 and 600. The purpose of the grounditig ismove the oxide layer if any.
And, also to make the surface rough so that the lelger will stick to the substrate

strongly, due to the fact that roughness increadbssion between two surfaces.
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Figure 5.3: The hand abrasive cuii€ourtesy: Machine Tool Design Lab, TIET,

Patiala)
5.3 Microwave Cladding Process and Parameters Optitmation

5.3.1 Microwave Cladding Process

The microwaves of low frequency do not interact with all medalsoom temperature.
Therefore, processing of the metallic substrate with micvevieating is a challenging
task. Hence, the microwave hybrid heating (MHH) technique was addémteithe
current work. In the present study composite cladding of two diffee@mpositions of
materials has been decided. The descriptions of the composition alethéed

claddings are presented in Table 5.1.

Table 5.1: The description of the compositions, decided for microwave processed clads

S.No. Description
1 60% Ni-based + 40 > (Ni-based/40GC,)
2  60% Ni-based + 20 €2-20Mo (Ni-based/20G€.-20Mo)

The cladding process of decided compositions has been carried out ineatidom
microwave applicator of 2.45 GHz frequency at 900 Watt maximuntadeaipower. In
the MHH technique, an appropriate susceptor is required, which can atisoolvaves

irradiation at room temperature and further, transfers this lyeair@uction/convection
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to a mixture of metal powder. The charcoal powdses this characteristic and therefore,
selected as a susceptor material in the preserkt wor

To avoid the contamination of clad materials withaiwoal powder, a thin sheet of
alumina/graphit€Make: VB Ceramics, Chennai/ SD. Industries, Ahmedabad) of 1mm
thickness and of 99.7% purity has been used agparaer. The skin depth of pure
alumina and graphite is about 12.5 cm and gre&tar 40 um, respectively3,140]

and hence, alumina/graphite sheet is used as aasmpalhe schematic and actual

cladding process with microwave hybrid heatinghieven in Figure 5.4
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TIMER SETTINGS
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Figure 5.4: Cladding process through microwave iaybeating (a) Schematic;
(b) Actual setugPhoto Courtesy: Surface Engineering and Tribology Research Lab,
Mechanical Engineering Department, TIET, Patiala)

5.3.2 Parameter Optimization for Cladding Process

As per literature, a number of parameters playgnificant role in the successful
development of the microwave processed clads astrifited in the fishbone diagram

shown Figure 5.5.
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Figure 5.5: Fishbone diagram of parameter affeatimyowave cladding process

For the present study, all parameters were kepgtaahduring initial trials of cladding
except microwave power and exposure time. The aptirprocessing time and power
for microwave cladding have been decided throughtimber of pilot runs. It has been
observed during entire exhaustive experimentatiar the development of
Ni-based/40GC, composite clad, that the minimum exposure micreyaower 900 W
is required to melt the powder material systemapdrtial amount of substrate material
to cause the dilution for development of metalloadly bonded clads of these powder
systems. The observations during the pilot run Haeen presented in Table 5.2. The
charcoal (susceptor) temperature have been measyradgsing a portable infrared
thermometer(Model: Raynger 3i Plus Make: Raytek Corporation) at different time
intervals to get an understanding of processing tand power required to develop
clads. The observation and reading recorded fobdsed/40GC, composite clad

during optimizing the processing time are presemélhble 5.3.
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Table 5.2: Microwave processing parameters and their effect on

Ni-based/40GIC2 composite cladding

Processing Microwave Power (In Watt)
Time (In 720 900
Seconds) 540
Evaporation of Heating of Charcoal was red hot,
120 moisture from g heating of powder
susceptor
charcoal started
180 Partial heating of Charcoal was Both powder and
charcoal red hot substrate was red hot
Heating of Sintering of particles
240 Charcoal was red hot powder and gorp
started
substrate
300 Heating of powder Both powder and Melting of clad powder
started substrate was hot started
360 Both powder and Sintering of Partially melted clad

substrate was hot  particles started

Sintering of particles
420 started, no clad
formation

Formation cladding
layer with good
interfacial bonding

No melting of
clad powder

The conclusion is drawn from the recorded temperature readingsaandnaterial
condition i.e. metallic powder present in clad completely reflfactowaves because of
less skin depth of powder system used for the current work up toolp@scessing as
schematically shown in Figure 5.7. However, it has been obsentedatgpowder and
substrate was heated up from the charcoal via conventional moldeatdfansfer. The
charcoal reaches its maximum temperature of 837.3°C after 18@sicobwaves
exposure and it has been observed that coalescence between povicles paittated
and as schematically shown in Figure 5.7. This can be assumindutivag 120s to
180s of exposure time of microwave radiations, the powder systemsatidtical
temperature, where microwave radiations are get absorbed byatbgainsystem used.
The charcoal powder turns into ash after 240s of microwaves egpdsence, the
further rise in temperature of clad powder is solely possible tduabsorption of
microwaves irradiation. It has also observed that when clad pouwattts absorbing
microwaves, the sudden rise in temperature of powder owing to maidwating and
some un-melted particle is found in clad layer after 300s of maresyexposure and
the partially melted clad layer has formed in 360s. The 420s magesvexposure the
melted substrate is found due to an excessive rise in tempeaathreaximum dilution
has been achieved. After, the successive pilot trials, the powddagid/40GC,)
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system again has been exposed to microwaves for 380s at 2.45 Glente and 900
W power level to develop microwave clads. The possible microwawaterial
interaction versus different processing time is illustratedignire 5.6. The processing

conditions and optimized parameters are summarized in Table 5.4.

Table 5.3: Observations and reading recorded while optimizing the processrfgitim
Ni-based/40GC, composite clad

Observations & Readings

Exposure Charcoal
Test )
Run time Observations Avg.Temp.
(In Sec.) (In Degree
Centigrade)
1 15 Evaporation of_moisture contents 102.3
present in charcoal
5 30 Heating of §ubstrate but powder 250 5
remains unaffected.
Charcoal started transferring heat
to substrate and substrate starts
3 60 heating. Heating of powder 443.7
started and charcoal became red
hot.
4 120 Both powder and substrate 721.1
became red hot.
5 180 Sintering of particles started 837.3
6 240 Charcoal co;nspﬁlletely turned in 819.7
7 300 Melting of clad powder started. 796.4
8 360 Partially melted clad 779.7
9 380 Formation cladding layer 727.3
10 420 Complete melting of Substrate 721.1

Similarly, the extensive experimentation has been carried oulifbased/20GC,-
20Mo composite clad for the optimization of the processing parameteesfully
melted and metallurgically bonded clad of Ni-based/20&20Mo has been achieved
in 420s at a 2.45 GHz frequency and 900 W power.
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Parameters

Description

Applicator

Multimode Domestic Microwave
(Model: Charcoal, Make: LG)

Cladding Material

Ni-based/40GC:
Ni-based/20GC,-20Mo

Substrate Material SS-316
Substrate Dimensions 10*10*6 mm
Exposure Power 900 Watt
Exposure Time 380seconds, 420Seconds
Frequency 2.45 GHz
Susceptor Fine Charcoal Powder
Separator Alumina substrat_e/ Graphite Sheet
1mm Thickness
Powder Preheating 180°C
Temperature
Ambient 2900
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5.4 Clad Characterization

5.4.1 Low-Speed Saw Cutting

The developed clad specimens are sectioned alafigting thickness with help of low
speed saw cutt§Model: MS-10 Make: Ducom) as shown in Figure 5.7, which is also
known as a diamond cutter. The diamond waferingeéia used for cutting of various
hard materials. The very high quality (higher scefafinish) cut with minimal
deformation can be achieved, without much surfaseate of the specimen. The same
specimen will be utilized after polishing for scamm electron microscopy (SEM),
optical microscopy (OM), and microhardness invesian.

3 ‘_ Dead

‘ ~ Weight
l

5 “ v\\: . \
Y Fixture
" For

Holding
Work piece

Figure 5.7: Low speed saw ufithoto Courtesy: Surface Engineering and Tribology
Research Lab, Mechanical Engineering Department, TIET, Patiala)

5.4.2 Polishing Process

After cutting the samples transversally, they wgreunded with the help of emery
papers of grit size 100, 220, 600, and 800, regmdygt The samples were polished to
remove any type of contamination present on th&aserof the cladding. The samples
were then polished on a disc polisher, which cdsgi§two rotating wheels are shown
in Figure 5.9.
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Figure 5.8 Disc polishdiPhoto Courtesy: Machine Tool Design Lab, Mechanical
Engineering Department, TIET, Patiala)

The first wheel was mounted with emery paper oé fgrades starting from 1000 to
2000, and 3000 were used in series and second wiasatovered with soft velvet cloth
over which diamond paste of particle size 1 um syasad uniformly to get mirror-like
surface without any scratches, so that microstracad the sample can be examined
easily via SEM. The diamond lapping compound wase alprayed on velvet cloth to

hold diamond polishing paste on the cloth.
5.5 Microstructural Characterization

5.5.1 Scanning Electron Microscopy

After polishing process, the specimens were furtheamined for microstructure and
chemical composition via scanning electron micrpsec¢SEM) (Model: JEOL JSM
650LV, Make: Oxford Instruments) and energy-dispersive x-ray spectroscopy (EDS),
respectively, the actual setup is shown in Figuée(&). The SEM produces images of a
sample by scanning the surface of the sample veij &f focused beam of high energy
electrons. It is a type of electron microscope hicl the electrons interact with atoms
to reveal information about the sample regardingase topography, morphology and
crystallographic information at very high magnifioas, in the range of 5-300000X.
The SEM equipped with EDS is useful in finding tbleemical composition of the
sample. In the present study, the top surface ramd\terse section of prepared clad was
characterized via backscatter electron (BSE) detesdt 20 kV voltage. However, the
procured powders or materials and clad specimear afavitation testing were

characterized by secondary electron imaging (SE2p&«YV voltage.
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5.5.2 Optical Microscopy

The optical microscope, it is also known as thentlignicroscope. The optical
microscope uses visible light and a number of mggnification lenses to magnify the
image of small samples. The optical microscdpwdel: RMM-8T Make: Radical
Scientific Equipment) with digital camera and image analyzing softwaier®Cam 4.1
was used in the current study for the investigatwdrporosity and the indentation
geometry on the developed clads after the microtemsl testing. The installed
microscope has the capability of taking imagesoat imagnifications i.e. 40X, 100X,
400X and 1000X. The actual setup of the opticalrasicope is shown in Figure 5.9 (b)

Figure 5.9: The actual setup of (a) Scanning edeamicroscopyPhoto Courtesy: SAl

Labs, TIET, Patiala) (b) Trinocular optical microscope with a digital camépaoto
Courtesy: SQurface Engineering and Tribology Research Lab, Mechanical Engineering
Department, TIET, Patiala)

5.5.3 X-ray Diffraction

X-ray diffraction (XRD) is a non-destructive anatgl technique designed to give
detailed information about crystalline compounds)cluding detection and
quantification of crystalline phases. It is the giest and most economical technique
available at the time. The X-rays are generatedutiit cathode ray tube and they are
directed towards the sample. When the incident irstgsact with the sample, diffracted
rays are produced, satisfying the condition of BreagLaw (M=2d si®). These
diffracted rays are then detected, processed amdt@d to get an XRD pattern. All the
measurements were carried out at room temperatuteeidiffractometer using CueK
radiations. The actual setup of the XRD machi(Model: SmartLab 9 kW,
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Make: Rigaku Corporation), which was used in current work, is shown in Figure 5.10.
The scan rate for XRD was set at 1° min-1 in the scan ran$8°afo 100°. The raw
data generated from the system was analyzed in Xpert high scftware version 2.2,

the JCPDS database available were used to identify the phases.

, — ——c |

——
- T

Figure 5.10 The actual setup of X-ray diffraction macliiPteto Courtesy: AMRC,
Indian Institute of Technology, Mandi)

5.6 Mechanical Characterization

5.6.1 Micro-hardness M easurement

Microhardness investigation helps in establishing the structural miegoeorrelation.
Microhardness of the developed clad is monitored along its crosersdmti using
Vickers microhardness test@vlake: MetaTech, Load Range: 5 g to 1 kg), as shown in
Figure 5.11 (a). The microhardness of prepared clads are nudsunesing 300 g
normal load and 20s dwell time. The measurements are made &hrecelisf 50 pm
starting from the clad top surface. Three measurements (108fjuamd 100 pm right)
for each indentation have been taken for the measurement. Due tsgeaathen size,
it was fitted into the fixture as shown in Figure 5.11 (b), whilecrahardness

measurement, so that specimen doesn’t topple during indentation loading or unloading.
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Figure 5.11: The actual setup of (a) Microhardriester (b) Specimen fixture assembly
for microhardness measureménhoto Courtesy: Advance Measurement Lab,

Mechanical Engineering Department, TIET, Patiala)

5.6.2 Flexural Strength Test or Three-Point Bend Test

The flexural performance of the developed clads evaduated as per ASTM C1161-13
[141] using the universal testing machiModel: Z010, Make: Zwick/Roell) as shown

in Figure 5.12 (a). A three-point bend test setspshown in Figure 5.12 (b) was
employed on the UTM machine to evaluate the intéafastrength or peel of strength of
the specimen. The flexural strength of the specisignificantly affects the structural,

mechanical and wear performance of the coatingklolgs on metallic substrates. The
size of the specimen to be tested was kept as 4&rhZrmm x 6 mm. During testing

the specimen acts like a simply supported bean2, @)1 The three-point bend test was
carried out at a deformation rate of 0.5 mm per.niime flexural strength ¢-of the

samples has been calculated using Equation 5.1.

_ 3xPxL
ST axwxt2

(5.1)

Where; P=maximum load in Newton;
L = span length in mm;
w = width of the specimen in mm;

t =thickness of the specimen in mm.
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(C) Load P

l w=12mm

Loading Pin

«—>
SS-316L 3 l _
Clad Layer @< ® I
L=30mm
t. = 0.6 mm

P2 P2

Figure 5.12: The actual setup of (a) UTM (UniverBasting Machine) (b) Fixture
assembly for three points bend t@oto Courtesy: PDC Lab, Chemical Engineering
Department, TIET, Patiala); (c) The schematic of three points bend test

5.7 Tribological Characterization

5.7.1 Vibratory Cavitation Erosion Testing

The cavitation erosion testing of the developedslhas been carried as per modified
ASTM-G32-16 method, which is also known as therecti cavitation testing method.
In this method, the clads specimen is placed opptsithe tip of the horn and stream of
the bubble is ejected towards the surface of tad ahd when it explodes, it generates
iImpact force on the surface of the material andseaustress generation as well as
material removal. The square samples of area 15xm® mm & thickness 6 mm (if
coated thickness around 7-7.5 mm) were used asnspeg for the cavitation erosion
testing. The samples were polished up to 0.2 r(nean square roughness) value, as
mentioned in the ASTM G-32-16 the, Ralue of the surface before testing must be less
than 0.8 um. The same polishing procedure wasvielll) as mentioned in section 5.4.2.
After polishing, specimens are tested using prolmmicator (Model: Samkoon,
Make: Kamtronics Technology Pvt. Ltd.) as shown in Figure 5.13 for indirect acoustic
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cavitation. The schematic of the indirect vibratoaywitation method is shown in Figure
5.14. The specifications of the apparatus utiliZed cavitation erosion testing are
tabulated in Table 5.5.

=

| GeneratorBox — —gm, |!

7‘1/5
o Sl /

Figure 5.13 The actual setup of (a) Cavitation prebnicator (b) Titanium Horn and
transducer head assemlBhoto Courtesy: Surface Engineering and Tribology
Research Lab, Mechanical Engineering Department, TIET, Patiala)

Ultrasonic Vibration

{————"1 cooling Water IN

Cooling Water

ouT Cooling Jacket

Titanium Horn
(20KHz)

Test Specimen Specimen Holder

Figure 5.14: The schematic of indirect acousticatibry cavitation apparatus
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Table 5.5 The specification of the probe sonicator

Parameters Description
Test setup Acoustic/Vibratory Cavitation System (ASTM-G32-16)
Maximum Power 200 W
Frequency 20£0.1 kHz
Horn Material Titanium
Horn Diameter 15 mm
Amplitude Range 35t0 70 um
Water Temperature 25+5°C

The cavitation Testing for each specimen has been carried duhfmurs and mass loss
in the specimens due to cavitation erosion has been measureevaftefixed interval
of time using the weighing balance of least count 0.1(Magel: CAS220, Make: CAS
global).

5.7.2 Experimental Design to Study the Effect of Cavitation Test Parameter on

Cumulative Mass loss and | ncubation Time

With the efficient design of experiments, we can obtain the maxi information from

experimentation by with least effort which gives us the valid conclusioour research
purpose. In a crude way, we can say that the design of expemnmegmbds is utilized
for minimizing the count of experiments to attain the optimal kmmen. It also

provides us with the connection between the response, which is ouddepeariable

and the several parameters (which is independent variables) lkvaso gives us a
chance to examine the individual impacts of each factor asawéfieir interactions. In
the current study, the three independent parameters were séteataditation erosion
testing, all three parameters (Stand of distance, Amplituderanérdsion depth) was
varied at three levels each. Therefore, the Taguchi L9 orthogoret has been
selected for the experimentation purpose. Table 5.6 shows the penanaeiation for

cavitation erosion testing. Whereas the complete experimental (pfa orthogonal

array) for cavitation erosion testing was generated by usingdd 17.0 is presented in
Table 5.7. Total 27 experiments have been carried out in the current $tadgh for

SS-316, Ni-based/40€2, clads, and Ni-based/204-20Mo clads. The effect of
cavitation test parameters on cumulative mass loss and incubatienhas been
studied.
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Table 5.6 Factor and their levels for cavitation erosion testing

. Levels
Parameters Units 1 5 3
Stand of Distance mm 05 1 15
Amplitude pm 40 50 60

Immersion Depth  mm 80 100 120

Table 5.7 Experimental plan for cavitation erosion testing (Taguchi L9 array)

Experiment  Stand-of-Distance  Amplitude Immersion

No. (mm) (um) depth (mm)

1 0.5 40 80

2 0.5 50 100
3 0.5 60 120
4 1 40 100
5 1 50 120
6 1 60 80

7 1.5 40 120
8 1.5 50 80

9 1.5 60 120

5.7.3 Surface Roughness Measurement

The surface roughness has an influence on several tribologicactdrastics, like
friction, wear, and tear. However, the cavitation erosion resestafcdhe material,
considerably affected by initial surface roughnéks Hence, in the current
study, the initial surface of the polished clads before cavitatiosian testing were
measured via surface profilomet@odel: SJ-400 Make: Mitutoyo) and later, it has
been utilized to measure the surface roughness of the eroded eapetntompare and
confirm the severity of the damage. The monitor of the actual geglpwn in Figure
5.15 (a) and stylus and fixture assembly is shown in Figure 5.15Tl(e).surface
roughness measurement has been carried as per JIS 2001 stahdamds aampling
length and 0.8 mm cut-off length. The Gaussian filter has been @&ppltbe measured

profile to remove the waviness from the generated data.
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Granite base

Specimen
Monitor

Figure 5.15 The actual setup of (a) Monitor of aoef profilometer (b) Stylus and
specimen fixtur¢Photo Courtesy: Metrology Lab, Mechanical Engineering
Department, TIET, Patiala)
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Chapter 6

Metallurgical and Mechanical Characterizations. Results &

Discussion

6.1 Introduction to Chapter

The microstructure characterization of the developed clads has leEsmged in this
chapter. The microstructure characterization has been carriedinotérms of
solidification growth and their pattern, elemental analysis, plaasdysis, porosity,
cracking, flexural and microhardness of the developed clads atingdirprocessing
parameters of microwave hybrid heating. The morphology, porositgnéss, and
metallurgical bonding of clads with substrate, influence the furatidoavitation

erosion) performance of clads.

6.2 Microstructure Characterization of Developed Composite Clads

6.2.1 Microstructural Characterization of Ni-based/40Cr3C, Composite Clad

The clad of approximate 600 um thickness has been developed through microwave
cladding process and clear distinctive clad-substrate interiegenr can be seen
through BSE (Backscatter electron) image, as shown in &igur (a). The developed
clad is free from all visible type of the solidification and ifdeial cracks. The grain
refinement has been observed in the thin layer formed just beheatladl layer, which
is due to the re-solidified substrate. It can be clearly se#re microstructure, that the
grey phase is equitably dispersed in white phase matrix. Thegedlview is shown in
Figure 6.1 (b) reveals that the particles of the grey phasefadifferent size and
shapes, which are randomly oriented in the white phase matrixsdligesolution of
partially agglomerated carbides and columnar dendrite can be absertiee liquid
solution of the metallic matrix from Figure 6.1 (c). The simKard of structures was
also reported by Gupta et ai27], Cheng et al/99], and Zafar et al| , While
microwave cladding of Ni+20%4Cs powder, laser cladding of &Z> powder,

microwave cladding of Inconel 718 alloy powder, respectively.
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Figure 6.1: Typical BSE image of the developed Ai$dx/40CGC> composite clad

showing (a) Transverse section (b) Enlarged viels&tions of EDS analysis

(c) Agglomerated carbides & Columnar Dendrite

However, the formation of partially agglomeratedoades and columnar dendrite is due
to the fact that, as in microwave cladding procdks, composite clad powder is
preplaced over the metallic substrate, and theimgeftoint of the major constituent
nickel is lower than the refractory carbides usedeanforced. Due to the non-uniform
rise of temperature in the powder system, becatifeew different physical properties,
ultimately the thermal imbalance takes place insigeclad layer, and that generated
localized melt pool current or convection curremtsthe clad layer. The localized
current is further responsible for the partial aggtration and columnar structure
formation of the higher melting point particlesf(eetory carbides) in the soft matrix

phas€ 134] andare equally distributed in the matrix phase (whétgion).
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6.2.2 Elemental Study of Ni-based/40Cr3C, Composite Clad

To verify and determine the presence of differdaiments in white and gray region as
marked in Figure 6.1 (b), the energy dispersivecspscopy has been carried out on
these. The results of EDS show that, the grey pP&sbelongs to chromium carbide

rich, while, white phase (Y) is nickel rich region&/hereas, the Fe was found in a
significant amount at both phases, it should beadhat, the clad raw powders don’t
contain any Fe element. Hence, the increase afi Beeiclad region is clear evidence of
partial dilution of the substrate in the clad ancewersa. The EDS analysis results of
locations X and Y showed in Figure 6.1 (b) are @nésd in Figure 6.2 (a) & (b).

Elements | Weight %

CK 17.05 Ni K 56.04
Fe K 12.93
2 4 b 8 101214 161820 ‘ 2 ' 4 v b ‘ B ' 10 1 u % 1% 2
Ful Scale 4238 cts Cursor 0.000 keV] Full Scale 1734 cts Cursor, 0000 keV|

Figure 6.2: Energy dispersive spectrum of (a) LioceX (b) Location Y

The area mapping also has been carried out tchsedidtribution of different elements
in the clad region to get a better understandindiféérent phases formed and possible
reasons for the formation of these. The area salefr area mapping is shown in
Figure 6.3 (a). The results of area mapping shtved,grey phases are enriched with Cr
and C elements and confirms the chromium carbides@has shown in Figure 6.3
(b & ). The white region of clad microstructureimg consists of Ni, O, Fe, and Si as
shown in Figure 5 (d, e, f & g), respectively. Téndstences of Fe in the clad region
favour and authenticate the claim of minimal doatiof a substrate (SS-316) and
metallurgical bonding between the clad (Ni+40:@) region and a substrate. The

presence of O is due to the processing is cartuéthaan atmospheric environment.
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Ni Ka1 Fe Kal

SiKa1 O Kat

Figure 6.3 EDX area mapping of Ni-based/4izcomposite cladding (a) Region
selected for area mapping (b) Carbon (c) ChromidimN{ckel (e) Iron (f) Silicon

(9) Oxygen

6.2.3 Microstructural Characterization of Ni-based/20Cr3C>-20Mo Composite
Clad

The BSE image of the transverse section of theldpged Ni-based/20GE€,-20Mo clad

is illustrated in Figure 6.4 (a). The clad of theeiege thickness of 750 pm has been
developed at the optimized processing parametdrs. steep thermal gradient is not
exist during microwave cladding process, owing tuioh clads are free from visible

defects solidification defects like porosity, craekc.
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Figure 6.4: Typical BSE image of the developed Asdx/20GC2-20Mo composite
clad showing (a) Transverse section (b) Enlarged/\af stripe type dark phase
uniformly dispersed in white phase matrix & locati6 of EDS analysis (c) Skeleton-
type or rib or net type light grey phase equalktritbuted in white phase matrix &
locations X and Y of EDS analysis

In enlarged view, shown in Figure 6.4 (b) & (c), has been observed that the
microstructure of developed clad is consist of ligat grey skeleton phase (Z) and
stripe-like dark phase (Y), which are uniformlygkssed in the white matrix phase (X).
The skeleton-type phase, which is also known agikesor rib-like microstructure, the
similar phase was reported by Hou et [d5]and Ferreira et ail46|, while the
development of Ni-based alloy coatings on steelssate by using PTA welding
process. It has been concluded that the preseno®lgbdenum in the Ni-base alloy
cladding, increases the nucleation rate, as théingeiemperature of Mo (262€) is
higher than that of Ni-based alloy powder (1328 when the clad started cooling form
the liquid state, the Mo precipitation begins fiigt the melt pool, which further
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promotes the non-spontaneous nucleation. Hencdikaeor rib-like or skeleton-like
morphology was observed in Mo-modified Ni-basedyttladding. However, the plate-
like or stripe-like morphology of carbide was obsat in Mo-Free Ni-based coatings.
Also, Li et al.[147] reported that the formations of stripe dark likeisture take place
due to poor solubility of C in Ni solution, duririge development of G€; reinforced
NizAl matrix composite cladding via welding technigudoreover, the stripe-like
M23Cs and MCs are formed easily in the nickel matrix, becausdowefer Gibbs free

energy.

6.2.4 Elemental Study of Ni-based/20Cr3C,-20Mo Composite Clad

To determine the different elementary componentslifiérent phases present in the
microstructure of developed Ni-based/28Cr20Mo composite clad, the EDS is

performed at different locations X, Y and Z as shomm Figure 6.4 (b) & (c),

respectively.

NiK 5229 NiK 23.59
CrK 10.02 CrK 13.04
MoL 527 MoL 3517
FeK 19.07 FeK 387
SiK 147 SiK 480
CK 1185 CK 1723
0K 0.04 0K 231
2 4 ] B 10 12 194 16 18 20 2 4 b 8 10 12 14 16 18 20

Full Seale 542 cts Cursor, 0000 kev|  Full Scale 634 chs Cursor, 0.000 eV

NiK 3.66

CrK 54.10
MoL 17.63
FeK 8.66

SiK 0.26

2 4 ] B 10 12 14 16 18 il
Full Scale 930 cts Cursor; 0000 keV|

Figure 6.5: EDS spectra of (a) Location X (b) LomatY (c) Location Z
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The area selected at location X is enriched withwhere Fe, Cr, Mo, Si, O, C are
present in small amounts. Hence, the presence @t M location confirms, that the
location X is a nickel rich matrix. Similarly, tredemental analysis results at location Y
and Z shows that light grey phase (Z) is molybdemiaim and dark grey phase (Y) is
chromium carbide rich. However, Cr and C are foundonsiderable amount with Mo
and vice-versa and Mo is also known for increasinegweight fraction of carbide in the
Ni-rich dendrite solutiori145]. The evaluated EDS spectra of location X, locatign Y

and location Z are presented in Figure 6.5 (a)a(i) (c), respectively.

CrKa1

CKal_2

SiKal O Ka1

Figure 6.6: EDX area mapping of Ni-based/2{3¥20Mo composite cladding
(a) Cladding Micrograph (area selected for elemen&pping) (b) Nickel (c)
Molybdenum (d) Chromium (e) Iron (f) Carbon (g)i&in (h) Oxygen

The area mapping of the Ni-based/283¥20Mo composite clad has been done on
BSE image as illustrated in Figure 6.6 (a), to gt distribution of various elements
in the clad region to acquire appropriate knowledfjevarious phases formed while
microwave cladding process. Further, to find o@ plossible causes for the following
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phase’s formation. The area mapping results showed in Figure G&hib)ts that the
nickel is evenly distributed in the white phase, which confirms i.&ehimatrix. The
light grey phase is shown in Figure 6.6 (c) is Mo patrticles, and-¢éhearticles are
consistently distributed over the region as visible in Figure 6.6 (djer®ds from
Figure 6.6 (e), it can be seen that Mo locations are enricitbdchiromium, as it was
known that solubility of Cr in Ni-rich dendritic solution is poor @l000°C, and Mo
increases the nucleation rate, hence the Cr was found at Molgiie However,
the presence of Fe in the clad region justifies the claim dfapalilution of the
substrate into the clad region. The clad region also consists of &d3O as shown in
Figure 6.6 (f, g, and h); the presence of O in the clad regionadtieetmicrowave
cladding process has been carried out in the atmospheric conditiasisible from

the area mapping that the oxygen is uniformly dispersed in the nickel matrix.
6.3 Por osity Study of Developed Composite Clads

6.3.1 Porosity Results of Ni-based/40Cr3C, Composite Clad

The presence of pores in the developed clads is one of the major defects, iedabeeas
ductility, fatigue strength and ultimately affects the functiogpalftthe clad . It has
been reported that the CER of the coatings/claddings decreabeth&viincrease in
porosity . The goal of the current study is to develop defect-free dlaglqorosity
analysis of Ni-based/40€> has been carried out on three randomly selected fields as
per ASTM-B276 standards. The optical micrographs of the seleeted ire shown in
Figure 6.7 (a), (b) and (c), respectively. Whereas, the red spsible in optical
micrographs represent pores in the clad region. The evaluated r@suttber of pores
and the percentage of porosity), for each area, are presented in6Tlabléne average
porosity in the Ni-based/40€, clad came out to be 1.67 %. However, Santa ¢tl.
reported the similar type of coatings with the HVOF technidue pbrosity developed
HVOF coatings was found about 2-5 times higher and Knotek gt=l. had reported
7% porosity in plasma-sprayed Ni+Cp coating. Whereas Gupta et 81/] reported
that the porosity of 20% chromium carbide reinforced Ni-basedom#ye cladding on
stainless steel was 0.90% only. However, in the current studyg lden found slightly
higher as compared to 20% 3Cs, it might be due to the higher percentage of
reinforcement in the cladding (higher percentage of reinforcernanse thermal
imbalance inside the clad during heating, and while solidificatien formation of
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cracks and pores takes place due to different teatype of reinforcement and matrix
phase) and poor solubility of C in the Ni matrixutBstill, the cladding developed via
microwave cladding route has significantly lessgsity as compared to other processes
like sputtering and thermal spraying. The reason léss porosity is attributed to

volumetric and uniform heating by microwaves.

Figure 6.7: The optical micrographs at 100X magation showing pores in (a) Field a
(b) Field b (c) Field c

Table 6.1: The results of porosity analysis of Hs&d/40GC, composite clad

Fields Total Pores Pore%

(@) 597 0.97
(b) 1420 2.67
(© 654 1.39
Average 890.33 1.67

6.3.2 Porosity Results of Ni-based/20Cr3C>-20Mo Composite Clad

The similar porosity investigation of Ni-based/26Cx¥20Mo composite clad has also

been done on three arbitrary chosen fields. Thecalpimicrographs of the selected
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fields are represented in Figure 6.8 (a), (b) ar)d geparately. While the red spots
appeared in optical micrographs signifies poresha developed clad. The evaluated
results (number of pores and the percentage ofspgypfor each area, are presented in
Table 6.2. The average porosity in the Ni-basediZD&20Mo clad came out to be
0.26 %. However, the clad developed by microwaeslding route possess very less
porosity. Whereas in case of Ni-based/2@z220Mo composite clad, the significantly
less porosity was observed due to the smaller ¢fizddo powder particles (<15 pum),
though the average particle size of the EWAC10G# @momium carbide powder was
40 pm and 50 pm, respectively. The similar phen@&nreduction in porosity was
observed by Ding et al.74], while using nanoparticle size WC-12Co, in plade o
conventional WC-12Co in HVOF coating on SS-304 salbs. The reason attributed to
lower porosity is that nanostructured WC-12Co pbeti allow sufficient growth for
denser microstructure. Whereas reason for low jggrmsmicrowave processed clad is
a low thermal gradient in the setup of microwawveding and lower solidification rate

because the clads was allowed to solidify at roemperature.

A A5 13 X
s ays @ Paks, (N

50 pm

Figure 6.8: The optical micrographs at 100X magaiion showing pores in (a) Field a
(b) Field b (c) Field c
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Table 6.2: The results of porosity analysis of Ni-based/&D20Mo Composite Clad

Fields Total Pores Pore%

@ 582 0.46
(b) 116 0.13
© 192 0.19

Average  296.66 0.26

6.4 X-Ray Diffraction Evaluation of Composite Clads

6.4.1 X-Ray Diffraction Results of Ni-Based/40Cr3C, Composite Clad

The XRD spectrum of developed clad is presented in Figure 6.9. Thegptietected in
the developed clads by XRD aresQi. (44.3012°), Cr:Cs (51.6876°), SIiC (71.5235°),
CrNizSiC (75.9201°), Ni@ (82.7391°) and NFe (97.4319). During melting of the
matrix material, the GE; particles and Cr present in EWAC powder get partially
diluted in the molten pool, therefore the Cr and C content willeas® in the liquid
solution of Ni[152], and C has poor solubility in Ni liquid solution47]. Hence, the
formation of the intermetallic NCr. phase takes place due to the reaction between Ni
and Cr at elevated temperature. Whereas, the chromium caobidatibn takes place
due reaction between remaining Cr and C, but@rmphase was formed due to less
Gibb free energy of G#Cs among the all other chromium carbidess@rand C#C3)
phases . Due to the presence of Si in EWAC powder and base materidithe
phase has formed and s8i.SiC phase is formed due reaction of Si, Cr present in
EWAC powder and free C in the molten pool at elevated temperatade The
presence of NFe confirms the metallurgical bonding between the clad and the substrate
region because no Fe was present initially in the clad powdeontiiesource of Fe is
substrate 27]. However, the presence of Ni@® due to the processing is carried out in

an atmospheric environment.

The quantitative assessment of the different phases formed irasHiHs0GIC>
composite clad has been done by using the normalized intensityN#ipmethod and
results have been presented in Table 6.3. The NIR of the phasdédemasalculated by
using Equation 6.1. This equation has been utilized by Guptal D@l for quantitative
assessment of relative phase intestines of phase formed in EMé8Qleposited on
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austenitic stainless steel. Whetels, Is and k is the intensities or counts of th& 29,
39 and N phases, respectively, and the back ground intensity is denotegdby |

— I1—Ipack
NIR; = e (6.1)
i+l +I3+ ... Iy+=Nlpgck

However, the NIR don’t give the exact proportion of phase preseheiclad, though
during the solidification of clad at the room temperature, almost 48.88 chromium
carbide formed (GeCe) due to the reaction between Cr and C. Whereas, other major
carbides formed are SIiC (13.83%) andsNi#SIC (13.63%), while presence of
intermetallic N§Cr> (15.50%) and NFe (7.99%) in substantial amount, validate the
metallurgical bonding between substrate and clad. The nickelhiggs oxidation
resistance at elevated temperaiure’|, hence the only a small amount of N{D.66%)

formed due to the reaction between Ni and O at elevated temperature.
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Figure 6.9: The XRD spectra of Ni-based/4€Grcomposite clad
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Table 6.3: Relative phase intensities in Ni-based/40{&omposite clad

SNo. Phase l1 l2 I3 la Is 1l 17 Iback NIR (%)
1 NisCr. 238 - - - - - - 15 15.50
2 CrsCs - 627 - - - - 83 15 48.33
3 SiC - - 214 - - - - 15 13.83
4 NisFe - - - 130 - - - 15 7.99
5 NiO2 - - - - 39 - - 15 1.66
6 CuNi:SIC - - - - - 212 - 15 13.69

6.4.2 X-Ray Diffraction Results of Ni-Based/20Cr3C>-20Mo Composite Clad

The XRD analysis of developed Ni-Based/2§x20Mo composite clad has been
carried out. The XRD spectra of the Ni-Based/20220Mo composite clad is
presented in Figure 6.10. The results of the spectra disclose #teneri of FeMoCr
(39.8670), MoSk (39.8670), NiMosC (41.3970), MoNis (43.4682), NisFe
(44.3484), CrNis (51.6966), Mo.C (54.6958), FeCr (75.7809, Cr3Ce(75.7806)
and CgSi (78.4196) phases in the clad region. This is may be due to fact thaighat
temperature heating of the clad powder, Ni, Mo, Cr, and Si redadrin MoSp and
CrsSi . The formation of GxCs precipitate was observed due to the reaction
between Cr and C during solidification of claithb3]. As the clad powders originally
contain no Fe, so the presence of the various intermetallic phagesFe~eCr, and
NisFe indicate the dilution of clad with the substrate and support i@ of minimal
dilution of the substrate. The formation of FeMoCr phase-only possiblegdthie
reaction of Fe, Mo, and Cr at high temperature, which must bewed by furnace
cooling and microwave cladding setup has the capability of rapid heating and
slow cooling. The formation of the following carbide NiMband MeC is a good
indication of anti-wear clad. The £\iz confirm the reaction of main constituents of the

substrate and clad powder system at elevated temperature.

The qualitative analysis of the Ni-based/2@L¥20Mo composite clad has been carried
by using the NIR method. The results of the quantitative analysis have beamtguien
Table 6.4. According to NIR results, the prime most constituents ioldkdeare GiNis
(67.30%), NiFe (14.43%), and @4Cs (8.57%). Where many other carbide phase and
intermetallic phase are a presence in small quantities, whash ultimately help in

properties enhancement of cladding.
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Figure 6.10: The XRD spectra of Ni-based/2f3+20Mo composite clad

Table 6.4: Relative phase intensities in Ni-based/20&£20Mo composite clad

.No. Phase 1 Iz I3 s Is le 17 1ls lo lpack NIR
FeMoCr,
1 MoSi, 112 - - - - - - - - 20 1.91
2 NiMosC - 183 - - - - - - 20 3.40
3 MoNig - - 102 - - - - - - 20 17
4 NisFe - - - 712 - - - - - 20 14.43
5 CpNis - - - - 3246 - - - - 20 67.30
6 MoC - - - - - 66 - - - 20 0.95
7 FeCr - - - - - - 33 - - 20 0.27
8 Cr3Cs - - - - - - - 431 - 20 8.57
9 CrSi - - - - - - - - 88 20 141
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6.5 Micro-hardness Estimation of Developed Composite Clads

6.5.1 Micro-hardness Results of Ni-Based/40Cr3C> Composite Clad

The microhardness influences the functional characteristitdse clad layer like wear
and friction. The microhardness of the developed clad is monitored afolgoss-
section. The microhardness of the clad region increases by tlenurdfspersion of
chromium carbide particles in the clad region. The observed averalge of
microhardness of the clad region is 605+800H\Wvhich means that the clad is almost
three times harder than the substrate. The mean of recorded wdluéiskers
microhardness and their standard deviation has been presenteguia Bill. The
microhardness values show non-uniformity, which is due to the preseso# td hard
phases in the clad region. The optical micrograph of microhardmgsstation on Ni-
based/40CGC, composite clad region is shown in Figure 6.12 (a). It has been observed
that hardness of carbide particle is more than 1600s:H¥ e morphology of indent on
carbide particle is shown in Figure 6.12 (b), whereas the hardndssradtrix is more
than 450 H\.s. The morphology of indent of the substrate region and nickel matrix is

shown in Figure 6.12 (c) and (d), respectively.
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Figure 6.11: Scatter plot of microhardness values of Ni-based@f¢ad at different

locations
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Figure 6.12: Optical micrographs showing (a) Miaainess indentation on
Ni-based/40GC: clad (b) Morphology of indent on carbide partiatg Morphology on
indent on SS316 (d) Morphology on indent on nigkakrix

6.5.2 Micro-hardness Results of Ni-Based/20Cr3C>-20Mo Composite Clad

The microhardness investigation of the developeddsied/20GC>-20Mocomposite
clads was performed to verify the fact that thespnee of hard carbide phases like
Cr23Cs, Ni2M04C, and MaC increases the microhardness of the clad. It wasessed
that the average value of microhardness at theofoglad was 681+30 Hys The
average microhardness in the clad region is 3.8gimore than that of SS-316 substrate
(190+15 HW.3). The minor standard deviation that can be se¢hameadings shown in
scatter plot (Figure 6.13) is due to the existenichard carbide phases as well as soft
intermetallic simultaneously in the clad region.eThmicrohardness at molybdenum
phase was recorded around 3400HVThe optical image of indentation carried out on
clad, interface and substrate region is shown guié 6.14 (a), whereas the optical
micrograph of an enlarged view of microhardnes®imsl on Ni-Based/20¢>-20Mo
composite clad region is shown in Figure 6.14 Tih)e morphology of indents on the

substrate and molybdenum region is shown in Figuté (c) and 6.14 (d), respectively.
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Figure 6.13: Scatter plot of microhardness valddsi-dased/20GC,-20Mo clad at
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Figure 6.14O0ptical micrographs showing (a) Microhardness indgon on
Ni-based/20GC,-20Mo clad, interface and substrate (b) Enlargeavwof
microhardness on clad region (c) Morphology on imds SS316 (d) Morphology on
indent on Mo particle
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6.6 Flexural Strength Examination of Microwave Processed Composite
Clads

6.6.1 Flexural Strength Results of Ni-Based/40Cr3C, Composite Clad

The flexural strength is one of the most importanbperties of many mechanical
components. The flexural strength of the microwawrecessed Ni-Based/40{k
composite clad has been performed asAsSIiM-C1161-13, to verify the metallurgical
bonding between clad and substrate. The resultsadtdeformation characteristics are
illustrated in Figure 6.15 (a). The entire loadatefation characteristics are sub-divided

into three segments as illustrated in Figure 65 (

(a) (b)
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Figure 6.15: (a) Load vs. deformation charactesstif microwave processed
Ni-Based/40CGiC, composite clad during a peel-of-strength test-poidit bend test:
Expanded views of the of clad characteristics (p)i&J1 mm deformation (c) Between

1 to 3 mm deformation (d) Onwards 3 mm deformation
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The first segment exhibits the behaviour of clad up to 1 mm defiamgtage-1), the
second segment exhibits the behaviour of clad between 1 to 3 mmadetor (stage-
II), and the third region exhibits the behaviour of clad and load dropacteastics
deformation 3 mm onwards (stage-lll). In stage-l, the Ni-basedi@€omposite clad
possess consistent load vs. deformation characteristics Up3@ N of the force.
Further, there is an abrupt rise in force frdl32 N to [B211 N, which is
corresponding to deformation of 0.63 mm at the end of stage-Il as sh&igume 6.15
(b). These two loads are designated as lower transition load andtigsstion load.
Afterwards, load-deformation characteristics follow stagehihve known as substrate

deformation characteristics (Figure 6.15 (b) stage-lll).

Further, the initial 1 mm deformation was rescaled and presentedure 4.15 (b), it
was observed that up to lower transition load, the Ni-based/@¢9Composite clad
exhibits elastic behaviour and underwent deformation of 0.18 mm. Howevertheit
constantly increasing load, the micro-cracks start forming otofhef the clad surface
as observed from constant load-deformation at lower transition 06@d N in the
present case. During this stage, the hard carbide presend ithelatarts absorbing the
load and exhibit strong load-deformation properties as shown in-Ktagais
deformation stage can be described as the beginning of plastimd&tr in the clad.
However, at this stage, the micro-cracks begin to develop and rédeca@duced

stresses, as shown by the staircase profile in Figure 6.15 (b).

These small bends caused the reinforced phase to separatehéomatrix, causing
larger cracks. However, if the load is increased beyond the upsition load value
(in this case ~ 3211 N), greater plastic deformation will ocadrthe cracks will spread
to the depth of the clad, and the clad will fail when the loadhifted on the SS-316
substrate. Stage-Ill (Figure 6.15 (c)) shows the progressivenugion of the substrate.
In addition, the load was stopped, when the load began to fall @&&ub (d)). The

maximum flexural value of microwave processed Ni-Based#Q}Ccomposite clad
was observed as 813.229 MPa. The observations of the complete stumyuated in

Table 6.5.
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Table 6.5: Observations recorded during three-gméntd test of microwave processed
Ni-Based/40GiC. composite clad

Deformation .
L ower Upper Flexural . Maximum
Sample L L at upper Maximum .
transition transition - strength defor mation
set load (N) load (N) transition (MPa) load (N) (mm)
load (mm)
i- o)
NI-40% g5 3211 0.63 813220 7807 5.02
CrCy

Further, to examine the Ni-Based/4@C+ composite clad failure mode, fractographic
analysis of three-point bend tested clad specimas performed using SEM. However,
the top view and side view of a fractured test spen of Ni-Based/40G€, composite
clad is shown in Figure 6.16 (a) and (b).

(a)

Primary Cracks (b) Cracks Reaches

Substrate

Figure 6.16: Photographs of the fractured clad ispet after three points bend test of
showing (a) Top view of Ni-Based/40{L» composite clad (b) Side view of
Ni-Based/40GC. composite clad

The SEM images are shown in Figure 6.16 (a) anaxh)bits that during loading on
the surface of the clad generates multidirectionatro cracks in the clad. The cracks
spread in to the depth of the clad up to the iaterfvia primary cracks as loading
progress. Whereas, the Ni-Based/4@zrcomposite clad possess higher ductility, as a
result of the presence of Ni in the matrix. Howevke hard reinforce carbide particle,
due to their brittle nature, act as crack origimatpoint, between reinforcement and
matrix phase. The carbides detached from the mpld@se shown in Figure 6.17 (c). As
a detachment of carbide from matrix phase occuringuoading above the lower
transition load. The ductile Ni matrix resists ttrack formation up to the stage-I of

loading, but later in stage-ll or stage-lll, cradattered in the matrix and secondary
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micro-cracks appear as shown in Fig. 6.17 (c). Hanehe carbide particles were still
visible firmly embedded in the matrix. The formatiof secondary cracks in the Ni

matrix phase, during tensile loading, indicatesdbleonding of the matrix phase.
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Figure 6.17 SEM micrographs of the fractured speaimf Ni-Based/40GE>
composite clad after three-point bend test shoviandviultidirectional Cracks

(b) Primary cracks (c) Secondary cracks
6.6.2 Flexural Strength Results of Ni-Based/20Cr3C,-20Mo Composite Clad

Similarly, the three-point bend test has been edrrout to examine the flexure

behaviour developed Ni-based/2@C+20Mo composite clad. The load vs. deformation
characteristics of Ni-based/2QCs-20Mo composite clad is illustrated in Figure 6.18
(a). For the exhaustive study the load vs. defaonatharacteristics curve was divided
into three stages as shown in Figure 6.18 (b)arid)(d).

During stage-I, uniform load-deformation behaviewas observed up to ~ 577 N of the
load for Ni-based/20G€.-20Mo clad. Further, in stage-l, there was a shacpease in
load from ~ 577 N to ~ 3760 N with deformation o6® mm. Till the stage-2 clad
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exhibits, elastic behaviour Ni-based/26C¥20Mo clad and only microcracks were
observed on the top of the clad. During this stadgstic deformation in the clad just
starts as the hard carbides in the clad takesotiee dnd due to which sharp increase in
load-deformation characteristics can be observegignre 6.18 (b). The minor cracks
which were formed in stage-ll propagate as the loadeases and turn into a major
crack in stage-Ill. During stage-Ill, more plastieformation in the clad occurs and the
clad gets failed with an increase in load as tlad s shifted to the SS-316 substrate. As
the load is shifted to the substrate, the substiaffiermation characteristics are shown in
Figure 6.1 (c), due to that the load drop is obseérin the load vs. deformation
characteristics curve as shown in Figure 6.18l{dyas observed that the average value
of the flexural strength of Ni based/2QCs-20Mo was 708.76 MPa.
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Figure 6.18: (a) Load vs. deformation charactesstif microwave processed
Ni-Based/20CGiC>-20Mo composite clad during a peel-of-strength ees8-point bend
test: Expanded views of the of clad characterigb¢dJp to 1 mm deformation (c)

Between 1 to 3 mm deformation (d) Onwards 3 mm raeddion
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The observations recorded during the load-defoonatharacteristics complete study
are presented in Table 6.6. The fractographic stoflythe flexural tested Ni-
based/20GC>-20Mo composite clad was carried out using SEM. klav, the
photographs of the top view and side view of a tired test specimen of Ni-
Based/20GIC2-20Mo composite clad are shown in Figure 6.19 al) @).

Table 6.6 Observations recorded during three ptietsl test of microwave processed
Ni-Based/20GC2-20Mo composite clad

L ower Upper Deformation Flexural . Maximum
Sample L L at upper Maximum :
- transition transition transition load strength load (N) deformation
load (N) load (N) (MPa) (mm)
(mm)
Ni-20%
CrCz- 577.69 3760 0.63 708.76 6804.16 5.11
20Mo
(a) Primary Cracks (b) v Cracks Reaches

Substrate

Figure 6.19 Photographs of the fractured clad speciafter three points bend test of
showing (a) Top view of Ni-Based/20{Lx-20Mo composite clad (b) Side view of
Ni-Based/20G4C,-20Mo composite clad

The SEM micrographs illustrated in Fig. 4.20 (&), (and (c), which reveals the
formation of primary cracks, secondary cracks aathched carbides during flexural
testing. These primary cracks grew under contindoading and reach the substrate.
However, one interesting observation was foundrdufiexural testing that, clad layers
did not get peeled off from the substrate, whichficms the presence of metallurgical

bonding between the substrate and the clad layer.
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Figure 6.20 SEM micrographs of the fractured speaiwf Ni-Based/20GEC>-20Mo
composite clad after three-point bend test shoand/ultidirectional Cracks

(b) Primary cracks (c) Secondary cracks
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Chapter 7

Functional Characterization: Results & Discussion

7.1 Introduction to Chapter

This chapter presents the results of the functional charattenizaf the microwave
processed clads. The initial sections present the results dditaavierosion parametric
study of SS-316, Ni-based/4QCp clad, Ni-based/20GE€>-20Mo clad in terms of
weight loss. Further, the effect of various parameters on dawitatosion behaviour
has been discussed in detail. The following sections report thedraphic analysis of
the worn surfaces was carried out using SEM to know the mechanidailwé.

Whereas the last section represents the results of a compasaidy of physical,
mechanical, metallurgical and tribological properties of varioaenals has been

incorporated.

7.2 Results of Parametric Study of Cavitation Erosin Behaviour of
SS-316 and Developed Clads

The Cavitation erosion testing was conductertording to the Taguchi L9 orthogonal
array on the stainless steel-316 substrate and on developed NU4B&s&c & Ni-
based/20GC,-20Mo composite clads. The experimental results obtained in terms of
cumulative mass loss (CML) or cumulative weight loss (CWL)ewarther converted

in other terms like cumulative volume loss (CVL), cavitation erosa@ (CER); mean
depth of erosion (MDE), means erosion rate (MER), and incubation(ld#§ so that

the results of various tested materials can be effectivelypamd. The calculation of

the above-mentioned terms has been carried using the followitigmsléas per ASTM
G32-17 Standards):

AW
i. Volume loss or CVL (mn?) = — X 1000, Where,AW is weight loss in mg ang
p
is density in g/crh
y AW : . : o :
ii. CER (mg/h) :E , Where,AW is weight loss in mg andt is time interval in

hours.
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iii. MDE (um) = , andMER (um/h) = , Where,AW is weight

W

10xpxA m
loss in mgpis the density of the material in g/ is the area of eroded specimen
in cn? (In current study it is taken equal to area of the ultrasonic, liameter of
horn = 1.5 cm and aream? = 1.77 cmd or 176.7 mm).

iv. IBT (Minutes/Hours) = Incubation period is the initial stage of the cavitation
erosion, where the cavitation erosion is zero or very small as cethpa later
stages. Till incubation period, material under cavitation testingepsss higher
resistance to impingement jets. In the present study, the periaal wpich, only
10% weight loss has occurred is taken as the incubation period, beutiabyg, ithe

material possesses a lower cavitation erosion rate.
7.2.1 Results of Parametric Study of Cavitation Erosion Behaviour of SS-316

The cavitation erosion testing has been carried out, accordingtAid_9 orthogonal
array (with optimization goal- larger is better). The Taguchiorthogonal array has
four columns, where three columns are assigned to each parametntim| factor
(SOD-standoff distance, AMP-Amplitude and IMD-immersion depth) toed fourth
column is assigned to the error. The experimental results ofatiami testing of

stainless steel-316 are tabulated in Table 7.1.

Table 7.1: Cavitation erosion study experimentation results or response da&306

Run  SOD AMP IMD CML CVL  CER MDE nepi oy BT
Order (mm) (um) (mm) (mg) (mm?) (mg/h) (um) (Min)

1 05 40 80 183 23 30 82 1.4 86.36
2 05 50 100 193 24 32 87 1.4 87.8
3 05 60 120 214 27 36 97 1.6 48.8
4 1 40 100 134 17 22 6.0 1.0 94.7
5 1 50 120 141 18 24 6.4 1.1 90.2
6 1 60 80 210 26 35 95 1.6 64.1
7 15 40 120 53 07 09 24 0.4 174.8
8 15 50 80 131 16 22 59 1.0 89.5
9 1.5 60 100 144 18 24 65 1.1 90.8

The highest mass loss in SS-316 has occurred at test parase¢t8r6SOD- 0.5 mm,
AMP- 60 pm and IMD- 120 mm). At test, parameter set-3 the S&4.@n incubation

114



Chapter 7: Functional Characterization: Results & Discussion

period of 48.8 minutes and mean erosion rate of 1.6pum/h. However, out ohalinee
and calculated responses, the cumulative mass loss was selected gotise nemriable
for statistical analysis and mathematical modelling, althotigh & most commonly
used response variable in cavitation studies by researcherplofloé cumulative mass
loss as a function of cavitation erosion test time for all ilstss steel-316 specimens is
shown in Figure 7.1; it reveals that with the increase in camitaiosion time the CER
increases drastically. The steady or constant erosion rabeéasbserved in the initial
phase, or till cavitation erosion testing of 2 hours. Whereas staep slopes also have
been observed in the plot after 2 hours of cavitation erosion, thigrosnifie higher

erosion rate at later stages during cavitation phenomena.

J|—m—1 Stainless Steel-316

Cumulative Mass Loss (mg)
N
1

T T T T v 1
180 240 300 360 420

Time (Min)

v T
0 60 120

Figure 7.1 Cumulative mass loss as a function of cavitation erosion test tirfB&gpS
7.2.2 Results of Statistical Analysis of Cavitation Erosion Behaviour of SS-316

The main effect plot of test parameters is shown in Figure 7tBelmain effect plot if
the line is near to horizontal axis the parameter of contobbifdnas less effect on the
response. Where, if the line is more incline with a horizontalthgtsmean factor have

a significant effect on the response.

Figure 7.2 reveals that the SOD and AMP have a more signigfiet on mass loss of
SS-316 because the lines are more incline form the horizontal/dzgs it has been

observed that the with the increase in SOD the mass loss -Bl&Slecreases
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drastically, and with the increase of AMP, the mass loss isesesharply, whereas with
the increase in IMD the mass loss has decreased a littleeugoyvthe average mass loss
of 15.5 mg has been observed in SS-316.

Main Effects Plot for Means
Data Means

B SOD (mm) AMP (pm) IMD (mm)

18
:
S 16
B \
§ 14
=

12

10

0.5 1.0 1.5 40 50 60 80 100 120

Figure 7.2: Main effect plots for cumulative weight loss for SS-316

Further, the Analysis of Variance (ANOVA) has been perfarnte identify the
significance of the test parameters on cumulative mass(¢é@awitation erosion of the
material) or which test parameter is critically impattéor the response. The analysis
has been carried out at a 95% confidence level. Hence, the parantieip-value less
than 0.05 will be considered as a significant parameter. The mndigs been
performed using Minitab 17.0 software. Table 7.2 shows the obtained AN@3(Ats
for mass loss in SS-316. It is observed from the ANOVA tabl¢ @llathe test
parameters or control factors have a significant effect afetsigonse and important role
in mass loss of the SS-316. However, the contribution of SOD, AMPMIDdN mass
loss of SS-316 is 56.34%, 32.16%, and 11.02%, respectively. The immersion depth has
less effect on mass loss as compared to standoff distance phiti@en Moreover, the
cavitation erosion is difficult phenomena and it is not fully understaeid hecause
many other factors influence it, and it works simultaneously. & Hastors include
target material properties, frequency of the ultrasonic horn, the temperatese lafuid
and machine error. Where the error is least influenced by tbetesglcontrol factors in

the current study, it might be due to the fact that, in curredighe cavitation testing
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has been carried out for 6 hours (360 Minutes) at 20 kHz frequency, wshadmaost
360x20000 = 7200000 cycles, hence the influence of machine error, if igny,
suppressed due to a large number of cycles. The SOD is the nhosttiad parameter

for mass loss of the SS-316 and that can be seen from the sec¢auluas of Table
7.2.

Table 7.2: ANOVA table for CML (SS-316) - Taguchi L9 Array Analysis at 95%

confidence level

. . Percentage
Source DF SeqSS AdjSS AdMS F P Contribution
SOD (mm) 2 115.358 115.358 57.6788 122.590.008 56.34
AMP (um) 2 65.858 65.858 32.9288 69.99 0.014 32.16
IMD (mm) 2 22566 22566 11.283 23.98 0.04 11.02
Residual Error 2 0.941 0.941 0.4705 0.45
Total 8 204.722

The Response table for mass loss of SS-316, the mean value of thdéossasas the
different levels is listed in Table 7.3. The response helps in thgsanaf the effect of
test parameters or control factors based on delta statiétiosre, the delta statistics
depend on the highest mean value minus the lowest mean value of theualdivi
factors. Also, the delta grades are assigned to factors dma#he of these values. A
larger delta value stands for rank 1, the second largest for rank 2 am $ the
current case, the most in dominating factor for mass loss of SS-316 arefatizgstdnte
(SOD) and amplitude (AMP), the delta value for SOD and AMP aré& 8nd 3.87,
respectively.

Table 7.3: Response table for CML (SS-316)

Level SOD (mm) AMP (um) IMD (mm)

1 19.63 12.29 17.46

2 16.17 15.5 15.67

3 10.92 18.92 13.58
Delta 8.71 6.63 3.87
Rank 1 2 3

Further, the mathematical modelling of the mass loss has been thenknear fit
regression equation has been developed using Minitab 17.0. The obtainedAANOV
table of regression analysis is presented in Table 7.4. All thae@meters have a
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significant effect on mass loss. The percentage contributi®®©ar (55.56%) and AMP
(32.15%) is relatively higher as compared to IMD (11.00%), which casebe from
the last column of Table 7.4. And the 1.27% contribution of error has beerveths
which might be due to many uncontrollable factors like temperaiseein test liquid
during cavitation erosion testing or machine error like fluctuatiorfrequency or
amplitude. The Equation 7.1 can be used to compute the mass lossl@ssisteel-316

at varying cavitation test parameters.

Table 7.4: ANOVA table for CML of SS-316 — Regression Analysis at a 95%

confidence level

Source DF AdjSS AdjMS F p Cperc.e”t"?‘ge
ontribution
SOD (mm) 1 113.753 113.753 217.9 0 55.56
AMP (um) 1 65836 65836 126.11 O 32.15
IMD (mm) 1 22523 22523 43.14 0.001 11.00
Residual Error 5 2.61 0.522 1.27
Total 8 204.722

CML (mg) = 17.40 — 8.708 x SOD + 0.3312 X AMP — 0.0969 X IMD----(7.1)

The model summary of the regression equation is tabulated in Tableéh&.R (R-
Square) value of the model is 98.72%, and it means that the developss$iaymodel
can fit into the 98.72% of the data points or the 98.72% data points aretcltse
developed linear equation. Thé @redicted) came out to be 96.13%, which mean that

the prepared mathematical model has an accuracy of results prediction up to 96.13%.

Table 7.5: Regression model summary for mass loss of SS-316

Model Summary
S R-Sq R-Sq(Adj) R-Sq(Pred)
0.722529 98.72% 97.96% 96.13%

The optimization of the test parameter is required to get theedesitput. Hence, after
the mathematical modelling, the optimization of test parambtsdeen done by using
delta statistics, considering the delta value as shown ingpense table (Table 7.3), as
the goal of the current work is to maximize the response (lbass And Table 7.3
exhibits that, the average mass loss is maximum at 0.5 mm SQDm6EMP and 80

mm IMD i.e. 19.63 mg, 18.92 mg, and 17.46 mg, respectively. Therefore, then®.5
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SOD, 60 pm AMP, and 80 mm IMD is chosen as the optimum test ptEnN
Thereatfter the prediction calculation at a 95% confidence levehéss loss at optimal
parameter has been done; the prediction model summary at optitnahraseters is
tabulated in Table 7.6. Table 7.6 reveals that values of the osssatl optimal values
must lies between 22.7 to 27.8 mg. These values can be furtherdutdizempare the
results of the confirmatory or validatory experiments.

Table 7.6: Predicted values for mass loss of SS-316 at a 95% confidence level

Prediction Model Summary
Variable Input (SOD-0.5 mm, AMP-60 um, IMD-80 mm)
Fit SE Fit 95% CI 95% PI
25.1736 0.564827 (23.7217, 26.6255)(22.8161, 27.5311)

7.2.3 Results of Parametric study of Cavitation Erosion Behaviour of Ni-
Based/40Cr3C. Composite Clad

Similarly, the developed Ni-based/4QCs composite clad has been examined for
cavitation erosion behaviour. The total 9 experiments have performexidiaccto L9
Taguchi orthogonal array. The results gained from the paranstiridy of developed
Ni-based/40GC, composite clad are presented in Table 7.7. It can be observed from
the experimental results that maximum mass loss of 2.8 mgchas@d at parametric
set-3, at that particular parameters set the Ni-based@9Composite clad has an

incubation period of 287.42 minutes and mean erosion rate of 0.21 um per hour.

Table 7.7: Cavitation erosion study experimentation results or response ddita for

based/40GC, composite clad

Run  SOD AMP IMD CML CVL  CER MDE . nepo oy BT
Order (mm) (um) (mm) (mg) (mm?) (mg/h) (um) (Min)
1 05 40 80 24 030 040 1.09 0.18 319.4
2 05 50 100 25 031 042 1.3 0.19 300.8
3 05 60 120 29 035 047 1.27 0.21 278.42
4 1 40 100 17 021 028 0.77 0.13  >360
5 1 50 120 18 023 030 0.81 0.14  >360
6 1 60 80 28 035 047 1.27 0.21 280.8
7 15 40 120 06 008 010 0.27 0.05 >360
8 15 50 80 17 021 028 0.77 0.13  >360
9 15 60 100 1.8 023 030 081 0.14  >360
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The Figure 7.3 shows that cumulative mass loss as a function cdtaviexposure
time, the Ni-based/40€C, composite clad exhibits steady-state erosion till 120 minutes
at parameters set-3, where the steady-state erosion peratdeatparametric sets is
even more. Moreover, the mass loss in the developed Ni-basegZ46@mposite clad

iIs lesser as compared to SS-316 at all experimental conditWhsre the few
experimental conditions are found not that appropriate to cause cagimifiamage to
the developed Ni-based/4QCs composite clad in the 6 hours of cavitation erosion
testing. The Ni-based/40§3, composite clad exhibits 7.6 time lesser mass loss as

compared to SS-316 at same experimental conditions.

3.0

1|—=—1 Ni-Based/40Cr3C2

27| _e—2

Cumulative Mass Loss (mg)

T T T T T T T T T T T T
0 60 120 180 240 300 360 420
Time (Min)

Figure 7.3: Cumulative mass loss as a function of cavitation erosion test time
(Ni-based/ 40GCz composite clad)

7.24 Results of Statistical Analysis of Cavitation Erosion Behaviour of Ni-
Based/40Cr3C, Composite Clad

Figure 7.4 shows the graphical effect of all three test parameters.Fgure 7.4, it can
be observed that with the increase of SOD the mass loss dscdrastically, whereas
with the increase in AMP the abrupt increase in the mass las®bserved. However,
the minimal decrease in mass loss has been observed from thefi@etirplot with the

increase of IMD.
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Main Effects Plot for Means
Data Means
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Figure 7.4: Main effect plots for cumulative weight loss for Ni-basedRCr

composite clad

The cavitation testing results of Ni-based/4IGrcomposite clad was analyzed
statistically by using Minitab 17.0. The purpose of statisticalyaisgis to figure out
which tests parameter has significantly affected the centarosion characteristics or
response (mass loss). The statistical analysis has beesdcauti at 95% confidence
level. Table 7.8 shows the results of ANOVA analysis of CML ebéked/40GC;
composite clad. From the ANOVA table, it has been observed thaf #firee test
parameters are statistically and physically significastihe p-value of all three test
parameters is less than 0.05. The percentage influence of S@3pmnse is more as
compare to AMP and IMD, as the percentage contribution of SOD is 56. 1168t ¥he
percentage contribution of AMP and IMD is 31.09% and 12.33%, respectivelyeWhe
the percentage influence of the error is only 0.39%, which might beodaxgérimental
fluctuations like temperature rise of test liquid while caiotaterosion testing or
weighing machine error). It has been reported that the teraperaf test liquid

significant affects the cavitation erosion of the matetiai
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Table 7.8: ANOVA table for CML (Ni-based/404Ck) - Taguchi L9 Array Analysis at
95% confidence level

. . Percentage
Source DF SeqSS AdjSS AdMS F P Contribution
SOD (mm) 2.19556 2.19556 1.09778 141.140.007 56.16

2
AMP (um) 2 1.21556 1.21556 0.60778 78.14 0.013 31.09
IMD (mm) 2 0.48222 0.48222 0.24111 31 0.031  12.33
2
8

Residual Error 0.01556 0.01556 0.00778 0.39
Total 3.90889

Further, the results are examined via delta statistics,ethdts of delta analysis are
tabulated in Table 7.9. The procedure of the delta analysis waslyaldescussed in

section 7.2.2. In the current case, the delta value of the SOD is fidgheas compared

to AMP (0.9) and IMD (0.5). Hence, it confirms that the SOD haseneffect on mass

loss during cavitation erosion testing of Ni-based/4G¢Zcomposite clad, followed by
AMP and IMD.

Table 7.9: Response table for CML (Ni-based/4@2composite clad)

Level SOD (mm) AMP (um) IMD (mm)

1 2.567 1.567 2.3

2 2.1 2 2

3 1.367 2.467 1.733
Delta 1.2 0.9 0.567
Rank 1 2 3

To set up the relation between mass loss and test parameter, the mathenoaliting
of the mass loss has been done; the linear regression has beeneadebglopgression
analysis at 95% confidence level. The obtained ANOVA results oéssmpn analysis
are presented in Table 7.10. According to the analysis, the mpsttant parameter
with respect to mass loss during cavitation erosion testing 3 (5§6.25%), followed
by AMP (31.08%) and IMD (12.33%).
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Table 7.10ANOVA table for CML of Ni-based/40GE€, composite clad— Regression

Analysis at a 95% confidence level

Source DF AdjSS AdjMS F p  Percentage
Contribution
SOD (mm) 1 2.16 2.16 206.81 O 55.25
AMP (Um) 1 1215 1215 11633 0 31.08
IMD (mm) 1 0.48167 0.48167 46.12 0.001 12.33
Residual Error 5 0.05222 0.01044 1.33
Total 8 3.90889

The following Equation (7.2) has been developed with 20fR8.66% for mass loss of
Ni-based/40GC, composite clad as a response variable using the least soeta@m
in Minitab 17.0. The summary of the prepared mathematical moddéluktad in Table
7.11. The developed model hag @redicted) 96.18%, which mean the developed

model, can predict 96.18% correct results in future, within the same domain.
CML (mg) =2.378 — 1.2 x SOD + 0.045 x AMP — 0.01417 X IMD--------- (7.2)

Table 7.11: Regression model summary for mass loss of Ni-baseglZ40@mposite

clad

Model Summary
S R-Sg R-Sq(Adj) R-Sq(Pred)
0.102198 98.66% 97.86% 96.18%

As the goal of the current work is to maximize the responseass ross, hence it is
required to perform the cavitation testing at the optimizetgarameters and it is clear
from the response table (Table 7.9) that the average mass fosgirmum at 0.5 mm

SOD, 60 um AMP and 80 mm IMD i.e.2.5 mg, 2.4 mg, 2.3 mg, respectively.

Hence, 0.5 mm SOD, 60 um AMP and 80 mm IMD was come out to be uwptim
cavitation erosion test parameters. The prediction calculatiorbéas carried out at
optimum parameters in Minitab 17.0 software at 95% confidence |evelpriedication
modelling details are summarized in Table 7.12. As per predictiocnlaigons at the
optimized experimental condition, the value of mass loss mudtdiggeen 3.01 to 3.6
mg for Ni-based/40GEC, composite clad. To verify the prediction, model the

123



Chapter 7: Functional Characterization: Results & Discussion

confirmatory experiments have been carried out and the resultordgirmatory

experiments are presented in section 7.3.

Table 7.12: Predicted values for mass loss of Ni-based/@9&r a 95% confidence

interval

Prediction Model Summary
Variable Input (SOD-0.5 mm, AMP-60 um, IMD-80 mm)
Fit SE Fit 95% ClI 95% PI
3.34444 0.0798919 (3.13908, 3.54981)(3.01099, 3.67790)

7.25 Results of Parametric study of Cavitation Erosion Behaviour of Ni-
Based/20Cr3C,-20Mo Composite Clad

Similarly, the experimental cavitation erosion testing was coeduciccording to
Taguchi L9 design plan for Ni-based/2@C#20Mo composite clad to assess the effect
of cavitation test parameters SOD, AMP, and IMD on the CML of Mie
based/20GC,-20Mo composite clad. Table 7.13 illustrates the experimental sesfult
the CML, CVL, CER, MDE, MDER and IBT. It has been observed thattaeimum
mass loss has occurred at test parameters set-3, which is.ITBengean erosion rate
at those particular experimental conditions is 0.12 um per hour. Thieaithen period

for Ni-based/20GC,-20Mo composite clad at all experimental conditions is more than
the 360 minutes or 6 hours.

Table 7.13: Cavitation erosion study experimentation results or response data for N
based/20GC>-20Mo composite clad

Run SOD AMP IMD CML CVL CER MDE MDER IBT
Order (mm) (um) (mm) (mg) (mm? (mg/h) (um) (um/h) (Min)

1 0.5 40 80 1.2 0.14 0.20 0.59 0.10 >360
2 0.5 50 100 1.4 0.16 0.23 0.69 0.12 >360
3 0.5 60 120 1.6 0.18 0.27 0.79 0.13 >360
4 1 40 100 0.7 0.08 0.12 0.35 0.06 >360
5 1 50 120 0.9 0.10 0.15 0.44 0.07 >360
6 1 60 80 1.2 0.14 0.20 0.59 0.10 >360
7 15 40 120 0.2 0.02 0.03 0.10 0.02 >360
8 15 50 80 0.5 0.06 0.08 0.25 0.04 >360
9 1.5 60 100 0.6 0.07 0.10 0.30 0.05 >360
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Figure 7.5: Cumulative mass loss as a function of cavitation erosion test time
(Ni-based/ 20GC>-20Mocomposite clad)

The results of cumulative mass loss of Ni-based/2D&£20Mo composite clad with
respect to cavitation time during cavitation erosion experimeetstawn in Figure
7.5. From the plot shown in Figure 7.5, it can be seen that the no maswdss
observed in the developed Ni-based/2z120Mo composite clad up to half-hour of
cavitation testing, whereas at experimental conditions 7, 8, and @swloss has been

observed until 30 min, 60 min, and 60 min of cavitation erosion testing, respectively.

7.2.6 Results of Statistical Analysis of Cavitation Erosion Behaviour of Ni-
Based/20Cr3C,-20Mo Composite Clad

The varying effect of the cavitation test parameter on nusssi$ illustrated in Figure
7.6, the main effect plots of the cavitation test parametersalré¢hat the mass loss
decrease with the increase in SOD and IMD, whereas with thease in AMP the
decrease in mass loss was observed. The all main effect Islotsh@w that the main
effect in mass loss is due to the SOD and Amp, where the téeffect of immersion

depth on the mass loss.
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Main Effects Plot for Means
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Figure 7.6: Main effect plots for cumulative weight loss for Ni-based ZR20Mo

composite clad

To determine the statistical significance of the cavitatsh parameters on mass loss of
Ni-based/20GC,-20Mo composite clad the ANOVA has performed at a confidence
interval of 95%. The results of ANOVA for mass loss of Ni-basedr&DE20Mo
composite clad are presented in Table 7.14. It can also be observethdéréddNOVA
table that all the selected test parameters are sigttifisathe p-value for the all the test
parameters is less than 0.05 and the SOD, AMP, and IMD affeanhéiss loss by
59.46%, 30.68%, and 9.46%, respectively.

Table 7.14: ANOVA table for CML (Ni-based/204Cx-20Mo) - Taguchi L9 Array

Analysis at 95% confidence level

. . Percentage
Source DF SeqSS AdjSS AdjMS F P Contribution
SOD (mm) 1.04667 1.04667 0.523333 157 0.006 59.46

2
AMP (um) 2 0.54 0.54 0.27 81 0.012 30.68
IMD (mm) 2 0.16667 0.16667 0.083333 25 0.038 9.46
2
8

Residual Error 0.00667 0.00667 0.003333 0.37
Total 1.76
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The experimental results are further analyzed by using ddttistics method. The
results of delta analysis are tabulated in Table 7.15.

Table 7.15: Response table for CML (Ni-based/20e20Mo composite clad)

Level SOD (mm) AMP (um) IMD (mm)

1 1.7333 1.0333 15

2 1.3667 1.3333 1.3333

3 0.9 1.6333 1.1667
Delta  0.8333 0.6 0.3333

The delta statistical analysis computes the difference katae average of response at
the highest levels minus and averages of response at lowdst teea the final delta
values are obtained. The highest delta value is given as the rank theafodlowing
values are given rank 2 and rank, so on. The delta values of SOD, AMRVIraré¢
0.83, 0.6 and 0.33, respectively. As the delta value of the SOD in higlinesih, mean
the SOD have highest significance on the mass loss, followed by Amp and IMD.

After studying the effect of test cavitation test parameters, theematitally modelling
has been done, to develop the relation between response and the contbbksvaria
Therefore, the regression analysis has been carried out at ec®®#ence interval by
using the least square method in Minitab 17.0 software. The obtain€@Y/ANesults

of the regression analysis are presented in Table 7.16. The foll&guration (7.3) has
been developed with?f 99.34 %, and R(predicted) of 97.87%. The model summary

of the regression analysis is tabulated in Table 7.17.
CML (mg) = 1.5 — 0.8333 x SOD + 0.030 x AMP — 0.00833 X [M-------- (7.3)

Table 7.16: ANOVA table for CML of Ni-based/2QCx-20Mo composite clad—

Regression Analysis at a 95% confidence level

Percentage

Source DF AdjSS AdiMS  F P~ iibution

SOD (mm) 1 1.04167 1.04167 446.430 59.18
AMP (um) 1 0.54 0.54  231.430 30.68
IMD (mm) 1 0.16667 0.16667 71.43 O 9.46
Residual Error 5 0.01167 0.00233 0.66
Total 8 1.76
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Table 7.17: Regression model summary for mass loss of Ni-baseglZ2Z0Mo
composite clad

Model Summary
S R-Sq R-Sq(Adj) R-Sq(Pred)
0.048306 99.34% 98.94% 97.87%

The typical researcher would do experiments to obtain particutaitsefrom the
processing or testing; nominal is better, lower is better, arftehig better. The mass
loss in the Ni-based/20€2,-20Mo composite clad is the response parameter used in
this case. Hence, the goal of the current work is to magitthie response. Therefore,
the optimization has been carried by using a delta response(Table 7.15). On the
basis of the delta analysis results, the 0.5 mm SOD, 60 mm AMBCamen came out

to be optimum cavitation test parameter, for maximizing the mass loss.

Further, the prediction calculation has been carried out at optinawtaton test
parameters at a confidence level of 95%. The prediction model aymsitabulated in
Table 7.18. As per prediction results, the mass loss of Ni-based2&DiMo

composite clad at optimum cavitation test condition must lie bet@@&nto 2.37, then

the prepared mathematical model will consider as valid.

Table 7.18: Predicted values for mass loss of Ni-based/2920Mo composite clad at

a 95% confidence interval

Prediction Model Summary
Variable Input (SOD-0.5 mm, AMP-60 um, IMD-80 mm)
Fit SE Fit 95% CI 95% PI
2.21667 0.0377614 (2.11960, 2.31374)(2.05906, 2.37428)

7.3 Effect of Test Parameters on Cavitation ErosiorBehaviour of
Materials

7.3.1 Effect of Stand of Distance on Cavitation Erosion Behaviour of Materials

The standoff distance can be defined as the distance betwadtrdbenic horn and the
specimen surface. The generated cavitation bubbles are didmtgtvards surface
direction and are transported in the direction acoustic wavesdswhe specimen

surface. And during fluctuation in pressure due to change directiomowement of the
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ultrasonic horn the reversal of bubbles growth walke place and ultimately they
explode and cause the formation of high-velocitgrmjets and micro-jets impingement
on material surface cause material damégé|. However, it has been observed from
the main effect plots shown in Figure 7.2, 7.4 @r@lthat with the increase in standoff
distance between the ultrasonic horn and specimeéacg, the average mass loss in the
specimens has decreased. At 0.5 mm SOD the shoekpraduced by the ultrasonic
horn has sufficient energy to direct most of themfed vapour bubble too wards
specimen surface as shown in Figure 7.7 (a) and\bgreas at 1 mm SOD, that same
shockwave energy is not that sufficient to transgoe all cavitation bubble near to the
specimen surface, the some of the bubbles get edclapm the bubbles stream as

illustrated in Figure 7.7 (b).

Titani ’
';‘:;:m Shockwaves Helps in Well Directed
(20 KHz) Directing the Bubbles| 8 Cavitation Bubbles
60 pm Sample Holder \ e
N
Test §
Specimen = / g A0,5 mm
Test || 4
Liquid 500 pm -
(a) (b) SOD - 0.5 mm
Shockwave Energy Escaping
Decreased Bubbles Shockwave Energy S| More Escaping
_ — Diminished Bubbles
A
2 A
\..;3";?:';:/: — 1.5 mm
- .
(c) SOD-1 mm (d) SOD- 1.5 mm

Figure 7.7 Schematic of (a) Cavitation bubbles b&ha at 0.5 mm SOD, 60 um AMP
and 80 mm IMD (b) Acoustic bubbles behaviour atrird SOD (c) Acoustic bubbles
behaviour at 1 mm SOD (d) Acoustic bubbles behavadd.5 mm SOD
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Hence due to the fewer bubbles near the surface of the speciméewénanicro-jets
will form near the surface of the specimen and the lesser datmagaterial and less
average mass loss & higher incubation period have been observed asecbtopab
mm SOD. Similarly, when the SOD is 1.5 mm the more vapour bubblegsgape
forming the bubbles stream as shown in Figure 7.7 (d) because the sheakveagy
almost got diminished. Therefore, very less mass loss andargey ihcubation period
have been observed at 1.5 mm SOD. It also has been reported th&ewitbréase of
SOD the shockwave velocity will decrease, which results inlempitessure pulse,
lesser acoustic pressure and low impact energy. Thereforansesal loss will take

place in the specimen under cavitation erosion te&ting
7.3.2 Effect of Amplitude on Cavitation Erosion Behaviour of Materials

The intensity of the cavitation bubble collapse is strongly influgrgethe amplitude
of ultrasonic horn vibration. Figure 7.2, 7.4 and 7.6 shows the effect piftade on
mass loss on the SS-31Mi-based/40GC, composite clad, Ni-based/2GCs-20Mo
composite clad at a vibratory frequency of 20 kHz. The amplitudeboftion can be
directly related to the number of vapour bubbles generated and thesitintef the
collapse pressure. Due to the smaller negative cycles, th&tiwm bubble grows
smaller and less intense when they collapse, while in langgative cycles the
cavitation bubble grows larger, and collapse at higher pressure where$sure is
recovered to a certain value, above vapour pressure at thatiparté&enperaturé
Hence, in the current study, at larger amplitude 60 pm, it has dieserved that the
more vapour bubbles have formed due to large negative cycle and loghyvef the
ultrasonic horn velocity as shown in Figure 7.8 (a) and (b). Therééoge mass loss
and smaller incubation period in materials have been observed. Howeter 58 um
amplitude, due to the medium negative cycle, the moderate numbepafrvaubbles
has formed as shown in Figure 7.8 (c), therefore, the less averagelosa and
moderate incubation period have been observed. When the amplitudenns #very
few vapour bubbles will form due to the very small negative cgslehown in Figure
7.8 (d). Hence, very little mass loss and large incubation pericel heen observed at

the 40 um amplitude.
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Figure 7.8 Schematic of (a) Cavitation bubbles b&ha at 0.5 mm SOD, 60 um AMP
and 80 mm IMD (b) Acoustic bubbles behaviour apu®® AMP (c) Acoustic bubbles
behaviour at 50 um AMP (d) Acoustic bubbles behawvat 40 um AMP

7.3.3 Effect of Immersion Depth on Cavitation Erosion Behaviour of Materials

Figure 7.2, 7.4 and 7.8 shows the influence ofdiyeth of the horns immersed into the
test liquid. Experimental results reveal that airmmersion depth of 80 mm, the larger
mass loss has been observed than at 100 mm anohh20'he increase in cavitation
bubbles strongly depends on the static fluid pmessét higher static pressures, the
acoustic pressure amplitude must be greater taecneagative pressure for bubble
growth. Therefore, it is more difficult to facili@the growth of bubbles by introducing
more test liquid into the containefi19]. Hence, in the present work when the
immersion depth is 80 mm the static pressure i817&a, which is less compares to
static pressure at an immersion depth of 100 mnB8®FPa) and 120 mm (117.76 Pa).
Therefore, the more average mass loss has beervethsss 80 mm IMD as compared

to 100 and 120 mm IMD. The reason attributed tolélsser mass loss at 100 mm and
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120 mm is less bubble formation at higher immergiepth. The schematics of the
cavitation bubble behaviour at a varying immersaapth of the ultrasonic horn are

shown in Figure 7.9 (a-d).
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Figure 7.9: Schematic of (a) Cavitation bubblesavatur at 0.5 mm SOD, 60 um AMP
and 80 mm IMD (b) Acoustic bubbles behaviour an@@ IMD (c) Acoustic bubbles
behaviour at 2100 mm IMD (d) Acoustic bubbles bebaviat 120 mm IMD

7.4 Fractrographic Analysis of Worn Surfaces of Magrials

To extensively analyze the cavitation erosion meidm, the fractographic analysis of
the eroded specimens has been carried out. Thisresuhe fractographic analysis of
SS-316, Ni-based/4062> composite clad and Ni-based/2@C+20Mo composite clad
are presented in section 7.4.1, 7.4.2 and 7.4sBentively.
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7.4.1 Fractographic Analysis of Worn Surface of SS-316 Specimens

Figure 7.10 (a) shows the surface topography oStB&316 before cavitation erosion, as
it can be seen that the surface is well polishedl starch free before the cavitation
erosion testing. Where Figure 7.10 (b), (c), andsftbw the surface of eroded SS-316
specimen, which was tested at parametric setéhd,7, respectively.

Polished SS-316
Surface

£ > S
SEl  20kV WDSmm S$S35 x2,000 10pm e— x2,000 10pm
SAl Labs, TIET Patiala G.Mourya 0000 14 May 2019 0000 07 May 2019

rep R Lip
3 Formation

Iad” & "‘jA,_'_-- oA
o %atn&n Crater

SEl  20kV WD11mm SS35 x2,000 10pm SElI  20kV WD11mm SS35 10pm SE—
SAIl Labs, TIET Patiala G.Mourya 0000 07 May 2019 SAl Labs, TIET Patiala G.Mourya 0000 07 May 2019

Figure 7.10: Typical SEM Micrographs showing sueféapography of SS-316
(a) Before cavitation erosion (b) After cavitatierosion at 0.5 mm SOD, 60 um AMP
& 120 mm IMD (c) After cavitation erosion at 1 mn®B, 50 um AMP & 120 mm
IMD (d) After cavitation erosion at 1.5 mm SOD, gth AMP & 120 mm IMD

Figure 7.10 (b) reveals that, at parametric cood#ino.3, the SS-316 was severely
damaged by the vapour bubbles during cavitatiosienatesting for 6 hours. Therefore,
the large number of wide crater, pits, micro craaksl striations has been observed
through the SEM micrograph. The presence of sbmaséind micro-cracks confirms that
the SS-316 got damaged due to heavy impact loadm@gS-316, because of the
explosion of the cavitation bubbles, which inityaleads to plastic deformation and at

later stages when the impact energy is more thamtaterial capacity, the material
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fracture will occur. Whereas Figure 7.10 (c) reveals that mtal@amount damage in
the form pits, flaky craters, cavitation crater and striatisdexurred in stainless steel
specimen at parameter set no. 5, as the SOD has increased atutlarhpk decreased,
the fewer and less intense vapour bubbles will able to reach thinspesurface.
However, on the specimen tested at parametric set no.7 (1.5 mm 8@, 4nd 120
mm) the cleavage marks, impingement marks of impingement jat| santer; fatigue
striation and lip formation have been observed. From the Figure 7.1@ (ds been
clear that the material is under initial stages of cawmagrosion and due to the fact
that, at larger SOD only few vapour bubbles will able to reachimpacsurface, the
most of the get escape from the sides. Hence, the localizeatwavierosion in the

middle of the specimen has been observed.

7.4.2 Fractographic Analysis of Worn Surface of Ni-Based/40Cr3C, Composite Clad

Specimens

Figure 7.11 (a) shows the well-polished and scratch-free top swfatie developed
Ni-Based/40GiC,> composite clad, the chromium carbide particles are uniformly
dispersed in the Ni-matrix. Where, Figure 7.11 (b) of the top sunfaiceowave
processed Ni-Based/40{0x» composite clad, showing the mixed mode of both brittle
and ductile fracture tested at parametric set no.3. The magion of the clad is
covered with small craters, striations and plastically defdrhps. At the same time,
the explosion of cavitation bubbles has induced cracks in the hard cpHhade and
intermetallic phase present in the clad. Whereas at the paiasettno.5, the severity
of damage is less, therefore, only a few micro-cracks, mingr giall extruded lips
impingement marks, ploughing marks and fracture carbide can bdreeethe Figure
7.11 (c). The crack formation along with the carbide phase and clefraagee has
been observed in the specimen tested at parametric set no.7. Fifeigutiee7.11 (d), it

is clear that impingement jet lacks sufficient amount of impaérgy to cause
considerable damage to microwave processed Ni-Based@0&mposite clad, hence
only localized carbide fracture, few impingement marks andrpiise matrix has been
observed. According to mass loss results, the microwave proddsS8ased/40GCo
composite clad exhibits better CER, further the SEM micrographrms the same,
the cavitation damage in the microwave processed Ni-Based@0&mposite clad is

little as compared to SS-316.
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Figure 7.11: Typical SEM Micrographs showing suefa@pography of
Ni-based/40GC, composite clad (a) Before cavitation erosion (EeAcavitation
erosion at 0.5 mm SOD, 60 pum AMP & 120 mm IMD (d)ek cavitation erosion at
1 mm SOD, 50 pm AMP & 120 mm IMD (d) After cavitati erosion at 1.5 mm SOD,
40 pm AMP & 120 mm IMD

7.4.3 Fractographic Analysis of Worn Surface of Ni-Based/20Cr3C>-20Mo Composite

Clad Specimens

Similarly, the fractographic analysis of the worm-Based/20GC,-20Mo composite
clad has been carried out. The surface topograppglished and scratch-free of the top
surface of the Ni-Based/204Ck»-20Mo composite clad is presented in Figure 7.32 (a
the uniformly dispersed dark grey carbide partasid light grey molybdenum particles,
is easily visible from the SEM micrograph (Figur&Z (a)). Where, Figure 7.12 (b), (c)
and (d), shows the fractured surface of the Ni-BE¥CrC,>-20Mo composite clad,

tested at parameters set-3, 5 and 7, respectively.
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Figure 7.12: Typical SEM Micrographs showing suefa@pography of
Ni-based/20GC,-20Mo composite clad (a) Before cavitation erogionAfter
cavitation erosion at 0.5 mm SOD, 60 um AMP & 12& tvD (c) After cavitation
erosion at 1 mm SOD, 50 um AMP & 120 mm IMD (d) &ftavitation erosion at
1.5 mm SOD, 40 pm AMP & 120 mm IMD

The pure brittle mode of fracture has taken plac@aaametric set-3; the fracture

morphology consists of the minor crater, pits ia thatrix, lipping and micro-cracking
of Mo enrich Ni-matrix as shown in Figure 7.12 (bhe few detached carbide particles
also have been observed in the SEM micrograph. @oabfy, the severity of the
damage at the parametric set-5 is less, and mirtnphrametric set-7 as observable
from Figure 7.12 (c) and (d), where the mode ottiree in the Ni-Based/20€,-
20Mo composite clad is brittle at all the experitaiconditions. However, Figure 7.12
(c) exhibits that during cavitation vapour bubldgplosion the generated impact energy
absorbed by Mo enrich Ni- matrix and partially s@rred to carbide particle. Hence,

the flower-like dendritic fracture in the hard nuatphase has been observed as
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illustrated in Figure 7.12 (c), and the fracture morphology consisiaall pits, flaky

particles, fractured splats, striations and lipping in the ma&gion due to surface
fatigue and cavitation crater (approximately of bubble shape)r&yVbely a few minor
cracks, micro pits and particularly one splashes hole (empty da¥itypy detached
reinforcement particle) are observed in the SEM microgrdpgufe 7.12 (d)) of
specimen tested at parametric set-7. As per mass loss nestlie Ni-based/20eC,-

20Mo composite clad exhibits 11.2 times less mass loss as con@&316 and the
fractographic analysis results confirm the same because mdamage to the clad

region has been observed through SEM micrographs.
7.5 Results of Confirmatory or Validatory Experimernts

The confirmatory experiments have been performed at optimizedatani test
parameters (0.5 mm SOD, 60 um AMP, and 80 mm IMD). The result sthavshe
maximum mass loss of 23.9 mg has been observed in the SS-316 spduenmeass
loss observed in the SS-316 is within the range of the statigtiedicted value of mass
loss for the SS-316 at optimized parameters. Also, the massofos®th Ni-
based/40GC, composite clad (3.3 mg) and Ni-based/22120Mo composite clad
(2.1 mg) is also in the statistically predicted range. Forctimaparison purpose, the
cavitation erosion study of EWAC coating and heat-treated SS-316 has beeth @ari
The heat treatment (tempering) of the SS-316 has been performgdnisiowave
hybrid heating technique; firstly, the SS-316 was heated up to wieal temperature
and then allowed to cool at room temperature. Basically, the purpos@soleat
treatment is to homogenize the steel specimen. The microstrudttine homogenize
SS-316 is shown in Figure 7.13 (a), the graphical representation of gize
measurement is shown in Figure 7.13 (b), the average grain sire bbmogenized
SS-316 is 15.9 um. The mass loss in heat-treated SS-316 (15.5 mg) is 1.5 times lesser as
compared to SS-316. The reason attributed to a reduction in mass tlessnicrease of
grain size and increase in toughness (as tempering is known foncentent of

toughness).
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Figure 7.13: Microstructure of heat-treated ausiestainless steel (a) Optical

micrograph at 100X (b) Grain size measurement e88&in Micro Cam 4.0.

Test Parameters ( b)

SOD - 0.5 mm
AMP - 60 mm
IMD - 80 mm

—
LY
—
[
S

v
=
L

—=—S8-316
—8—SS-316-HT
—A—EWAC

—¥— Ni-based/40Cr,C,

—&— Ni-based/20Cr5C,-20Mo

=2
L

154

=
1

b
1
Total Mass Loss (mg)

Cumulative Mass Loss (mg)
=)
N

T T T T T 1 Q
0 60 120 180 240 300 360 420 © N
%\

Time (Min) Materials

Figure 7.14: (a) Cumulative mass loss vs. cavitagimsion time plot for various
materials (b) Bar graph showing total mass loshébase material, heat treated base
material and developed EWAC & Ni-based composiel cl

Whereas the mass loss in EWAC coating is foundigh@s lesser as compared to SS-
316, the reason attributed for the reduction in snasss is that the nickel has
hardenability and toughness property, when it isleddas an alloying element.
However, the results of cumulative mass loss intaawn erosion study of SS-316, SS-
316-HT, EWAC clad, Ni-based/40§3, composite clad and Ni-based/2@Cs+20Mo
composite clad is presented in Figure 7.14 (a)oAl®tal mass loss occurred in
different materials and developed clads in showfigure 7.14 (b).
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7.6 Results of Comparative study of Physical, Meclmcal,
Metallurgical and Tribological Properties of Base Material and
clads

7.6.1 Results of Density of Base Material and Clads

To efficiently compare the developed clads and base materialpth®lized cavitation
erosion resistance (NCER) is the suitable term. And for thmuledion of NCER, the
density of the material must be known. Therefore, the densitylaatn of the

developed clads and base material has been carried out as psshineedes principle.
The density of the EWAC clad was come out to be highest 8.93g&rie density of
pure nickel is higher as compared to stainless steel and chromrbidec However, the

results of density are presented graphically in Figure 7.15.
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Figure 7.15: Comparison of density of base material and microwave developed clads

7.6.2 Results of Comparative Study of Micro-hardness of Various Materials and
Clads

The hardness of the material plays a vital role in the enhamtevh¢he CER 124].
The average microhardness of the base material (SS-316) is 18®04%k5 However,
the average microhardness of the heat-treated steel speciless & compared to as-
received material i.e. 170+10 HY as tempering is known for the reduction in
brittleness and hardness, but it helps in increasing toughness ofatkeam And

139



Chapter 7: Functional Characterization: Results & Discussion

toughness is a suitable property for the high CER. The average mémnebs of the
microwave proceeded EWAC clad is 304+£48dH4VL06], which is almost 1.6 times as
compared to the base material. Whereas the average microhardness of the dié&lielope
based/40GC. composite clad is 605+80 HY and Ni-based/20GQE€-20Mo composite

clad is 681+30 HVWaz The microhardness of the Ni-based/40Gr and Ni-
based/20GC,-20Mo composite clad is approximately 3 and 3.5 times better than that
of the stainless steel substrate, respectively. The aveliager¥ microhardness values

for each material and clad with standard deviation is shown in Figure 7.16.
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Figure 7.16: Comparison of microhardness of base material and microwave developed

clads

7.6.3 Results of Comparative Study of Incubation Time and Normalized Cavitation
Erosion Resistance of Various Materials and Clads

It was observed from the above cavitation erosion study that edélaped clads
exhibits excellent CER than SS-316 substrate under a diffeteoft garameters. It has
been seen that all developed clads perform better at optimized stigiatation
erosion and mass loss) parametric conditions of 0.5 mm SOD, 60 it @& 80 mm
IMD. However, to select the best possible composition of the mis®waveloped
clads from the present developed clads. The comparison study betwesendif
materials and clads has also been carried out and the resutisoavn in Figure 7.17
and 7.18. The comparison has been carried out on the basis of incubatiomdime a
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NCER. The term incubation time already has beeraemgxd in section 7.2, where
NCER can be calculated by using Equation (7.4)

D0y ) — (7.4)
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Figure 7.17: Incubation time of developed cladhwtspect to as received SS-316
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Figure 7.18: Normalized cavitation erosion resiséaor rate of the developed clads

with respect to the base material (SS-316)
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From the Figure 7.17, it can be observed that tiveowave process Ni-based/2QCs-
20Mo composite clad possess highest incubatiorogheri about 6 hours, followed by
Ni-based/40GC, composite clad (3.1 hours), EWAC clad (1.3 hou&$;316-HT (1
hour), and SS-316 (1.08 hours). The reason atétbtd the higher incubation period is
the lower porosity, crack-free microstructure, gometallurgical bonding with the
substrate and higher hardness of the developed.cldmrefore, the cavitation erosion
resistance of the developed Ni-based/2020Mo composite clad have 5.7 times
CER resistance and Ni-based/48Grcomposite clad possess 4 times higher CER than
SS-316 substrate. Moreover, SS-316-HT has perfoshghtly better as compared to
as-received SS-316.

7.6.4 Fractographic Study of Various Materials and Clads

The fractography study of the eroded materials @evkloped clad, tested at 0.5 mm
SOD, 60 pm AMP, and 80 mm IMD was carried out ussgdM/EDS to understand its

cavitation erosion mechanism. Figure 7.19 (a, lpwshthe SEM and EDS of surface
morphology of eroded SS-316 after cavitation emosiesting. The surface of the

specimen after vibratory cavitation to be obsclrgd 50 um size deep craters, fatigue
cracks, micro tunnels, plastically deformed zoné plastically defamed particles. The
presence of these features indicates plastic detovm and surface fatigue as the

primary degradation mechanism.

1 <
SEl  20kV WD9mm
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Figure 7.19: (a, b) Typical SEM micrograph alongh&DS showing surface
morphology of eroded SS-316 after cavitation emo$ow 6 h
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Whereas a large number of crater, pits, striatinrthe locality of plastically deformed

lips and fatigue cracks in the grain boundariesorepas been observed on the surface
of the SS-316-HT as shown in Figure 7.21 (a), &edBDS spectra of the SS-316-HT is
shown in the Figure 7.21 (b).
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Figure 7.20: (a, b) Typical SEM micrograph alonghw&DS showing surface
morphology of eroded SS-316-HT after cavitatiorseyo for 6 h

Figure 7.21 (a) and (b) shows the typical morphicllgeatures and EDS spectra of the
surface of the EWAC clad after cavitation erosidrblo in distilled water. Figure 7.21
(a) also shows that the carters with a diamet&Oqgim at the corner, along with several

splashed patrticles at the top of erosion surfacheotladding.
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Figure 7.21: (a, b) Typical SEM micrograph alonghw&DS showing surface

morphology of eroded EWAC clad after cavitationséoa for 6 h
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As shown in Figure 7.21 (a), the pits, fracturetenmetallic and large fatigue slip
system are detected on the eroded surface, suggesivitation erosive damage of the
EWAC clad in distilled water is of mixed-mode (dileiplus partially brittle).

After 6 hours of cavitation erosion testing, it wabserved that the surface of
Ni-based/40GC, composite clad was considerably damaged by imgraatgy of shock
waves (Figure 7.22 (a)), the EDS of the eroded dsiel/40GC, specimen is present in
Figure 7.22 (b). Surface morphology Ni-based/4@zcomposite clad specifics craters,
pits, fractured carbides, extruded lips and fraduntermetallic. The presence of these
features validates the mixed mode of fracture (udtacture of matrix and brittle

fracture of carbide particles).
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Figure 7.22: (a, b) Typical SEM micrograph alonghw&DS showing surface
morphology of eroded Ni-based/4QCs composite clad after cavitation erosion for 6 h

Figure 7.23 (a) shows that the matrix has expee@nextensive fatigue cracks and
craters. During the cavitation erosion process, dhdace of the Ni-based/20Cx-
20Mo composite clad was impinged by micro jets m#émes. Blow and damage
caused by vapour bubbles explosion, resulting & rémoval of the reinforcement
particles (detached particles) from the matrix gmdducts subjected to splashes as
shown in Figure 7.23 (a). Whereas some unaffedid region can also be observed
from the SEM micrograph shown in Figure 7.23 (d)eTEDS analysis results of Ni-
based/20GC,-20Mo composite clad is illustrated in Figure 7(BR Also, the presence
of significant amount of oxygen has been seen @ EDS spectra of fractured base
material and developed microwave clads, which estduhe fact that, during final stage

explosion of vapour bubbles the inside temperabiitde bubbles nuclei reaches more
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than 5000 K at 20 kHzL62], therefore, the molecules o8, breakdown and form H
and Q, further this oxygen will react with the surfadetlve specimen, under cavitation

erosion testing.
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Figure 7.23: (a, b) Typical SEM micrograph alonghw&EDS showing surface
morphology of eroded Ni-based/2QCs-20Mo composite clad after cavitation erosion
for6 h

7.6.5 Results of Comparative Surface Roughness of Various Materials after

Cavitation Erosion Testing

The severity of damage is also confirmed by surfaxeghness testing by a surface
profilometer. The initial roughness of the SS- 3pécimen before testing was 0,08.
The measured roughness (R) profiles of SS-316 e before and after testing are
shown in Figure 2.4 (a) and (b). However, the demers and pits found in the
roughness data. The;Rmean square roughness) value of the SS-316 edtetation
testing found was §m. Whereas, the Rvalue of the SS-316-HT, EWAC clad, Ni-
based/40GC: clad and Ni-based/20¢2>-20Mo clad surface after cavitation erosion
testing is 5.48 pm, 5.28 um, 3.18 pum and 2.83 espactively. Higher Rvalue in
case of SS-316 after cavitation erosion confirnad davitation damage to the material
is more intense in case of SS-316 as compared ¢toowave developed composite
clads. The measured R-profile of SS-316-HT, EWA&IcNi-based/40GE€; clad and
Ni-based/20GC>-20Mo clad is shown in Figure 2.25 (a), (b), (c)l 4d).
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Chapter 8

Conclusion & Suggestion for Future Work

8.1 Introduction to Chapter

This chapter presents the major conclusions drawn from the cumuegt &llowed by
suggestions for future work in this area. The motivation of the pressaarch work
involved, the development cavitation erosion resistance microwave speuce
Ni-based/40GC, and Ni-based/20G€>-20Mo composite clads on austenitic stainless
steel (SS-316) substrate by using a 2.45 GHz frequency and 900puviat in a
domestic microwave oven at optimization process parameters. Inioaddihe
developed microwave processed Ni-based/40Crand Ni-based/20G€>-20Mo
composite clads was subjected to different characterizatitmitpees and the main

conclusions of this study are summarized below.
8.2 Conclusion

8.2.1 Metallurgical and Mechanical Characterization of the Microwave Processed
Clads

The developed microwave processed Ni-basedADCand Ni-based/20G@C2>-20Mo
composite clads were characterized by various metallurgisad mechanical
characterization technique like SEM (Microstructural Invesogdyt EDS (Elemental
Composition), XRD (Phase Quantification and Qualification), OM (@ptic
Microscopy), Vickers Microhardness Tester (Microhardness) and UFlexure
Strength or Peel of Strength), the major conclusions drawn frometwdts are as

follows:

1. The microstructural investigation revealed that the processedssaBH#CsC, and
Ni-based/20GC>-20Mo composite clads of approximately 600 pm and 750 pm
thickness respectively were developed on SS-316 substrate throughwavie
hybrid heating technique in 380 Seconds and 420 Seconds, at optimizedipgces
parameters. It was observed that microwave power directlgtaffee processing
time required development of the composite clads. As the powelihevelsed, the

processing time was reduced.
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. The agglomerated carbides and columnar dendrite in the liquid sobftitve Ni
have been found through the microstructural investigation of Ni-based@O0Cr
composite cladding, the carbide particles are uniformly distribatéide Ni-matrix
and this was further confirmed by the EDS point and area mapping.

. Whereas the microstructure of the Ni-based/20620Mo composite clad
composed of skeleton-like or net-like or rib-like, where, Mo préaipiand stripe-
like chromium carbide patrticle in the liquid solution the Ni.

. The developed composite clads are almost free from all typemcis (interfacial
and solidification cracks) and pores. As the clear interfacevisitlde from the
SEM micrographs of the microwave processed clads, which is dhe tmlumetric

or uniform heating of the microwaves.

. The porosity analysis reveals that the Ni-based/<DCand Ni-based/20G€>-
20Mo composite clads have only 1.67% and 0.26% porosity, which was
significantly less as compared to the conventionally used cladding®atings
processes.

. The XRD analysis of the various microwave processed Ni-based@0cmposite
clad revealed the formation of various intermetallics phaseC{N& NisFe),
carbides phase (SiC, £Cs), and complex carbide phase {8rSiC), which is due

to the intense microwaves heating. Further, NIR analysis seseNeal that the
Cr23Cs (48.33%) in the main content present the Ni-based&@@omposite clad,
which formed due to the reaction between Cr and C because Ni has poor C
absorption capacity and £3€C¢ phase have lowest Gibbs free energy.

. The presence of hard carbides particles such a€MdiMosC, and GzCs phases
inside the Ni-based/20&>-20Mo composite clad, and the existence of other
phases like FeMoCr, Mo%i CrSi, NixCr2 like in Ni-based/20GC,-20Mo
composite clad are responsible for the increase in microhardnéiss déveloped
clads. The NIR analysis results reveal that the major hasepr in the Ni-
based/20GC2-20Mo composite clad is BLr: (67.30%), which was formed due to
the reaction between Cr and Ni. However, the presence e Nihase in both
developed clads confirms the metallurgical bonding between the substrate and clads.
. The results of the Vicker's microhardness of the microwave pseck
Ni-based/40GCz and Ni-based/20G@E2-20Mo composite clads exhibits
3 (605:80 HVo.3) and 3.5 (68130 HVo.3) time higher microhardness than that of
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substrate SS-316 (1805 HVo.3). The reason attributed to the higher hardness is the
formation of the various intermetallic and carbides in the clgibnedue to the
microwave heating.

9. The partial dilution of the substrate with the clad and vice-veesajltmg in a
higher flexural strength of these developed composite clads. The ohflexural
strength in the case of Ni-based/48Grand Ni-based/20GQ€,-20Mo composite
clads was 813.229 MPa and 708.76 MPa.

10.The fractographic analysis of specimens tested for the #estrength showed that
the clad layer was still attached to the substrate during theéirge test, despite
cracking in the substrate. The primary cracks during loading, rectim the clad
layers and these cracks increased under continuous loading and ultimately teache
the substrate. Hence, the developed microwave processed clads pppsegsate

bonding with the substrate.
8.2.2 Functional Characterization of the Microwave Processed Clads

To evaluate the cavitation erosion resistance of the microwavegseat composite
clads, the parametric study using vibratory cavitation testrafysain distilled water
using Taguchi L9 orthogonal array was performed separately Her SS-316,
Ni-based/40GC, and Ni-based/20G@€2-20Mo composite clads, the major conclusions
drawn from the study are discussed below:

1. The varying stand-of-distance, amplitude and immersion depth sigtiyicdfects
the mass loss in the SS-316 substrate and developed composite clads. It
observed that with the increase of SOD and immersion depth, the lossss
decrease, whereas with the increase of amplitude the massltse specimens
increases.

2. The ANOVA analysis of all three parametric studies of céwmaerosion testing
was performed at 95% confidence level, the results of the AN@NV&ysis reveals
that the SOD between specimen and ultrasonic horn have 56.16 to 59.46%
percentage contribution in the change in the mass loss, whereasphide and
immersion depth of the ultrasonic horn in the test liquid has only 30.88.16%
and 9.26 to 12.23% contribution in the parameters affecting mass loss.

3. The reason attributed to the lower mass loss at higher SO@tisvith an increase

of SOD the shockwave velocity will decrease, which resultsmallsr pressure
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pulse, lesser acoustic pressure and low impact energy of thagenpent jets.
Therefore, the material damage will decrease as well as the m&ss los

4. However, the large mass loss was observed at the higherwadeplitie to the fact
that higher amplitude generates the larger negative cyclesathiation bubble
grows larger, and collapse at higher pressure and cause oé skreage to the
material under cavitation erosion testing.

5. Whereas the reason attributed to the lesser mass loss at imghersion depth is
lesser bubble formation at higher immersion depth, due to higher static pressure
the larger amplitude is required to create more negative peedbh@refore, less
bubble formation and fewer impingement jets & less material damage was observed

6. The parameter optimization as per the optimization goal high#re better was
carried out using delta statistics response table. The optimizethgi@rs were
come out as 0.5 mm SOD, 60 um amplitude and 80 mm immersion depth.

7. The regression equations were developed for the mass loss in SS-316,
Ni-based/40GC, and Ni-based/20GC,-20Mo clad. Thereafter, the prediction
analysis was performed at 95% confidence level to predict thdtsresf the
confirmatory experiments, which was performed at the optimized parameters.

8. The results of confirmatory experiments reveal that the ldpgd mathematical
models are valid as the results of mass loss lie betwetgnnwhe predicted
intervals.

9. The average mass loss of the developed Ni-based@9@nd Ni-based/20GQC>-
20Mo composite clads are 7.6 and 11.2 times lesser as compared to SS-316
substrate at same parametric conditions.

10.The fractographic analysis of the eroded surface of SS-316, Ni-ba€ed, and
Ni-based/20GC>-20Mo clads specimens tested at parametric set 3, 5 and dcarrie
out via SEM. From the SEM micrographs, it was clear that theirapas tested at
parametric set-3 were more severe damage as compared to other 2 sets.

11.The surface morphology of the eroded SS-316 specimens consists, @i aiiss,
striations, micro cracks, cavitation crater, flaky crater,tlakby deformed region
and lips, impingement marks, and cleavage fracture. The presttieese features
indicates plastic deformation and surface fatigue as the prirdagyadation

mechanism.
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12. Whereas the surface morphology of the eroded Ni-based@pComposite clad
consists of fractured carbides, fractured intermetallic, pkditicleformed lips in
matrix region, crater, striations, impingement marks, ploughing ats] this
indicates the dual-mode of fracture of the Ni-based/40Cr3C2 composite clad.

13.The mode of failure of the Ni-based/2@C#20Mo composite clad is brittle due to
the higher average hardness of the clad region. The surface mospholmists of
detached particles, micro-cracks, flower-like hard dendritic phas® feaky

particles.
8.2.3 Comparative study of the various materials and developed clads

The comparison between the SS-316, SS-316-HT, EWAC clad, Ni-basesl4@@Gd
Ni-based/20GC>-20Mo composite clad on the basis of hardness, incubation time,
normalized cavitation erosion resistance (at optimized test ptgesSOD = 0.5 mm,
AMP = 60 um and IMD = 80 mm), surface roughness after cauitagrosion testing
and fractographic analysis of the worn materials and cladscaraied out, the main

conclusion of the study are discussed below.

1. The Ni-based/20GE€,-20Mo composite clad exhibits higher incubation period
(6 hours) as compared to Ni-based/4@zrcomposite clad, which can resistance
cavitation erosion up to 3.1 hours. However, the EWAC clad, SS-316-HT and
SS-316 can resist cavitation erosion up to only 1.3, 1 and 1.08 hours respectively.

2. The Ni-based/20GE€>-20Mo composite clad (5.7) have highest CER, followed by
Ni-based/40GC, composite clad (4), EWAC clad (1.1), SS-316-HT (0.8) and
SS-316 substrate (0.5). The reason attributed to the higher CER Hgtier
microhardness, good metallurgical bonding between clad and substratzacksl
free & porosity-free microstructure of the microwave proedssdads. Whereas the
reason attributed to the higher CER in the SS-316-HT as comparked 865t316
(despite having higher hardness), is the uniform and residual estrdese
microstructure.

3. The result of the surface roughness testing reveals that, ttedue was significantly
higher on the SS-316 (8 um), which confirms that the severity afdhege in the
SS-316 is higher. Hence, the mass loss in the SS-316 was found ligher t

microwave processed clads.
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4. The fractographic analysis of the specimens exhibits thatage of failure in the
SS-316 and SS-316-HT was surface fatigue, where the cause wé fail the
EWAC clad was surface fatigue and brittle cracking. Moreaber composite clad
had failed due to brittle fracture & ploughing of the carbides arstipldeformation
of the matrix.

8.3 Suggestions for Future Work

Several studies have been performed on the development and chatiateraf
microwave processed clads, but there is still plenty of roominiprovement for
research in microwave processing of materials. Some suggegirofigure work are

listed below:

1. An industrial microwave oven can be used to develop the clads in ordeauoer
the processing time.

2. Mathematical modelling can be carried out to develop the oalabietween
microwave processing time for the development of the appropriatébglaarying
microwave processing parameters like microwave power,leMelensions of the
substrate, thickness of the separator, quantity of susceptor and preheating time.

3. The functionally graded materials (FGM) can be examined undetatan
environment.

4. The effect of cavitation erosion on the phase transformation of tbewave
processed clads can be studied in the future.

5. The percentage of reinforcement can be furthered optimized tovechetter
cavitation resistance.

6. The simulation of the transient process (Microwave cladding)guSi®@MSOL
MULTIPHYSICS can be one of the future scope.

7. The tribocorrosion (cavitation erosion testing in the corrosive environrsierty of

the microwave processed clads can be done in the future.
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